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1 Introduction

1.1 Poorly soluble drugs

Poor aqueous solubility is one of the deficiencies of active pharmaceutical ingredients (API) in

the current pipelines of the pharmaceutical industry. The biopharmaceutical classification system

(BCS) was introduced by Amidon et al. [1] in 1995 to provide a regulatory framework for in vitro-

in vivo correlations of immediate release oral dosage forms. It defines four classes of drugs

according to their solubility and permeability in the gastrointestinal (GI) tract which is depicted in

Figure 1.1.

Figure 1.1: Biopharmaceutical classification system as proposed by Amidon et al. [1]

Accordingly, a drug has a low aqueous solubility if the highest single dose is not soluble in

250 mL aqueous media, referring to the volume that should be administered together with the

medication for drug intake. The pH of this medium should be varied in the range from 1 until 6.8

at 37°C (according to the FDA Guideline on BCS [2]). These APIs are subsumed in BCS classes

II and IV. Additionally, requirements on dissolution (at least 85% or more of dissolved drug within

30 min) have been set up. This is also of relevance for in vivo considering GI transit times.

Although solubility and permeability are considered separately from each other in this classifi-

cation system, the solubility-permeability interplay shall not be overlooked as pointed out by

Dahan et al. [3]. A tradeoff between solubility increase and permeability decrease has been

described e.g. for cyclodextrine complexation [4] where a decrease in the free fraction of the drug

is only one out of several explanations for the paradoxical effect on the absorption.
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1.1. Poorly soluble drugs

In 2010, a modification of this classification system was proposed: the developability classifi-

cation system (DCS) by Butler et al. [5]. As the BCS has a strong regulatory focus with regard to

assurance of bioequivalence, it was designed conservatively in the context of protecting patients.

The DCS aims at a classification of new drug molecules focusing on the parameters that in fact

limit the extent of oral absorption. Therefore, it was proposed to consider the solubility of drugs

under small intestinal conditions by using biorelevant media e.g. fasted-state simulated intestinal

fluid (FaSSIF) with included bile salts instead of utilizing aqueous solubility and assuming higher

fluid volumes in the GI tract (500 mL instead of 250 mL). Furthermore, BCS class II was divided

into two subclasses: IIa (dissolution rate limited) and IIb (solubility limited).

Last, Butler et al. introduced the solubility limited absorbable dose considering that low solubility

of class II drugs might be compensated by high permeability. In summary, this new classification

was meant to improve guidance for formulation development [6]. In effect, particle size decrease

with resulting higher surface areas and dissolution rates might lead to complete absorption of

crystalline class IIa drugs. In contrast, class IIb compounds require improvement of the so-called

"apparent solubility" which was the focus of this work.

The proposals by Butler et al. were further refined (rDCS) in 2018 with customized investigations

e.g. on ionic drugs [7]. This classification outlines the additional factors that have to be taken into

account for absorption of weak bases with high solubility at the acidic pH of the human stomach.

About 60-70% of pipeline drugs (Figure 1.2), which can be even up to 90% for certain indica-

tions [8, 9], need an increase in solubility to ensure sufficient bioavailability [10].

Figure 1.2: Drugs on the market (left) and drugs in the industrial pipeline (right) according to their
BCS classification, January 2018. Adapted from [11]

Poor aqueous solubility can be derived from the API’s lipophilicity or strong intermolecular

forces within the crystal lattice. The increasing number of poorly soluble compounds in the cur-

rent pipelines of the pharmaceutical industry (Figure 1.2) is related e.g. to results of the high

throughput-screenings, combinatorial chemistry and computational drug design as the driving

force for drug-receptor binding often is hydrophobicity [12].
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CHAPTER 1. INTRODUCTION

Apart from chemical modifications like formation of salts or co-crystals, there are several possi-

bilities for a formulation scientist to address the solubility issue [8]: particle size reduction (micro-

nization, nanoization) and so-called "enabling formulation" approaches like solubilization with

co-solvents or surfactants, amorphization, lipid-based drug-delivery formulations and cyclodex-

trine complexation to name a few. The physicochemical properties of newly developed drugs

necessitate different formulation strategies to guarantee ease of administration, stability and a

reproducible (and preferably food-independent) availability for uptake in the human body [13].

As the oral administration route is the most favored way in terms of compliance and adherence

[14, 15, 16], many formulation strategies including this work are oriented towards this route of

application.

The different forms in which a drug may occur upon dissolution and their corresponding per-

meabilities through the GI membrane are exemplarily depicted for enabling formulations in Fi-

gure 1.3.

Figure 1.3: Schematic depiction of different states in which the API can occur in the GI tract and
their role in terms of permeability across the GI membrane. From Buckley et al. [10]
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1.2. Amorphous solid dispersions

1.2 Amorphous solid dispersions

As mentioned before, an improvement of the drug’s dissolution behavior can be achieved by

increasing the dissolution rate and/or the apparent solubility [17]. Amorphous solid dispersions

(ASD) have emerged as an oral drug delivery strategy to ensure sufficient bioavailability of poorly

soluble compounds of BCS class IIb. In 1971, Chiou and Riegelman [18] were the first to describe

pharmaceutical applications of solid dispersions for solubility enhancement.

1.2.1 The amorphous form

The conversion from crystalline to amorphous increases the free energy, entropy and enthalpy,

molecular mobility, free volume and chemical and thermodynamic activity of the API at a given

temperature [19]. Amorphous materials lack long-range order symmetry operators which is e.g.

detectable by a lack of X-Ray diffraction peaks or by the absence of a crystalline melting peak

in differential scanning calorimetry (DSC). Instead, amorphous materials are characterized by a

glass transition temperature Tg [20]. Below the Tg, the material exists in a glassy (solid-like) form

and as a supercooled liquid above Tg. Heat content and molar volume change abruptly in the Tg

region upon heating.

Due to their molecular disorder, it is not necessary to overcome the crystal lattice energy upon

dissolution. In contrast to solubilization (e.g. by solubilizers, cyclodextrins or surfactants) which

might be accompanied by a decrease in permeability [3, 21], kinetic supersaturation is related to

enhanced free drug concentration which also is a beneficial driving force for enhanced passive

transport accross the GI membrane [22].

However, there are also hurdles associated with the amorphous form mainly caused by the in-

herent thermodynamic instability which might lead to relaxation, nucleation, precipitation and

crystallization [23].

The glass forming ability (GFA) of drugs describes their propensity of existing in the amorphous

form or - in other words - their crystallization tendency. This tendency is commonly described by

the critical cooling rate (CCR) [24]. If cooling is performed faster than the CCR, the material is

frozen in the amorphous form and recrystallization will not occur. While there are several possi-

bilities to measure a material’s GFA, this study refers to the GFA classification system proposed

by Baird et al. [25] where GFA classes I, II and III are defined according to differential scanning

calorimetry (DSC) experiments. Wyttenbach et al. [26] used this methodology to systematically

assess the GFA of amorphous compounds in marketed drug products which, except for vemu-

rafenib, belong to GFA class II or III with a high ease of amorphization.

In contrast to the thermodynamic solubility of a crystalline API, the "amorphous solubility" (=ki-

netic supersaturation) is hardly measurable due to fast precipitation. It can only be estimated by

the ratio to which the chemical potential of the amorphous form exceeds that of the crystalline

state [27].
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CHAPTER 1. INTRODUCTION

1.2.2 Functional principle of ASD

Due to their inherent thermodynamic instability, pure amorphous drugs are usually not developed

as commercial drug products but together with excipients used for stabilization. On the one hand,

these stabilizing excipients, which are usually pharmacologically inert, can be non-polymeric

carriers like e.g. amino acids, mesoporous silica, surfactants or solubilizers. On the other hand,

polymeric excipients (non-ionic and ionic) are frequently used which were also in the focus of this

work.

In this context, the combinations of API and excipients are called "solid dispersions" which arise

in different solid state forms of API and carrier. Laitinen et al. [28] summarized these possibilities

in Table 1.1.

Table 1.1: Nomenclature and classification of solid dispersions. From Laitinen et al. [28]

State of API Number of phases

1 2

Crystalline Solid solution Eutectic mixture

Amorphous Glass solution Glass suspension

The term ASD covers the stabilization of the API by a polymeric carrier both as glass suspen-

sions (two phase systems) as well as glass solutions (one phase systems). If the API exists in its

amorphous form and is fully miscible with its carrier and molecularly dissolved, a one-phase sys-

tem with one Tg is generated. Depending on the solubility of the API within the polymer, which is

therefore also related to the drug load (DL), the API might alternatively be dispersed in the matrix

at a particle level resulting in glass suspensions with two separate Tg. However, phase separation

is often difficult to detect if the phase domains are small. Short range crystalline clusters might

not be detectable by standard powder X-Ray diffraction (PXRD) but only analytical techniques

with higher resolution like small-angle X-Ray scattering (SAXS) [29] are suited in order to clearly

differentiate between glassy solutions or suspensions.

A solid dispersion can be considered as a system consisting of the drug as solute and the poly-

mer as solvent. As such, the phase behavior can be described by a schematic phase diagram

which is exemplarily depicted in Figure 1.4. The system is thermodynamically stable as long as

the drug load is below the solubility limit (solid black line). This is often only the case at low

drug loads or at high temperatures. In all the other cases, the drug must be kinetically stabilized

or "frozen" below the Tg. Not only recrystallization but also amorphous-amorphous phase sepa-

ration (APS) can occur with different API-rich or polymer-rich phases. Above Tg, viscosity and

molecular mobility drastically increase, lowering the kinetic stabilization and potentially enabling

both APS and recrystallization.
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1.2. Amorphous solid dispersions

Figure 1.4: Schematic phase diagram for a two-component amorphous solid dispersion. From
Luebbert et al. [30]

In both glass solutions as well as glass suspensions, the selected excipient stabilizes the API

against crystal growth and recrystallization during storage as well as against precipitation dur-

ing dissolution. Additionally, incorporation of the API molecules into hydrophilic carriers improves

their wettability. If inhibition of precipitation and maintenance of superaturation during dissolution

is achieved for ASD, this then ends up in the so-called "spring and parachute effect" (Figure 1.5).

Neat amorphous APIs can also exhibit pronounced supersaturation (spring) but normally quickly

precipitate and return to the thermodynamic solubility of the crystalline state.

Figure 1.5: Schematic dissolution profiles of crystalline API, neat amorphous API and ASD
with spring and parachute effect according to Baird et al. [25]
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CHAPTER 1. INTRODUCTION

Hence, polymers significantly contribute to the functional principle of ASD. Table 1.2 summa-

rizes the criteria that might influence performance and stability of these formulations. The enu-

meration shows the various factors that have to be considered during formulation development.

Table 1.2: Factors that influence performance and stability of ASD. Modified and extended from
Baghel et al. [31]

Factors Impact on performance and stability

Gibbs free energy The lower the Gibbs free energy of a system the more
stable it is. Amorphous forms possess higher free ener-
gies than the crystalline state.

Glass forming ability (GFA) The GFA classification describes the propensity of a drug
to recrystallize upon heating and cooling. It was possible
to link the GFA assignment to supersaturation [32].

Glass transition temperature (Tg) Stability increases with increasing Tg as mobility and
viscosity change drastically [30]. Storage temperatures
should be below Tg. Tg is also important for processa-
bility especially in hot-melt extrusion (HME).

Temperature Temperature increases molecular mobility especially
above Tg.

Humidity Moisture acts as plasticizer which lowers the Tg of the
formulation and can also lead to APS [30].

Degree of supersaturation The higher the degree of supersaturation the higher the
precipitation pressure to equilibrium solubility.

Precipitation Precipitation inhibitors are used in ASD to maintain the
supersaturated state during dissolution. It has to be pro-
longed for a certain timeframe to enable enhanced ab-
sorption in the GI tract.

Drug-polymer miscibility Fully miscible components form one phase systems. Mis-
cibility can be assessed experimentally (e.g. by DSC)
where only one Tg is detected or by empirical parame-
ters like the Flory-Huggins interaction parameter.

Drug-polymer solubility If the DL is below the thermodynamic solubility of the API
within the polymer, the system is not prone to recrystal-
lization.

Drug-polymer interactions Drug-polymer interactions may reduce recrystallization
by increasing the Tg and reducing molecular mobilities.

Excipient functionalities Functional groups that interact with the drug and mole-
cular weight of excipients impact dissolution and stability
of ASD [33, 34].

Molecular mobility Molecular mobility of amorphous molecules in glass so-
lutions should be reduced to hinder recrystallization (see
also drug-polymer interactions). This is associated to
macromolecular properties like viscosity. Quantification is
e.g. possible by measurement of relaxation time.
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1.2. Amorphous solid dispersions

Structural relaxation Structural relaxation occurs in amorphous materials be-
low their Tg and is a measure for molecular mobility.
Molecular rearrangement that is also known as physical
aging. Enthalpy and free volume decrease during rela-
xation [35].

Preparation method Different preparation methods induce different thermal
and mechanical histories.

Preparation conditions Residence time in an extruder, downstream cooling rates
[24] or evaporation rates [36] with spray-dried dispersions
can affect the resulting stability of an ASD.

Mechanical stress Mechanical stress can introduce seed crystals affecting
recrystallization behavior.

1.2.3 Translational drawbacks - status quo

In 1999, Serajuddin et al. [37] analyzed promises and pitfalls of the formulation of ASD. The

main problems were claimed as missing suitable (scale-up) manufacturing methods for ASD and

subsequent dosage forms, reproducibility of physicochemical properties and physical stability

issues. Although there is an ever increasing interest in formulating poorly soluble drugs and the

numbers of publications on the topic of solid dispersions are continuously increasing (Figure 1.6),

the number of marketed products does not rise to the same extent (Figure 1.7). Although there

are multifactorial reasons to be considered in this context which are of course not only related to

formulation aspects, this discrepancy is still evident and frequently discussed [29, 32, 38, 39].

Figure 1.6: Publications in SciFinder database for the key words "amorphous solid dispersion",
September 13th 2019
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Figure 1.7: FDA approved drugs marketed as solid dispersions compiled with data from [11, 26,
40]

A lot of progress has been made especially in terms of manufacturing and scale-up but some

of Serajuddin’s concerns are still valid. This was also reflected by Shah et al. who discussed

current reasons being mainly responsible for the discrepancy between research and access to

the market. Hence, the following enumeration was adapted from Shah et al. [41] and additionally

extended by the last point:

1. Limited knowledge about physicochemical properties of polymeric stabilizers

2. Insufficient knowledge about the interactions between API and polymer

3. Limited amounts of API available during early stages of development

4. Limited availability of representative processing techniques during preformulation develop-

ment (miniaturized or small-scale formulation screening)

5. Insufficient predictability of physical stability

6. Lack of time for structured development

7. Lack of biorelevant dissolution methods providing better predictions for in vivo performance

Carrier selection - focus on screening methods

Table 1.2 lists many factors that have to be taken into account for selecting the best suited poly-

meric carrier. This selection is always dependent on the API in a case-by-case decision. As there

are many pharmaceutically relevant polymers available, this results in a huge experimental setup

of drug-polymer combinations with several drug loads to be tested. The number of experiments

drastically increases if ternary systems (e.g. a combination of polymers or addition of plasticizers

or surfactants) are needed. Additionally, the limited amount of API available during preclinical

development intensifies the need for miniaturized screening methods with high throughput and

fast readouts [42].
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1.2. Amorphous solid dispersions

Therefore, 96-well plate based assays are attracting a lot of interest. Most popular are solvent-

casting methods as described for example by Chiang et al. [43] or Wyttenbach et al. [44] named

"Screening of Polymers for Amorphous Drug Stabilization (SPADS)". These provide a lot of infor-

mation at a time but e.g. residual solvents have to be carefully monitored and evaporation must

be sufficiently quick to avoid crystallization.

Second, there are solvent-shift screening methods described which induce supersaturation by

either pH-shift or use of organic co-solvents with high concentration of the API dissolved that is

being poured into aqueous media [45]. One of the most important drawbacks of the latter one is

the impact of the co-solvent on the dissolution behavior. Both methods do not reflect dissolution

kinetics from solid state but rather reflect an enforced induction of supersaturation.

Melt-fusion methods are also applied using hot plates, hot-stage microscopy or DSC. For the

latter, e.g. melting point depression methods [46] or recrystallization trials are used [47]. One of

the main restrictions here is intimate mixing of the components in solid state as melt rheological

properties have to be considered [48]. Additionally, DSC methods can be used to measure the

solubility of the API within the polymer matrix which allows for determination of maximum DL [49].

All of the techniques mentioned above provide a lot of information with minimal amounts of API.

As decision-making in early formulation development often is very time challenging and straight

forward, broad comparative studies between the different screening assays are missing. Further

advanced analytics and scale-up trials are only being conducted with two or three of the most

promising formulations lacking systematic evaluation of the predictability of these screenings.

These limitations may impair reliability of the screening methods.

Drug-polymer interactions

Intermolecular drug-polymer interactions are considered one of the most important aspects for

stabilization of the amorphous form which is of relevance both during dissolution and storage. In-

teractions may reduce the molecular mobility of API molecules which avoids nucleation or crystal

growth and in consequence also recrystallization. Furthermore, they may prevent amorphous-

amorphous phase separations (see Figure 1.4) with content inhomogeneities favoring the forma-

tion of one-phase systems [50]. Doing so, interactions may enable long-term physical stability

during storage [19]. Additionally, interactions can also contribute to stabilization of the supersa-

turated state during dissolution hindering precipitation [51].

Many theoretical approaches exist which try to explain these stabilizing effects. However, they

do not necessarily translate to in vitro or even in vivo performance [52]. Additionally, they are

mainly focused on ionic interactions neglecting hydrogen bonding, dipole-dipole interactions, hy-

drophobic interactions or van der Waals forces although there are also several non-ionic drugs

and carriers available (e.g. PVP derivatives, Soluplus™).

Quite some surrogate parameters are already known that should give an idea about drug-polymer

interactions. These are for example the Flory-Huggins interactions parameter (FH) or deviations
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from the calculated Tg value of a drug-polymer mixture via Gordon-Taylor equation (GT).

However, these (semi-)empirical approaches often lack broad applicability and predictability.

Where this is being investigated (e.g. Turpin et al. [53]) it turns out that systematic evidence

is often missing.

From an experimental point of view, there are several possibilities to address interactions on a

molecular level. Advanced characterization techniques like Fourier-transform infrared (FTIR) or

Raman spectroscopy [54] and solid-state nuclear magnetic resonance (ss-NMR) [55] are used

to elucidate interactions at a molecular level. However, they require at least small-scale manu-

facturing in gram scale and are normally quite time and cost intensive which excludes them for

screening purposes.

Impact of manufacturing technique on excipients

There are several manufacturing techniques used for the preparation of solid dispersions inclu-

ding hot-melt extrusion (HME) and spray-drying (SD). The compilation of marketed ASD drug

products depicted in Figure 1.8 indicates the significance of these two methods over other tech-

nologies like spray layering (e.g. on mesoporous silica), Kinetisol® Dispersing (high energy mixing

[56]), electro spinning, supercritical fluids or coprecipitation.

Figure 1.8: FDA approved amorphous drugs according to the manufacturing technique compiled
with data from [11, 26, 40]

For selection of the appropriate manufacturing technique and process optimization, formulation

scientists mostly rely on API properties (see also Figure 4.1). Thermostable compounds with a

low melting point are usually applicable to HME whereas a high melting point combined with high

solubility in volatile solvents favors SD. Only few studies systematically compare ASD prepared

by HME and SD and analyze influencing factors [57, 58, 59]. However, the manufacturing tech-

nique may impact the final formulation in terms of crystalline content [60] or degree of relaxation

and therefore presumably different levels of molecular mobility [61] and physical stability.

An increasing number of patents [62] reflects the importance of HME as one of the most widely

used manufacturing techniques for ASD. Repka et al. [63] performed a S.W.O.T. (strengths, weak-

nesses, opportunities, threats) analysis for pharmaceutical application of this technology.

11



1.2. Amorphous solid dispersions

Considerable advantages over other ASD technologies were discussed: being solvent-free, ap-

plicability for continuous processing and suitability for further drug product formulation steps in

terms of downstream processing. The biggest limitation is found in the restriction on thermally

stable components, both API and polymers, as remarkable heat and shear stress are applied on

the sample. Chemical and physicochemical degradation have to be monitored to ensure consis-

tent quality of the formulation. As there is a twofold energy input from heating of the barrel as

well as from viscous dissipation (shear stress), modelling of temperatures and exact mixing and

dissolving processes within the barrel is quite complex [64].

In contrast, thermal stability for spray-drying processes is less critical as the contact times with

heated air are very short. Instead, the choice of the solvent or mixture of solvents is crucial [65].

Both polymer and API should dissolve to a sufficient amount to ensure an efficient and economic

process. Therefore, the solvent used should be volatile and residual solvents have to be carefully

controlled observing the limits given in the ICH guidelines. Additionally, residual solvents may act

as plasticizers which decrease the Tg and therefore potentially also stability of the formulation by

increasing the molecular mobility.

The analytical setup to characterize ASD is also mostly focused on the API (see Chapter 3).

Monitoring of chemical degradation, amorphization efficiency, physical stability during storage

and determination of melting point and glass transition temperature are analytics assessed on

a regular basis to just name a few. However, the polymer per se - often present in a higher

mass fraction than the API - is not monitored to the same extent. The chemical stability of poly-

mers was occassionally assessed e.g. for hydroxypropylmethylcellulose phthalate (HPMCP) [66]

or hydroxypropylmethylcellulose acetate succinate (HPMCAS) [67]. Chen et al. [68] and Crowley

et al. [69] published two of very few studies focusing on physicochemical characterization e.g. by

means of gel permeation chromatography (GPC) for ASD relevant polymeric carriers. Broader

application of this analytical technique would allow for process optimization with regard to the

carrier without any API consumption.

Biorelevant in vitro dissolution

Friesen et al. [70] described the different drug, polymer and drug-polymer species that may form

upon dissolution of a SDD with HPMCAS as carrier (Figure 1.9). The extent to which these

species are formed could be correlated to the dosed drug level. The higher the dose the more

colloids were formed instead of free drug. As the permeation through the GI membrane and

hence oral absorption depend on the appearance of the drug (Figure 1.3), this should be taken

into account to achieve a high bioavailability. Additionally, there are different possibilities how and

when a drug is released from the solid dispersion [71] (e.g. either together with the polymer or

separately). Hence, prediction of the dissolution behavior is very difficult. In contrast to other drug

products, not only the dissolution rate or fraction of drug dissolved over a certain time is relevant

but also the ability of the carrier to maintain supersaturation.
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CHAPTER 1. INTRODUCTION

Figure 1.9: Potential species being formed upon dissolution of a SDD. Modified from Friesen et
al. [70]

A careful selection of appropriate dissolution methods is absolutely necessary to discriminate

between different formulations and select the best option in terms of polymeric carrier and drug

load. The usage of simulated intestinal fluids (SIF) for fasted state (FaSSIF), fed state (FeSSIF)

or gastric fluids (SGF) is highly recommended to account for bile salt, lecithin, fatty acids and

pepsine present in the intestinal fluids in vivo [72, 73].

An additional effect has to be considered for biorelevant dissolution of weak bases (see also

rDCS). Here, supersaturation can also be induced for crystalline drugs upon gastrointestinal tran-

sit [74]. The base is highly soluble in gastric media at low pH and reaches supersaturation when

being released to the small intestine. Polymeric precipitation inhibitors likewise the carriers for

ASD may stabilize the supersaturation and increase bioavailability. Such effects can be examined

with a gastrointestinal transfer model as described by Kostewicz et al. [75]. Again, small-scale ex-

perimental setups are beneficial to account for limited API availability which was realized by Jede

et al. [76] together with automated sampling. To date, such investigations were rarely conducted

for ASD but give important insights into in vitro-in vivo correlation and the benefits of different

formulation approaches.

13



1.3. Aim of work

1.3 Aim of work

This thesis deals with the formulation and characterization of amorphous solid dispersions which

is one of the most promising strategies to overcome poor aqueous solubility. Although a lot of

understanding was gained in the formulation of ASD within the last decade, there still is a need

for further research as pointed out by Shah et al. (Chapter 1.2.3). These factors were taken

into account to define the scope of this work. In this regard, ASD consisting of a weakly basic

model compound should be developed with different pharmaceutically relevant polymeric carriers.

Solubility enhancement, tested in discriminating in vitro non-sink dissolution assays, compared to

crystalline API should be achieved. The different formulations should be manufactured by the two

most common manufacturing techniques HME and SD to enable systematic comparison between

the two manufacturing techniques. This broad objective setting was focused on the following three

pillars:

1. Predictability of miniaturized screening tools. As the amount of API in preclinical de-

velopment is very limited, miniaturized screening methods with high throughput and wide

applicability are needed. Small-scale manufacturing can only be conducted with a limited

number of carriers which are selected based on screening methods. Therefore, the reliabi-

lity and predictability of such screenings is crucial for successful formulations. Hence, these

criteria should be evaluated for a widely used solvent-based screening method. Further-

more, the transferability to different manufacturing techniques should be analyzed. Additio-

nally, a screening method for detection of drug-polymer interactions should be developed.

2. Physicochemical characterization of the polymeric carrier. Most of the analytical tech-

niques applied for characterization of amorphous solid dispersions only focus on the API

as a surrogate for the success of the whole formulation. However, the polymeric carrier

functionally contributes to the performance of the formulation to a great extent. Therefore,

a characterization method should be developed to show the impact of the manufacturing

technique on a polymer’s molecular weight and PDI complementary to standard analytical

tools. The impact of such changes on the performance of an ASD in dissolution should be

examined.

3. Biorelevant dissolution testing. Only few publications deal with the comparison between

supersaturation of amorphous formulations vs. physiologically induced supersaturation due

to the gastrointestinal transfer for weakly basic compounds. It was the goal to evaluate

this in a gastrointestinal transfer model considering the high variability of gastric pH in

correlation to drug-polymer interactions.

A standardized set of analytical methods for assessment of critical quality parameters should be

applied to enable systematic comparison of the different formulations.
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2 Cumulative part

2.1 Overview of journals

Table 2.1: Overview of journals where peer-reviewed articles were published

Journal Impact factor
(2019)

5-year impact
factor

Publisher

European Journal of
Pharmaceutical Sciences (EJPS)

3.62 3.71 Elsevier

International Journal of
Pharmaceutics (IJP)

4.85 4.44 Elsevier

Molecular Pharmaceutics
(MolPharm)

4.32 n.a. American Chemical
Society
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2.2. Peer-reviewed publications

2.2 Peer-reviewed publications

The four publications described in this section were subject to a peer-review publication process

as full research articles. They have been published in the journals listed above (Table 2.1).

Table 2.2 references the four articles with a declaration on the contribution of the first author to

the experimental part as well as to the preparation of the manuscript.

These publications reflect the major part of the experiments that were conducted in the course

of this doctoral thesis. As such, all methods used are described in detail in the articles and the

results acquired were carefully discussed.

In Publication I, the predictability regarding dissolution performance of miniaturized screening

methods for polymer selection in ASD was examined. A commonly used solvent evaporation pro-

cedure that was derived from the SPADS assay by Wyttenbach et al. [44] was compared with a

newly developed melt-based method. The incorporation of the API within the polymeric carrier

was assumed to be dependent on the amorphization technique used - either by rapid solvent

evaporation or heat fusion. The dissolution results from the screenings were compared to ASD

intermediates from either hot-melt extrusion or spray-drying which did not perform equally either.

False negative results were found for polyvinylpyrrolidone (PVP) derivatives, namely the copoly-

mer PVP-co-vinyl-acetate 60:40 (PVP-VA64) and PVP K30, in the solvent screening which was

not the case in the melt-based approach. The solvent-based screening well predicted the perfor-

mance of the solvent-based spray-drying process for the polymeric carriers hydroxypropyl methyl

cellulose acetate succinate (HPMCAS) and cellulose acetate phthalate (CAP) whereas the per-

formance of hot-melt extrudates was better reflected by the melt-based screening.

Publication II focuses on the physicochemical characterization of the polymeric carrier PVP-

VA64. As such, the impact of hot-melt extrusion on molecular weight (Mw) and polydispersity

index (PDI) was examined. A gel permeation chromatography (GPC) method with refractive in-

dex (RI) and multi-angle light scattering (MALS) detection was developed. This enabled absolute

molar mass determination of the polymer with high reproducibility and sensitivity towards chain-

scission and high molecular weight species. Different extrusion temperatures were used and

minute changes of Mw and PDI could be detected while chemical integrity was proven by solution

NMR. In a second step, KTZ was incorporated into the differently HME pre-stressed PVP-VA64

samples via spray-drying. The amorphous spray-dried dispersions (SDD) were tested in FaSSIF

dissolution buffer for 120 min. As the SDD were manufactured with exactly the same process

parameters, the changes detected in the dissolution profiles could be ascribed unambiguously to

the changes in Mw and PDI of the polymeric carrier which were previously induced by HME.

16



CHAPTER 2. CUMULATIVE PART

As the assessment of drug-polymer interactions lacks high-throughput miniaturized methods,

Publication III describes a new screening method based on changes in viscosity between poly-

mer and polymer-KTZ solutions. The fluorescent molecular rotor 9-(2-Carboxy-2-cyanovinyl)julo-

lidine (CCVJ) which emits different fluorescent yields depending on the viscosity of the surroun-

ding solvent was used to rank drug-polymer interactions. A relative increase between polymer

solutions and polymer-API solutions served as surrogate for interactions. 13C ss-NMR spin-lattice

relaxation time measurements (T1ρ) were applied to investigate the interactions at a molecular

level and confirmed the fluorescent viscosity screening (FluViSc) results for the two systems

KTZ/HPMCAS and KTZ/PVP-VA64 that were chosen for proof of concept. The results were addi-

tionally correlated to the empiric Gordon-Taylor equation and shifts in Raman spectra where the

FluViSc turned out to be both more accurate and discriminating.

One of the most important aspects in carrier selection for ASD is the generation and stabi-

lization of supersaturation. Therefore, biorelevant dissolution methods are required that allow for

small-scale testing and differentiation between different excipients. For ASD, this is usually real-

ized by discriminative non-sink dissolution testing.

For weakly basic compounds, a second pathway of inducing supersaturation caused by the gas-

trointestinal transit is possible. Therefore, Publication IV compares the performance of ASD

versus physical mixtures with the same carrier at different gastric pH. The precipitation inhibi-

tion was examined for different grades of HPMCAS and a ternary system with the basic polymer

Eudragit™E PO to further analyze the influence of acidity and drug-polymer interactions for sta-

bilization of supersaturation.
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2.2. Peer-reviewed publications

Table 2.2: Declaration of contributions to the different publications. A: Planning, execution, analy-
sis and evaluation of the corresponding experiments, B: Contribution to the manuscript

Publication Title Contribution

Publication I C. Auch, M. Harms, K. Mäder Melt-based screening
method with improved predictability regarding polymer
selection for amorphous solid dispersions. European
Journal of Pharmaceutical Sciences 124 (2018) 339-348

A: 90% B: 85%

Publication II C. Auch, M. Harms, K. Mäder How molecular weight and
PDI of a polymer impact dissolution performance. Inter-
national Journal of Pharmaceutics 556 (2019) 372-382

A: 90% B: 85%

Publication III C. Auch, M. Harms, Y. Golitsyn, D. Reichert, K. Mäder
Miniaturized measurement of drug-polymer interactions
via viscosity increase for polymer selection in amorphous
solid dispersions. Molecular Pharmaceutics 16 (2019)
2214–2225

A: 75% B: 75%

Publication IV C. Auch, C. Jede, M. Harms, C. Wagner, W. Weitschies,
K. Mäder Impact of amorphization and GI physiology
on supersaturation and precipitation of poorly soluble
weakly basic drugs using a small-scale in vitro trans-
fer model. International Journal of Pharmaceutics 574
(2020) 118917

A: 60% B: 75%
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CHAPTER 2. CUMULATIVE PART

2.2.1 Melt-based screening method for polymer selection

Title: Melt-based screening method with improved predictability regarding polymer selection for

amorphous solid dispersions

European Journal of Pharmaceutical Sciences

DOI: https://doi.org/10.1016/j.ejps.2018.08.035

Link: https://www.sciencedirect.com/science/article/pii/S0928098718304007

Supplementary Material:

https://ars.els-cdn.com/content/image/1-s2.0-S0928098718304007-mmc1.pdf

Abstract The predictability of preformulation screening tools for polymer selection in amor-

phous solid dispersions (ASD) regarding supersaturation and precipitation was systematically

examined. The API-polymer combinations were scaled up by means of hot-melt extrusion and

spray-drying to verify the predictions. As there were discrepancies between a solvent-based

screening and performance of ASD, a new screening tool with improved predictability at mini-

mal investments of time and material is presented. The method refinement resulted in a better

correlation between the screening and ASD prototypes. So far, a purely solvent-based screening

was used which consisted of film casting by rapid solvent evaporation. This approach was im-

proved by applying a heating step after film casting. Four representative polymers were tested

with two different model active pharmaceutical ingredients (API) under non-sink dissolution con-

ditions. Polyvinylpyrrolidone (PVP) based polymers showed no benefit towards pure API in the

solvent-based screening but good supersaturation as ASD formulations. The extrudates with

cellulose derivatives hydroxypropylmethylcellulose acetate succinate (HPMCAS) and cellulose

acetate

phthalate (CAP) showed lower supersaturation than predicted by the solvent-based screening

but performed especially well as spray-dried dispersions (SDD). False negative results for PVP-

co-vinyl acetate (PVP-VA64) could be avoided by using the new melt-based screening. Further-

more, comparing the results from the two different screening methods allowed to predict the

performance of extrudates vs. SDD with cellulose derivatives as polymeric excipients.
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Graphical Abstract

Figure 2.1: Graphical abstract to Auch et al. [77]
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CHAPTER 2. CUMULATIVE PART

2.2.2 Impact of polymer degradation in HME

Title: How changes in molecular weight and PDI of a polymer in amorphous solid dispersions

impact dissolution performance

International Journal of Pharmaceutics

DOI: https://doi.org/10.1016/j.ijpharm.2018.12.012

Link: https://www.sciencedirect.com/science/article/pii/S0378517318309189?via%3Dihub

Supplementary Material:

https://ars.els-cdn.com/content/image/1-s2.0-S0378517318309189-mmc1.pdf

Abstract Polymers functionally contribute to supersaturation and precipitation inhibition of

the active pharmaceutical ingredient (API) in amorphous solid dispersions (ASD). Therefore, it

is necessary to monitor phyhemsicochemical changes of the polymeric carrier caused by the

manufacturing process. This is especially important when the material is exposed to heat and

shear stress as in case of hot-melt extrusion (HME). This study evaluated the impact of HME pro-

cess conditions on physical characteristics of poly(vinylpyrrolidone-co-vinyl-acetate) 60:40 (PVP-

VA64) which is a widely used polymer for HME. Focus was set on molecular weight (Mw) and

polydispersity index (PDI), by means of absolute molar mass detection via multi-angle light scat-

tering. The generation of a high Mw fraction together with a decrease of the average Mw was

detected. In a next step, the influence of these changes on the dissolution behavior of ASD was

evaluated. Different stress conditions were applied onto PVP-VA64 in placebo extrusions. The

obtained stressed polymer samples were subsequently used to prepare verum ASD with ke-

toconazole by spray drying (SD). SD dispersions (SDD) of thermally stressed PVPVA64 were

compared to SDD prepared with bulk powder. Although there were only slight changes in Mw and

PDI, they significantly impacted supersaturation and precipitation of the formulation.
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Graphical Abstract

Figure 2.2: Graphical abstract to Auch et al. [34]
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CHAPTER 2. CUMULATIVE PART

2.2.3 Analysis of API-polymer interactions in ASD

Title: Miniaturized measurement of drug-polymer interactions via viscosity increase for polymer

selection in amorphous solid dispersions

Molecular Pharmaceutics

DOI: 10.1021/acs.molpharmaceut.9b00186

Link: https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.9b00186

Supporting Information:

https://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.9b00186/suppl_file/mp9b00186_si_

001.pdf

Abstract Drug–polymer interactions have a substantial impact on stability and performance

of amorphous solid dispersions (ASD) but are difficult to analyze. Whereas there are many

screening methods described for polymer selection based for example on glass forming ability,

drug–polymer miscibility, supersaturation, or inhibition of recrystallization, the distinct detection of

physico-chemical interactions mostly lacks miniaturized techniques. This work presents an inter-

action screening assessing the relative viscosity increase between highly concentrated polymer

solutions with and without the model drug ketoconazole (KTZ). The fluorescent molecular rotor 9-

(2-carboxy-2-cyanovinyl)julolidine was added to the solutions in a miniaturized setup in μL-scale.

Due to its environment-sensitive emission behavior, the integrated fluorescence intensity can be

used as a viscosity dye within this screening approach (FluViSc). Differences in relative visco-

sity increases through addition of KTZ were proposed to rank polymers regarding KTZ–polymer

interactions. Absolute viscosities were measured with a cone–plate rheometer as a complimen-

tary method and supported the results acquired by the FluViSc. Solid-state nuclear magnetic

resonance (ss-NMR) relaxation time measurements and Raman spectroscopy were utilized to in-

vestigate drug–polymer interactions at a molecular level. Whereas Raman spectroscopy was not

suited to reveal KTZ–polymer interactions, ss-NMR relaxation time measurements differentiated

between the selected polymeric carriers hydroxypropylmethylcellulose acetate succinate (HPM-

CAS) and polyvinylpyrrolidone vinyl acetate 60:40 (PVP-VA64). Interactions were detected for

HPMCAS/KTZ ASD while there was no hint for interactions between KTZ and PVP-VA64. These

results were in correlation with the FluViSc. The findings were correlated with the dissolution

performance of ASD and found to be predictive for supersaturation and inhibition of precipitation

during dissolution.
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Graphical Abstract

Figure 2.3: Graphical abstract to Auch et al. [78]
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2.2.4 Application of gastrointestinal transfer model for ASD

Title: Impact of amorphization and GI physiology on supersaturation and precipitation of poorly

soluble weakly basic drugs using a small-scale in vitro transfer model

International Journal of Pharmaceutics

DOI: https://doi.org/10.1016/j.ijpharm.2019.118917

Link: https://www.sciencedirect.com/science/article/pii/S0378517319309627?via%3Dihub

Supporting Information:

https://ars.els-cdn.com/content/image/1-s2.0-S0378517319309627-mmc1.xml

Abstract Formulation of amorphous solid dispersions (ASD) is one possibility to improve poor

aqueous drug solubility by creating supersaturation. In case of weakly basic drugs like ketocona-

zole (KTZ), supersaturation can also be generated during the gastrointestinal (GI) transfer from

the stomach to the intestine due to pH-dependent solubility. In both cases, the supersaturation

during dissolution can be stabilized by polymeric precipitation inhibitors. A small-scale GI transfer

model was used to compare the dissolution performance of ASD versus crystalline KTZ with the

polymeric precipitation inhibitor HPMCAS. Similar in vitro AUCs were found for the transfer from

SGF pH 2 into FaSSIF. Moreover, the impact of variability in gastric pH on drug dissolution was

assessed. Here, the ASD performed significantly better at a simulated hypochlorhydric gastric

pH of 4. Last, the importance of drug-polymer interactions for precipitation inhibition was evalu-

ated. HPMCAS HF and LF grades with and without the basic polymer Eudragit E PO were used.

However, E PO caused a faster precipitation probably due to competition for the interaction sites

between KTZ and HPMCAS. Thus, the results are suited to assess the benefits of amorphous

formulations vs. precipitation inhibitors under different gastrointestinal conditions to optimize the

design of such drug delivery systems.
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Graphical Abstract

Figure 2.4: Graphical abstract to Auch et al. [79]
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3 Results and discussion

The work presented in this thesis aimed at developing tools to improve the translation from pre-

formulation research to formulation development in the field of ASD. Several gaps were identified

throughout the formulation development of ASD (see Chapter 1.2.3) which were thus investigated

within this thesis. The special circumstances to be considered in terms of gastrointestinal trans-

fer of weakly basic compounds were accounted for by using the model API ketoconazole (KTZ)

(chemical structure see Figure 3.1). KTZ was carefully selected to represent relevant API pro-

perties in terms of melting point (149°C), log P (4.3), solubility (23 μg/mL in FaSSIF) and GFA.

KTZ belongs to GFA class III similar to most marketed ASD compounds [32] which means that

there is a high propensity for amorphization (no recrystallization observed after quench-cooling

in a DSC heating-cooling-heating cycle).

To systematically analyze certain aspects like supersaturation, precipitation, storage stability,

miscibility or drug-polymer interactions, a broad set of formulations for comparison was needed.

These formulations were developed with different polymeric carriers which are summarized in

Table 3.1. These were non-ionic, anionic or cationic in nature with different Tg and Tdeg as well as

molecular weights; factors which are of relevance when selecting a polymeric carrier as outlined

in Table 1.2. This enabled the comparison across various pharmaceutically relevant polymers and

different manufacturing techniques. Four formulations where a complete dataset was acquired

were additionally tested regarding physical stability under different storage conditions (2-8°C,

25°C/60% relative humidity (r.h.) and 40°C/75% r.h. according to ICH Q1A(R2) guideline) for up

to one year.

Table 3.1: Summary of formulations consisting of the listed excipient and KTZ that were
developed and analyzed within PhD thesis

Excipient Solvent Screening Melt Screening FluViSc HME SDD Stability

HPMCAS HF x x x x x x
HPMCAS LF x - - - x -
HPMCAS HME x - - x x x
CAP x x x x x x
HPMCP HP50 x - x x - -
Soluplus x - x x x -
PVP K30 x x x x x -
PVP-VA64 x x x x x x
Eudragit E PO x - - x - -
Eudragit L100-55 x - x x - -
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Figure 3.1: Chemical structure of model compound ketoconazole

The first aspect under closer investigation was the predictability of a preformulation screening

tool for polymer selection. A modification of the SPADS assay by Wyttenbach et al. in a 96 well

quartz plate was used as starting point which can be considered as a standard miniaturized

screening method based on solvent film casting. Stability testing was conducted by storage of

the amorphous films under accelerated conditions (40°C/75% r.h.). Two different drug loads of

20 and 40% were tested both giving amorphous films. For further experiments, it was decided

to continue with the higher DL (40%) to challenge physical stability and pose a potential risk for

recrystallization and instabilities during a manageable timeframe. The corresponding dissolution

results are depicted in Figure 3.2.

Figure 3.2: Solvent screening for KTZ with various polymers and 40% DL. Non-sink dissolution
testing in FaSSIF-V1 pH 6.5. Arithmetic means of n=3 + S.D.

The casted film of neat KTZ was used as reference which showed slightly higher concentrations

of drug dissolved than the thermodynamic solubility of crystalline KTZ. Different degrees of su-

persaturation were achieved for all formulations except for PVP-VA64 and PVP K30.
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CHAPTER 3. RESULTS AND DISCUSSION

The best result was achieved with HPMCAS HF in terms of supersaturation, precipitation inhibi-

tion as well as storage stability. CAP and L100-55 showed a quite strong decrease in concen-

tration of drug dissolved after seven days whereas Soluplus, E PO and HPMCP stabilized the

supersaturation well but on a generally lower level.

The ranking derived from solvent screening results (Figure 3.2) should be correlated to ASD in-

termediates in terms of supersaturation and precipitation inhibition. Therefore, all polymers were

first employed for manufacturing of ASD via HME as the predictability of the screening should be

systematically investigated. The non-sink dissolution results for the milled extrudates correlated

well with the solvent screening except for HPMCAS HF, CAP, PVP-VA64 and PVP K30 which

is seen when comparing the concentrations of drug dissolved in Figure 3.3 A with Figure 3.2.

Therefore, these four formulations were additionally formulated as SDD to examine the impact of

the manufacturing technique. Figure 3.3 B shows the concentrations of drug dissolved that were

achieved from dissolution of SDD particles.

Figure 3.3: Concentration of KTZ dissolved in a non-sink dissolution of A) milled hot-melt extru-
dates and B) SDD powder (legend see A) with 40% DL in FaSSIF-V1 pH 6.5 com-
pared to crystalline KTZ. Arithmetic means of n=3 ± S.D. From [77]

For in depth characterization of the formulations, the following setup of analytical methods was

developed:

1. Reversed-phase high-performance liquid chromatography (RP-HPLC) - content analysis

(for dissolution testing and content uniformity) and purity

2. Differential scanning calorimetry - measurement of Tm and Tg, miscibility assessment

3. Powder X-Ray diffraction (PXRD) - solid state analysis

4. Microscopy with standard light/polarized light (PLM) - particle size assessment, crystallinity
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5. Gel permeation chromatography (GPC) with RI and MALS detection - determination of

polymers’ molecular weight and polydispersity index

6. Viscosity measurements (FluViSc, cone-plate rheometer) - analysis of drug-polymer inter-

actions via viscosity increase

7. Raman spectroscopy - solid state analysis and detection of drug-polymer interactions

8. Solution NMR - quantification of residual solvents, chemical integrity of polymer

9. Solid-state NMR - detection of drug-polymer interactions via relaxation time measurements

10. Thermogravimetric analysis (TGA) - Tdeg, water content

11. Loss on drying - monitoring of powders’ humidity during processing and stability testing

12. Static light scattering - particle size distribution

13. Non-sink dissolution testing in different scales (96 well, Eppendorf Caps)

14. Gastrointestinal transfer model - dissolution testing under simulated GI conditions

The analytical methods 1-4 were routinely applied to all ASD intermediates. Fulfillment of preset

specifications for these analytical methods was considered as a prerequisite for comparability

among the different formulations allowing further interpretation of the data. Fully amorphous for-

mulations with 40% DL for all formulations listed in Table 3.1 were produced according to DSC,

PLM and PXRD together with 95-105% content uniformity and >98% purity (n=4).

Exemplary results of the analytics (where applicable) for crystalline API, solvent casted films,

physical mixtures (PM), SDD and HME are depicted in Figure 3.4 for KTZ formulations with the

carrier HPMCAS. The absence of a crystalline melting peak in the HME and SDD samples as

well as a single Tg indicate formation of one phase amorphous systems in the DSC thermograms

(Figure 3.4 A). A melting point depression from 149°C (crystalline KTZ) to 141°C onset tempe-

rature in the PM was detected in the DSC runs which is considered as a hint for miscibility and

interaction as explained in detail by Marsac et al. [80]. The amorphous halo for both HME and

SDD formulations can be clearly differentiated from crystalline Bragg peaks (also present in PM)

in the PXRD diffractograms acquired via long-term measurements (Figure 3.4 B). As HPMCAS

is semi-crystalline in nature, special attention is needed for judging residual crystallinity via PLM

which is only possible by comparison with placebo films, SDD particles or milled extrudates (Fi-

gure 3.4 C).

The two manufacturing techniques resulted in different performances of the ASD although the

analytical results did not reveal any differences between extrudates and SDD in terms of amor-

phization, Tg, content or purity. As this discrepancy in performance would heavily influence the

decision for the most suited manufacturing technique, a predictive screening tool should be es-

tablished to assist in choosing the best formulation technique.
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CHAPTER 3. RESULTS AND DISCUSSION

Figure 3.4: Exemplary results of A) DSC, B) PXRD and C) microscopy and PLM for HPMCAS
with 40% DL KTZ

31



Therefore, a melt screening was developed [77] to better mimick the conditions in a HME pro-

cess. The temperatures chosen for heating were selected to be below Tdeg but above Tg of the

drug-polymer films to enable certain mobility for molecular rearrangement.

The comparison between both screening approaches showed clear differences as depicted in

Figure 3.5. On the one hand, both cellulose derivatives performed better in the solvent screening

than in the melt screening. On the other hand, there was a pronounced supersaturation predicted

for PVP-VA64 by the melt screening which was not seen at all in the solvent-based approach.

Figure 3.5: Overall comparison of concentration of drug dissolved with both screening tools (melt-
based and solvent-based), SDD and HME with 40% drug load KTZ each after 60 min
dissolution time. Arithmetic means of n=3 ± S.D. Pure KTZ was not fully amorphous
as SDD without polymeric excipient and was not processed by means of HME. From
[77]

It could be shown that the way the screening is conducted can be correlated to the manufacturing

technique. Furthermore, it was demonstrated that the solvent screening underpredicted the per-

formance of the two polyvinylpyrrolidone derivatives for KTZ solubility enhancement. This would

lead to systematically false-negative results that unnecessarily limit the formulation options of

ASD.

These findings were subsequently confirmed with an internal pipeline compound (MC1) in formu-

lation with PVP-VA64 and HPMCAS (chemical structure and results are shown in [77]). Again,

PVP-VA64 did not lead to supersaturation in the solvent screening but only in the melt screening

which was proven by HME and SD. In contrast to KTZ, MC1 belongs to GFA class I with additional

melt degradation effects which was considered a worst case example for the melt screening.
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Nevertheless, the good correlation detected for KTZ could be directly transferred to MC1. For fur-

ther interpretation, a closer investigation on the reasons for different performances depending on

the manufacturing technique was necessary. One of the hypotheses was the creation of different

drug-polymer interactions being built either upon solvent evaporation (solvent screening and SD)

or upon heat fusion (melt screening and HME).

Drug-polymer interactions are generally known to contribute to the functional principle of ASD

as discussed in Chapter 1.2.3. However, miniaturized and simple screening tools that give an

idea on interactions during preformulation development were missing. Therefore, a μL-scale poly-

mer screening based on viscosity measurements via fluorescent molecular rotors was developed

named fluorescent viscosity screening (FluViSc). Placebo polymer stock solutions and solutions

additionally containing the API with 40% DL were prepared. The fluorescent molecular rotor 9-(2-

carboxy-2-cyanovinyl)julolidine (CCVJ) was added to the solutions and the fluorescence emission

intensity was measured after excitation. An increase in fluorescence intensity of these rotors is a

marker of increased viscosity [81]. To rank the extent of interactions between different polymers,

a relative increase in fluorescence intensity between polymer and polymer-KTZ was calculated.

Figure 3.6: Relative viscosity increase between placebo and verum solutions with 50 mg/mL poly-
mer each w/wo 40% DL. Arithmetic means of n=3 ± S.D. with asterisks indicating sta-
tistical significance in t-tests between polymer and polymer-KTZ
(*: p <0.05, **: p<0.01, ***: p<0.001). From [78]
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The FluViSc (Figure 3.6) showed a strong increase for the acidic polymers (L100-55, HPMCAS,

HPMCP, CAP) and non-significant results for the PVP derivatives and Soluplus. As KTZ is a

weakly basic compound, ionic interactions between acidic polymers and KTZ are likely to occur.

As these are much stronger compared to hydrophobic interactions or hydrogen bonds, they were

expected to dominate the results which was indeed seen in the screening. For the stabilizing

effect of Soluplus in ASD, its solubilization capacity caused by its amphiphilic nature is frequently

discussed in literature. This might explain a subordinate manifestation of drug-polymer interac-

tions in this case.

Of course, this completely new approach had to be subsequently verified by complimentary me-

thods and also transferred to the dissolution performance and storage stability of selected ASD.

Therefore, absolute viscosity measurements with a cone-plate rheometer as orthogonal method

were conducted which confirmed the findings of the FluViSc. Deviations from the Gordon-Taylor

equation were also fitting the data with a clear positive deviation towards higher Tg of the mixture

than calculated for L100-55 and CAP which is depicted in Auch et al. [78].

To give a proof of concept regarding molecular interactions, ss-NMR measurements were con-

ducted. HPMCAS and PVP-VA64 were chosen as positive and negative controls from the scree-

ning. The 13C ss-NMR spectra for neat substances PVP-VA64, HPMCAS and KTZ are shown in

Figure 3.7.

Figure 3.7: 13C ss-NMR spectra for neat PVP-VA64, HPMCAS and KTZ as references for peak
assignment in Figure 3.8. Modified from [78]
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Figure 3.8: T1ρ decay curves from 13C ss-NMR spin-lattice relaxation time measurements of refe-
rences and formulations. A) Ketoconazole (peak a/b) alone and 40% DL in HPMCAS
formulations B) Ketoconazole (peak a/b) alone and 40% DL in PVP-VA64 formulations
C) HPMCAS matrix (peak c) D) PVP-VA64 matrix (peak d). From [78]

The spectra of crystalline KTZ were clearly different from its amorphous form within the ASD

formulation (HME and SDD, data shown in [78]). However, there were no distinct peak shifts ob-

served that could have been related to interactions. This was somehow expected as signals in

ss-NMR are very broad compared to solution NMR. Nevertheless, they provide the possibility to

examine interactions in the undissolved state.

Therefore, additional spin-lattice relaxation time (T1ρ) measurements were performed. Figure 3.7

shows the peak assignment for neat KTZ, HPMCAS and PVP-VA64. The corresponding rela-

xation times of these distinct peaks are depicted in Figure 3.8. The decay curves showed a

strong effect in relaxation times of KTZ due to amorphization of the API (Figure 3.8 A and B).

This was observed to a similar extent in both systems with either HPMCAS (A) or PVP-VA64

(B). Here, the conversion from crystalline to amorphous was expected to dominate the relaxation

behavior compared to drug-polymer interactions.

As the polymers did not undergo a change in solid state, it was investigated if their relaxation

times change due to generation of drug-polymer interactions.
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This was indeed found for the amorphous HPMCAS formulations (Figure 3.8 C) which corre-

lated to high and stable supersaturation profiles and physical stability up to one year at 25°C and

60% r.h. In total, three HPMCAS peaks were tested and gave reproducible results (see [78]).

In contrast, the PVP-VA64 relaxation times were not influenced but overlaid in their decays of the

reference neat polymer curve, PM and SDD. The HME sample even showed faster relaxation.

One possible explanation would have been a higher water content causing plasticization and

therefore faster relaxation. However, this was not the case as confirmed in TGA trials and gave

rise to the question what could be the discriminating factor between the HME and SDD samples

which remained unexplained by the analytical techniques used at this stage of work.

Both screening studies (solvent/melt and FluViSc) revealed extraordinary results for PVP-VA64.

The solvent screening gave false negative results for PVP-VA64 which could be mitigated by the

development of the new melt screening method. In addition, there was a different relaxation be-

havior observed for distinct PVP-VA64 peaks after processing by HME which was not seen for

SDD samples.

This confirmed the hypothesis regarding formation of different stabilizing mechanisms depen-

ding on the manufacturing technique. Hence, there was a clear rational for closer evaluating the

physicochemical properties of PVP-VA64 in correlation with the HME process and in comparison

to SD.

PVP-VA64 has a high degradation temperature as declared by the manufacturers (230°C)

which enables a broad HME processing window between Tg and Tdeg. Within this range, the

polymer is claimed to be thermally stable. However, it has to be considered that exact tempe-

ratures of the melt within a HME process with mechanical energy contributions are difficult to

access.

To detect minute differences caused by the manufacturing process, a GPC method was deve-

loped with a refractive index (RI) and multi-angle light scattering (MALS) detector coupling. It

allowed for highly sensitive absolute molar mass measurement with approx. 97% mass recovery.

To ensure comparability between different samples and measurements, the elution peak was al-

ways divided in three subsections according to Figure 3.9 A. The analysis of molecular weight

and PDI was always conducted for peak 2 where appropriate size separation was achieved (Fi-

gure 3.9 B).
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Figure 3.9: A) Chromatogram of PVP-VA64 bulk powder. Light scattering signal (LS) depicted in
red, differential refractive index (dRI) depicted in blue. The polymer peak is divided
into three sections. 1) Total peak for calculation of mass recovery, 2) polymer main
peak with appropriate size separation for calculation of Mw and PDI and 3) high mo-
lecular weight peak B) Molar mass plot of peak 2 acquired for thermally stressed
PVP-VA64 sample with high molecular weight fraction. Modified from [34]

Neat PVP-VA64 was exposed to different heat and shear stress in a small-scale extruder (co-

rotating twin-screw extruder with three heating zones) with process temperatures far below the

Tdeg (130°C, 160°C and 180°C) resulting in the different extrudates Ex 130, Ex 160 and Ex 180.

Mw and PDI were measured and compared to unprocessed bulk material (Figure 3.10). The

highest decrease in molecular weight was observed for Ex 130 which was the sample with the

lowest extrusion temperature applied. As lower temperatures are related to higher melt viscosity,

this might result in higher shear stress.
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Figure 3.10: Molecular weight and PDI of unprocessed PVP-VA64 versus stress-samples.
A) Bars indicate molecular weight, PDI is depicted as dots of three different pro-
cess conditions for PVP-VA64 extrudates versus unprocessed PVP-VA64 bulk pow-
der. B) Integrated light scattering intensity of high molecular weight peak (peak 3,
definition according to Figure 3.9). Arithmetic means of n=4 + S.D. From [34]

Hence, it could be shown that the shear stress was the dominant root cause compared to tem-

perature induced changes in Mw and PDI.

To exclude chemical degradation effects, solution NMR spectra were acquired (Figure 3.11).

They confirmed the chemical integrity of PVP-VA64. Furthermore, a shift for the peak at 2.1 ppm

was detected which points towards conformational changes of the polymer. These are very likely

to be induced when changes of Mw occur which influences coiling and dissolution behavior of the

polymer.

Figure 3.11: 1H NMR solution spectra of PVP-VA64 bulk powder, Ex 130, Ex 160 and Ex 180.
The samples were dissolved in deuterated chloroform containing tetramethylsilane
for signal referencing. Modified from [34]
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Figure 3.12: Radius of gyration (rg) of the differently stressed PVP-VA64 extrudates (Ex 130,
Ex 160 and Ex 180) versus unprocessed bulk powder. Arithmetic means of
n=4 + S.D. Statistical significance was shown with One-Way ANOVA (p=0.006).
From [34]

The impact on the polymer coiling could additionally be confirmed by comparing the radii of

gyration (rg) acquired by GPC-MALS measurements as depicted in Figure 3.12. Although the limit

of quantification of the MALS detector for (rg) is around 10 nm, the trend between unprocessed

bulk material and heat stressed extrudates towards smaller radii could be clearly seen.

The stressed polymeric extrudates were subsequently used for preparation of ASD with 40%

KTZ via SD. In contrast to HME, SD did not alterate the physicochemical properties of PVP-VA64

(neither Mw, PDI nor high molecular weight fraction) and was therefore considered suitable for

subsequent incorporation of the API (data shown in [34]). This was conducted in exactly the

same way for the stressed samples as well as for unprocessed bulk powder. The changes that

were detected in supersaturation and precipitation of KTZ in a non-sink dissolution (Figure 3.13)

could therefore unambiguously be correlated to polymer characteristics that were induced by the

HME process.
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Figure 3.13: Concentration of KTZ dissolved in non-sink dissolution setup of SDD produced with
PVP-VA64 and 40% drug load. SDD 130/160/180 were prepared with thermally
stressed PVP-VA64 (Ex 130/160/180). SDD Bulk contains PVP-VA64 bulk pow-
der. Comparison versus crystalline KTZ. Dissolution was conducted in FaSSIF-V1
at pH 6.5. Arithmetic means of n=3 + S.D. Modified from [34]

The dissolution data of the ASD prepared with differently stressed or unstressed PVP-VA64 con-

firmed the relevance of these findings resulting in different performances of the ASD. The precipi-

tation inhibition was much better for unstressed PVP-VA64 whereas the stressed polymer partly

induced stronger supersaturation. This might in turn explain the different behavior of SDD and

HME samples in the first part of this thesis (Figure 3.3). In both cases, supersaturation from SDD

samples was lower compared to HME whereas a better stabilization was achieved.

Additionally, these results did underline the findings from the relaxation time measurements (Fi-

gure 3.8 D) where a different behavior for the HME of PVP-VA64 was observed compared to

the SDD. As a different coiling of the polymer chains of course may impair the interaction sites

available for the drug, this might well explain the different relaxation times.

The results of PVP-VA64 could not only be seen for other polymers (E PO and Soluplus) on a

small-scale extruder but could furthermore be transferred to manufacturing scale [34]. Thus, the

high relevance for ASD in general was shown as well as the importance of these insights for the

translation from preclinical development towards manufacturing.
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The last part of this work addressed the biorelevant dissolution testing of ASD as one of

the most decisive in vitro assays to guide formulation selection. As it was pointed out before,

the amorphous formulations of weakly basic KTZ should be evaluated in a two-compartmental

transfer model and compared to potential supersaturation of crystalline KTZ which can be phy-

siologically induced during the gastrointestinal transit.

As HPMCAS is known as one of the best precipitation inhibitors and showed specific interactions

with KTZ (Figure 3.8), it was selected for closer evaluation. Therefore, not only the previously

used grade HPMCAS HF but also HPMCAS LF (with slightly different pKa due to different con-

tents of acetyl and succinyl groups) was deployed. As such, potentially different drug-polymer

interactions where also in scope again.

Both SDD formulations with HPMCAS HF and LF (40% DL each) were evaluated in a non-sink

dissolution testing in FaSSIF pH 6.5 as well as in the gastrointestinal transfer model by Jede et

al. [82].

Figure 3.14 A depicts the non-sink dissolution behavior in FaSSIF where a strong precipitation

was detected for the system with HPMCAS LF. In contrast, HPMCAS HF stabilized the super-

saturation without recrystallization of the drug over two hours. The dissolution curves of the trans-

fer model are shown in Figure 3.14 B.

Figure 3.14: A) Non-sink dissolution testing of SDD HPMCAS LF versus SDD HPMCAS HF with
40% DL each in FaSSIF-V1. Arithmetic means of n=3 ± S.D. B) Transfer model of
SDD with HPMCAS LF compared to SDD HPMCAS HF with 40% DL each. Transfer
was conducted from SGF pH 2 into double-concentrated FaSSIF-V1 pH 6.5. Arith-
metic means of n=3 + S.D.
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As the predominant interaction forces are usually ionic in nature, which was confirmed by the

FluViSc results (Figure 3.6), it was hypothesized that the more acidic HPMCAS LF grade might

better stabilize supersaturation of the basic KTZ. However, the non-sink dissolution experiments

showed that this was not the case at least for the difference between HPMCAS LF and HF.

Instead, a hydrophobic interaction effect was assumed which was supported by data on drug-

polymer colloids and aggregation behavior by Wang et al. [83]. These stabilizing mechanisms

were found to be pH-dependent (correlating to the pH-dependent solubility of the polymer).

In a next step, the SDD were compared to physical mixtures containing the crystalline API and

the precipitation inhibitor in the GI transfer model. Surprisingly, the amorphous formulations did

not outperform the simple physical mixtures with HPMCAS as precipitation inhibitor (Figure 3.15)

in contrast to non-sink dissolution trials were no supersaturation of crystalline KTZ in presence of

precipitation inhibitors was observed [77].

Figure 3.15: Transfer model for SDD and PM of HPMCAS LF with 40% KTZ. Transfer was con-
ducted from SGF pH 2 into double-concentrated FaSSIF-V1 pH 6.5. Arithmetic
means of n=3 + S.D.

Hence, the solubilities of SDD and crystalline KTZ in SGF were examined. Its solubility at pH 2

above 2 mg/mL led to fully dissolved API even in its crystalline form. Thus, a comparable effect

in the transfer model could be expected retrospectively although the higher AUC of the PM re-

mained unexplained.
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The gastrointestinal transfer model was additionally applied to model variability of gastric pH

which frequently occurs in human individuals. Dressman et al. [84] have shown a decreasing

effect of co-administered cimetidine on plasma concentrations of crystalline ketoconazole. pH 4

was chosen as hypochlorhydric gastric pH which might be caused by intake of proton pump

inhibitors, decreased secretion of gastric acid or food intake [82, 85]. Again, the performance

of amorphous formulations was compared to PM. A clear benefit could be detected for the SDD

with HPMCAS LF (Figure 3.16).

Figure 3.16: A) Non-sink dissolution testing of SDD HPMCAS LF versus crystalline KTZ in SGF
pH 4. Arithmetic means of n=3 ± S.D. B) Transfer model of PM with HPMCAS LF
compared to SDD HPMCAS LF with 40% DL each. Transfer was conducted from
SGF pH 4 into double-concentrated FaSSIF-V1 pH 6.5. Arithmetic means of n=3 +
S.D.

The amorphous solubility at pH 4 was much higher than the one of crystalline API which was

also translated into higher supersaturation in the transfer model. This in turn ensures higher con-

centrations of drug dissolved in the small intestine under variable GI conditions or acid-reducing

co-medications. This pharmacokinetic variability also has to be considered in terms of food effect

which was found to be less marked in case of the ASD of ritonavir/lopinavir [86].

To further pursue the hypothesis of drug-polymer interactions being responsible for supersatu-

ration and inhibition of precipitation, a ternary ASD with the basic polymer Eudragit E PO in a

3:1 weight ratio (m/m%) HPMCAS:E PO was developed. The formulation containing 40% KTZ

was produced via SD resulting in a fully amorphous ASD with single Tg while also fulfilling all

other specifications set up beforehand. The results of the corresponding transfer experiments

are depicted in Figure 3.17.
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Figure 3.17: Transfer model of ternary ASD formulations with A) HPMCAS LF + E PO versus B)
HPMCAS HF + E PO with 40% DL each. Transfer was conducted from SGF pH 4
into double-concentrated FaSSIF-V1 pH 6.5. Arithmetic means of n=3 + S.D.

Part A shows the combination of HPMCAS LF and E PO whereas HPMCAS HF is covered in part

B. In both cases, the replacement of 25% HPMCAS by E PO decreased the AUC compared to

HPMCAS alone. For HPMCAS LF, the absolute concentration of drug dissolved was lowered as

well as the plateau that was reached after 120 min and hence also the AUC. As HPMCAS LF is

the more acidic derivative, it is likely to form stronger interactions with E PO thus showing more

impact in the overall performance. For HPMCAS HF, the overall supersaturation was almost con-

stant with only a slight decrease in precipitation inhibition supporting the hypothesis of stabilizing

hydrophobic interactions and drug-polymer aggregates rather than ionic forces.

The experiments with this multicomponent ASD again underlined the complexity of creating sta-

ble ASD and optimizing the formulation. In contrast to HPMCAS, E PO is soluble at gastric pH

which was assumed to support in stabilization of initial supersaturation after the transfer. How-

ever, this was not seen, quite the contrary, the basic E PO probably blocked possible interaction

sites of KTZ leading to reduced stabilization of supersaturation. Thus, ternary ASD - not only

with polymer-polymer but also polymer-surfactant combinations - should be carefully evaluated

as they may have both favorable or adverse effects on the primary formulation.
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4 Summary and outlook

4.1 Summary

The development of pharmaceutical products requires thorough characterization of both API and

drug product to guarantee the pharmaceutical principles of efficacy and safety and to provide

the highest possible quality for the patient. Amorphous solid dispersions are a valuable option

to improve the bioavailability of poorly soluble drugs. Aim of this thesis was to provide under-

standing and tools to improve the transition from preclinical research to successful formulation

development. Therefore, the focus was set on physicochemical and in vitro characterization of

ASD. Emphasis was put on getting information from miniaturized or small-scale methods during

preclinical research with high predictability and reliability for later development stages.

This was covered by the preparation, characterization and in vitro evaluation of various formu-

lations of the model compound ketoconazole. Additionally, the applicability for industrial pipeline

compounds was shown in case of the melt screening. All formulations were analyzed as drug

product intermediates rather than final oral dosage forms.

The goal was to address the unmet needs connected with predictability of screening methods

and biorelevant dissolution testing for ASD with polymeric carriers. Especially with regard to the

matrix excipient, profound physicochemical characterizations were conducted which was so far

mostly neglected in the field of ASD.

The high complexity of amorphous formulations still poses many challenges to the formula-

tion scientist. Therefore, a structured development approach is needed which is built of five main

steps with different experimental effort which is depicted in Figure 4.1. This workflow was pursued

and refined in the course of this work.

At first, focus was set on miniaturized screening methods that are of vital importance in preclinical

research and development. As the optimal carrier is individually dependent on each API, these

methods need to be optimized regarding high throughput, broad applicability, easy handling and

robustness. Two new miniaturized screening methods for polymer selection of ASD were deve-

loped within this thesis as there were several gaps identified. The melt-based screening method

provided the advantage of avoiding false negative results compared to the benchmark solvent

screening at least for PVP based polymeric carriers. As differences in the preparation methods

for ASD were detected, it was examined if these can be addressed by miniaturized screening

methods. Indeed, a correlation between the screening technique and the manufacturing method

was detected which helps a lot in reducing API consumption for testing different manufacturing

processes as well as giving potential hints regarding degradation.
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Figure 4.1: Systematic formulation development of ASD

The second tool, the FluViSc, can be considered as a meaningful extension of existing scree-

ning tools to detect drug-polymer interactions. A ranking among the different polymeric carriers

could be set up based on viscosity increase of KTZ-polymer solutions. So far, there were only

few methods known like FTIR or Raman spectroscopy to analyze interactions. HME and SD for-

mulations of KTZ-HPMCAS and KTZ-PVP-VA64 were manufactured to give a proof of concept

for the new approach. Differences in the relaxation times between the different carriers could

be detected in the ss-NMR experiments. Additionally, there was a hint towards drug-polymer

interactions depending on the preparation method at least for PVP-VA64. This underlined the

importance of closer evaluating the properties of this polymeric carrier.

Therefore, the second aim of this thesis was addressed with the development of a physicoche-

mical characterization method to describe changes in molecular weight and polydispersity index

of the polymeric carrier that might occur due to heat and shear stress upon hot-melt extrusion.

GPC methods with RI and MALS detector coupling were developed for the polymeric carriers

used within this thesis. An impact of hot-melt extrusion on Mw and PDI was found for all of the

three polymers tested (Eudragit E PO, Soluplus and PVP-VA64) although they were all claimed

thermally stable up to far above the temperatures tested in the extrusion process.

To examine the implication of such changes on the performance of the ASD, focus was set on

PVP-VA64. PVP-VA64 was outstanding in many experiments beforehand: false negative re-

sults in the miniaturized solvent based screening, differences between SDD and HME regard-

ing non-sink dissolution and differences in the relaxation times depending on the manufacturing

technique. Therefore, the GPC-MALS-RI method was applied on PVP-VA64 extrudates and the

impact of slight changes in Mw and PDI that were detected upon the dissolution performance of

ASD was closely examined.
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This was completely new to the field and added various important benefits like (i) optimization

of the HME process with regards of the polymeric carrier and not only on the API and amor-

phization (ii) monitoring of critical quality attributes of excipients and not only API and (iii) better

understanding which factors influence dissolution performance.

The release from the amorphous formulations was routinely examined in this study by non-sink

dissolution testing using the biorelevant FaSSIF medium. However, ketoconazole as a weakly

basic compound necessitated further examination on suitable dissolution methods as supersatu-

ration can not only be induced by amorphization but also by the pH shift during gastrointestinal

transfer from the stomach to the small intestine. A physical mixture of KTZ and precipitation in-

hibitor HPMCAS was compared to the amorphous SDD of KTZ and HPMCAS. The AUC were

comparable at gastric pH of 2, however there were pronounced differences for elevated gastric

pH. One more time, the study also took into account drug-polymer interactions and different HPM-

CAS grades were compared in terms of the precipitation inhibition potential. With the addition of

Eudragit E PO as a basic polymer, potential ionic interaction sites of HPMCAS with KTZ should

be blocked which indeed led to the expected decrease of the AUC.

To conclude, important new insights were gained and several gaps discussed beforehand could

be closed. The predictability of screening tools to select suitable carriers was examined and could

be improved to avoid false negative results. These early restrictions in the selection of the best

suited polymeric carrier would otherwise be a huge drawback for formulation development. This

was shown for KTZ as well as for the Merck pipeline compound MC1. By applying two different

ways of screening and two different manufacturing techniques, a correlation between them could

be partly detected which might help in saving time and material in the assessment of the best pro-

cess. The utilization of the FluViSc was shown to be a valuable additional option in the detection

of drug-polymer interactions that are essential in the stabilization and generation of supersatura-

tion while it was hardly possible to address them at such an early development stage beforehand.

With the thorough physicochemical characterization of the polymeric carrier and separation of its

properties from the amorphization itself, it was accounted for its functional contribution to the ASD

system. Last but not least, an important comparison between physiologically induced supersa-

turation and amorphous supersaturation was sought which should never be neglected for weakly

basic compounds.

The different aspects of this work provided mechanistic insights and are suited to optimize

the formulation development of ASD in terms of selecting the best suited polymeric carrier that

improves the apparent solubility, provides high physical stability against recrystallization upon

storage and maintains this supersaturated state during a timeframe relevant for physiological ab-

sorption.
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4.2 Future perspectives

The following section will discuss future perspectives in the context of this work based on the

promising results that were acquired within this thesis. Three approaches are being described

which could serve as a basis for further research.

The thermodynamic solubility of the API within the polymeric carrier is an important aspect for

the physical stability of ASD. If the thermodynamic solubility is not exceeded and full miscibility

is given, recrystallization or phase separation will not occur [87]. Hence, this is a possibility to

find the maximum drug load without a risk for physical instabilities. There are many methods

described in literature to approximate this solubility limit. In many cases, solubility parameters

(Hansen or Hildebrand solubility parameter) or Flory-Huggins models [80] are used but they of-

ten fail in prediction of physical stability [88]. A completely different approach is pursued by DSC

experiments where the solubility limit is determined via the melting point depression or recrystal-

lization method [47]. Both approaches are somehow limited by the prerequisite of defined melting

and recrystallization behavior and thermal stability.

One of the currently emerging methods is the modeling of thermodynamic phase diagrams for

ASD via perturbed-chain statistical associated fluid theory (PC-SAFT) [89]. Effects of tempera-

ture and humidity are already taken into account [90, 91]. Reliable estimations on the solubility of

the drug within the polymer would spare long-term stability studies and help addressing the gap

regarding predictions of physical stability pointed out in Chapter 1.2.3.

In the context of this thesis, the drug load was kept constant to get normalized dissolution results

with the same amounts of API and polymeric carrier and utmost comparability of the supersatu-

ration and precipitation behavior. However, it would also be of interest to put the findings of this

work e.g. on supersaturation and precipiation in context of the solubility limit of the API in each

carrier. These interdependencies were not examined with this thermodynamic model so far to the

best knowledge of the author and the combination of simulations and screening methods would

add significant contributions to polymer design.

The molecular arrangement of API and polymer is of importance for the functional principle of

ASD. API-rich or polymer-rich phases might be present which do not necessarily result in recrys-

tallization but they increase the risk thereof e.g. when exceeding the solubility limit of the drug

within the polymer as explained in the previous paragraph. Methods like SAXS can be used to

detect short range orders of crystalline contents. The existence of such clusters might be de-

pendent on the manufacturing process [32] and could be monitored by SAXS-DSC coupling for

the melt screening described in this work to further elucidate on differences in the preparation

technique.
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The application of the GPC-MALS method showed the importance of better understanding

the polymeric carrier. This highly sensitive analytical method allows advanced characterization

in terms of polymer coiling in liquids and effects of different molecular weights on the dissolution

performance. These insights could be used in the context of the studies by Frank et al. [33, 92]

who modified polymers in their side chains functionalities to improve interactions with the drug

and polymer solubility - in this case deconvoluted from the polymer chain length. Though it is

know that also the polymer’s molecular weight and the correlation to viscosity and Tg are crucial

for successful stabilization of ASD [49].

Regulatory authorities require a declaration on "the ability of excipients to provide their intended

functionality, and to perform throughout the intended drug product shelf life..." (ICH Q8 R2) in

dossiers for new drug submissions. The importance of polymers for the functional principle of

amorphous formulations was demonstrated in detail in the previous chapters. A comprehensive

toolbox for the selection of the carrier is already available but what if we lack the right polymers?

Excipient manufacturers are willing to develop a customized polymer for an API in ASD to con-

duct joint toxicological studies and get access to the market as regulatory authorities demand

descriptions of manufacture, characterization and controls, as well as supporting safety data for

novel excipients [93]. If there were more methods established to design and analyze these new

excipients, the hurdle for the pharmaceutical industry to file their products with new excipients

would be lowered with the perspective of increasing the amount of successfully marketed ASD.

The combination of GPC analysis, structural insights on phase separation and modelling of

thermodynamic solubilities applied on new polymers would further help in designing the optimal

excipient candidate - maybe even customized for each new chemical entity.

Thus, the proposals for further research given beforehand would not only mean an additional

scientific progress but again improve the translation from research contributions to formulation

development and commercialization.
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A B S T R A C T

The predictability of preformulation screening tools for polymer selection in amorphous solid dispersions (ASD)
regarding supersaturation and precipitation was systematically examined. The API-polymer combinations were
scaled up by means of hot-melt extrusion and spray-drying to verify the predictions. As there were discrepancies
between a solvent-based screening and performance of ASD, a new screening tool with improved predictability
at minimal investments of time and material is presented. The method refinement resulted in a better correlation
between the screening and ASD prototypes.

So far, a purely solvent-based screening was used which consisted of film casting by rapid solvent evaporation. This
approach was improved by applying a heating step after film casting. Four representative polymers were tested with
two different model active pharmaceutical ingredients (API) under non-sink dissolution conditions.
Polyvinylpyrrolidone (PVP) based polymers showed no benefit towards pure API in the solvent-based screening but
good supersaturation as ASD formulations. The extrudates with the cellulose derivatives hydroxypropylmethylcellulose
acetate succinate (HPMCAS) and cellulose acetate phthalate (CAP) showed lower supersaturation than predicted by the
solvent-based screening but performed especially well as spray-dried dispersions (SDD).

False negative results for PVP-co-vinyl acetate (PVP-VA64) could be avoided by using the new melt-based
screening. Furthermore, comparing the results from the two different screening methods allowed predicting the
performance of extrudates vs. SDD with cellulose derivatives as polymeric excipients.

1. Introduction

An increasing number of new active pharmaceutical ingredients
(API) belong to biopharmaceutical classification system (BCS) class II
(Amidon et al., 1995) with low bioavailability due to poor aqueous
solubility. One way to overcome these solubility issues is by for-
mulating amorphous solid dispersions (ASD). ASD contain the API in its
amorphous form in a stabilizing matrix, which consists mostly of
polymers. The polymer stabilizes the inherently thermodynamically
unstable amorphous form of the API by reducing its molecular mobility
and hindering recrystallization both upon storage and dissolution
(Alonzo et al., 2011; Leuner and Dressman, 2000).

Several manufacturing techniques are used for the preparation of
solid dispersions including hot-melt extrusion (HME) and spray-drying
(SD). The compilation of marketed ASD drug products by Wyttenbach
et al. (Wyttenbach and Kuentz, 2017) indicates the significance of these
two methods with 29% prepared by SD, 38% manufactured via HME
and another 33% by other techniques like spray layering or copreci-
pitation. The choice of the technique is mostly guided by API
characteristics. Thermostable compounds with a low melting point are
usually applicable to HME whereas a high melting point combined with
high solubility in volatile solvents favors SD (Navnit Shah et al., 2014).
Only few studies systematically compare amorphous solid dispersions
prepared by HME and SD and analyze influencing factors (Agrawal
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et al., 2013; Beneš et al., 2017; Bhardwaj et al., 2018; Haser et al.,
2017a; Joe et al., 2010). Surana et al. (Surana et al., 2004) found that
different preparation methods produce different degrees of relaxation
and therefore presumably different levels of molecular mobility.

A large polymer excipient portfolio is available for the formulation
of ASD (Navnit Shah et al., 2014). To date, it is not possible to predict
e.g. only by knowledge of the drug's chemical structure which polymers
or polymer mixtures are most suitable to achieve stable ASD and to
preserve a high supersaturation after administration. Although there
are promising in-silico approaches (Prudic et al., 2014; Van
Eerdenbrugh and Taylor, 2011), experimental data is still needed to
guide the drug product formulation strategy (Repka et al., 2018). For-
mulation screenings with HME or SD for several polymers are time
consuming and demand considerable amounts of material even when
using small-scale equipment. As new compounds are usually very
limited in the amount available, miniaturized screening methods providing
reliable results especially for complex questions like a polymer decision for
ASD are desirable.

There are different screening tools available such as pretests with
supersaturated drug solutions (Vandecruys et al., 2007) and differential
scanning calorimetry (DSC) (Bhugra, 2016; Rask et al., 2018). More
advanced and comprehensive preformulation approaches have been
developed that handle dissolution behavior of ASD films together with
imaging and interaction studies (Wyttenbach et al., 2013). Miniaturized
approaches were mostly pursued in 96 well plate format e.g. by solvent
evaporation (Chiang et al., 2012; Dai et al., 2007; Shanbhag et al.,
2008) or solvent shift methods (Yamashita et al., 2011). Recently, there
was also a comparative study of commonly used solvent-based
screenings for polymer selection (Banda et al., 2018). A solvent casting
and a solvent displacement method were evaluated for different APIs
and selected formulations were scaled up via spray-drying. However,
HME was not included as a preparation method although this technique
has considerable advantages like being a solvent-free and therefore
environmentally friendly process and providing applicability for
continuous manufacturing and downstream-processing technologies
(Repka et al., 2018).

Standardized high-throughput screening tools that cannot be fully
optimized for every single polymer-API combination might especially
neglect influences of scale-up manufacturing. In comparison to the
solvent evaporation in a screening, spray-drying at elevated tempera-
tures provides a faster evaporation and phase transition. Thus, complete
amorphization is more likely which in turn reduces the risk for re-
crystallization caused by remaining seed crystals. In addition, residual
solvents might influence the dissolution results by acting as a co-solvent
or maintaining high molecular mobilities within the film and therefore
reducing their stability during storage (Kawakami, 2009). Depending
on the solvent used, polymer dissolution results either in entangled
chains or coiled spheres (Miller-Chou and Koenig, 2003). This probably
influences the way the API is embedded within the polymer matrix
leading to different molecular mobilities. Finding the perfect solvent for
each polymer is a tremendous work (Chen et al., 2011) and together
with solubility issues for every single API it is an enormous task to
create a fully comprehensive screening tool.

Nevertheless, solvent based processes have the advantages of easy
handling, they enable efficient mixing of different components and can
be conducted in miniaturized scale like 96 well plates. Furthermore, it
allows for the assessment of glassy state together with non-sink dis-
solution in one film casting step which both provide valuable in-
formation at a time.

The desired characteristics for screening processes in general are
(i) high predictability and reproducibility, (ii) low amount of required
materials and (iii) fast output. In this study, predictability and relia-
bility were investigated in more detail as these are crucial for making
decisions in the drug product development process. Due to the com-
plexity of ASD formulations, there are many factors desirable to be
predicted out of screening tools: dissolution behavior, assessment of
thermodynamic solubility of the drug within the polymer, glass tran-
sition temperature (Tg) of the mixture, long-term physical stability and
storage conditions, drug-polymer interactions, amorphous phase se-
paration or manufacturing parameters. The authors decided to focus on
the prediction of supersaturation and precipitation as the most promi-
nent parameters for bioavailability enhancement. Nevertheless, the
other factors should not be neglected in the final decision for the best
suited polymeric carrier and must be evaluated by different approaches.

In a first step, the authors performed a solvent-based screening
derived from the miniaturized screening of polymers for amorphous
drug stabilization (SPADS) by Wyttenbach et al. (Wyttenbach et al.,
2013). Second, formulations were scaled-up via hot-melt extrusion and
spray-drying to elucidate differences in the manufacturing technique.
Last, the current study aimed to adapt the existing miniaturized
screening method to predict the performance in dissolution in corre-
lation with the manufacturing process.

The model drugs used in this study – ketoconazole (KTZ) and
MC1 – are BCS class II compounds. Their physicochemical-properties
are summarized in Table 1.

They were carefully selected to represent different properties in
terms of melting point, log P, glass forming ability (GFA) (Baird et al.,
2013; Blaabjerg et al., 2016; Blaabjerg et al., 2018) and glass forming
stability (Uhlmann, 1972). KTZ belongs to GFA class III similar to most
marketed ASD compounds (Wyttenbach and Kuentz, 2017). GFA class
III comprises compounds which exhibit no recrystallization of the pure
API in a DSC heating-cooling-heating cycle. MC1 was selected as an
example for thermolabile APIs where a GFA class attribution by melt
quenching is not possible due to its decomposition above the melting
temperature. The kinetic amorphization pathway by ball milling
(Blaabjerg et al., 2017) did not result in fully amorphous samples in-
dicating a GFA class I assignment (data not shown).

The excipient portfolio is focused on ionic and non-ionic polymers
of different chemical classes that are often used in solid dispersions
(Navnit Shah et al., 2014; Wyttenbach and Kuentz, 2017). In this study,
HPMCAS HF, CAP, PVP-VA64 and PVP K30 were chosen as re-
presentative polymers. These four polymers were also part of the
polymer setup in the SPADS approach by Wyttenbach et al. (HPMCAS
MF derivative instead of HF) where scaled-up formulations were only
prepared by SD.

To our knowledge, the present work is the first investigation on

Table 1
Physicochemical properties of model API.

API Mw (g/mol) logP Tm (°C) Tg (°C) pKa Solubility in FaSSIF (μg/mL)c

Ketoconazole 531.4b 4.3b 148.9 ± 0.1a 43.9 ± 0.2a 6.51; 2.94b 22.2 ± 0.70c

MC1 481.9d 2.5d 209.8 ± 0.1a 147.5 ± 0.4a 1.8; 3.2d 4.3 ± 0.03c

a In-house determination of Tm and Tg as onset values from raw materials using a standard DSC method (Section 2.6.1) with heating and cooling rates of
± 10 K/min, arithmetic mean of n≥ 3 ± S.D.

b Extracted from PubChem database (https://pubchem.ncbi.nlm.nih.gov/).
c Solubility of crystalline drugs in FaSSIF-V1, pH6.5 at 37 °C, arithmetic means±S.D. (n=3) after 2 h in mini-dissolution setup (method description see Section 2.7)
d Internal data.
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correlating the way the polymer screening is conducted to the manu-
facturing technique for formulating ASD.

2. Materials and methods

2.1. Materials

Ketoconazole (KTZ, purity≥ 98%) was purchased from Biotrend
Chemicals AG (Switzerland). Analytical standard of KTZ (Ph.Eur. re-
ference standard) for HPLC calibration was purchased from Sigma
Aldrich (USA). An internal pipeline API (MC1) was additionally used as
model drug. The chemical structures of KTZ and MC1 are depicted in
Fig. 1.

Polyvinylpyrrolidone-co-vinyl acetate 60:40 (PVP-VA64) and poly-
vinylpyrrolidone K30 (PVP K30) were obtained from BASF (Germany).
Hydroxypropylmethylcellulose acetate succinate (HPMCAS) grade HF
was kindly provided by Shin Etsu (Japan). Cellulose acetate phthalate
(CAP) was delivered by Eastman (USA). Acetonitrile (ACN), di-
chloromethane (DCM), 25% ammonia solution and formic acid were
purchased from Merck KGaA (Germany) and N,N-dimethylformamide
was supplied by VWR Chemicals (Belgium). All solvents were of HPLC
grade (purity≥ 99.7%).

Powder for preparation of fasted-state simulating intestinal fluid V1
(FaSSIF-V1) was obtained from Biorelevant.com (UK). The following
substances were used for dissolution media preparation: sodium hy-
droxide (VWR Chemicals, Belgium), sodium chloride, di‑sodium hy-
drogen phosphate, hydrochloric acid 1M and sodium hydroxide solu-
tion 1M (Merck KGaA, Germany). All aqueous solutions were prepared
with purified water (Millipore-Milli-Q® integral water purification
system, Merck KGaA, Germany).

2.2. Solvent-based screening

The miniaturized solvent-based screening for polymer selection was
derived from Wyttenbach et al. (2013). Drug-polymer films were cast in
96 well quartz plates (Hellma Analytics, Germany). For this purpose,
DMF stock solutions were prepared in concentrations of 10mg/mL for
both API and polymers. The stock solutions were mixed in ratios

providing the desired drug loads (DL) directly in the wells with 20%
and 40% (w/w) DL for KTZ and 30% (w/w) DL for MC1. Each well
ended up with 1000 μg solid content for polymer-API mixtures and
200 μg, 300 μg or 400 μg for API control groups, depending on the drug
load (n= 6). After mixing, the solvent was rapidly evaporated with a
freeze dryer apparatus (Alpha 2–4, Christ, Germany) at 0.1mbar for
30min at 25 °C. The volume of control groups was filled up with DMF
and full evaporation was monitored with a control well with neat sol-
vent (V=100 μL according to volume of stock solutions).

Dissolution experiments were conducted with 200 μL pre-warmed
FaSSIF-V1 pH 6.5 at 37 °C in a thermo microplate shaker
(THERMOstar®, BMG Labtech, Germany). Two glass balls
(Ø 2.5–3.5 mm, VWR Chemicals Prolabo, Belgium) were added to each
well for agitation. Wells were sealed with an adhesive foil to avoid
evaporation and shaken at 700 rpm. 100 μL of sample were taken after
60min and residual volume after 120min and transferred to a 0.45 μm
PTFE filter plate (AcroPrep™ Advance, USA). The filter plate was cen-
trifuged at 2500g (Heraeus Multifuge X3R, Thermo Scientific,
Germany) and the filtrate was collected in a 96 well polypropylene
plate. 50 μL of filtrate were immediately diluted with 150 μL of ACN/
MilliQ 50:50 (v/v). Drug concentration was quantified by RP-HPLC
(Section 2.5, n= 6).

Dissolution testing was re-conducted after seven days storage under
accelerated conditions (40 °C, 75% relative humidity).

2.3. Preparation of amorphous solid dispersions

2.3.1. Preparation of physical mixtures
Polymer and API were exactly weighed with 40% (w/w) DL for KTZ

and 30% (w/w) DL for MC1 and pre-mixed with mortar and pestle. The
pre-mixture was afterwards filled in a Turbula® (T2F, Willy A. Bachofen
AG, Switzerland) container and mixed at 32 rpm for 15min. Drug load
was subject to HPLC analysis (Section 2.5, n= 4).

2.3.2. Hot-melt extrusion
Extrudates were produced in a small-scale twin-screw extruder (ZE5

ThreeTec, Switzerland) with 5mm screw diameter and three heating
zones. The split barrel was equipped with double-concave co-rotating
screws with conveying elements and a 1.0mm die. The maximum screw
speed was 300 rpm. The powder blend was added by manual feeding.
The feeding zone was constantly cooled to 12.5 °C with a cryostat
(WK4600, Lauda, Germany). Different extrusion temperatures and
screw speeds were tested to obtain glassy, smooth extrudate strands.
Process parameters for each formulation are summarized in Table 2.
Drug load and impurities were monitored with n= 4 by HPLC analysis
(Section 2.5), the solid state was assessed by DSC (Section 2.6.1) and
powder X-ray diffraction (PXRD, Section 2.6.3).

2.3.3. Milling
Formulations with cellulose derivatives were cut with 25,000 rpm

for 2× 1min (IKA® Tube mill control, USA) whereas PVP polymers
were milled with a vibrational ball mill with 30 Hz for 2× 2min

Fig. 1. Chemical structures of A) ketoconazole and B) MC1.

Table 2
Extrusion parameters ThreeTec ZE5 for formulations with 40% drug load KTZ.

Formulation Screw speed
(rpm)

Zone 1
(°C)

Zone 2
(°C)

Zone 3
(°C)

KTZ
HPMCAS HF+40% KTZ 300 120 170 170
CAP+40% KTZ 300 130 160 160
PVP-VA64+40% KTZ 300 120 160 160
PVP K30+40% KTZ 200 120 160 160

MC1
HPMCAS HF+30% MC1 300 135 175 175
PVP-VA64+30% MC1 300 90 160 160

C. Auch et al.



(Pulverisette® 23, Fritsch, Germany). A 15mL volume zirconium oxide
vessel and two ZrO2 milling balls (Ø 10mm) were used.

2.3.4. Spray-drying
Solutions with 2% (w/w) solid content of placebo and API-polymer

mixture in DCM:MeOH 9:1 (v/v) were spray-dried with a 4M8-TriX
Spray-Dryer (ProCepT, Belgium). Drug load (30% MC1 and 40% KTZ,
w/w with respect to polymer), nozzle diameter (1.0 mm), atomizing
nitrogen (10 L/min) and air speed (70%) were kept constant. Inlet
temperature and feed rate varied through the different formulations to
obtain fully amorphous SDD. To generate amorphous KTZ as a re-
ference, a 1% (w/w) solid solution was prepared. Parameters are de-
picted in Table 3. Spray-dried powder was dried overnight in a de-
siccator with silica gel (Merck KGaA, Germany) at 100mbar. Drug load
and impurities were monitored with n= 4 by HPLC analysis (Section
2.5), the solid-state properties were assessed by DSC, PLM and PXRD
(Section 2.6).

2.4. Melt-based screening

Drug-polymer films were casted according to the solvent-based
screening (Section 2.2) in 160 μL aluminum crucibles with pin. The
mixing of stock solutions and solvent evaporation was maintained as a
process step to ensure homogeneous mixing and keep the advantage of
high throughput assays. A scale-down to 550 μg solid content was ne-
cessary with respect to reduced maximum filling volume of 110 μL
FaSSIF in comparison to 200 μL FaSSIF in the solvent-based screening
(Section 2.2).

A DSC 1 (Mettler Toledo GmbH, Germany) was used for heating and
quench cooling of the films. The API's melting temperature (Tm) could
not be reached if Tm was higher than the polymer's degradation tem-
perature (Tdeg). In this case, heating was performed up to 20 K below
Tdeg of the polymer. An equilibration step of 10min at the respective
temperature was integrated, followed by a rapid cooling to room tem-
perature with −50 K/min. Tg, Tdeg and respective annealing tempera-
tures within the melt-based screening are summarized in Table 4.

The annealing temperatures were partly below Tm of KTZ and below
Tm of MC1 for all formulations but always exceeded the glass transition
temperatures of the drug-polymer combinations (Tables 5 and 6). The
dissolution of the tempered films was conducted according to Section
2.2. 110 μL FaSSIF-V1 instead of 200 μL were used and one glass ball
was inserted into each DSC crucible. 55 μL of sample were taken after
60 and 120min and filtered. 20 μL of filtrate were diluted with 60 μL of
ACN/MilliQ 50:50 (v/v) and analyzed by RP-HPLC (Section 2.5, n= 3).

2.5. HPLC analysis

API and degradation products were analyzed with an Agilent
Technologies (USA) 1260 HPLC System. Purity was reported as area
percent. All analyses maintained linearity in the range tested

(r2= 0.9999). Content specifications were set to 95–105%, purity had
to be>98%.

2.5.1. Ketoconazole
10 μL of sample were injected and quantified by a diode array de-

tector working at 225 nm. The eluents used were binary mixtures of
95:5 and 5:95 (v/v) ammonium-formiate buffer pH 4 and ACN. The
linear gradient ran from 100% phase A to 100% B within 10min. A
Waters XSelect® CSH Phenyl-Hexyl reverse phase column
(4.6× 100mm with 3.5 μm packing, Waters Corporation, USA) was
used, constantly heated up to 60 °C.

2.5.2. MC1
10 μL of sample were injected and quantified by a diode array de-

tector working at 298 nm. The eluents used were binary mixtures of
95:5 and 5:95 (v/v) MilliQ water with 0.1% trifluoric acid and ACN.
The linear gradient ran from 90% phase A to 100% B within 13min. A
YMC-Triart reverse phase column (4.6×50mm with 3 μm packing)
was used, constantly heated up to 35 °C.

2.6. Solid-state characterization

2.6.1. Differential scanning calorimetry (DSC)
DSC studies were performed on a DSC 1 (Mettler Toledo,

Switzerland). 7–10mg of the samples were exactly weighed into 100 μL
DSC aluminum crucibles without pin and crimped. Lids were pierced by
the DSC piercing unit directly before measurement. Two heating cycles
were applied, heating and cooling was conducted with± 10 K/min. For
KTZ, the first heating ramp reached from 25 °C up to 170 °C (above Tm),
afterwards the melt was cooled down to 0 °C and heated again up to
200 °C.

Nitrogen was used as purging gas. The amorphous form – characterized
by the absence of the API's melting peak – for all formulations was checked
in the first heating cycle. Glass transition temperatures (Tg) were
determined for both unprocessed raw material and ASD in the second cycle
as onset temperature as the Tg in the first cycle is overlaid by a water
evaporation peak. Any numerical values reported are arithmetic means with
standard deviation of three independently prepared samples.

2.6.2. Microscopy
An Olympus BX60 microscope (Germany) was used for optical

assessment. Extrudate strands, milled extrudates and SD powder were
analyzed. Particle sizes were determined from light microscopy and
polarized light microscopy was applied to check for crystalline traces.
Pictures were taken with a SC-30 camera (Olympus) and processed with
Stream Essentials software.

Table 3
Spray-drying parameters 4M8-TriX.

Formulation Inlet temperature
(°C)

Feed rate
(mL/min)

Outlet temperature
readout (°C)

KTZ
100% KTZ 80; 100 1.0 42.6; 48.6
HPMCAS HF+40% KTZ 80 2.0 41.1
CAP+40% KTZ 100 2.0 45.4
PVP-VA64+40% KTZ 80 2.0 42.3
PVP K30+40% KTZ 120 2.0 52.3

MC1
HPMCAS HF+30% MC1 80 2.0 45.1
PVP-VA64+30% MC1 100 1.0 53.1

Table 4
Glass transition, degradation and annealing temperatures of polymers used in
melt-based screening.

Polymer Tg (°C) Tdeg (°C) Annealing temperatures (°C)

HPMCAS HF 117.8 ± 0.4a 175b 155
CAP 144.4 ± 0.8a 165b 145
PVP-VA64 105.4 ± 1.5a 230c 210 (KTZ)

190 (MC1)
PVP K30 156.2 ± 1.0a 175c 155

a In-house determination as onset values from raw materials using a standard
DSC method (Section 2.6.1) with heating and cooling rates of ± 10 K/min,
arithmetic means ± S.D. (n = 3)

b In-house determination from raw materials using a TGA method with
heating rate of+ 5 K/min from 25 °C to 350 °C.

c As indicated by manufacturer BASF (Kolter et al., 2012) determined via
TGA.

C. Auch et al.



2.6.3. Powder X-ray diffraction (PXRD)
Powder X-ray diffraction analyses were conducted on a Stoe StadiP

611 instrument (Stoe, Germany) equipped with Mythen1K Si-strip de-
tector (PSD). Measurements were performed in transmission geometry
with Cu-Kα1 radiation source generated at 40 kV and 40mA.
Approximately 20mg of the sample were prepared on a combinatorial
96 well plate sample holder comprising a Kapton® foil on the bottom of
the wells. Samples were scanned with an angular resolution of 0.03° 2θ
over a 2θ range from −36° 2θ to +36° 2θ with measurement times of
30 s/PSD-step and a PSD step width of 0.09° 2θ. After the measure-
ments, the diffractograms were folded to the range from 0° 2θ to 36° 2θ.

2.7. Non-sink dissolution

Amounts of formulation containing 600 μg of API were exactly
weighed and filled into 2mL round bottom Eppendorf caps. 1.2mL of
pre-warmed FaSSIF-V1 were added. The caps were shaken for 1min at
1500 rpm (Vortex-Genie® 2, Scientific Industries, USA) and afterwards
heated to 37 °C again in an incubator (Thermomixer® comfort,
Eppendorf, Germany). Two minutes before each sampling, the suspen-
sions were centrifuged (Mikro 200R centrifuge, Hettich, Germany) for
1min at 15000g. 50 μL of supernatant were then removed (without
replacement) after 5, 10, 15, 20, 30, 45, 60, 90 and 120min. All dis-
solution experiments were conducted in triplicate. Quantification of
dissolved API in the dissolution samples was determined by HPLC
(Section 2.5).

Saturation solubility of each KTZ-polymer system was also mea-
sured to evaluate the extent of supersaturation. The corresponding
polymers were dissolved in FaSSIF in the same concentration as for the
non-sink dissolution. Crystalline KTZ was added to the polymer solu-
tions to result in a concentration of 1mg/mL which is above the sa-
turation solubility of KTZ. After centrifugation, the amount of KTZ
dissolved in the supernatant was analyzed by RP-HPLC (n= 3).
Samples were taken after 1 h, 2 h and 24 h.

2.8. Statistical analysis

Analyses of variance (Holm-Sidak method, Dunnett's test) and t-tests
were conducted using Sigma-Plot 12.5 (Systat Software Inc., USA).
A p-value < 0.05 was considered as statistically significant.

3. Results

3.1. Ketoconazole

3.1.1. Solvent-based screening
The solvent-based screening was conducted with two different drug

loads (20 and 40% (w/w)). 40% DL was chosen for further experiments
to challenge the physical stability of the systems. The results of the
solvent-based screening are shown in Fig. 2 (data for 20% DL see
Supplementary 1). KTZ without a polymeric excipient but treated the
same as the API-polymer systems was used as reference.

HPMCAS HF performed best in the dissolution experiment im-
mediately after film casting as well as after seven days storage under
accelerated conditions. CAP also provided a high supersaturation which
decreased after storage. The PVP derivative PVP-VA64 could not pro-
vide any benefit in comparison to pure API, whereas PVP K30 showed
at least little supersaturation in the 60min sampling.

3.1.2. Hot-melt extrusion
HME prototypes with 40% DL were manufactured with the

Table 5
Thermal properties of amorphous formulations with 40% drug load KTZ. Arithmetic means± S.D. (n = 3)

Formulation Tg blanka (°C) Tg SDD (°C) Tg HME (°C) Melting point depression of KTZ in PM (°C)

100% KTZ 43.9 ± 0.2 Not fully amorphous n/a n/a
HPMCAS HF+KTZ 117.8 ± 0.4 67.3 ± 1.1 66.2 ± 1.0 142.8 ± 1.2
CAP+KTZ 144.4 ± 0.8 101.5 ± 2.6 85.6 ± 2.9 136.1 ± 1.1
PVP-VA64+KTZ 105.4 ± 1.5 65.0 ± 2.6 68.3 ± 1.0 143.9 ± 0.6
PVP K30+KTZ 156.2 ± 1.0 81.3 ± 1.3 83.7 ± 1.0 144.2 ± 1.8

a The term “blank” describes either 100% KTZ without polymeric excipients (in case of KTZ blank) or 100% polymer bulk powder without KTZ.

Table 6
Thermal properties of amorphous formulations with 30% drug load MC1. Arithmetic means± S.D. (n = 3)

Formulation Glass transition temperature
blank (°C)

Glass transition
temperature SDD (°C)

Glass transition
temperature HME (°C)

100% MC1 n/a (degradation above Tm) Not fully amorphous n/a
HPMCAS HF+MC1 117.8 ± 0.4 89.2 ± 2.8 86.7 ± 1.4
PVP-VA64+MC1 105.4 ± 1.5 106.2 ± 0.7 105.3 ± 2.2

Fig. 2. Concentration of KTZ dissolved in the solvent-based screening with 40%
drug load. Dissolution experiments were conducted directly after film casting
and after seven days storage at 40 °C and 75% relative humidity. Dissolution
medium was FaSSIF-V1 pH 6.5. Arithmetic means+ S.D. (n=6).
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polymers tested in the solvent-based screening. All formulations re-
sulted in clear and glassy strands indicating successful amorphization.
This was confirmed by solid-state characterization (Section 3.1.6). The
corresponding results of the non-sink dissolution experiments are
shown in Fig. 3A.

Formulations with HPMCAS and CAP showed similar kinetics with
slow dissolution of the API but no precipitation. As both cellulose de-
rivatives seem to prevent recrystallization of KTZ effectively, the
variability of the dissolution curves is strongly reduced compared to
PVP-VA64. PVP-VA64 provided high supersaturation together with
high variability and precipitation after 60min. In general, PVP-VA64
formulations showed quite high variabilities indicated by large error
bars. As nucleation can be caused by many different triggers and can
also occur spontaneously (Mullin, 2012), variability in a non-sink dis-
solution setup – especially in small-scale – is not unlikely. At the same
time, this also indicates that PVP-VA64 has a certain potential to
generate supersaturation but is not capable to stabilize high
concentrations of drug dissolved. PVP K30 showed a clear benefit
towards crystalline API but the concentrations of KTZ dissolved were
the lowest compared to the other extrudates.

Physical mixtures of API and polymer without further processing
did not show an enhanced solubility for KTZ in FaSSIF (Supplementary
2). Thus, the amorphous form is needed to generate supersaturation.

3.1.3. Spray-drying
Spray-drying experiments were performed additionally to HME to

investigate whether certain polymers are more suitable for solvent-
based manufacturing processes.

Spray-dried formulations with HPMCAS HF and CAP provided very
high and stable supersaturations (Fig. 3B). In both cases, SDDs per-
formed better than the corresponding extrudates (Fig. 3).

The PVP derivatives showed a clear benefit compared to crystalline
KTZ also as spray-dried amorphous solid dispersions in contrast to the
solvent-based screening. The obtained supersaturation with PVP-VA64
from an SDD was slightly lower than from the extrudate. PVP K30
provided high concentrations of drug dissolved at the beginning but
precipitated quickly after 45min. Concentrations after 120min were
comparable to the extrudate.

3.1.4. Melt-based screening KTZ
As there was a clear gap in correlation of the results from solvent-

based screening to scaled up prototype formulations, an investigation
for improvement of the screening tool was started. To closer mimic

processes and results in hot-melt extrusion, an additional heating step
after film casting was introduced. API degradation due to the heating
step was always monitored by stability-indicating RP-HPLC analysis. No
generation of API impurities was detected.

Fig. 4 shows the dissolution results of the melt-based screening.
HPMCAS and CAP gave high concentrations of drug dissolved which in
this screening approach was also seen for PVP-VA64. Again, PVP-VA64
results were associated with high standard deviations but significant
supersaturation was observed after 60min compared to pure KTZ
(t-test, p=0.01). PVP K30 performed comparable to API without
polymeric carrier.

3.1.5. Comparison
Fig. 5 shows the concentration of drug dissolved reached after

60min for the two different screening tools and both manufacturing
methods. The solvent-based screening gave an excellent fit to spray-
drying results for HPMCAS HF whereas the additional heating step led
to dissolution results in accordance with the hot-melt extrudates. This
comparison did not only provide a ranking of suitable polymers but
even predicted the absolute concentrations of drug dissolved at the
respective sampling points (Supplementary 3). Results for CAP SDD and

Fig. 3. A) Dissolution kinetics of milled hot-melt extrudates with 40% drug load KTZ in FaSSIF-V1 pH 6.5. Arithmetic means ± S.D. (n=3). B) Dissolution kinetics
of SDD powder with 40% drug load KTZ in FaSSIF-V1 pH 6.5. Arithmetic means ± S.D. (n=3). Legend see 3A.

Fig. 4. Concentration of drug dissolved in the melt-based screening for 40%
drug load KTZ after 60 and 120min. Dissolution experiments were conducted
directly after film preparation and after seven days storage at 40 °C and 75%
relative humidity. Dissolution medium was FaSSIF-V1 pH 6.5. Arithmetic
means+ S.D. (n=3).
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HME formulations could also be correlated with the corresponding
solvent-based and melt-based screening tools. The absolute concentra-
tions of KTZ dissolved that were achieved after 60 and 120min (in
accordance with sampling points of the screenings), as well as the
maximum concentration that was achieved in the non-sink dissolution
testing of extrudates and SD powder are summarized in Supplementary
3.

Only the new melt-based screening predicted supersaturation for
the PVP-VA64 formulations which was significantly higher (t-test,
p= 0.004) compared to the solvent-based screening. PVP K30 provided
high supersaturations as a spray-dried dispersion with very quick pre-
cipitation kinetics (Fig. 3B). This was not reflected by any of the
screening methods. However, the melt-based screening predicted the
concentration of drug dissolved after 120min for both HME and SDD.

3.1.6. Analytical results for amorphous formulations - KTZ
All formulations manufactured either by spray-drying or hot-melt

extrusion were fully amorphous according to PXRD (Supplementary 4)

and DSC measurements (Supplementary 5). The amorphous form was
evaluated in the first heating cycle as absence of a crystalline melting
peak. Glass transition temperatures (Table 5) were determined in the
second heating cycle. There were no melting peaks and only one single
Tg was detected which indicated formation of a one-phase amorphous
system. The Tg with different preparation methods were comparable
except for CAP, where a discrepancy between the Tg of SDD and HME
was detected. The chemical degradation of the CAP polymer (especially
by hydrolysis of the phthalic acid group) may has been more pro-
nounced in the HME process than during spray-drying leading to dif-
ferent Tg.

Content specifications were set to 95–105%, purity had to be>98%
which was met for all samples.

Particle sizes of milled extrudates and SD powder were measured
with standard light under the microscope. The spray-dried particles
were in the size range of 1–10 μm. Milled extrudates showed a broader
particle size distribution and had sizes of 20–80 μm.

3.2. MC1

MC1 was chosen for this study as it comprises different physico-
chemical properties regarding logP, pKa values and intrinsic solubility
compared to KTZ (Table 1). It has a high melting point of 210 °C and
undergoes thermal degradation at temperatures above Tm. This has to
be considered when using a heat related screening tool.

Dissolution results from the solvent-based screening and the melt-
based screening were evaluated to obtain a proof of concept for the four
polymers tested. The authors did not aim to find the best-suited
polymer for MC1, but wanted to derive regularities for the correlation
between screening and scale-up for certain polymers. Since HPMCAS
did show the biggest difference in performance depending on the
manufacturing technique and PVP-VA64 was underpredicted by the
solvent-based screening it was decided to focus on these two excipients.

3.2.1. Screening results for polymers with 30% drug load MC1
HPMCAS HF, CAP and PVP K30 performed similarly in both

screening approaches for MC1 (Fig. 6A). Film casting with HPMCAS
resulted in the highest concentration of drug dissolved which was stable
during dissolution and after seven days stability testing. A similar
performance was seen for the CAP polymer whereas PVP K30 did not

Fig. 5. Overall comparison of concentration of drug dissolved with both
screening tools (melt-based and solvent-based), SDD and HME with 40% drug
load KTZ each after 60min dissolution time. Arithmetic means+ S.D. (n=3).
Pure KTZ was not fully amorphous as SDD without polymeric excipient and was
not processed by means of HME.

Fig. 6. A) Concentration of drug dissolved for MC1 from melt-based screening (full bars) and solvent screen (hatched bars). Dissolution in FaSSIF-V1 pH 6.5.
Arithmetic means+ S.D. (n=3). B) Dissolution kinetics of milled extrudate and spray-dried powder with PVP-VA64 and HPMCAS HF in comparison to crystalline
MC1. All formulations have a drug load of 30% (w/w) MC1. Dissolution in FaSSIF-V1 pH 6.5. Arithmetic means ± S.D. (n=3).
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provide a benefit in comparison to pure MC1. Again, PVP-VA64 showed
much better results in the melt-based than in the solvent-based
screening. The concentrations of drug dissolved with PVP-VA64 were
significantly different (t-test, n= 3) between solvent- and melt-based
screening for both sampling points. The dissolution results for pure
MC1 were about 3-fold higher in the melt-based screening than in the
solvent-based screening. For stability testing, dissolution was per-
formed again after seven days under accelerated conditions (Supple-
mentary 6). The concentrations of drug dissolved were similar com-
pared to start data.

3.2.2. Scaled-up formulations with 30% drug load MC1
The extrusion process was conducted below Tm of MC1 to avoid

chemical degradation. HPLC analysis with a purity indicating method
did not show any API degradants. During the HME process, clear and
glassy strands were formed indicating successful amorphization.
Dissolution curves of HME and SD formulations with MC1 are shown in
Fig. 6B.

PVP-VA64 provided very high supersaturation (> 200 μg/mL) with
quick precipitation. Milled extrudate and SDD showed similar con-
centrations of drug dissolved and precipitation kinetics for MC1.

As already seen for KTZ there were differences in the dissolution
performance when using different manufacturing techniques with
HPMCAS HF. The SDD again performed better than the extrudate with
high and stable concentrations of drug dissolved. All formulations
provided significant solubility enhancement compared to crystalline
MC1.

3.2.3. Comparison
The high supersaturations reached with PVP-VA64 in the non-sink

dissolution (during the first 20min) were not fully reflected in both
screenings (Fig. 6). With respect to the quick precipitation, this is not
surprising as sampling in the screenings was only conducted after 60
and 120min. Nevertheless, the melt-based screening correctly indicated
a supersaturation potential for use of PVP-VA64 as excipient in contrast
to the solvent-based screening. Hence, it was possible to avoid false
negative results for PVP-VA64 as already seen for KTZ (Fig. 5). The
precipitation of HME and SDD corresponded to the measured decrease
in concentration of drug dissolved from 60min to 120min in the melt-
based screening. Additionally, the concentration of MC1 dissolved after
120min in the melt-based screening was in accordance with the PVP-
VA64 extrudate.

The performance of the HPMCAS SDD was correctly predicted by
the solvent-based screening as expected from the good correlation re-
sults for KTZ. The melt-based screening indicated the same performance
for SDD as well as for HME with HPMCAS. This was not completely
reached with the HME scale-up formulation.

3.2.4. Analytical results of amorphous formulations - MC1
Formulations with 30% drug load MC1 were fully amorphous ac-

cording to PXRD and DSC measurements (data not shown). Glass
transition temperatures of the amorphous formulations are summarized
in Table 6.

4. Discussion

An important question in the development of ASD is how to ensure
that the screening tools used for polymer selection are representative
for the performance of the later formulation. The discrepancy found
between the solvent-based screening and the two most common
manufacturing techniques for ASD (HME and SD) showed a clear need
for improvement of the solvent-based screening used so far.

To discuss the differences between melt-based screening and
solvent-based screening, the effect of particle sizes and surface area
obtainable for wetting can be excluded to the greatest extent possible.
Both screening approaches work with casted films and the contact area

between film and FaSSIF dissolution buffer nearly stays the same. In
addition, the difference between solvent-based screening and
melt-based screening cannot be explained by simple melting of API seed
crystals which was demonstrated by inclusion of MC1. Here, the an-
nealing temperature in the melt-based screening remained below Tm of
MC1 (20 K below degradation temperature of the polymers see Table 4;
API DSC thermograms see Supplementary 7). Nevertheless, there were
significant differences detected between both screenings and the sub-
sequent correlation to ASD performance.

The discrepancy between solvent-based screening and ASD was
especially striking for PVP-VA64 with both compounds tested in this
study. The polymer is easily extrudable with a Tg of 105 °C (Table 4)
and has a high solubility in many volatile solvents. Therefore, it
is a valuable formulation option for both HME as well as SD.
Correspondingly, it enabled high supersaturation for both KTZ and MC1
as an extrudate as well as a SDD (Figs. 3 and 6B). However, the results
of the solvent-based screening would not have indicated any benefit for
using PVP-VA64 (Figs. 2 and 6A), resulting in false negative screening
results unnecessarily limiting the formulation options. In contrast, the
melt-based screening presented herein (Fig. 4) could demonstrate the
capability of PVP-VA64 providing pronounced supersaturation. The
factors that might have contributed to this improvement will be
discussed in the following.

If less potent precipitation inhibitors (PIs) like the PVP derivatives
are used (Konno et al., 2008), tiny seed crystals left after solvent eva-
poration may lead to a collapse of the amorphous system caused by
crystal growth and subsequent precipitation. Additionally, PVP-VA64
solutions have low viscosities in comparison to HPMCAS and CAP at the
same concentrations. As the crystal growth rate is inversely related to
the solution's viscosity (Haser et al., 2017a), PVP-based systems are
more prone to undergo complete API precipitation after nucleation.
Therefore, PVP derivatives may especially benefit from reducing seed
crystals. The additional heating step applied in the melt-based
screening could thus lead to a better amorphization. Hence, by applying
the method described in this study, the risk of false negative results –
especially for weak PIs – is reduced.

Not only nucleation and crystal growth but also amorphous-amor-
phous phase separation (Luebbert et al., 2017) with API-rich clusters
can cause instabilities of amorphous systems. Amorphous API clusters
still present after solvent-evaporation might be dissolved and homo-
genized in the polymeric matrix during the additional heating step even
below Tm of the API (Haser et al., 2017b; Marsac et al., 2006). Ad-
ditionally, it is possible that a better dissolution of the API within the
polymer is achieved by heating in case the thermodynamic solubility of
the API in the polymer matrix has not been reached yet. The tem-
perature increase enables a certain molecular mobility and subse-
quently might result in molecular re-orientation and formation of drug-
polymer interactions as well as rearrangement of structures within the
film. As the annealing step was conducted at temperatures above the Tg

of the corresponding drug-polymer mixture (Tables 4, 5, 6), such effects
are quite likely.

Unlike PVP-VA64, PVP K30 did not stand out in any of the
screenings for the different APIs. Indeed, it showed a high super-
saturation as SDD with 40% KTZ at the beginning (Fig. 3B). The higher
initial supersaturation of the spray-dried powder compared to HME
may be caused by smaller particle sizes, bigger surface area and dif-
ferent morphology. Subsequently, the dissolved drug precipitated
quickly which was not inhibited by the polymer. This could demon-
strate a weak point of these screening tools in general. The impact of
particle size, porosity or morphology of spray-dried particles or milled
extrudates is not reflected. Furthermore, the sampling frequency is too
low to capture a complete dissolution profile. Nevertheless, it is still
reasonable to focus on sampling after 60 and 120min as the super-
saturation needs to be maintained at a certain level throughout the
absorption window to effectively increase the bioavailability (Price
et al., 2018).
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Wyttenbach et al. have also used different preparation techniques in
the SPADS assays for dissolution, interaction and imaging. In the ima-
ging assay established by Lauer et al. (Lauer et al., 2011), samples
prepared via quench-cooling melt mixtures were assessed by atomic
force microscopy. The assay did not predict phase separation for 20%
drug load with PVP-VA64. In contrast, the spray-dried powder used for
stability testing did so after six months storage at 40 °C/75% relative
humidity. Hence, there were differences seen in stability of ASD de-
pending on the manufacturing technique which has of course an impact
on dissolution behavior. However, the formulations were not scaled-up
by means of HME to further examine this effect.

In contrast to PVP derivatives, there was an excellent correlation
between solvent-based screening and SDD performance seen for the
cellulose derivatives with both KTZ and MC1 (Figs. 5 and 6). HPMCAS
is known as one of the best PIs (Alonzo et al., 2011), reliably stabilizing
the API in its supersaturated state during dissolution which was also
seen in this study (Figs. 3B and 6B). This allows for the assumption that
seed crystals which might be present in the solid dispersion films pose a
lower risk for crystal growth and precipitation still leading to a good
correlation between solvent-based screening and SDD (Figs. 5 and 6).
However, it did not provide a satisfying correlation to HME formula-
tions (Figs. 3A and 6B) which was only achieved with the melt-based
screening. Such a different behavior between HME and SDD might be
related to different structures within the amorphous phase (Shalaev and
Zografi, 2002) depending on the manufacturing process. The generation
of an ASD leads to destruction of the API's long-range order. Never-
theless, short-range orders may still vary depending on the manu-
facturing technique which was already found by Surana et al. (Surana
et al., 2004).

It is well known that both HPMCAS and CAP undergo certain de-
gradation effects like loss of acidic groups (phthalate, acetate, succi-
nate) even below their degradation temperature (Sarode et al., 2014).
The melt-based screening provides the possibility to reveal such de-
gradation effects or incompatibilities between polymer and API or API
degradation during heating. This can be measured by dissolving the
molten films and analyzing drug content and purity via RP-HPLC and is
a valuable information for the next step of ASD manufacturing. No such
effects were observed for the APIs tested in this study.

5. Conclusion

As the amount of API during drug product development is often very
limited, broad feasibility studies for development of ASD with many
different polymers are not possible. This study demonstrated how
small-scale screening results may differ from performance of scaled up
HME and SDD formulations. Since screening methods are intended for
polymeric carrier selection for further development, they should mimic
the relevant processes as much as possible.

The simple solvent-based screening method gave false negative re-
sults for PVP-VA64, leading to exclusion as a potential polymeric car-
rier. By applying the herein described melt-based screening method,
such discrepancies can be minimized. Furthermore, by conducting both
the solvent-based screening and the refined melt-based screening, it is
possible to anticipate the in-vitro performance of HME vs. SDD with
minimal investments of API. The different ways to perform a minia-
turized screening might already reflect the processes and interactions
that are formed during SD or HME. As these are the most established
manufacturing techniques for ASD this can be of great value for the
decision which manufacturing process to choose. A more accurate
ranking of polymers in terms of their potential to provide and stabilize
supersaturation of an API in non-sink dissolution is the consequence,
guiding the formulation scientist towards the best suited excipient and
manufacturing technique.
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A B S T R A C T

Polymers functionally contribute to supersaturation and precipitation inhibition of the active pharmaceutical
ingredient (API) in amorphous solid dispersions (ASD). Therefore, it is necessary to monitor physicochemical
changes of the polymeric carrier caused by the manufacturing process. This is especially important when the
material is exposed to heat and shear stress as in case of hot-melt extrusion (HME). This study evaluated the
impact of HME process conditions on physical characteristics of poly(vinylpyrrolidone-co-vinyl-acetate) 60:40
(PVP-VA64) which is a widely used polymer for HME. Focus was set on molecular weight (Mw) and poly-
dispersity index (PDI), by means of absolute molar mass detection via multi-angle light scattering. The gen-
eration of a high Mw fraction together with a decrease of the average Mw was detected. In a next step, the
influence of these changes on the dissolution behavior of ASD was evaluated. Different stress conditions were
applied onto PVP-VA64 in placebo extrusions. The obtained stressed polymer samples were subsequently used to
prepare verum ASD with ketoconazole by spray drying (SD). SD dispersions (SDD) of thermally stressed PVP-
VA64 were compared to SDD prepared with bulk powder. Although there were only slight changes in Mw and
PDI, they significantly impacted supersaturation and precipitation of the formulation.

1. Introduction

One of the key areas that evolved for application of polymeric ex-
cipients is the use as matrices in solid dispersions (Chiou and
Riegelman, 1971). The inherently thermodynamically unstable amor-
phous form of the active pharmaceutical ingredient (API) is stabilized
by incorporation into a polymeric matrix. Hence, polymers functionally
contribute to overcome the poor aqueous solubility of the API and
improve its bioavailability (Leuner and Dressman, 2000). The beneficial
effects of polymers in the formulation of amorphous solid dispersions
(ASD) have been widely examined (Baghel et al., 2016). Suitable
polymers must be selected carefully e.g. in terms of drug-polymer
miscibility and solubility of the API within the polymer (Marsac et al.,
2008; Pezzoli et al., 2018), glass transition temperature (Tg),

degradation temperature (Tdeg), hygroscopicity and drug-polymer in-
teraction sites (Lubach and Hau, 2018; Mori et al., 2018) amongst
others. Furthermore, the choice of the manufacturing process necessi-
tates different excipient properties. The ratio between Tg and Tdeg af-
fects the processing window in hot-melt extrusion (HME) and a high
solubility in volatile solvents is needed for time and cost-efficient spray-
drying (Shah et al., 2014).

HME is one of the most widely used manufacturing techniques for
ASD which is also seen in an increasing number of patents (Crowley
et al., 2007). It has considerable advantages over other ASD technolo-
gies like being a solvent-free and continuous process (Haser and Zhang,
2018) and is widely applicable for drug product formulation as sum-
marized by Repka et al. (Repka et al., 2018). However, both API and
polymer could undergo changes in their properties (and as a result, in
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the properties of the solid dispersion) as heat and shear stress are ap-
plied on the sample. Therefore, it is necessary to monitor physico-
chemical properties of both drug and polymer in a HME process to
ensure thermal stability of the system.

There are numerous analytical methods to assess ASD (Baghel et al.,
2016; Crowley et al., 2007; Repka et al., 2018; Shah et al., 2014;
Zografi and Newman, 2017). ASD put high requirements on compre-
hensive characterization due to the analytical complexity (Paudel et al.,
2014). As ASD are multicomponent systems, it is often difficult to
correlate certain effects (e.g. dissolution variability) unambiguously to
the causative component. This might be of practical relevance e.g. in
scale-up trials when one must elucidate which changes affected the
performance of the formulation.

The different analytical techniques include thermoanalysis like
differential scanning calorimetry (DSC) or thermogravimetric analysis
(TGA) and spectroscopic techniques like powder X-ray diffraction
(PXRD) and microscopy to analyze the amorphization efficiency and
surface properties. Raman or infrared spectroscopy as well as solid-state
nuclear magnetic resonance (NMR) can be utilized to detect interac-
tions between drug and polymeric carrier at a molecular level. Dynamic
vapor sorption is often applied to estimate hygroscopicity and stability
during different storage conditions whereas chemical degradation can
be detected by reversed-phase high-performance liquid chromato-
graphy (RP-HPLC). With regard to HME, rheological evaluations (Liu
et al., 2012; Sarode et al., 2013) are valuable tools to evaluate melt
viscosities and softening temperatures. DSC and TGA are commonly
used to elucidate the thermal behavior of polymers prior to HME but
they neglect the energy input by shear stress and are therefore not di-
rectly accountable for the effects in an extruder. Additionally, apparent
melt temperatures and conditions within the barrel zones are still
hardly accessible. There are different modeling approaches (Bochmann
et al., 2018; Eitzlmayr et al., 2014; Reitz et al., 2013; Schittny et al.,
2018; Zecevic et al., 2018) to estimate effects in the extruder, but ex-
perimental data is mostly missing.

Specific polymeric properties have been overlooked for a long time
but are now attracting deservedly more interest in the field of ASD.
Frank et al. (Frank and Matzger, 2018) examined the influence of
polymeric side chain functionalities and respective drug-polymer in-
teractions on recrystallization behavior. The influence of molecular
weight (Mw) on ASD properties in a macromolecular scale (Prudic et al.,
2014) especially for polyvinylpyrrolidone (PVP) derivatives (Knopp
et al., 2015; Pacułt et al., 2018) has been subject to different studies.

During the HME process, it may come to both chain-scission and
cross-linking with regard to the polymeric backbone (Lang et al., 2014).
In addition, chemical degradation and hydrolysis of side-chain func-
tionalities are possible (Jiannan et al., 2018; Sarode et al., 2014). The
chemical stability of polymers was occasionally assessed (Karandikar
et al., 2015; Sarode et al., 2014) by TGA or RP-HPLC. One of the seldom
gel permeation chromatography (GPC) studies associated with HME
(Crowley et al., 2002) examined the thermal stability of polyethylene
oxide. There, the weight averaged Mw was found to be dependent on
processing temperature and screw speed. The use of plasticizers, like
e.g. Vitamin E TPGS, can of course prevent or reduce polymer de-
gradation in the HME process (Repka and McGinity, 2000) but again
increases the complexity of the formulation.

Although there exist several analytical techniques for ASD, the
analysis of Mw and polydispersity index (PDI) of the polymeric carrier is
often neglected despite their crucial importance in polymer analysis.
GPC is the most commonly used technique for determination of Mw, but
it still is not considered as a standard analytical technique in the field of
ASD. Especially when it comes to minute changes induced by the
manufacturing process, highly sensitive analytical techniques are re-
quired. To date, size standards or relative calibration are mostly used to
determine Mw (Izunobi and Higginbotham, 2011; Suárez et al., 2013).
This can only be considered as an approximation since the underlying
separation principle is based on the molecule’s hydrodynamic radius
where solvation effects and coiling of the investigated sample influence
the elution volume. Moreover, calibration standards are often not
readily available. A more precise and accurate method to determine Mw

was found with the development of multi-angle-light scattering (MALS)
in combination with refractive index (RI) detection by (Wyatt, 1993).
Here, absolute molar masses are determined which does not require
monodisperse calibration standards. Furthermore, LS allows for de-
termination of the molecular dimensions of a molecule in solution by
absolute measurement of the radius of gyration (rg). The RI detector has
the additional benefit of measuring concentrations also for UV inactive
molecules, which is the case for many polymers.

The polymer poly(vinylpyrrolidone-co-vinyl acetate) 60:40 (PVP-
VA64) was chosen in this study to show how changes in Mw and PDI
might impact the dissolution performance of ASD as it has an out-
standing position as a polymeric carrier for ASD. With Kaletra®, it was
used as excipient in one of the first marketed ASD products. PVP-VA64
is also widely used in several other marketed ASD (Wyttenbach and
Kuentz, 2017). It is easily extrudable with a Tg of about 104 °C and it is
considered as chemically stable during the HME process up to its Tdeg.
The PVP-VA64 monograph in the European Pharmacopoeia (Ph.Eur.,
2018a) contains a section on functionality-related characteristics where
viscosity, particle size distribution and density are mentioned as para-
meters that are “known to be relevant for certain uses of the excipient”
(Ph.Eur., 2018b). That said, since viscosity is directly dependent on the
Mw and mass distribution, Mw is also an important quality control
parameter for polymers.

As the complexity of ASD and the multiple connections between API
and its carrier make it hard to elucidate single influence factors, it was
the aim of this study to investigate the polymer characteristics sepa-
rately from API amorphization. Mw and PDI of PVP-VA64 should be
examined as such quality parameters and the impact on the dissolution
performance of the resulting drug product intermediate should be in-
vestigated. The experiments were mostly conducted in small-scale ex-
periments to minimize API consumption.

To our knowledge, this is the first time that GPC-MALS-RI analysis
was applied to monitor minute changes of PVP-VA64 caused by the
extrusion process and to transfer these findings to the dissolution per-
formance of ASD intermediates.

2. Materials and methods

2.1. Materials

Ketoconazole (KTZ) was purchased from Biotrend Chemicals AG

Table 1
Physicochemical properties of KTZ.

Compound Mw (g/mol) logP Tm (°C) Tg (°C) pKa Solubility in FaSSIF (µg/mL)

Ketoconazole 531.4b 4.3b 149 ± 0.1a 44 ± 0.2a 6.51; 2.94b 22.2 ± 0.70c

a In-house determination of Tm and Tg as onset values from raw materials using a standard DSC method (2.6) with heating and cooling rates of± 10 K/min,
arithmetic means of n≥ 3 ± S.D.

b Extracted from PubChem database (https://pubchem.ncbi.nlm.nih.gov/).
c Solubility of crystalline drug in FaSSIF-V1, pH 6.5 at 37 °C, arithmetic mean of n= 3 ± S.D. after 2 h under non-sink dissolution conditions (2.8).
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(Switzerland). Table 1 contains its physicochemical properties. Poly
(vinylpyrrolidone-co-vinyl acetate) 60:40 (PVP-VA64) was supplied by
BASF (Germany) with a K-value (1% in water) of 25–31 (Kolter and
Gryczke, 2012). Simulated intestinal fluid (SIF) powder for the pre-
paration of fasted-state SIF V1 (FaSSIF-V1) pH 6.5 was obtained from
Biorelevant.com (UK). Silicone oil (10 cSt, n20,D= 1.403, lit.) was ac-
quired from Aldrich Chemistry. Sodium hydroxide (VWR Chemicals,
Belgium), sodium chloride, di-sodium hydrogen phosphate, hydro-
chloric acid 1M and sodium hydroxide solution 1M (Merck KGaA,
Germany) for preparation of the dissolution buffer were used in ana-
lytical grade. Anhydrous lithium bromide (LiBr, Alfa Aesar, USA) was
used as additive for GPC analysis. N,N-Dimethylformamide (DMF, Alfa
Aesar, USA) was of HPLC grade (purity≥ 99.7%), filtered through
0.2 µm to avoid particles for GPC analysis. Acetonitrile (ACN), di-
chloromethane (DCM) and methanol (MeOH) were purchased from
Merck KGaA, Germany. Purified water was obtained from a Millipore-
Milli-Q® integral water purification system (Millipore Merck KGaA,
Germany).

2.2. Experimental design

Fig. 1 schematically illustrates the experimental setup of this study.
PVP-VA64 bulk powder was extruded on a small-scale extruder (Section
2.4.1) with three different temperature profiles (resulting in Ex 130, Ex
160, Ex 180) and subject to Mw and PDI analysis (Section 2.3). After-
wards, verum formulations with 40% (w/w) drug load (DL)

ketoconazole (KTZ) and either the obtained pre-stressed PVP-VA64
samples (resulting in SDD 130, SDD 160, SDD 180) or unprocessed PVP-
VA64 bulk powder (SDD Bulk) were prepared by spray-drying ac-
cording to Section 2.4.3. This approach was chosen as a model to
evaluate degradation effects of the polymer separately from API
amorphization. An impact on incorporation of the API due to different
temperatures in the extrusion process (e.g. above and below the melting
point (Tm) of KTZ) should be avoided. Therefore, spray-drying (SD) was
used instead of HME for subsequent incorporation of the API to have
identical and comparably low heat and shear stress during the pre-
paration of the verum ASD.

Three references were selected to show the applicability of the ex-
perimental design. The first one was a physical mixture (PM) of PVP-
VA64 bulk powder with 40% DL KTZ which was extruded in small-scale
(ExPM 160, Section 2.4.1) in a one-step process. Second, a placebo
spray-drying experiment was conducted to check for changes due to the
spray-drying process (SDD Placebo). Last, relevance of the findings for
manufacturing scale should be demonstrated. Therefore, PVP-VA64
that was pre-stressed on a Leistritz 18mm extruder (Ex Scale-Up,
Section 2.4.2) was used for preparation of the verum spray-dried dis-
persion (SDD Scale-Up).

2.3. GPC-MALS-RI analysis

A triple detector system consisting of UV, refractive index (RI,
Optilab® T-rEX™, Wyatt Technology Corporation, USA) and multi-angle

Fig. 1. Schematic illustration of experiments conducted in this study. Analytical steps are depicted in turquoise, placebo samples are depicted in violet and verum
formulations are highlighted in green. References did not undergo the full analytical setup, depending on purpose. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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light scattering (MALS, DAWN® Heleos™ II, Wyatt) with 18 angles was
used for the analysis of Mw and PDI of the polymer. The correlation
between LS intensity and Mw is given by Equation (1)

× =
×

+ × ×K c
R M P

A c1
( )

2
w0

2 (1)

with R0 as the Rayleigh ratio, A2 as the second virial coefficient, c is
defined as solute concentration in g/mL, P(ϴ) is a form factor relating
the angular variation in scattering intensity to the mean square radius
of the particle and Mw is the molecular weight.

K is a physical constant for polarized light defined according to
Equation (2).
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dn/dc is the refractive index increment of the sample, n0 is the specific
refractive index of the sample in mL/g, Na is the Avogadro’s number
and λ0 is defined as the vacuum wavelength of the incident laser.
Theory and background of these equations are described in detail by
(Wyatt, 1993).

A 1260 Agilent HPLC system was used for size-dependent separation
of the polymer equipped with a TSK-GEL® Alpha-4000 GPC column
(Tosoh Bioscience GmbH, Germany) with an exclusion limit of 106 Da
(polystyrene (PS) in tetrahydrofuran). N,N-Dimethylformamide (DMF)
with the addition of 10mM LiBr to avoid polyelectrolyte interaction
effects was used as solvent and eluent. All samples were dissolved in
this solvent and stirred for 12 h at 150 rpm. 50 µL of sample at a con-
centration of 4mg/mL were injected and eluted with an isocratic pump
rate of 0.5mL/min over 40min. An inline PTFE filter was installed to
ensure particle-free analysis.

The refractive index increment (dn/dc) was acquired via stand-alone
measurement with the RI detector. A calibration curve with concentra-
tions of 0.5, 1.0, 2.0, 3.0 and 4.0mg/mL was used. dn/dc values were
determined in triplicate with an average of 0.0730mL/g ± 0.0006
(exemplary determination with R2=1.000 see Supplementary Material
Fig. S1) for PVP-VA64. The RI detector was set to 25 °C, the MALS de-
tector operated at room temperature. Both detectors (RI and MALS) used
a wavelength of 658 nm. The MALS detector was calibrated with toluene
(90° diode, LS 11). Normalization coefficients, alignment and band
broadening were determined with a 30 kDa PS standard (P8402-03001B,
batch#80317, Wyatt Technology, USA). The molecular weight was de-
fined with 28.5 ± 0.03 kDa and a PDI of 1.01 ± 0.01 according to
certificate of analysis. All measurements were conducted with n=4. The
eluted peak was divided into three sections: 1) total peak for calculation
of mass recovery, 2) main peak with good separation for determination
of Mw and PDI, 3) high molecular weight fraction. This definition was
held constant through all runs and is exemplarily shown for PVP-VA64
bulk powder in Fig. 2. Fig. 3 shows the molar mass plot for peak 2 of
PVP-VA64 bulk powder with an ideal continuous molar mass distribution
as targeted for polydisperse samples without column interactions.

The term molecular weight (Mw) always describes the weight-
averaged molecular weight and will be consistently used as Mw from
now on according to this definition.

2.4. Manufacturing of amorphous solid dispersion

2.4.1. Hot-melt extrusion – small-scale
Hot-melt extrusion was conducted on a small-scale twin-screw ex-

truder (ZE5, ThreeTec, Switzerland) with 5mm screw diameter and
three heating zones. The extruder was equipped with double-concave
co-rotating screws consisting of conveying elements and a 1.0mm die.
The feeding zone was constantly cooled to 12.5 °C with a cryostat
(WK4600, Lauda, Germany), powder was fed manually. Extrusion
temperatures were adjusted according to Table 2, a screw speed of
300 rpm was maintained.

The physical mixture for ExPM 160 was intimately mixed with
mortar and pestle and subsequently homogenized by mixing in a
Turbula® (Willy A. Bachofen, Germany) mixer for 15min. The physical
mixture was subject to HPLC analysis (n=4, Section 2.9) to ensure
content uniformity. The resulting strands were milled with a vibrational
ball mill (Pulverisette 23, Fritsch, Germany) at 30 Hz for 2×2min.

2.4.2. Hot-melt extrusion – manufacturing scale
Placebo extrusion in manufacturing scale was conducted on a

Leistritz ZSE18 twin-screw extruder (L/D ratio 40:1) with two kneading
zones and a process temperature of 160 °C with 600 rpm. Two venting
ports were part of the barrel configuration in zones 3 and 7 and a
10mm die was used. Feeding was conducted with a gravimetric feeder
(KT20, Coperion) with a throughput of 6 kg/h. Cooling was realized
with a water circulation system set to 15 °C. The extrudate (Ex Scale-
Up) was subsequently milled with a L1A Fitzmill (Fitzpatrick, USA).

2.4.3. Spray-drying
API-polymer mixtures (40% DL (w/w) with respect to polymer)

were dissolved in DCM:MeOH 9:1 (v/v) to result in a concentration of
2% (w/w) solid content. PVP-VA64 bulk powder as well as thermally
stressed extrudates (Ex 130, Ex 160, Ex 180, Section 2.4.1 and Ex Scale-
Up, Section 2.4.2) were used. Spray-dried dispersions (SDD) were pre-
pared on a 4M8-TriX Formatrix Spray Dryer (ProCepT, Belgium). The
spray-dryer was set up with a 1.0mm nozzle, 10 L/min atomizing ni-
trogen and 70% air speed. Air temperature and feed rate were adjusted
to obtain fully amorphous (SDD). The outlet temperature varied slightly
(Table 3), the cyclone pressure drop was constant at approximately
56mbar. Spray-dried powders were dried in a desiccator over silica gel
at 100mbar overnight to ensure removal of residual solvents (residual
DCM and MeOH were quantified by solution NMR). Content analytics
were conducted with n=4 according to Section 2.9. The samples were
additionally analyzed via DSC (Section 2.6) and PXRD (Section 2.7).

2.5. Nuclear-magnetic resonance (NMR)

PVP-VA64 placebo samples (bulk powder, Ex 130, Ex 160, Ex 180)
were dried in a vacuum oven at 60 °C for 24 h to reduce water content
of the hygroscopic PVP-VA64. Residual water was measured by loss on
drying with an infrared balance. The samples were dissolved in deut-
erated chloroform (CDCl3) containing tetramethylsilane (TMS) for
signal referencing. The sample solution (final concentration 10mg/mL)
was transferred into a 5mm NMR sample tube. 1H and heteronuclear
single quantum coherence (HSQC) measurements were performed on a
700MHz Bruker Avance III machine equipped with a TCI cryocooled
probe. For the 1H spectra the relaxation delay was set to 10 s to allow
quantitative analysis. Measurements were conducted at 298 K.

To analyze if ester hydrolysis occurred during extrusion, the in-
tegrals of ester CH3 groups and α-CH2 group vs. amide CH2 group of the
pyrrolidone ring were compared. It was assessed whether this ratio
changed between PVP-VA64 bulk powder and the different extrudates.

2.6. Differential scanning calorimetry (DSC)

DSC measurements were conducted on a DSC 1 (Mettler Toledo,
Switzerland). The samples were exactly weighed into 100 µL DSC alu-
minum crucibles without pin. The first heating ramp reached from 25 °C
up to 170 °C (above Tm of KTZ), afterwards the melt was cooled down to
0 °C and heated again up to 200 °C. Heating and cooling were con-
ducted with±10 K/min.

Glass transition temperatures (Tg) were determined as onset values
for placebo bulk powder as well as for extrudates with PVP-VA64 in the
second heating cycle. The SDD were described by both heating cycles:
absence of a melting peak of KTZ was checked in the first cycle for
successful amorphization whereas the Tg of the mixture was analyzed in
the second cycle.
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Fig. 2. Chromatogram of PVP-VA64 bulk powder. Light scattering signal (LS) depicted in red, differential refractive index (dRI) depicted in blue. The polymer peak is
separated into three sections. 1) Total peak for calculation of mass recovery, 2) polymer main peak with appropriate size separation for calculation of Mw and PDI and
3) high molecular weight peak (only present in thermally stressed samples). (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 3. Molar mass plot for PVP-VA64 bulk powder. Molecular weight distribution (straight black line) as expected for polydisperse samples like polymers. Range
shown for peak 2. LS signal depicted in red, dRI signal in blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 2
Extrusion parameters on ThreeTec for stress-tests with placebo PVP-VA64 resulting in extrudates Ex 130, Ex 160, Ex 180 and extruded physical mixture of PVP-
VA64+40% KTZ (ExPM 160).

Sample Temp. Zone 1 (°C) Temp. Zone 2 (°C) Temp. Zone 3 (°C) Torque (Nm)

PVP-VA64 (Ex 130) 100 130 130 1.39 ± 0.20
PVP-VA64 (Ex 160) 120 160 160 1.22 ± 0.16
PVP-VA64 (Ex 180) 140 180 180 0.83 ± 0.06
PVP-VA64+40% KTZ (ExPM 160) 120 160 160 0.78 ± 0.06
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Any numerical values reported are arithmetic means with standard
deviation of three independently prepared samples.

2.7. Powder X-ray diffraction (PXRD)

A Stoe StadiP 611 instrument (Stoe, Germany) equipped with a
Mythen1K Si-strip detector (PSD) was used for PXRD analysis. The mea-
surements were performed in transmission mode with Cu-Kα1 radiation
source. The samples were prepared on a 96 well plate sample holder with
a Kapton® foil on the bottom of the wells. An angular resolution of 0.03° 2θ
over a 2θ range from −36° 2θ to +36° 2θ with measurement times of 30
sec/PSD-step and a PSD step width of 0.09° 2θ was applied. The dif-
fractograms were folded to the range from 0° 2θ to 36° 2θ.

2.8. Non-sink dissolution

1.5 mg SDD containing 40% (w/w) KTZ were exactly weighed into
2mL round bottom Eppendorf caps. The dissolution was started by
addition of 1.2 mL FaSSIF-V1 at 37 °C. After vortexing for 1min at
1500 rpm (Vortex-Genie® 2, Scientific Industries, USA), the caps were
incubated at 37 °C in a block heater (Thermomixer® comfort,
Eppendorf, Germany). Samples were taken after 5, 10, 15, 20, 30, 45,
60, 90 and 120min. Suspensions were centrifuged (Mikro 200R cen-
trifuge, Hettich, Germany) prior to sampling and 50 µL supernatant
(without replacement) were transferred each time. Samples were im-
mediately diluted 1:3 with ACN/water (50:50, v/v). The concentration
of drug dissolved was determined via RP-HPLC (Section 2.9). Each SDD
was analyzed in triplicate.

2.9. HPLC analysis

The concentration of KTZ dissolved was determined with an Agilent
Technologies (USA) 1260 HPLC system equipped with a diode array
detector working at 225 nm. 10 µL of sample were injected and

analyzed with a Waters XSelect® CSH Phenyl-Hexyl reverse phase
column (4.6×100mm with 3.5 µm packing, Waters Corporation,
USA). The column temperature was constantly held at 60 °C. Mobile
phases A and B consisted of binary mixtures of 95:5 and 5:95 (v/v)
10mM ammonium-formiate buffer pH 4 and ACN. The linear gradient
ran from 100% phase A to 100% B within 10min. Purity was reported
as area percent. Content specifications for SDD samples were set to
95–105%, purity was monitored and confirmed to be> 98% (a/a).

2.10. Statistical analysis

Analyses of variance (ANOVA, Holm-Sidak method, Dunnett’s test)
and t-tests were conducted using Sigma-Plot 12.5 (Systat Software Inc.,
USA). A p-value < 0.05 was considered as statistically significant.

3. Results and discussion

3.1. Small-scale extrusion of PVP-VA64 placebo

The extrusion experiments were conducted with placebo bulk
powder above Tg of PVP-VA64 (104 °C ± 0.7, n = 3, DSC method
Section 2.6). The barrel processing temperature was set below Tdeg of
230 °C according to (Kolter and Gryczke, 2012) with a maximum of
180 °C (Ex 180). As there is an additional energy input from viscous
dissipation caused by shear stress (Zecevic et al., 2018), temperatures
within the melt might have been significantly higher. PVP-VA64 was
continuously extruded without interruption of the process as residence
times are known to influence product properties (Reitz et al., 2013).
Increasing temperatures decrease the melt viscosity which was also
reflected by a decreasing torque (Table 2). As expected, the strand
thickness also decreased with increasing temperature and showed less
die swelling. All process conditions resulted in macroscopically and
microscopically (Supplementary Material Fig. S2) clear, glassy strands
with smooth surface and no visible degradation or discoloration.

Table 3
Spray-drying parameters for PVP-VA64 placebo and formulations with 40% drug load KTZ.

Formulations Inlet temperature (°C) Feed rate (mL/min) Outlet temperature readout (°C)

SDD Bulk PVP-VA64 (bulk powder)+ 40% KTZ 100 2.0 42.5
SDD 130 PVP-VA64 (Ex 130)+ 40% KTZ 100 2.0 42.7
SDD 160 PVP-VA64 (Ex 160)+ 40% KTZ 100 2.0 43.2
SDD 180 PVP-VA64 (Ex 180)+ 40% KTZ 100 2.0 44.2

SDD Placebo PVP-VA64 (bulk powder) 100 2.0 41.5
SDD Scale-Up PVP-VA64 (Ex Scale-Up)+ 40% KTZ 100 2.0 42.7

Fig. 4. A) Bars indicate molecular weight, PDI is depicted as dots of three different process conditions for PVP-VA64 extrudates and compared to unprocessed PVP-
VA64 bulk powder. B) Integrated light scattering intensity of high molecular weight peak (peak 3, definition according to Fig. 2). Arithmetic means of n= 4+S.D.
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3.2. GPC-MALS-RI analysis of hot-melt extrudates

3.2.1. Reproducibility and mass recovery
The suitability of the developed GPC-MALS-RI method (Section 2.3)

was tested regarding reproducibility and mass recovery of PVP-VA64
samples. Therefore, four independently prepared samples of the same
bulk powder batch were analyzed with the described method. All
samples were injected twice to additionally enable monitoring of the
analytical variability and influence of data processing. The total of
n=8 showed mass recoveries (calculated for peak 1) of 100% ± 5%
and a relative standard deviation for Mw of 1.0%. This high accuracy of
GPC-MALS-RI methods was also found by (Andersson et al., 2003).

3.2.2. Influence of HME in small-scale
The differently stressed placebo PVP-VA64 extrudates Ex 130, Ex

160 and Ex 180 were analyzed by GPC-MALS-RI analysis. The results
for Mw and PDI are shown in Fig. 4A. The different extrusion profiles
showed different impacts on Mw and PDI. Although alterations were
only made with regard to process temperature whereas all the other
input parameters were held constant to the greatest possible extent,
there are still many inter-correlating factors in the extrusion process
that might have caused these effects on Mw and PDI. As low tempera-
tures result in higher melt viscosity (as also indicated by increasing
torque), the shear stress increases which might also increase the pro-
duct temperature. Keeping the process variables constant, higher melt
viscosities also result in longer residence times (Lang et al., 2014).
These considerations may explain why Ex 130 showed the strongest Mw

decrease whereas Ex 160 and Ex 180 were only affected to a minor
extent. Statistical significance of Mw was shown with a one-way
ANOVA (p=0.002) and Dunnett’s method.

MALS analysis allows not only for absolute determination of Mw but
also for detection of molecular dimensions of a molecule in solution by
absolute measurement of the radius of gyration (rg). The so-called
scaling law (Suárez et al., 2013), describes the connection between Mw

and rg. Supplementary Material Fig. S3 shows how the decrease in Mw

for Ex 130, Ex 160 and Ex 180 correlated with a decrease of rg which
reflects conformational changes of the polymer in solution.

Not only Mw and rg but also the PDI slightly decreased. An ex-
planation for that was found by integrating the LS peak area of a high
molecular weight fraction (peak 3, definition according to Fig. 2) that
was detected in the extrudates (Fig. 4B). PVP-VA64 bulk powder did
not contain a significant amount of this high Mw fraction whereas it was
quite pronounced in Ex 160 and Ex 180 that were extruded with higher
temperatures. The peak area of Ex 130 was about half of that for Ex 160
and Ex 180.

The high molecular weight fraction was probably separated from

the polymer main peak leading to a more homogeneous size distribu-
tion reflected as a decrease in PDI (and Mw) for the polymer main peak
of Ex samples (Fig. 4A). Additionally, this peak (eluted at lower re-
tention volume meaning bigger hydrodynamic volume) could also be
related to changes in the substitution pattern of PVP-VA64 resulting in a
different solubility and hydrodynamic radius and therefore different
pore penetration and retention volumes (Dawkins, 1976). To exclude
chemical decomposition mainly by hydrolysis of the ester side chain
functionality (chemical structure see graphical abstract), the samples
were analyzed by NMR measurements (Fig. 6).

The Mw of peak 3 was not determinable as the RI signal-to-noise
ratio was too low for calculation of Mw. As the LS signal’s intensity is
dependent on both – concentration and Mw according to Eq. (1) – a
pronounced LS signal can be detected although the amount of that
fraction is below the limit of detection of the RI detector. Consequently,
the higher peak area of the LS signal for Ex 160 and 180 compared to Ex
130 could mean two things: 1) a higher amount of the high Mw fraction
or 2) higher Mw. For reliable elucidation, higher amounts of the high
Mw fraction need to be injected to enable RI detection and method
development with a GPC column with appropriate molecular weight
separation range is needed. Furthermore, correct determination of Mw

would require collection of the high Mw fraction and separate de-
termination of dn/dc as it is possible that cross-linking changed the
refractive index. Calculating Mw with dn/dc of PVP-VA64 bulk powder
would only be a rough approximation. Therefore, determination of the
Mw of peak 3 poses an additional complex analytical challenge and will
be subject to further studies.

3.2.3. Transfer to scale-up equipment
Extrusion was also conducted on a manufacturing scale equipment

to verify the results from the small-scale process. The results cannot be
directly transferred to larger scales even when using the same tem-
peratures as the equipment design and energetic consumptions are
completely different. In contrast to small-scale extrusion, the changes of
Mw were not statistically significant (p= 0.423, Fig. 5A). However, a
significant difference regarding high molecular weight fraction between
unprocessed PVP-VA64 bulk powder and extrudate (Fig. 5B) was de-
tected (t-test, n=4, p < 0.001). This indicates that the findings of the
small-scale equipment are also relevant for later scale-up trials at least
in terms of high Mw fraction. The chromatogram of Ex Scale-Up with
high Mw fraction is depicted in the Supplementary Material Fig. S4.

The authors want to point out that there was only one screw con-
figuration and temperature profile tested in this setup to confirm the
relevance of the GPC-MALS-RI analysis in general. The effects on Mw

and PDI may be influenced by different process parameters (e.g. re-
sidence time distribution, feed rate, screw speed, screw configuration,

Fig. 5. A) Molecular weight of PVP-VA64 extrudate in manufacturing scale (process temperature 160 °C, 600 rpm) and unprocessed PVP-VA64 bulk powder.
Difference is not statistically significant. B) Integrated light scattering intensity of high molecular weight peak (peak 3 see Fig. 2). Arithmetic means of n= 4+S.D.
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barrel temperature) which should be addressed in a design of experi-
ment in further studies. To successfully develop ASD, it is necessary to
define a processing window like demonstrated e.g. for HPMCAS
(Jiannan et al., 2018) where Tg, yellowness index and free functional
groups were used to monitor polymer degradation. As the melt tem-
perature is influenced by different energetic consumptions, it is hardly
predictable when degradation starts. The GPC-MALS-RI methodology
proposed in this study is highly sensitive and capable to detect changes
in the polymeric backbone and not only hydrolysis of side-chain func-
tionalities. Thus, it provides a substantial contribution to quality con-
trol during formulation development.

3.3. NMR

NMR measurements were conducted to exclude chemical degrada-
tion effects like ester hydrolysis that could also lead to different dis-
solution performances. Relative integrals of ester-CH3 groups and α-
CH2 group vs. amide-CH2 group of the pyrrolidone ring did not change
between PVP-VA64 bulk material (Supplementary Material Figs. S5 and
S6) and the extrudates. Within the limit of detection of the proposed
method, this indicates that the ester group did not undergo hydrolysis
during the extrusion and there were no changes in the composition of
the copolymer either. Additionally, there was no free acetic acid de-
tected.

All peaks were assigned to their corresponding functional groups
(Supplementary Material Fig. S5). There was no loss of signals ob-
served. The NMR spectra are congruent except for slight peak shifts.
This is shown in Fig. 6 with a stack plot of the 1H NMR spectra of PVP-
VA64 bulk powder and the three different ThreeTec extrudates (Ex 130,
Ex 160, Ex 180).

The shifts point towards conformational changes of the polymer in
solution (Saalwächter and Reichert, 2010). The NMR results were in
very good correlation to GPC-MALS-RI measurements (Fig. 4A) as Ex
130 also showed the strongest decrease in Mw which is likely to be
responsible for conformational changes. This was also reflected by the
change in rg compared to bulk material (Supplementary Material Fig.
S3). The shifts were mostly pronounced in Ex 130 which can be clearly
seen for the peak at 2.1 ppm. The high Mw fraction which was more
pronounced in Ex 160 and Ex 180 (Fig. 4B) seemed to have less influ-
ence.

3.4. Spray-drying

3.4.1. Influence of SD on Mw and PDI
A two-step manufacturing process (HME of the placebo followed by

SD of the verum formulation) was chosen to investigate how the
changes in Mw and PDI of the polymer affect the formulation’s perfor-
mance in dissolution. First, it was necessary to demonstrate that SD
does not adulterate the physicochemical properties of the polymer.
Therefore, unprocessed bulk powder was compared to SDD Placebo in
terms of Mw and PDI. The weight averaged Mw and PDI of the main
polymer peak (peak 2 according to Fig. 2) are depicted in Fig. 7. Both
samples showed nearly identical masses as well as PDI. Additionally,
formation of a high molecular weight fraction was not observed. This
allowed SD to be used as a non-adulterating manufacturing technique
for ASD with differently stressed PVP-VA64. The polymer batch for
these experiments (bulk and Placebo SDD) was different from the one in
3.2.2. A small batch-to-batch variability (compared to Fig. 4) was de-
tected in Mw of the bulk material.

3.4.2. Manufacturing of SDD with 40% drug load KTZ
As spray-drying did not affect the polymer characteristics (Fig. 7), it

was chosen as a second process step instead of a second HME run for

Fig. 6. 1H NMR solution spectra of PVP-VA64 bulk powder, Ex 130, Ex 160 and
Ex 180.

Fig. 7. Molecular weight (bars) and PDI (dots) of PVP-VA64 Bulk powder and
PVP-VA64 placebo SDD. Arithmetic means of n= 4+S.D.

Fig. 8. PXRD Diffractograms for SDD with PVP-VA64 and 40% drug load KTZ.
The reflex at 5°2ϴ derives from the Kapton® foil.

Table 4
Glass transition temperatures of placebo PVP-VA64 bulk powder and placebo
extrudates as well as glass transition temperatures of verum SDD formulations
with PVP-VA64 bulk powder or Ex 130/160/180 with 40% drug load KTZ.
Arithmetic means of n= 3 ± S.D.

Placebo PVP-VA64 Bulk (°C) Ex 130 (°C) Ex 160 (°C) Ex 180 (°C)

Tg 103.6 ± 0.7 104.0 ± 1.2 104.2 ± 1.2 103.6 ± 0.2

Verum SDD Bulk (°C) SDD 130 (°C) SDD 160 (°C) SDD 180 (°C)

Tg 69.3 ± 0.6 69.6 ± 0.8 70.3 ± 1.8 69.3 ± 1.8
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amorphously embedding the API into the polymeric matrix. An ex-
ponentiation of degradation effects by two heat and shear stress pro-
cesses should be avoided. Thus, the amorphization could be conducted
independently from the thermal and shear stress applied on the
polymer during HME. This enabled non-adulterated analyses of the
polymer’s impact on dissolution parameters. Otherwise it would have
been necessary to additionally discuss the influence of the process
temperature (e.g. above or below Tg of KTZ) on amorphization. By
using this approach, differences in the dissolution behavior of the ASD
can be directly correlated to polymer characteristics. Particle sizes of
the spray-dried particles were in the range of 3–17 µm (median, d10 and
d90 values are given in Supplementary Material Table S7).

3.4.3. Solid-state – PXRD & DSC
The SDD were analyzed by PXRD to check for residual crystallinity.

No crystalline reflections were detected (Fig. 8).
DSC analysis was conducted for HME placebo as well as for SDD

verum. The thermograms indicated fully amorphous SDD by absence of
the crystalline API’s melting peak. Glass transition temperatures did not
show differences between either different placebo extrudates or verum
SDD (Table 4).

3.5. Non-sink dissolution

The SDD were tested in a non-sink dissolution setup to evaluate if
the measured changes in Mw and PDI of PVP-VA64 influence super-
saturation and precipitation behavior of the verum ASD. As KTZ was
amorphously integrated into the polymeric matrix in the same way for
each of the five formulations (SDD Bulk, SDD 130, SDD 160, SDD 180,
SDD Scale-Up), the dissolution results should only be related to polymer
characteristics.

All SDD samples with pre-stressed PVP-VA64 showed significantly
stronger precipitation than the SDD sample with bulk powder (Fig. 9).
Furthermore, SDD Scale-Up, SDD 160 and 180 enabled higher super-
saturation than SDD 130 and SDD Bulk. Of course, the higher super-
saturation results in a higher precipitation pressure and might therefore
also explain the stronger precipitation observed for SDD Scale-Up, SDD
160 and 180. However, this doesn’t hold true for the SDD 130 where
the concentration of drug dissolved is almost equal to SDD Bulk
whereas it precipitates much stronger anyway. GPC-MALS-RI analysis
of Ex Scale-Up (Fig. 5) did only show a significant difference between

extrudate and bulk for the high Mw fraction in contrast to Ex 130, 160
and 180 where Mw and PDI were additionally affected. As the SDD
Scale-Up did show the same precipitation behavior though as SDD 130,
160 and 180, this leads to the assumption that the high Mw fraction
might contribute more strongly to this dissolution effect than the im-
pact on Mw and PDI. This is additionally supported by the fact, that SDD
Scale-Up, SDD 160 and SDD 180 contained very similar amounts of this
high Mw fraction (Fig. 4B and 5B) and showed the same super-
saturations. In contrast, SDD 130 contained only half of the high Mw

fraction detected in the other extrudates and showed concentrations of
drug dissolved alike SDD Bulk up to 60min.

The changes in Mw and PDI and degradation effects were not ac-
cessible to ASD standard analytical methods like PXRD, DSC or mi-
croscopy. Only GPC-MALS-RI analysis was capable to elucidate differ-
ences between PVP-VA64 bulk powder and the extrudates and therefore
could explain the differences in dissolution performance.

The precipitation inhibitory effect of polymers in supersaturated
systems is normally kinetic in nature and not related to an increase of
thermodynamic solubility. Nucleation and crystal growth should be
prevented to maintain high concentrations of drug dissolved which may
be influenced by specific drug-polymer interactions (Mullin, 2012).
Additionally, surface adsorption effects of the polymer to API nuclea-
tion crystals are discussed to inhibit crystal growth (Lindfors et al.,
2008). Patel et al. (Patel and Anderson, 2015) correlated these ad-
sorption effects to the molecular weight of PVP which is additionally
dependent on chain length, chain conformation and rigidity
(Kramarenko et al., 1996). The change in rg (Supplementary Material
Fig. S3) together with the NMR results (Fig. 6) showed that changes in
Mw and PDI also affected the polymer conformation which could in turn
lead to different interactions of the polymer chains with the drug (Singh
and Van den Mooter, 2015). Pacułt et al. (2018) investigated the effect
of polymer chain length on precipitation inhibition by molecular dy-
namics analysis and positron annihilation lifetime spectroscopy for
different Mw of PVP (PVP K10, PVP K30 and PVP K90). K90 was
characterized by the greatest tendency to recrystallize. They found the
largest free volume within the longest polymer chains and postulated
that different chain lengths lead to different configurations and with
that to different stabilizing effects. The polymer with the best stabili-
zation efficiency though was not the one with the smallest Mw (K10) but
the intermediate Mw (K30). The authors pointed out how important it is
to find the optimal chain length and to monitor physical properties of
the polymer. The results of Pacułt et al. fully support the effects that
were detected in this study. The changes in Mw and the high Mw frac-
tion generated in Ex 130, Ex 160, Ex 180 and Ex Scale-Up might have

Fig. 9. Concentration of KTZ dissolved in non-sink dissolution setup of SDD
with PVP-VA64 and 40% drug load. SDD 130/160/180 and SDD Scale-Up were
prepared with thermally stressed PVP-VA64 (Ex 130/160/180 and Ex Scale-
Up). SDD Bulk contains PVP-VA64 bulk powder. Comparison versus crystalline
KTZ. Dissolution was conducted in FaSSIF-V1 at pH 6.5. Arithmetic means of
n= 3+S.D.

Fig. 10. Comparison of concentrations of KTZ dissolved of SDD 160 and ExPM
160 (directly extruded physical mixture of PVP-VA64 and 40% KTZ) vs. crys-
talline KTZ. Arithmetic means of n=3+S.D.
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caused different conformations of the polymer in solution (which was
supported by NMR results) leading to worse stabilization against re-
crystallization. As the chemical structure and conformation of the high
Mw fraction is not known, all factors might contribute to a different
polymer conformation resulting in different drug-polymer interactions
and precipitation inhibitory behavior.

As the molecular weight directly influences intrinsic viscosities,
differences in the dissolution might additionally be related to viscosity
effects. The increase in viscosity might have also prolonged the core to
surface transport of the solvent during the SD process for SDD 130, SDD
160, SDD 180 and SDD Scale-Up as they contain a high Mw fraction. In
effect, this would have resulted in lower evaporation rates especially at
the edge of particles (Wu et al., 2011) increasing the probability of
recrystallization and explaining the stronger precipitation compared to
SDD Bulk. This effect is certainly especially pronounced in the SD
process which served as an ideal model system to demonstrate the
impact of such changes. Therefore, comparability to extrusion of phy-
sical mixture (PM) of polymer and API should be demonstrated.

Amorphous strands (ExPM 160) were obtained at 160 °C process
temperature (equivalent to Ex 160). As the incorporated KTZ acts as a
plasticizer (Tg 44 °C, Table 1), the shear stress applied on the PM is not the
same as for the placebo extrusion (torque of screws reduced in comparison
to placebo, see Table 2). This might have led to slight differences in su-
persaturation between SDD 160 and HME 160 between 5 and 45min
dissolution testing (Fig. 10). However, the precipitation behavior of the
SDD 160 is congruent with the ExPM 160 where the polymer was exposed
to the same temperatures. Particle sizes of the milled extrudate and spray-
dried particles were comparable in the range of 3–10 µm.

These results show the complexity of optimizing extrusion process
parameters and to find out how they affect the ASD formulation as
tuning of only one parameter (in this case process temperature) might
still have multiple unpredictable effects.

The experiments under 3.4. and 3.5. have been repeated in-
dependently in separate spray-drying and dissolution experiments and
were always leading to the same findings.

4. Conclusion

This study demonstrated the importance of the polymers’ physico-
chemical properties for ASD formulation. On the one hand, it could be
demonstrated how HME impacts the polymer PVP-VA64 (in contrast to
SD) and how minute changes in Mw and PDI might influence super-
saturation and precipitation of the API. On the other hand, it was shown
that degradation effects occurred although they were not necessarily
expected at the temperatures employed. These changes were not de-
tected by standard analytical techniques but only by GPC-MALS-RI.
Although all extrusions were performed at barrel temperatures that
were set at minimum 50 °C below the theoretical Tdeg of PVP-VA64,
there was a considerable impact on the polymer’s Mw and PDI. In
consequence, not only the maximum concentration of drug dissolved
was influenced but also the precipitation behavior of the API. It is quite
likely that such changes might also impact the physical stability of ASD
by influencing e.g. molecular mobility and drug-polymer interactions.
GPC-MALS-RI analysis is a highly accurate and sensitive analytical
method and allowed to monitor these minute changes. The results
clearly indicate a need for advanced analytical tools for polymer
characterization in the development of ASD in addition to API-related
issues. PVP-VA64 was selected as an excipient with a high Tdeg and
broad processing window. If polymers with lower Tdeg and thermal
stability like e.g. cellulose derivatives are used, the problem gets even
worse and careful tuning of the process is required. This methodology
can be used as an additional quality control parameter to optimize HME
process conditions to systematically develop HME formulations and
subsequently ensure maximum performance of the ASD.
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ABSTRACT: Drug−polymer interactions have a substantial
impact on stability and performance of amorphous solid
dispersions (ASD) but are difficult to analyze. Whereas there
are many screening methods described for polymer selection
based for example on glass forming ability, drug−polymer
miscibility, supersaturation, or inhibition of recrystallization,
the distinct detection of physico-chemical interactions mostly
lacks miniaturized techniques. This work presents an
interaction screening assessing the relative viscosity increase
between highly concentrated polymer solutions with and
without the model drug ketoconazole (KTZ). The fluorescent
molecular rotor 9-(2-carboxy-2-cyanovinyl)julolidine was
added to the solutions in a miniaturized setup in μL-scale.
Due to its environment-sensitive emission behavior, the integrated fluorescence intensity can be used as a viscosity dye within
this screening approach (FluViSc). Differences in relative viscosity increases through addition of KTZ were proposed to rank
polymers regarding KTZ−polymer interactions. Absolute viscosities were measured with a cone−plate rheometer as a
complimentary method and supported the results acquired by the FluViSc. Solid-state nuclear magnetic resonance (ss-NMR)
relaxation time measurements and Raman spectroscopy were utilized to investigate drug−polymer interactions at a molecular
level. Whereas Raman spectroscopy was not suited to reveal KTZ−polymer interactions, ss-NMR relaxation time measurements
differentiated between the selected polymeric carriers hydroxypropylmethylcellulose acetate succinate (HPMCAS) and
polyvinylpyrrolidone vinyl acetate 60:40 (PVP-VA64). Interactions were detected for HPMCAS/KTZ ASD while there was no
hint for interactions between KTZ and PVP-VA64. These results were in correlation with the FluViSc. The findings were
correlated with the dissolution performance of ASD and found to be predictive for supersaturation and inhibition of
precipitation during dissolution.

KEYWORDS: amorphous solid dispersions, viscosity, solid-state nuclear magnetic resonance, fluorescent molecular rotor, interaction,
screening, ketoconazole, polymer selection

■ INTRODUCTION

Low aqueous solubility and correspondingly low bioavailability
is one of the main deficiencies of new active pharmaceutical
ingredients (API) in the industrial pipeline.1 The formulation
of amorphous solid dispersions (ASD) is one possibility to
improve both the apparent solubility and the dissolution rate.
However, the amorphous form is thermodynamically unstable
and recrystallization must be delayed both upon storage and
dissolution.2,3 This can be achieved for example by
incorporating the API in a polymeric matrix, which reduces
its molecular mobility. This effect can be enhanced by specific
drug−polymer interactions.4,5 Therefore, such interactions are
beneficial as they may enable long-term physical stability

during storage and hinder precipitation from the super-
saturated state during dissolution6 as well as they may favor
the formation of one-phase systems.7

Different types of interactions can occur in ASD like ionic
interactions, hydrogen-bonding, dipole−dipole interactions, or
hydrophobic interactions with diverse effects on the for-
mulation.8 The interactions may involve specific functional
groups of API and polymer or reflect nonspecific dispersion
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forces. Furthermore, it is challenging to link interactions
detected in the solid state to drug−polymer interactions in
dissolution environment as solvent molecules can disrupt
interactions.9

Researchers currently aim to gain a deeper mechanistic
understanding of interactions at the molecular level.10,11 Many
of these studies primarily focus on ionic interactions which are
not accountable for non-ionic systems.12,13 A widely used
approach to estimate drug−polymer interactions is the in silico
calculation of the Flory−Huggins (FH) interaction parame-
ter.14,15 However, this parameter does neither account for
specific interactions like hydrogen bonds nor viscosity and
concentration dependence.16 Turpin et al.16 showed that
systematic evidence of predictability of the FH parameter was
missing and concluded that this approach was not suitable to
screen or select excipients.
From an experimental perspective, spectroscopic techniques

like infrared spectroscopy and Raman spectroscopy17 can be
used to detect interactions at a molecular level. By applying
solid-state nuclear magnetic resonance (ss-NMR),4,18 it is even
possible to quantify interactions, but both analytical methods
are time and cost intensive. Chiang et al.19 used ss-NMR to
measure the long-range homogeneity of ASD formulations
prepared by different manufacturing techniques and found the
results to be predictive for the physical stability.20,21

As the methods named above require at least small-scale
manufacturing of ASD in gram scale, the present study aimed
to develop a miniaturized screening tool in microgram scale to
account for the limited API availability during early develop-
ment. Such miniaturized methods should provide fast readouts
with high information gain to quickly decide on formulation
strategies and narrow-down the excipient portfolio to the most
promising candidates. For ASD, there exist numerous screen-
ing tools which focus for example on glass forming ability,22

solubility enhancement in dissolution,23 or in silico prediction
of thermodynamic solubility of API within the polymer.24

However, the detection of interactions between API and
polymer is only rarely assessed by experimental miniaturized
approaches25 why the method described herein is of particular
importance.
The screening presented in this study proposes to use the

viscosity increase between polymer and drug−polymer
solutions as a predictive factor for drug−polymer interactions.
The idea was derived from protein−protein self-association by
noncovalent bonds.26,27 Neergaard et al.28 found a solution’s
viscosity proportional to attractive protein−protein interac-
tions. Since the strength of interactions is dependent on the
distance between molecules, high concentrations of drug and
polymer in solution are necessary.
The feasibility of measuring drug−polymer interactions in

organic solvents was previously shown by using 1H NMR and
NOESY, where intermolecular interactions between different

drugs and polymers like for example poly-(vinylpyrrolidone)
(PVP), hydroxypropylmethylcellulose acetate succinate
(HPMCAS), Eudragit E PO, polyacrylic acid, or polyvinyl
alcohol were described.10,29,30

To measure viscosities in a miniaturized scale, a derivative
nonmechanical method with a fluorescent molecular rotor as
viscosity dye31 is presented in this work. The general structure
of these rotors consists of electron donor and acceptor
functional subunits with a spacer in between around which an
intramolecular twisting motion can occur in the fluorescent
excited state.32 For the molecular rotor 9-(2-carboxy-2-
cyanovinyl)julolidine (CCVJ), a julolidine malonitrile, which
was used in this study, the return from the twisted state to the
ground state happens nonradiatively while light is emitted
when returning from planar state. As high viscosities reduce the
twisting kinetic, increasing viscosities lead to higher fluorescent
yields. The precision of this fluorescence-based method was
found to be comparable to mechanical viscometry.33 Addi-
tionally, there is no shear perturbation applied on the samples,
which might be a bias for systems with non-Newtonian flow
behavior. There are several applications described in the
literature like surveillance of polymerization processes, plasma
viscosity measurements connoted with certain diseases,33 or
fluidity of membranes.32 Zhu et al.34 showed the application of
molecular rotors to determine the viscosities of polymer-based
fluids and polymeric melts with dependence on their molecular
weight. The quantum yields are dependent on the free volume
of the surrounding solvent, allowing the measurement of the
microviscosity around the molecular rotor. For further
explanation of the functional principles and underlying physical
principles, the reader is referred to Rumble et al.35 and
Haidekker and Theodorakis.32

The equipment used in this study (Optim 1000) provided
the ability to measure the integrated fluorescence intensity of
48 samples in sealed cuvettes with only 9 μL sample volume
each within a few minutes. This allowed for very fast high-
throughput screenings with minimal amounts of API.
The screening results were confirmed by absolute viscosity

measurements and subsequently correlated with estimations
from the Gordon−Taylor (GT) equation. Raman spectroscopy
and ss-NMR were selected as complimentary methods to give
a proof of interactions at a molecular level. Furthermore, the
findings were interpreted in relation to the dissolution
performance of the corresponding ASD. The influence of the
preparation pathway on interactions at the molecular level was
also examined and discussed, as the authors detected
differences here in a previous study.23 Therefore, amorphous
formulations were prepared by both spray-drying dispersion
(SDD) and hot-melt extrusion (HME), which are the most
common techniques in the field of ASD.36

Ketoconazole (KTZ), a BCS class II compound,37 was used
as a model drug as it comprises representative properties of

Figure 1. Chemical structures of KTZ (left) and the fluorescent molecular rotor CCVJ (right).
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compounds on the market as ASD.22 Similar to many
compounds in the pharmaceutical pipeline, KTZ is weakly
basic, which is of special interest for ionic interactions.
This study describes a new screening tool that can be used

to rank interactions between the drug and different polymers
with only μg of API consumption. The results from this
screening were compared with complimentary methods, and
the effects of possible interactions on the dissolution
performance were discussed.

■ EXPERIMENTAL SECTION
Materials. Crystalline KTZ was purchased from Biotrend

Chemicals AG (Switzerland). The fluorescent molecular rotor
9-(2-carboxy-2-cyanovinyl)julolidine (CCVJ) was obtained
from Sigma-Aldrich (USA). The chemical structures are
given in Figure 1.
Evonik Industries (Germany) supplied the methacrylic acid

copolymer Eudragit L100-55 (L100-55). HPMCAS grade HF
was kindly donated by Shin Etsu (Japan). Poly-
(vinylpyrrolidone-co-vinyl acetate) 60:40 (PVP-VA64), poly-
(vinylpyrrolidone) K30 (PVP K30), and the polyvinylcapro-
lactam−polyvinyl acetate−polyethylene glycol graft copolymer
(Soluplus) were provided by BASF (Germany). Hydroxypro-
pylmethylcellulose phthalate (HPMCP) HP-50 was delivered
by Dow Chemicals (USA); cellulose acetate phthalate (CAP)
was obtained from Eastman (USA). The chemical structures
are giving in the Supporting Information, Figure S1.
Fasted-state simulating intestinal fluid V1 (FaSSIF-V1) pH

6.5 was prepared with SIF powder from Biorelevant.com
(UK). Sodium hydroxide (VWR Chemicals, Belgium), sodium
chloride, di-sodium hydrogen phosphate, hydrochloric acid 1
M, and sodium hydroxide solution 1 M (Merck KGaA,
Germany) were used for preparation of the dissolution media
in analytical grade or gradient grade. All solvents used were of
high-performance liquid chromatography (HPLC) grade
(purity ≥ 99.7%). N,N-Dimethylformamide (DMF) was
purchased from Alfa Aesar (USA). A Millipore-Milli-Q integral
water purification system (Millipore Merck KGaA, Germany)
delivered purified water.
Miniaturized FluViSc. Highly concentrated polymer

solutions (50 mg/mL) of L100-55, HPMCAS, HPMCP,
Soluplus, PVP-VA64, PVP K30, and CAP with and without
20 mg/mL KTZ were prepared in DMF. The addition of 20
mg/mL KTZ refers to 40% (w/w) drug load (DL) with
respect to polymer weight. CCVJ was prepared as a stock
solution in DMF (3 mM) and added to the solutions to result
in a concentration of 5 μM. An Optim 1000 (Unchained Labs
Inc., USA) equipment was used for high-throughput measure-
ments of fluorescence intensity. Each sample (9 μL) was
pipetted into a microcuvette array. Neat DMF and solutions
with different amounts of KTZ served as controls. The
measurements were conducted at 10.0 °C with 473 nm laser
wavelength. Exposure time was set to 5 s with a slid width of
300 μm. The fluorescence intensity was integrated between
475 and 560 nm. Results are given as relative increase (%)
between polymer and KTZ−polymer solutions as a quotient of
their fluorescence intensities. Arithmetic means with standard
deviations according to Gaussian error propagation of three
independently prepared samples are depicted.
Rheology. A rotational viscometer (Haake Rheostress 1,

Thermo Scientific, USA) was used for rheological evaluation of
polymer and KTZ−polymer solutions (identical to the
FluViSc). The cone−plate setup was built up with 60 mm

diameter cone. Cone angle was 0.502°. The sample (500 μL)
was pipetted on the plate surface, which was cooled to 10 °C.
Frequency sweeps within the linear viscoelastic region were
conducted with frequencies from 500 to 1000 s−1. All
rheometer measurements were conducted in triplicate.

Manufacturing of ASDs. Preparation of Physical
Mixtures. KTZ−polymer mixtures with 40% (w/w) DL of
crystalline API were prepared with a mortar and pestle. The
mixtures were additionally homogenized afterward with a
Turbula (T2F, Willy A. Bachofen AG, Switzerland) mixer at
32 rpm for 15 min.

Hot-Melt Extrusion. HME was conducted on a small-scale
twin-screw extruder (ZE5, ThreeTec, Switzerland) with 5 mm
screw diameter and three heating zones. The double-concave
co-rotating screws were equipped with conveying elements and
a 1.0 mm die. The feeding zone was constantly cooled to
12.5 °C with a cryostat (WK4600, Lauda, Germany). The
powder was fed manually. Extrusion temperatures were
adjusted to result in clear and glassy extrudate strands, and a
screw speed of 300 rpm was maintained. The extrusion
parameters are given in Auch et al.23 Afterward, the strands
were milled either with a vibrational ball mill at 30 Hz for 2 ×
2 min (Pulverisette 23, Fritsch, Germany) or with a tube mill
(IKA Tube mill control, USA) at 25 000 rpm for 2 × 1 min.

Spray-Drying. SDD were prepared on a 4M8-TriX
Formatrix Spray Dryer (ProCepT, Belgium). Neat polymer
and KTZ−polymer mixtures [40% DL (w/w) with respect to
polymer] were dissolved in dichloromethane/MeOH 9:1 (v/v)
to result in a total solid concentration of 2% (w/w). The spray-
dryer was set up with a 1.0 mm nozzle, 10 L/min atomizing
nitrogen, and 70% air speed. Air temperature and feed rate
were adjusted for the different formulations to obtain fully
amorphous SDD. Outlet temperature varied with inlet
temperature, the cyclone pressure drop was constant at
approximately 56 mbar. The spray-drying parameters are
given in Auch et al.23 Spray-dried powder was dried over silica
gel (Merck KGaA, Germany) at 100 mbar overnight.

Differential Scanning Calorimetry. A differential scan-
ning calorimetry (DSC) 1 (Mettler Toledo, Switzerland) was
used for acquisition of melting points and glass transition
temperatures. The samples (7−10 mg) were exactly weighed
into 100 μL aluminum pans without pin and crimped. A
pinhole was pierced via an automated piercing unit into the
lids to allow for water evaporation during measurement. A
ramp of 10 K/min was used for heating and cooling in two
heating cycles. The maximum temperature in the first heating
cycle was 170 °C (above Tm of KTZ with 149 °C) and 200 °C
in the second cycle. Glass transition temperatures (Tg) were
determined in the second cycle and reported as onset
temperatures. Temperatures are given as arithmetic means
with standard deviation of three independently prepared
samples.

Gordon−Taylor Equation. The GT eq 138 was used for the
calculation of Tg of the drug−polymer mixtures with a
simplified calculation of the constant K according to Hancock
and Zografi39 eq 2.

T
T K T
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1 g1 2 g2

1 2

ω ω

ω ω
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· + · ·
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Tg1 and Tg2 are the glass transition temperatures for KTZ and
polymer. ω1 and ω2 are the weight fractions of KTZ and
polymer in the mixture. ρ1 and ρ2 are the densities of pure
KTZ and polymer. Density measurements were conducted
using a Micromeritics AccuPyc 1330 helium pycnometer
(Micromeritics Instrument Corporation, USA). Approximately
2 g of powder were filled into the measurement cell (V =
10 mL). Ten consecutive measurement cycles were performed
and the average density of the last three runs was calculated
(relative standard deviation < 0.9%). The equilibration rate
was 0.005 psig/min. All measurements were conducted at
room temperature.
Powder X-ray Diffraction. The solid-state of extrudate

strands and SDD was assessed by powder X-ray diffraction
(PXRD). Measurements were conducted on a Stoe StadiP 611
instrument (Stoe, Germany) with Cu Kα1 radiation generated
at 40 kV and 40 mA. A Mythen 1K Si-strip (PSD) served as
detector. The samples were measured in transmission after
preparation on a combinatorial 96-well plate sample holder
(approximately 20 mg of each formulation) comprising a
Kapton foil on the bottom of the wells. The angular resolution
was 0.03° 2θ over a 2θ range from −36° 2θ to +36° 2θ.
Solid-State Nuclear Magnetic Resonance. ss-NMR

experiments were performed on a Bruker AVANCE II
spectrometer (Bruker Optik GmbH, Germany) at 1H and
13C frequencies of 400.16 and 100.6 MHz, with a standard
Bruker 4 mm magic-angle spinning (MAS) probe at MAS rates
of 10 kHz. The sample temperature (30 °C) was controlled by
a standard Bruker VT-controller and calibrated with methanol.
The proton 90° pulse length was 3.0 μs, corresponding to a
radio frequency field strength of 83 kHz during cross-
polarization. For the measurement of the spin−lattice
relaxation times in the rotating frame (T1ρ) of 13C nuclei,
the spin-locking time was varied from 10 μs to 50 ms. The
effective frequency of the spin-lock pulse was 70 kHz. A typical
recycle delay of 15 until 30 s was used for the experiments.
Integrated peaks for T1ρ(

13C) measurements were clearly
assigned to either KTZ or matrix component.
The Kohlrausch−Williams−Watts (KWW) fit, a stretched

exponential function, was used to describe the relaxation in this
disordered system.40 The mathematical fit was performed
according to eq 3 considering a monoexponential nature of a
motional process in amorphous systems.

I I e t T
0

( / )1= · − ρ
β

(3)

The variables are defined as the spin−lattice relaxation times
in the rotating frame (T1ρ), time (t), stretching exponent (β),
and intensity (I).
HPLC Analysis. A 1260 HPLC system (Agilent Tech-

nologies, USA) with a UV detector operating at 225 nm was
used for quantification of KTZ. Content and degradants of
physical mixtures (PMs), hot-melt extrudates, and spray-dried
powders were analyzed as reported earlier.23

Non-sink Dissolution. Non-sink dissolution testing was
conducted as described in Auch et al.23 in FaSSIF-V1
dissolution buffer pH 6.5 at 37 °C. All formulations were
tested in triplicate.
Statistical Analysis. Analyses of variance (ANOVA, with

Holm−Sidak method) and t-tests were conducted using
SigmaPlot 12.5 (Systat Software, Inc., USA). A p-value < 0.05
was considered as the threshold value for statistical

significance. Asterisks represent significance levels: *< 0.05,
**< 0.01, ***< 0.001.

■ RESULTS
Miniaturized FluViSc. Highly concentrated blank polymer

solutions (50 mg/mL polymer) were compared to the same
polymer solutions containing additional 20 mg/mL KTZ
(equivalent to 40% (w/w) DL). The viscosity dye CCVJ was
added to each solution in a concentration of 5 μM. The
fluorescence intensities of both solutions were integrated, and
the relative increase (or decrease) from neat polymer solutions
to KTZ−polymer solutions was calculated. The percentage is
depicted in Figure 2. Test solutions with different concen-
trations of neat KTZ in DMF compared to neat DMF did not
show an effect on integrated fluorescence intensity with CCVJ
(Figure S2, Supporting Information), meaning that there was
no viscosity increasing effect due to KTZ without polymer.
The relative increase in viscosity did depend on the

polymeric carrier. The addition of KTZ to CAP showed the

Figure 2. Relative viscosity increase or decrease between polymer
solutions (c = 50 mg/mL polymer) and KTZ−polymer solutions
solutions (c = 50 mg/mL polymer plus 20 mg/mL KTZ). Arithmetic
means of n = 3 + SD from error propagation. Asterisks indicate
statistical significance of increase in fluorescence intensity between
polymer and KTZ−polymer solutions.

Figure 3. Absolute viscosities of polymer solutions (50 mg/mL
polymer, filled bars) and KTZ−polymer solutions (50 mg/mL
polymer plus 20 mg/mL KTZ, white bars) measured with the cone−
plate setup via a rheometer. Neat DMF with addition of 20 mg/mL
KTZ served as reference. Arithmetic means of n = 3 + SD. Asterisks
indicate statistical significance of differences in viscosities between
polymer and KTZ−polymer solutions.
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highest increase followed by Eudragit L100-55, HPMCAS, and
HPMCP. The systems with Soluplus, PVP-VA64, and PVP
K30 showed only a minor increase or even a decrease (PVP-
VA64) in viscosity. Asterisks indicate the significance level of
the mean difference in fluorescence intensities between
polymer and KTZ−polymer solutions.
Rheometer Viscosity Data. A cone−plate rheometer was

used for absolute determination of viscosities to confirm the
derivative method with the viscosity dye CCVJ. The absolute
viscosities of the KTZ−polymer solutions were in all cases
higher than the neat polymer solutions (Figure 3). Highest
relative increases between polymer and KTZ−polymer
solutions were observed again for PMs of L100-55, HPMCAS,
HPMCP, and CAP with KTZ (Figure S3, Supporting
Information). No statistically significant differences between
drug loaded and drug free systems were observed for PVP-
VA64.
Gordon−Taylor Equation. Densities of KTZ and the

polymeric excipients were measured with a He-pycnometer in
duplicate (Table S4, Supporting Information). The densities
and arithmetic means of experimental data were included in
the calculation of theoretical Tg according to the GT equation.
Table 1 shows the glass transition temperatures of the neat
polymers as well as of the KTZ−polymer PMs (40% DL).
There was always only one Tg detected in the second heating
cycle. The glass transition temperature of amorphous KTZ
(prepared via quench−cooling) was 43.9 ± 0.2 °C. Theoretical
values were calculated according to GT, and experimental
results were acquired via DSC in triplicate.
Positive deviations from theoretical Tg were observed for

formulations with L100-55/KTZ and CAP/KTZ that also
showed the highest increase in viscosity in both FluViSc
(Figure 2) and rheometer measurements (Figure 3). PVP-
K30/KTZ formulations showed negative deviations from
calculated value. The Tg of Soluplus/KTZ formulations was

not detectable via DSC. For the other formulations, the
experimental Tg values were in agreement with the predicted
values of the GT equation (tolerability of ± 4 °C due to
standard deviation of experimental data).

Solid-State Nuclear Magnetic Resonance. HPMCAS
and PVP-VA64 were selected for ss-NMR measurements as
positive and negative controls of the FluViSc. For both
polymers, experimental and theoretical values predicted by the
GT formula were in agreement (see Table 1). The 13C spectra
of formulations with HPMCAS and PVP-VA64 and 40% DL
KTZ each clearly showed differences between crystalline PM,
amorphous SDD, or milled extrudates (Figure 4).
The spectral region between 100 and 160 ppm could be

assigned to KTZ without overlaying signals from the polymers
(Figure 5). Its amorphization was clearly visible by comparing
PM versus HME or SDD as the KTZ signals was much
broader and had a lower spectral resolution caused by a higher
molecular disorder of amorphous versus crystalline API.
Unfortunately, it was not possible to prepare powdery

Table 1. Theoretical and Experimental Glass Transition Temperatures of Neat Polymers and Formulations with 40% DL
KTZa

formulation experimental Tg (°C) of polymers theoretical Tg (°C) of KTZ−polymer experimental Tg (°C) of KTZ−polymer deviation

L100-55/KTZ 114.6 ± 1.6 71.6 91.0 ± 0.7 positive
HPMCAS/KTZ 117.8 ± 0.4 71.5 67.3 ± 1.1 none
HPMCP/KTZ 140.16 ± 2.8 76.0 78.2 ± 2.2 none
Soluplus/KTZ 65.03 ± 2.0 55.4 not detectable n/a
PVP-VA64/KTZ 105.4 ± 1.5 68.4 65.0 ± 2.6 none
PVP K30/KTZ 156.2 ± 0.7 104.2 81.3 ± 1.3 negative
CAP/KTZ 144.4 ± 0.8 93.6 105.5 ± 2.6 positive

aTheoretical data were calculated according to GT, and experimental values were measured by means of DSC (arithmetic means of n = 3 ± SD).

Figure 4. 13C ss-NMR spectra for KTZ formulations. (A) SDD, HME, and PM 40% DL in HPMCAS formulations. (B) SDD, HME, and PM 40%
DL in PVP-VA64 formulations.

Figure 5. 13C ss-NMR spectra for neat substances PVP-VA64,
HPMCAS, and KTZ as references for peak assignment.

Molecular Pharmaceutics Article

DOI: 10.1021/acs.molpharmaceut.9b00186
Mol. Pharmaceutics 2019, 16, 2214−2225

2218

http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.9b00186/suppl_file/mp9b00186_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.9b00186/suppl_file/mp9b00186_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.9b00186/suppl_file/mp9b00186_si_001.pdf
http://dx.doi.org/10.1021/acs.molpharmaceut.9b00186


amorphous KTZ via SDD or HME as reference, although
several preparation techniques were tested. During the spray-
drying process of KTZ, the outlet temperatures were above its
Tg causing recrystallization. Quench-cooled films were not
accessible to ss-NMR as they immediately recrystallized upon
scratching. Thus, only hints on peak shifts and differences in
peak shapes (Figure S7A + B, Supporting Information) could
be drawn from the comparison of spectra with different matrix
components (HPMCAS HF vs PVP-VA64). The same was
true for differentiation between HME versus SDD with the
same polymeric excipient over the whole spectra (Figure S7C
+ D).
In the next step, T1ρ, which is the spin−lattice relaxation

time in the rotating frame, was used to analyze molecular
motions in more detail. In contrast to the NMR relaxation time
T1 which is sensitive to very fast motions on the ns time scale
only, T1ρ is better suited to characterize molecular re-
orientational motions at or around Tg. For correlation times
down to the inverse of the cross-polarization field strength
(which is 83 kHz in the present case), the change of the value
of T1ρ for a given molecular geometry is in good agreement to
the change of the value of the correlation time, that is a shorter
T1ρ means a shorter correlation time and thus an increase in
molecular mobility.41 The values of T1ρ were measured by
acquiring a series of experiments with different spin-lock pulse-
length, and the signal’s intensity was plotted against the applied
spin lock time, resulting in decay curves (Figure 6). The
graphical relaxation time decays were also expressed in
numerical values fitted to the KWW equation. Four
representative peaks were exemplarily chosen (graphical
analysis of all peaks is given in the Figures S8−S11, Supporting
Information): one KTZ peak in both formulations with
HPMCAS and PVP-VA64, one HPMCAS matrix peak, and
one PVP-VA64 matrix peak. The peak assignment for
relaxation time measurements is depicted in Figure 5. Tables
2 and 3 show the numerical fit of the relaxation time decay
curves to the exponential KWW equation for two peaks
(complete data are given in Table S12, Supporting
Information).
PM, SDD, HME, and the references of the three compounds

used (crystalline KTZ, neat HPMCAS, and neat PVP-VA64)
were analyzed. The KTZ peaks showed almost the same
behavior in HPMCAS as well as PVP-VA64 environment

(Figure 6A,B). Crystalline KTZ (crystalline reference and KTZ
in the PM) showed much 13C T1ρ longer relaxation times than
amorphous KTZ in SDD and HME formulations. The absolute
relaxation times were very similar for both KTZ incorporated
in HPMCAS and as well as in PVP-VA64 (see Table 2) and
could not be used to rank drug−polymer interactions.
However, the results for the polymeric peaks clearly showed

differences between HPMCAS and PVP-VA64 (Figure 6C,D,
Table 3). T1ρ relaxation times of HPMCAS were prolonged in
amorphous formulations with KTZ, whereas the PM had the
same decay curve as the HPMCAS reference. In contrast, PVP-
VA64 formulations did not show this effect.
The HME curve of PVP-VA64 even showed faster relaxation

than the other samples. Higher water content of the extrudate
was assumed as the most likely reason for higher molecular
mobility. However, loss on drying via thermogravimetric
analysis (TGA) showed a 3% weight loss for all PVP-VA64
samples (Table S13, Supporting Information), which could
therefore not explain the effect. Another possible explanation
would be the creation of a different amorphous form, which
could however not be elucidated so far.
β, as a factor for distribution of relaxation times, was

between 0.38 and 0.79 for all integrated peaks (see Table S12,
Supporting Information). As the factor β is a measure for the
Gaussian distribution of the relaxation times, the values should
be in the same order of magnitude to enable comparability of
the fitted data, which was fulfilled for these experiments.
The solid-state was analyzed via PXRD before and after ss-

NMR measurements. Diffractograms are given in Figure S14,
Supporting Information and confirmed the maintenance of the
amorphous state of KTZ.

Performance of ASD. The formulations prepared by SD
were additionally examined regarding dissolution behavior
under non-sink conditions. Polarized light microscopy (data
not shown), PXRD (Figures S15−S17, Supporting Informa-
tion), and DSC analysis (data not shown) did not reveal any
crystalline fractions in all formulations with 40% DL KTZ.
Content analysis was conducted for all samples tested and
showed uniformity in the range from 98 to 102%. Purity was
higher than 98% with respect to KTZ reference.
SDD formulations with HPMCAS and CAP showed high

and stable supersaturations over 120 min (Figure 7A,B) with a
maximum concentration of 400 μg/mL KTZ dissolved.

Table 2. 13C Relaxation Times (T1ρ) of Peaks assigned to
KTZ Integrated in Formulations with HPMCAS and PVP-
VA64a

in formulation with HPMCAS

peak
single component

(ms) PM (ms) SDD (ms) HME (ms)

KTZ
(a)

31.8 ± 1.1 34.9 ± 1.8 4.8 ± 0.3 5.5 ± 0.4

KTZ
(c)

285.1 ± 33.9 338.8 ± 63.1 28.4 ± 1.3 28.4 ± 1.8

in formulation with PVP-VA64

peak
single component

(ms) PM (ms) SDD (ms) HME (ms)

KTZ
(a)

31.8 ± 1.1 31.5 ± 1.1 5.3 ± 0.5 6.1 ± 0.6

KTZ
(c)

285.1 ± 33.9 322.6 ± 44.1 28.4 ± 1.6 36.2 ± 1.2

aErrors indicate deviation from applied fit.

Table 3. Relaxation Times (T1ρ) of Peaks assigned to Matrix
Component Integrateda

in formulation with KTZ

Peak

single
component

(ms) PM (ms) SDD (ms) HME (ms)

HPMCAS
(h)

44.1 ± 0.6 36.2 ± 1.3 74.2 ± 2.8 73.3 ± 2.3

HPMCAS
(i)

48.1 ± 1.3 39.3 ± 2.3 92.4 ± 7.8 71.5 ± 3.5

in formulation with KTZ

peak

single
component

(ms) PM (ms) SDD (ms) HME (ms)

PVP-VA64
(j)

29.2 ± 0.7 30.3 ± 0.4 28.4 ± 0.3 21.0 ± 0.3

PVP-VA64
(k)

29.0 ± 0.5 29.6 ± 0.3 27.2 ± 0.2 19.7 ± 0.2

aErrors indicate deviation from applied fit.
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Formulations with PVP-VA64 generated lower absolute
concentrations of drug dissolved in general (Figure 7C).
PVP K30 enabled similar supersaturation like PVP-VA64 but
could not prevent drug precipitation (Figure 7D).

■ DISCUSSION

Analytics should provide the advantages of low API
consumption, easy handling, high throughput, and wide
applicability in terms of suitability for many API, especially
when the amount of API is very limited. These prerequisites
were met by using the viscosity fluorescence screening tool
(FluViSc). The fluorescent molecular rotor CCVJ and the
measurement of its fluorescence intensity were successfully
used to rank drug−polymer interactions, according to the
viscosity increase between polymer and KTZ−polymer
solutions in an organic solvent. The interactions were
measured in highly concentrated solutions in μL-scale
requiring only a few mg of API for the whole screening. No
time-intensive ASD manufacturing steps were needed, and
fluorescence intensities are easily measurable as a surrogate for
viscosity with the prerequisite of proper temperature control.
As on the one hand, viscosity is highly dependent on
temperature, which in turn also influences the fluorescent
yields. On the other hand, interactions are influenced by
temperature changes as the molecular motions increase at
higher temperatures and interactions might become weaker.42

The limited solubility of the API (which holds true for BCS
class II and IV compounds in general) did not allow us to use
water or buffer systems as solvent, although an aqueous
environment would have better mimicked biorelevant
conditions. DMF was chosen mainly as it dissolved KTZ and

all polymers used. As DMF is an aprotic solvent, protonation
of CCVJ by DMF resulting in bias of the fluorescence intensity
measurements was excluded.32 Furthermore, DMF is poorly
volatile, which enabled absolute viscosity measurements in the
cone−plate setup. However, solvent specific parameters like
permittivity, polarity, or formation of hydrogen bonds may
influence drug−polymer interactions.
A measured viscosity increase was hypothesized to be caused

by KTZ−polymer interactions. The opposite case, namely a
reduction of viscosity probably due to disturbance of
intrapolymer chain interactions and coiling, was also observed
namely for the system of PVP-VA64 and KTZ (Figure 2).
Consequently, the FluViSc resulted in a ranking of polymers
with the hypothesis of indicating decreasing strengths of
interaction in the following order: CAP > L100-55 ≈
HPMCAS HF ≈ HPMCP HP-50 > Soluplus ≈ PVP K30 >
PVP-VA64. The extent of standard deviations was also
considered for the ranking and stability of the drug−polymer
interactions, which were much higher for the latter three
polymers. A high standard deviation (also leading to
nonsignificant viscosity increases) was interpreted as a hint
for unstable and weak drug−polymer interactions in contrast
to very specific and strong interactions like different electric
charges. As KTZ is a weakly basic drug with two basic
functional groups, interactions with acidic polymers were
expected. Furthermore, KTZ contains hydrogen bonding
acceptor groups43 allowing interactions with hydrogen donors
like CAP, L100-55, HPMCAS, or HPMCP.44 In contrast, PVP
K30 and PVP-VA64 are neutral polymers with hydrogen
bonding acceptor sites only. Hydrophobic interactions must be
additionally taken into account, which is often claimed an

Figure 6. T1ρ decay curves of references and formulations, peak definition according to Figure 5. (A) KTZ (peak c) alone and 40% DL in
HPMCAS formulations. (B) KTZ (peak c) alone and 40% DL in PVP-VA64 formulations. (C) HPMCAS matrix (peak h). (D) PVP-VA64 matrix
(peak k).
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essential stabilization mechanism for HPMCAS which contains
both hydrophilic and hydrophobic functional groups.45

A change in polymer conformation resulting in a change of
viscosity is an additional possibility of showing interactions
with another component (comparable to the effect of theta vs
nontheta solvents). Small molecules might occupy interactions
sites (e.g., weakly charged functional groups of the polymer)
that formerly exerted repulsive forces between the polymer
chains leading to different coiling and conformations in
solution.
In this study, the authors do not want to claim specific

elucidation of interaction sites as this is still hard to grasp. A
review by Warren et al.46 provides a thorough summary on
drug−polymer interactions. Hypotheses on the most likely
interactions can be frequently found in the literature
sometimes also with contradicting claims and are always
drug-dependent. In contrast, the FluViSc provides an
experimental tool for quantification, irrespective of whether
the mode of interaction is known or not. Additionally, it
reflects a paper-based probability of forming interactions,
which was shown in this study for KTZ−polymer combina-
tions.
Absolute viscosities of polymer and KTZ−polymer solutions

were additionally measured in a cone−plate setup with 55×
material consumption and much longer measurement times
compared to the FluViSc, which is a major drawback of
mechanical viscometry methods in general.47 HPMCAS,
HPMCP, Eudragit L100-55, and CAP were again among the
excipients showing the highest viscosity increase with 40% DL
KTZ (Figure 3). The ranking that was derived thereof (L100-
55 > CAP ≈ HPMCAS ≈ HPMCP > Soluplus > PVP-VA64)

was confirming the FluViSc results (Figure S3). The only
exception was found for PVP K30, where a high increase was
detected in the cone−plate setup. However, the absolute
viscosities of the PVP K30 (as well as PVP-VA64) solutions
were around the limit of quantification for this measurement
principle.
To confirm the ranking of polymers based on viscosity

increase, the existence of drug−polymer interactions was
analyzed by complimentary methods.
This was first examined by using the GT equation, a well-

known and easy experimental way to estimate interactions. The
Tg of a mixture can be calculated as a function of its
composition by applying this empirical equation.48,49 A
positive deviation from the predicted value is recognized as a
hint for drug−polymer interactions. This was extensively
examined for example for indomethacin−PVP systems by
Yoshioka et al.,50 who concluded that also other mechanisms
except for antiplasticization must be involved to explain this
stabilizing effect. These might for example either be ionic
interactions51 or hydrogen bonding.52

Again, formulations with L100-55/KTZ and CAP/KTZ
showed the strongest positive deviation from GT-calculated
values (Table 1) as indicated by both the FluViSc and
rheometer results. Measured Tg values of both HPMCAS/KTZ
and PVP-VA64/KTZ did not deviate from calculated GT data,
whereas the FluViSc predicted interactions for HPMCAS/
KTZ in contrast to PVP-VA64/KTZ.
Besides this thermoanalytical technique, spectroscopic solid-

state analyses were conducted. HPMCAS and CAP were
selected as positive controls of the FluViSc and absolute

Figure 7. Concentration of KTZ dissolved in non-sink dissolution experiments with FaSSIF dissolution buffer pH 6.5. Arithmetic means of n = 3 ±
SD. (A) SDD HPMCAS with 40% DL KTZ. (B) SDD CAP with 40% DL KTZ. (C) SDD PVP-VA64 with 40% DL KTZ. (D) SDD PVP K30 with
40% DL KTZ.
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viscosity data, and PVP-VA64 and PVP K30 served as negative
control group.
The corresponding formulations were prepared by either

SDD or HME and assessed by Raman spectroscopy
(Supporting Information, Figure S6). The Raman spectra
were supposed to provide the following: (i) a discrimination
between crystalline and amorphous material, (ii) a ranking
between the different polymeric excipients, and (iii) differ-
entiation between the preparation technique used (SDD and
HME) as the authors previously found differences in the
behavior of the formulations prepared by different manufactur-
ing techniques.23 While the amorphous state of KTZ could be
proven (Figure S5), drug−polymer interactions could not be
detected by Raman spectroscopy. Additionally, a differ-
entiation regarding the manufacturing technique was not
possible. In summary, the Raman data suggested the
interactions created in solid dispersions to be very similar
irrespectively of the manufacturing technique or the polymer
used.
For the 13C ss-NMR analysis and T1ρ relaxation time

measurement, it was decided to focus on two polymeric
carriers that were clearly differentiated by the FluViSc but were
not discriminated by GT. Furthermore, these polymers have
high relevance for ASD as both HPMCAS (e.g., Kalydeco,
Noxafil, Incivec, Zelboraf) as well as PVP-VA64 (e.g., Onmel,
Kaletra, Norvir) are commonly used in marketed solid
dispersions. HPMCAS had shown an increase in the FluViSc,
whereas PVP-VA64 interestingly showed a viscosity decrease.
The expectations on ss-NMR experiments were the same as on
Raman spectroscopy (i−iii). Differences in the chemical shifts
for API-specific signals between HPMCAS and PVP-VA64
formulations could not be detected (Figure 4). Additionally, it
was not possible to discriminate between SDD versus HME
from the 13C spectra. This was somehow expected due to the
broad peaks of the amorphous form in ss-NMR.
Hence, the measurement of molecular mobility was

considered the most promising technique to detect drug−
polymer interactions. Relaxation time measurements were
previously often used to evaluate physical stability53 of ASD
and drug−polymer miscibility.54,55 Molecular mobilities vary
with changes in solid state like the transition from crystalline to
amorphous. Therefore, the strong increase in molecular
mobility (meaning faster relaxation times) found for
amorphous versus crystalline KTZ was expected due to the
lack of molecular order in the amorphous form. As the change
in the solid state was the dominant factor for T1ρ relaxation
times of KTZ and an amorphous reference was not obtainable,
these values could not be used to differentiate drug−polymer
interactions in formulations with HPMCAS versus PVP-VA64
(Figure 6A,B). However, the polymer itself is also influenced
by drug−polymer interactions andin contrast to the API
does not undergo a change in the solid state. Therefore,
relaxation times of the polymer peaks were analyzed as well.
HPMCAS in formulation with amorphous KTZ (HME and
SDD) showed longer relaxation times, meaning reduced
molecular mobility in comparison to the PM and pure
polymer (Figure 6C). Interactions with KTZ might have
generated a more rigid and less flexible system, which would at
the same time also mean better stabilization of the API in its
amorphous form and a more efficient inhibition of
recrystallization. The reduced molecular mobility might also
be the explanation for the increase in viscosity.

ASD with PVP-VA64, that were included as a negative
control based on viscosity measurements, did not show this
decrease in molecular mobility (Figure 6D). To the contrary,
there was even an increase in molecular mobility found for the
PVP-VA64 HME (correlating with a viscosity decrease
measured in the FluViSc). Interactions between KTZ and
PVP-VA64 are therefore quite unlikely, and a stabilizing effect
due to drug−polymer interactions would be missing.
As water strongly decreases the glass transition temper-

ature56 and increases molecular mobility, water contents must
be monitored. This potential bias could be excluded as the
water contents were approximately the same for neat polymer,
PM, HME, and SDD for each HPMCAS and PVP-VA64
(Table S13, Supporting Information).
In summary, the findings of the relaxation time measure-

ments supported the results of the FluViSc as an appropriate
screening tool to rank drug−polymer interactions and enabled
a better understanding of the stabilization mechanisms in
correlation to viscosity effects. As HPMCAS and PVP-VA64
were not discriminated by the GT approach but interactions
were proven to be different by ss-NMR, the benefits and better
predictability of the FluViSc could be shown. The estimations
by GT were found to be insufficient and nondiscriminating
among the polymeric carriers.
Furthermore, it was the aim of this study to better

understand the implications of interactions on dissolution
performance and physical stability. They can have an
enhancing effect on the drug’s supersaturation by preventing
drug precipitation during dissolution caused by an increased
activation energy for nucleation.57,58 Interactions may also
prolong the physical stability of the amorphous form during
storage. Several studies for example on co-amorphous
systems59−61 support the hypothesis of a stabilizing effect
due to interactions. Hence, the analytical results should be
linked to dissolution performance of the ASD (Figure 7).
The FluViSc results were evaluated for the formulations with

CAP, HPMCAS, PVP-VA64, and PVP K30 in a non-sink
dissolution setup. First, HPMCAS and CAP enabled higher
maximum concentrations of drug dissolved (400 μg/mL)
compared to the PVP derivatives (300 μg/mL). A solubilizing
effect of each of the polymers increasing the solubility of
crystalline KTZ was not observed in previous trials.23 Although
the precipitation pressure to reach equilibrium solubility again
increases with higher degrees of supersaturation, HPMCAS
and CAP completely prevented drug precipitation during
dissolution. In contrast, PVP K30 was not able to stabilize the
supersaturation and the drug dissolved precipitated quickly.
The FluViSc proposed stronger interactions for HPMCAS and
CAP compared to PVP-VA64 and PVP K30, which was found
to result in better stabilization of supersaturation despite of the
higher precipitation pressure.
On the other hand, interactions might also prolong the

physical stability of the amorphous API by efficiently hindering
recrystallization in the solid state. Here, the thermodynamic
solubility of the API within the polymer is of crucial
importance. This was not in the scope of this study but
might add further important insights in follow-up trials.

■ CONCLUSIONS
The results of the FluViSc were supported by ss-NMR
measurements and correlated well with the behavior of
different formulations during non-sink dissolution. Therefore,
it can be used to rank drug−polymer systems regarding the
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extent of interactions formed. The FluViSc was superior
compared to GT and Raman spectroscopy that were not
discriminating between different polymeric carriers to the same
extent. The screening might not be suited to elucidate the
specific sites of interaction in a drug−polymer system but it is
able to provide a ranking amongst different polymers and their
potential to stabilize the amorphous state. Its application is of
course limited if there is an interaction between the fluorescent
molecular rotor and either API or polymer, leading to
fluorescence quenching effects. In addition, the inherently
low photostability of these rotors has to be considered.
However, the experiments can be conducted with much lower
experimental expenditure compared to ss-NMR, and the
method is applicable for high-throughput screening studies.
Hence, the FluViSc is proposed as an additional miniaturized
screening technique for selection of polymeric carriers in ASD.
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A B S T R A C T

Formulation of amorphous solid dispersions (ASD) is one possibility to improve poor aqueous drug solubility by
creating supersaturation. In case of weakly basic drugs like ketoconazole (KTZ), supersaturation can also be
generated during the gastrointestinal (GI) transfer from the stomach to the intestine due to pH-dependent so-
lubility. In both cases, the supersaturation during dissolution can be stabilized by polymeric precipitation in-
hibitors. A small-scale GI transfer model was used to compare the dissolution performance of ASD versus
crystalline KTZ with the polymeric precipitation inhibitor HPMCAS. Similar in vitro AUCs were found for the
transfer from SGF pH 2 into FaSSIF. Moreover, the impact of variability in gastric pH on drug dissolution was
assessed. Here, the ASD performed significantly better at a simulated hypochlorhydric gastric pH of 4. Last, the
importance of drug-polymer interactions for precipitation inhibition was evaluated. HPMCAS HF and LF grades
with and without the basic polymer Eudragit E PO were used. However, E PO caused a faster precipitation
probably due to competition for the interaction sites between KTZ and HPMCAS. Thus, the results are suited to
assess the benefits of amorphous formulations vs. precipitation inhibitors under different gastrointestinal con-
ditions to optimize the design of such drug delivery systems.

1. Introduction

The Biopharmaceutical Classification System (BCS) by Amidon et al.
(1995) serves as a tool to classify active pharmaceutical ingredients
(API) in terms of solubility and permeability. Many new API in the
industrial pipeline are classified as BCS class II or IV drugs expressing
poor aqueous solubility (Ting et al., 2018).

The main causes for poor aqueous solubility are high lipophilicity
and high intermolecular forces within the crystal lattice (Ishikawa and
Hashimoto, 2011; Yalkowsky and Valvani, 1980). For the latter, espe-
cially the formulation as amorphous solid dispersions (ASD) represents
a possibility to increase the apparent solubility and the dissolution rate
(Leuner and Dressman, 2000). This results in supersaturation upon
dissolution which can be stabilized by using polymeric carriers that

hinder nucleation and/or crystal growth, and, thus, recrystallization
and precipitation of the API to the thermodynamically stable crystalline
state.

However, at least for ionic drugs, the aqueous solubility may also
depend on the pH value which changes under physiologically relevant
conditions during the gastrointestinal (GI) transfer. The high relevance
of pH-dependent API solubility was demonstrated in studies by
Manallack (2009); Manallack et al. (2013) who reviewed the pKa de-
pendent distribution of 907 orally administered drugs. The authors
found almost half of them being single or bi-basic meaning that they
contain physiologically relevant ionizable groups (with about 25% acid
compounds and another 25% being ampholytes).

Weakly basic drugs express higher solubility under the acidic con-
ditions of the stomach which decreases at elevated pH under intestinal
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conditions (Dressman and Reppas, 2000). Hence, the GI transfer of
dissolved drug from the stomach into the small intestine also generates
supersaturated drug solutions (Kostewicz et al., 2004; Psachoulias et al.,
2011). As these are, likewise ASD, prone to recrystallization (Vertzoni
et al., 2005; Wagner et al., 2012), stabilizing polymeric precipitation
inhibitors are needed. For drugs that are mainly absorbed in the small
intestine, the supersaturation in the intestinal lumen must be stabilized
during the transit time (Brouwers et al., 2009). In this context, Jankovic
et al. (2019) recently assessed the GI absorption of ASD in vitro in a
biphasic dissolution test together with a simulated GI transfer. Only if
stabilization in the small intestine is given – and if the drug is well
permeable – the higher concentration of molecularly dissolved drug in
the intestinal lumen can lead to a higher fraction absorbed and higher
bioavailability (Buckley et al., 2013).

However, the physiologically induced supersaturation depends on
gastric conditions which are highly variable within different patients
(Abuhelwa et al., 2017; Schneider et al., 2016) as well as under fasting
standardized conditions (Grimm et al., 2018). This might in turn result
in high pharmacokinetic variability (Shah et al., 2014). Furthermore,
the intake of acid-reducing agents such as proton-pump inhibitors re-
duces acid secretion in the stomach and causes higher pH values which
can subsequently affect drug solubility (Budha et al., 2012) and phar-
macokinetics in general (Segregur et al., 2019).

Dissolution experiments in a single intestinal medium (e.g. fasted-
state simulated intestinal fluid FaSSIF) might work sufficiently well for
neutral and acidic drugs. However, the increased solubility under gas-
tric pH of poorly soluble weak bases needs to be considered for for-
mulation testing and development. Therefore, an in vitro transfer model
(Jede et al., 2018) was used in the present study to simulate the transfer
of dissolved drug from a simulated stomach to a simulated small in-
testine.

The first part of this study aimed at investigating the induction of
supersaturation in two different ways under specified GI conditions: by
formulation of an amorphous solid dispersion or by physiologically
induced supersaturation. Therefore, the model drug ketoconazole (KTZ)
was selected as a weakly basic BCS class II compound with a strong pH-
dependent solubility in vitro and a high dependence of oral bioavail-
ability on gastric pH in vivo (Dressman and Reppas, 2000; Van Der Meer
et al., 1980). ASD with KTZ and two different hydro-
xypropylmethylcellulose acetate succinate grades (HPMCAS, HF and
LF) were manufactured as ASD via spray-drying (SD) and compared to
the performance of physical mixtures (PM) of crystalline KTZ in pre-
sence of HPMCAS HF/LF in a direct dissolution approach in FaSSIF as
well as in the GI transfer model developed by Jede et al. Most recently,
Ullrich and Schiffter (2018) were among the first to examine the be-
havior of ASD in a pH shift method which was so far mostly neglected.
However, the authors did not describe the effect of amorphous for-
mulations vs. crystalline drug polymer mixtures, which represents an
important question in terms of appropriate formulation strategies.

The two different HPMCAS grades that were used in this study differ
in their contents of acetyl and succinoyl endgroups (Table 4) which
leads to different pKa values as well as different polarities. This was also
of interest for further elucidation of the mechanism of precipitation
inhibition and evaluation of acid/base interactions between the drug
and the polymeric carrier. Therefore, polymer combinations of the
HPMCAS grades with Eudragit® E PO were tested as ASD as well as PM.
E PO represents a basic polymer, that is used for different formulation
purposes, e.g. manufacturing of amorphous formulations, taste masking
or moisture protection (Saal et al., 2018). Up to date, the effect of the
presence of a basic polymer next to an acidic polymer, its correlation to
drug-polymer interactions and the overall impact on drug dissolution,
has not been carried out.

Additionally, the influence of elevated gastric pH on the transfer of
the amorphous systems as well as on the crystalline PM was examined
in the present study.

In early development phases, formulations of poorly soluble drugs

are being developed with the aim to increase the solubility and sub-
sequent in vivo absorption. Therefore, discriminative in vitro assays are
needed of which the results are fed e.g. into in silico tools for bioa-
vailability predictions (Patel et al., 2019) and used to address the
question which formulation effort, i.e. elaborative amorphous for-
mulations vs. time-effective PM, should be pursued. The small-scale
approach used in this study is well suited for preclinical formulation
development as it allows rapid assessment of different formulations
based on biorelevant dissolution methods.

2. Materials and methods

2.1. Materials

KTZ was obtained from Biotrend Chemicals AG (Switzerland).
Hydroxypropyl methylcellulose acetate succinate (HPMCAS) in HF and
LF grade were donated by Shin Etsu (Japan). Eudragit® E PO (E PO) was
obtained from Evonik (Germany). Sodium hydroxide (VWR Chemicals,
Belgium), sodium chloride, di-sodium hydrogen phosphate, hydro-
chloric acid 1M and sodium hydroxide solution 1M (Merck KGaA,
Germany) for preparation of the different dissolution buffers were used
in analytical grade. N,N-Dimethylformamide (DMF, Alfa Aesar, USA)
was of HPLC grade (purity ≥ 99.7%). Acetonitrile (ACN), di-
chloromethane (DCM) and methanol (MeOH) were purchased from
Merck KGaA, Germany. Purified water was taken from a Millipore-
Milli-Q® integral water purification system (Millipore Merck KGaA,
Germany).

2.2. Dissolution media

Simulated Gastric Fluid (SGF) pH 2, SGFhypoc pH 4 and fasted-state
simulated intestinal fluid pH 6.5 (FaSSIF-V1) were used as compendial
media for dissolution testing. SGF was prepared according to USP and
adjusted to pH 2 (instead of pH 1.2) to avoid substantial pH decrease
during the in vitro transfer of SGF into FaSSIF (Ruff et al., 2017). This
was also considered for preparation of FaSSIF, where a double-con-
centrated phosphate buffer was used (Jede et al., 2019). SGFhypoc pH 4
were prepared according to Jede et al. (2019).

2.3. Miscibility testing of binary polymer combinations

A DSC 1 from Mettler Toledo (Switzerland) was used for evaluation
of miscibility between the two polymers HPMCAS HF/LF and E PO. The
polymers were tested in ratios of 3:1, 1:1 and 1:3 (w/w). Stock solutions
of the different polymers were prepared in DMF in concentrations of
20 mg/mL.

The stock solutions were premixed in PTFE screw cap vials and
poured out onto PTFE non-adhesive foils. The resulting films were
peeled off after solvent evaporation in the freezer dryer and subse-
quently weighed into 100 µL DSC crucibles with piercing lid. A heating
and cooling rate of ± 10 K/min was applied. The DSC heating ramp
was defined from 25 °C to above the glass transition temperature of the
polymer with the higher Tg. All glass transition temperatures (Tg) are
reported as onset values of three independently prepared samples with
standard deviation.

2.4. Spray-drying

A 4M8-TriX Formatrix Spray Dryer (ProCepT, Belgium) was used for
preparation of spray-dried dispersions (SDD). API and polymer or
polymer combinations were dissolved in DCM:MeOH 9:1 (v/v), which
resulted in a concentration of 2% (w/w) solid content. The drug load
(DL) was kept constant with 40% (w/w) with respect to the polymer for
HPMCAS LF, HPMCAS HF and the combinations with Eudragit E PO.
The spray-dryer was equipped with a 1.0 mm nozzle, 10 L/min ato-
mizing nitrogen and 70% air speed. Air temperature and feed rate were
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adjusted to result in fully amorphous SDD. Process details of the for-
mulations are given in Table 1. The samples were subsequently dried in
a desiccator over silica gel at 100 mbar to ensure removal of residual
solvents. SDD formulations were tested in terms of crystallinity (DSC
2.5.1, PLM, PXRD 2.5.2), content and impurities (RP-HPLC, Section
2.5.3), particle size (microscopy) and dissolution performance under
non-sink conditions (Section 2.5.4).

2.5. SDD analytics

2.5.1. DSC
Sample preparation was conducted according to Section 2.3.1. Two

heating cycles were applied: the first reached from 25 °C up to 170 °C
(above Tm of KTZ), afterwards the melt was cooled down to 0 °C and
heated again up to 200 °C.

Glass transition temperatures (Tg) were determined in the second
heating cycle. The SDD were described by both heating cycles: absence
of a melting peak of KTZ was checked in the first cycle for successful
amorphization. Tg of the resulting mixtures were analyzed in the second
cycle by the analysis of onset values (n = 3).

2.5.2. PXRD
A Stoe StadiP 611 instrument (Stoe, Germany) with Cu-Kα1 radia-

tion source and a Mythen1K Si-strip detector (PSD) was used to in-
vestigate crystallinity of the SDD. The samples were measured at room
temperature and were prepared on a 96 well plate sample holder with a
Kapton® foil on the bottom of the wells. An angular resolution of 0.03°
2θ over a 2θ range from −36° 2θ to + 36° 2θ was applied and the
spectra were folded to 0-36° 2θ. Measurement times of 30 sec/PSD-step
and a PSD step width of 0.09° 2θ were used.

2.5.3. RP-HPLC analysis
Monitoring of content and impurities was conducted with an Agilent

Technologies (USA) 1260 HPLC system at 225 nm. A detailed descrip-
tion of the corresponding method is given in (Auch et al., 2019).

2.5.4. Non-sink dissolution
The small-scale dissolution testing of SDD was conducted in 2 mL

rounded bottom Eppendorf Caps. Pre-warmed FaSSIF-V1 was added to
1.2 mg of formulation. Samples were taken after 5, 10, 15, 20, 30, 45,
60, 90 and 120 min. Suspensions were centrifuged for 2 min at
15,000 rpm (Mikro 200R centrifuge, Hettich, Germany) prior to sam-
pling and 50 µL supernatant (without replacement) was transferred
each time and diluted 1:3 with ACN/water (50:50, v/v). The

concentration of drug dissolved was determined via RP-HPLC with
n = 3 (Section 2.6.3). A detailed description is given in (Auch et al.,
2018).

2.6. In vitro transfer model

The model applied reflects a 1:10 scale-down (25 mL instead of
250 mL gastric volume after water administration for drug intake).
Therefore, 20 mg KTZ (corresponding to a 1:10 scale-down of 200 mg
human dose) and the respective amounts of different polymers (40%
DL, w/w) were dissolved (in case of KTZ) and suspended (in case of
HPMCAS) in 25 mL SGF (donor compartment). API and polymer were
suspended individually as PM or together as existing SDD. After 30 min
pre-conditioning, the acid drug-polymer suspension was transferred
into FaSSIF (acceptor compartment) using a first order transfer rate (t1/
2 = 5 min). The solutions/suspensions were constantly stirred at
150 rpm using magnetic stirrers. The complete set-up of the small-scale
transfer model was placed in a GFL 3033 incubator (GFL, Germany)
heated to 37 °C. All transfer experiments described in this study were
performed in triplicate. The area under the curve (AUC) of the time
frame explored (0–120 min) was calculated based on the con-
centration–time profiles obtained from the in vitro transfer experiments.
Table 2 summarizes the experimental parameters. For more details on
method development and set-up evaluations, the reader is referred to
previous publications (Jede et al., 2019, 2018).

3. Results and discussion

3.1. Spray-dried formulations

The SD experiments resulted in powdery solid formulations and
high yields for all combinations. The API content (> 98% recovery) and
purity (> 98% with respect to API main peak) of all formulations were
tested by RP-HPLC. Eudragit® E PO has a low Tg and is therefore nor-
mally difficult to handle in a SD process in case the outlet temperature
exceeds the Tg which causes high molecular mobility and sticky mate-
rial. Additionally, the risk of recrystallization due to enhanced mole-
cular mobility above Tg is strongly increased (Yoshioka et al., 1994;
Zhao et al., 2012). However, in combination with HPMCAS HF and LF
this could be mitigated. It was not possible to prepare fully amorphous
KTZ as a reference via spray-drying which was also described by Ullrich
and Schiffter, 2018.

3.2. SDD analytics

3.2.1. DSC
The Tg of the single components as well as of binary and ternary

systems were determined in the second DSC heating cycle (Section
2.5.1.). The values are summarized in Table 3. The Tg of the binary
polymer combinations were determined of film casted polymer foils
which represented full miscibility (and subsequent detection of single
Tg) in contrast to powdery PM (Section 2.3.). The thermograms of SDD
verum did not contain a KTZ melting peak but always showed a single
Tg. The plasticizing effect of KTZ in all formulations is clearly visible,
expressed by a decreased Tg.

The Tg of the two HPMCAS grades were very similar. However, in

Table 1
Spray-drying parameters for binary and ternary SDD formulations with 40% (w/w) drug load KTZ.

Formulations Drying air temperature (°C) Feed rate (mL/min) Outlet tempera-ture readout (°C) Yield (%)

SDD HPMCAS LF + 40% KTZ 80 2.0 52.8 66.7
SDD HPMCAS HF + 40% KTZ 80 2.0 54.3 81.4
SDD HPMCAS LF + E PO + 40% KTZ 80 2.0 55.0 65.8
SDD HPMCAS HF + E PO + 40% KTZ 80 2.0 51.1 68.9

Table 2
Parameters for in vitro transfer model.

Parameter Automated small-scale transfer model

Gastric compartment 25 mL SGF (pH 2.0/4.0)
Intestinal compartment 25 mL FaSSIF (pH 6.5)
Amount of KTZ 20 mg
Amount of polymer 30 mg

Paddle/stirrer speed 150 rpm
Transfer rate first order t1/2 = 5 min
Temperature 37 ± 0.5 °C
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both cases, the Tg of their combinations either in a binary system with
40% KTZ or in a ternary system with KTZ and E PO was found to be
slightly higher for HPMCAS LF.

The Tg of mixtures can be calculated according to the Gordon-Taylor
equation (Hancock and Zografi, 1994). Positive deviations from the
calculated values (given in Table 3) are commonly considered to be a
hint for drug-polymer interactions. In turn, positive deviations of
measured Tg values for formulations with HPMCAS LF compared to
HPMCAS HF might indicate potentially stronger interactions.

3.2.2. Analytics – PXRD
The PM and spray-dried formulations were tested using PXRD to

confirm successful amorphization. In contrast to the PM with KTZ, the
SDD did not show reflections from crystalline API with 40% DL in any
of the formulations which indicated amorphous samples (Fig. 1) in
alignment to DSC results.

3.3. Transfer model HPMCAS LF – SDD vs. physical mixture (SGF pH 2)

At first, the transfer model was used to compare the performance of
the amorphous SDD with the PM containing crystalline KTZ and the

respective polymer. The transfer experiment was started with a dis-
solution step in SGF pH 2. Due to its physicochemical properties, the
enteric HPMCAS is not soluble at pH values less than 5.5 (Table 4).

PM of KTZ, that were tested with different polymers in a non-sink
dissolution testing in FaSSIF at pH 6.5, did not provide any super-
saturation compared to neat KTZ (Auch et al., 2018). Only the amor-
phous SDD generated supersaturation in a single compartment non-sink
dissolution experiment (Fig. 2A). In contrast, the transfer model showed
that amorphization of KTZ was not the only possibility to increase the
AUC. In contrast, under consideration of the GI pH shift, also the PM
showed prolonged supersaturation compared to neat KTZ and did even
slightly outperform the SDD (Fig. 2B). The reasons for this difference in
performance could not be elucidated so far as both formulations
showed immediate release of the full amount of KTZ in a single com-
partment dissolution testing in SGF pH 2 (data not shown). In effect, a
benefit for the amorphous formulation was not found when applying a
simulated gastric pH of 2 in the transfer model experiment in contrast
to the non-sink dissolution testing where the apparent solubility was
increased.

This underlines the necessity of performing a systematic series of
experiments as conducted in the present study in single buffers as well
as in the transfer model to elucidate benefits and differences between
the formulations under physiologically relevant conditions.

3.4. Transfer model HPMCAS LF – Hypochlorhydric conditions (SGF pH 4)

To account for the high variability of gastric pH in human in-
dividuals (Abuhelwa et al., 2017; Grimm et al., 2018; Schneider et al.,
2016), the dissolution tests were additionally conducted under hypo-
chlorhydric conditions, i.e. SGF pH 4 instead of pH 2. Several studies
report on decreased bioavailability of weakly basic drugs under altered
gastric conditions (Budha et al., 2012; Monschke and Wagner, 2019).
Due to inter- and intra-individual variability in patients, it is generally
favorable to focus on pH-independent formulation strategies like it was
realized e.g. with OMS-based formulation for itraconazole compared to
the powder in capsule product Sporanox® or a melt extrudate of lopi-
navir/ritonavir (Kaletra®) (Klein et al., 2007).

pH 4 was chosen as a realistic value based on studies from human
aspirates (Litou et al., 2017). Therefore, SGF was adjusted to this pH
and concentrations of drug dissolved were again measured in a non-sink
dissolution setup as well as in the transfer model (Fig. 3). The solubility
of crystalline KTZ at pH 4 is strongly decreased compared to pH 2
(4.3 mg/mL vs. 0.13 mg/mL, (Jede et al., 2019)) but was still sig-
nificantly higher compared to the thermodynamic solubility of KTZ in
FaSSIF pH 6.5 (0.02 mg/mL, (Auch et al., 2018)). Employing a pH of 4
for simulating the fasted stomach, the SDD with HPMCAS LF,

Table 3
Glass transition temperatures of neat components, binary and ternary systems.
Arithmetic means of n = 3 ± S.D.

Formulations Tg (°C) Tg (°C)
according to
GT

HPMCAS LF Polymer 115.1 ± 0.5 n.n.
HPMCAS HF Polymer 117.8 ± 0.4 n.n.
E PO Polymer 39.1 ± 0.8 n.n.
Ketoconazole API 43.9 ± 0.2 n.n.
SDD HPMCAS LF + 40% KTZ SDD Verum 72.9 ± 0.4 70.9
SDD HPMCAS HF + 40% KTZ SDD Verum 67.3 ± 1.1 71.5
SDD HPMCAS

LF + E PO + 40% KTZ
SDD Verum 63.8 ± 1.1 63.4

SDD HPMCAS
HF + E PO + 40% KTZ

SDD Verum 58.5 ± 1.9 63.8

Table 4
Acetyl and succinoyl contents of HPMCAS HF and LF grades (AQOAT®), data
provided by manufacturer ShinEtsu.

HPMCAS grade Acetyl content (%) Succinoyl content (%) Solubility at pH

HF 10.0–14.0 4.0–8.0 ≥6.8
LF 5.0–9.0 14.0–18.0 ≥5.5

Fig. 1. PXRD of neat crystalline KTZ, crystalline PM and amorphous SDD formulations.
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containing amorphous KTZ, showed a pronounced increase of apparent
solubility compared to crystalline API (Fig. 3A). This was also well
reflected by the transfer model results, where the PM containing crys-
talline KTZ did not provide any benefit in comparison to neat API.
However, the amorphous SDD showed a strong solubility-enhancing
effect on both supersaturation and AUC (2.9-fold in cmax and 1.7-fold in
AUC) which is depicted Fig. 3B. These results support the usage of
amorphous formulations to reduce variability and still increase bioa-
vailability (although the AUC of the SDD was also decreased at pH 4
compared to pH 2). This finding was in contrast to the results for the
drug nevirapine by Monschke and Wagner (2019). In this study, the
usage of enteric polymers was claimed to avoid solubility variations due
to variability (increase) of GI pH. An explanation might be a con-
siderably less pronounced pH-dependent solubility profile of nevirapine
compared to KTZ.

3.5. Transfer model of formulations with HPMCAS LF vs. HPMCAS HF

The comparison between HF and LF was drawn to examine stabi-
lizing drug-polymer interactions. The HPMCAS HF grade contains a
different composition of acetyl and succinoyl groups compared to
HPMCAS LF (Table 4) and therefore only dissolves at pH values > 6.8.
While HPMCAS is in general amphiphilic in nature, HPMCAS HF is
more hydrophobic than LF due to the different chemical composition

(Ueda et al., 2014; Wang et al., 2018).
SDD formulations containing 40% DL KTZ were again compared

using the non-sink dissolution and the transfer model (Fig. 4). In both
cases, the maximum concentration of drug dissolved was higher em-
ploying HPMCAS LF as matrix. In the non-sink setup (Fig. 4A),
HPMCAS HF maintained the supersaturation without precipitation
which was not achieved with HPMCAS LF. The same effect was ob-
served in the transfer model (Fig. 4B). However, the drug concentration
at the time where a stable plateau was reached (approx. after 60 min)
was nearly the same resulting in sum in a higher AUC for the
HPMCAS LF formulation.

In terms of drug-polymer interactions, the predominant ones often
are ionic forces which should be in theory more distinct for the more
acidic HPMCAS LF grade thus enabling better stabilization of super-
saturation. However, these statements cannot be adduced as an ex-
planation for the difference in stabilization of the supersaturation of the
ASD in the single compartment FaSSIF buffer (Fig. 4A) where
HPMCAS HF performed significantly better.

To explain such effects, Wang and co-workers investigated the ag-
gregation behavior of HPMCAS under different pH values in PBS buffer
via static and dynamic light scattering (Wang et al., 2018). The com-
petition between polymer-solvent and intermolecular interactions was
closer evaluated. On the one hand, an aggregation of polymer coils was
found which was reflected in higher values for the radius of gyration as

Fig. 2. (A) Non-sink dissolution testing of crystalline KTZ and SDD with HPMCAS LF and 40% DL KTZ in FaSSIF pH 6.5. Arithmetic means of n = 3 ± S.D. (B)
Transfer of PM and SDD with HPMCAS LF and 40% DL KTZ from SGF pH 2 into FaSSIF-V1 pH 6.5. Arithmetic means of n = 3 + S.D.

Fig. 3. (A) Non-sink dissolution testing of SDD HPMCAS LF vs. crystalline KTZ in SGF pH 4. Arithmetic means of n = 3 ± S.D. (B) Transfer model of PM with
HPMCAS LF compared to SDD HPMCAS LF with 40% DL each. Transfer was conducted from SGF pH 4 into FaSSIF-V1 pH 6.5. Arithmetic means of n = 3 + S.D.
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aggregates up to 113 nm were formed. This aggregation was also ex-
pressed as the aggregation number (Nagg) as the quotient between
molecular weight of the colloids by the absolute molecular weight of
HPMCAS. The maximum Nagg was 19 for HPMCAS LF and 23 for the HF
grade and decreased with increasing pH dependent on the dissolving
pH of HPMCAS.

HPMCAS HF dissolves under highest pH, maintaining high ag-
gregation up to pH 7 in contrast to LF which only showed high Nagg up
to pH 5.5. The authors could correlate this aggregation with drug af-
finity. If the pH is fixed as in case of the non-sink dissolution testing
(Fig. 4A) to pH 6.5, HPMCAS HF forms the most drug-rich colloids,
enabling hydrophobic interactions with the drug and therefore pro-
vided better stabilization of KTZ. This ranking of HPMCAS grades was
also observed in other studies (Ueda et al., 2014).

In the transfer model, the status-quo is changed. Both HPMCAS
grades are insoluble at pH 2 and form large colloids with interactions
with the drug. In the transfer experiment though, the pH suddenly
changes to 6.5 where Nagg of HPMCAS LF is strongly reduced. The
stabilization mechanism, namely formation of polymer aggregates and
drug-polymer colloids discussed beforehand, is not present anymore
though the API (in free form) shows high supersaturation with quick
precipitation. This might well explain why the LF grade outperforms
HPMCAS HF during the first 60 min in cmax and AUC. The Nagg of
HPMCAS HF is still not affected at pH 6.5. Hence, the API is still in-
corporated in drug-rich colloids and therefore not quickly released. At

the same time, the stabilizing mechanism is maintained.
The results acquired in this study supported the hypotheses by

Wang and coworkers on a pH-dependent stabilization mechanism
which gets even more difficult to be predicted when not only PBS buffer
is used but bile salts and micelle-forming components of the FaSSIF
buffer are being added like in this study.

3.6. Transfer model of formulations with HPMCAS grades w/wo E PO

The results from DSC testing and the comparison between
HPMCAS LF and HF indicated different drug-polymer interactions and
therefore stabilization of KTZ. As there were two main hypotheses on
stabilizing interactions (ionic interactions as well as hydrophobic in-
teractions and polymer colloids), the acid-base interactions should be
tackled by a competitive basic component. As several studies examine
polymer combinations to improve processability or stability of ASD or
to tailor the drug’s release (Baghel et al., 2018; Davis et al., 2017;
Kalivoda et al., 2012; Liu et al., 2013; Six et al., 2004), it was decided to
include Eudragit® E PO as a basic polymer. In this study, the main focus
was to saturate interaction sites of the two HPMCAS grades and to in-
vestigate, whether the usage of polymer combinations might also be
disadvantageous in terms of stability. The transfer was started from SGF
pH 4, as this was found to be the discriminating condition between PM
and SDD.

The dissolution profiles of the transfer model are depicted in Fig. 5.

Fig. 4. (A) Non-sink dissolution testing of SDD HPMCAS LF vs. SDD HPMCAS HF with 40% DL each in FaSSIF-V1. Arithmetic means of n = 3 ± S.D. (B) Transfer
model of SDD with HPMCAS LF compared to SDD HPMCAS HF with 40% DL each. Transfer was conducted from SGF pH 2 into FaSSIF-V1 pH 6.5. Arithmetic means
of n = 3 + S.D.

Fig. 5. Transfer model of (A) SDD with HPMCAS LF ± E PO compared to (B) SDD HPMCAS HF ± E PO with 40% DL each. Transfer was conducted from SGF pH 4
into FaSSIF-V1 pH 6.5. Arithmetic means of n = 3 + S.D.
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The AUC of the SDD with HPMCAS LF and E PO decreased to 63%
compared to HPMCAS LF without using E PO. In contrast, the AUC of
the SDD with HPMCAS HF in combination with E PO was only reduced
to 89% compared to neat HPMCAS HF just as it was hypothesized be-
fore based on the strength of ionic interactions. This supports the hy-
pothesis, that stabilization of KTZ by HPMCAS LF might be more re-
lated to ionic interactions whereas HPMCAS HF expresses hydrophobic
interactions with the API which are less affected by E PO addition.

These results indicate the importance of interactions in the stabili-
zation of supersaturation and underline the complexity of multi-com-
ponent ASD as there are multiple effects to be considered.

4. Conclusion

This study demonstrated the importance of advanced dissolution
testing for the selection of polymeric carriers for weakly basic drugs. By
applying the GI transfer model in early development phases, it is pos-
sible to select an appropriate formulation strategy as well as the most
promising polymeric precipitation inhibitor. Therefore, only small
sample amounts are needed which does perfectly fit the demands for
preclinical development.

First, it could be shown that the strong pH-dependent dissolution
behavior of weakly basic and poorly soluble drugs adds the necessity of
comparing the supersaturation induced by GI transfer in comparison to
supersaturation due to amorphization. Since the supersaturation of KTZ
under elevated gastric pH conditions was solely improved using the
amorphous formulation and not by using the physical drug polymer
combination, GI variability in human individuals should also be con-
sidered. In the second part, drug-polymer interactions were in-
vestigated under simulated physiological conditions. The high com-
plexity of the stabilizing mechanisms must not be considered in an
isolated manner but under physiologically relevant conditions to aid
selection of a polymeric precipitation inhibitor (combination) which is
likewise true for PM as well as for ASD.
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