
Chapter 8
Nonsink In Vitro Dissolution Testing
of Amorphous Solid Dispersions

Jeff T. Gautschi

Abstract Solid dispersion technology has been used over the last three decades to
improve the dissolution and oral absorption of poorly soluble compounds. While
the characterization of dissolution performance of crystalline pharmaceutical sys-
tems has long been established, the dynamic nature of the amorphous dissolution
processes requires the use of unique methodologies. The in vitro differentiation of
the drug and drug-containing species of these systems is crucial to accomplishing
the measurement of the critical-to-performance free drug concentrations as a func-
tion of time. This chapter describes the theoretical aspects of amorphous dissolution
and recent examples applying free drug dissolution testing to the oral bioavailability
assessment of solid dispersion formulations.

8.1 Introduction

Amorphous solid dispersions (ASDs)1 have long been noted for their potential ad-
vantages to the pharmaceutical industry (Chiou and Reigelman 1971; Goldberg et al.
1965). More than ever before, however, ASDs are being embraced in the formulation
development and manufacturing of oral drug candidates that have solubility-limited
absorption. Such insoluble Biopharmaceutics Classification System (BCS) II and
IV compounds (Amidon et al. 1995) are increasingly filling drug development
pathways2 as newer and better biological targets demand hydrophobic interactions for

1 Amorphous solid dispersion (ASD) is used to describe a homogenous dispersion of noncrystalline

API and excipient(s) at molecular compositions. Similar systems are often described as solid dis-

persions, amorphous molecular dispersions, solid solutions, solid liquids, and others.
2 It is typically stated that between 40 and 70 % of new chemical entities under development in the

pharmaceutical industry are insoluble (van de Waterbeemd and Gifford 2003; Benet and Wu 2006).
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selectivity and therapeutically balanced potency. It is well known that ASDs can en-
hance dissolution, provide large supersaturation, and maintain that supersaturation
in aqueous media for these poorly soluble, but otherwise promising, active pharma-
ceutical ingredients (APIs; reviewed in Janssens and Van der Mooter 2009; Yu 2001;
Leuner and Dressman 2000).

Commercial products recently launched with ASD solubilization technology are
shown in Table 8.1,3 and many more are reported to have entered human clinical
trials (Friesem et al. 2008). The most used commercial processing methods to manu-
facture ASDs are hot-melt extrusion (HME; Repka et al. 2007; Crowley et al. 2007;
DiNunzio et al. 2008; Breitenbach 2002) and spray drying (SD; Patel and Suthar
2009; Ronald 1997; Oakley 1994; Shoyele and Cawthorne 2006; Vehring 2008) be-
cause these processes are mature (Breitenbach 2002; Patel and Suthar 2009; Ronald
1997), scalable (Breitenbach 2002; Oakley 1994), and controllable (Repka et al.
2007; Crowley et al. 2007; Shoyele and Cawthorne; Vehring 2008). Additional pro-
cess methodologies to produce ASDs exist, but until recently, only SD and HME
were employed on a commercial scale. The current exception is the use of antisol-
vent controlled precipitation processes to make Roche’s Zelboraf ® (vemurafenib),4

the most recently launched ASD product (see Table 8.1). It is anticipated that ASDs
will continue to gain momentum in the industry as enabling formulation strategies
owing to the recent commercial launches ofASDs on the market, the well-known oral
bioavailability enhancements to be gained, and the increasing amount of promising,
but poorly soluble, candidates entering drug development pipelines.

From formulation design and development, to cGMP manufacturing and commer-
cialization, amorphous molecular dispersions (AMDs) undergo similar treatment and
testing to that of traditional drug formulations. These ASDs, however, require special
considerations that extend to the material’s critical-to-performance attributes, such as
dissolution, physicochemical properties, and stability. For example, Fig. 8.1 depicts
the intestinal dissolution events for a low soluble drug formulated as a crystalline
drug (Fig. 8.1a), and formulated as an ASD (Fig. 8.1b). As a consequence of the
formulation-derived drug species (Fig. 8.1b, box), the dissolution performance of a
low soluble drug in an ASD (and any formulations thereof) follow more complex
dissolution pathways than crystalline forms.

The dissolution rate to produce freely solvated drug (i.e., “free drug”) is often
the rate-limiting step to overall oral drug absorption for low soluble drugs (e.g.,
BCS II compounds). This rate can therefore greatly impact the oral bioavailability.
Fundamental factors affecting this rate for crystalline material are described by the
well-known modified Noyes–Whitney expression:

dm

dt
= DD · S

V · h
[Cs − Ct ]

3 (a) Zelboraf (vemurafenib) CDER (2011), (b) Incivek (telaprevir) Bottorf et al. (2007), (c) Inte-
lence (etravirine) Pomerantz (2007), (d) Kaletra (lopinavir and rotinavir) Rosenberg et al. (2008),
and (e) Cesamet (nabilone) Dong (2005).
4 Center for Drug Evaluation and Research Application No. 202429, Clinical Pharmacology and
Biopharmaceutics Review(s), www.accessdata.fda.gov.
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Table 8.1 Commercial products employing amorphous molecular dispersion (AMD) technology

Product
Process 

Polymer 
(and Estimated 

API Loading) 

Firm 

Zelboraf (vemurafenib) 

An -solvent 
Precipita on 

HPMCAS 
(20%–40%) 

Roche 

Incivek (telaprevir) 

Spray Drying Vertex 

Intelence (etravirine) 

Spray Drying Tibotec/ 
Johnson & 

Johnson 

Kaletra (lopinavir and ro navir)  

Melt Extrusion Abbo  

Cesamet (nabilone) 

Melt Extrusion Valeant 

Manufacturing

(25–40%) 
HPMCAS 

(20%) 
HPMC 

(40%) 
PVP-VA 

(20%) 
PVP 

API active pharmaceutical ingredient, HPMC hydroxypropyl methylcellulose, HPMCAS hydrox-
ypropyl methylcellulose acetate succinate, PVP polyvinylpyrrolidone, VA vinyl acetate

where dm/dt is the rate expressed at the change in the amount of freely dissolved
drug (m) per unit time (t), DD is the drug’s diffusivity in a uniform boundary layer,
S is the surface area, V is the volume of dissolution media, h is the thickness of the
uniform boundary layer, and Cs − Ct describes the difference in the concentration
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Fig. 8.1 Simple illustration of drug speciation absorption for a low soluble, orally administered
drug in a crystalline form (unformulated) and b amorphous solid dispersion (ASD) formulation.
Total formulation-derived drug species upon disintegration are shown in box for drug in ASD

of drug and the drug’s saturation solubility in the medium. Expressed as the integral,
free drug amounts can be written as:

m = DS

V
(1 − exp (−Kt)), where K = S · DD/h.

Limitations of this for describing ASDs are well known (Martinez and Amidon 2002;
Balakrishnan et al. 2004). Static surface areas and boundary layers, for example,
may not be fixed for ASD-formulated drugs as the primary particles disintegrate
into colloidal drug-containing species (see Fig. 8.1b) and these transit down the
gastrointestinal (GI) tract. While a crystalline drug deposited in the GI lumen is
limited in solubility by the crystalline equilibrium (see Fig. 8.1a), drug presented in
the higher energy amorphous state can achieve supersaturation that can be described
thermodynamically as:

Sa

Sc

= exp

[
�Gc

RT

]
, where �Gc = �Hf × (Tm − T )T

T 2
m

, and

where Sa/Sc is the ratio of the amorphous solubility to crystalline solubility, ΔHf is
the heat of fusion, and Tm is the melting point of the crystalline material.

Successful ASD-formulated drugs are designed to achieve this supersaturation,
but this places the free drug in a thermodynamic regime that will promote rapid re-
crystallization or amorphous precipitation unless interference occurs. It is therefore
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critical to understand and manipulate the precipitation rate of amorphous drug at
supersaturations achieved by ASDs since the sustainment of any solubility enhance-
ments can greatly impact drug absorption for BCS II compounds. The “spring and
parachute” dissolution profile (Guzmán et al. 2007) from ASD formulations (and
other insoluble drug formulations) is currently used to describe the events of drug
dissolution from a supersaturating formulation. This includes the rapid dissolution
(“spring”) of the amorphous form followed by the inhibition (“parachute”) of the
compound’s propensity to rapidly return to its most thermodynamically stable form.
Proper in vitro dissolution testing of these systems remains the important empirical
approach to accurately determine free drug enhancement and differentiation among
different ASDs. This chapter will focus on the in vitro dissolution performance test-
ing of ASDs to measure the absorbable free drug species in solution separately from
the other drug-containing species in solution.

8.2 Sink In Vitro Dissolution

For oral, immediate-release final drug products, the importance of dissolution testing
is exemplified by the regulated use of United States Pharmacopeia (USP) method
< 711>.5 Guidelines take into consideration the apparatus, sample preparation, sam-
pling procedure, and other aspects of the methodology. In the context of quality
control testing of final drug product per USP methodology and guidelines (US De-
partment of Health and Human Services, Food and Drug Administration, Center
for Drug Evaluation and Research (CDER) 1997, 2000), the goal is twofold. First,
testing the dissolution-rate consistency of the product provides some insight on the
potential in vivo consistency. Second, dissolution testing also provides a performance
metric for the manufacturing processes used to produce the ASD. Currently, USP
methodology is the gold standard for in vitro dissolution testing of final drug prod-
uct. Consequently, final drug products containing ASD solubilization technology are
tested for complete dissolution over the course of a practical testing duration.

In order to establish this complete release metric, USP dissolution testing for final
drug product is developed under sink conditions. The in vitro volumes are based
on the accepted values for human GI volumes. For example, in the fasted state, the
volumes are considered to be around 250 mL. A soluble compound as determined by
the BCS categorization (i.e., BCS I, III; Amidon et al. 1995) is therefore considered
one that is soluble in less than 250 mL of test media at its highest dose. Insoluble
compounds, on the other hand, are those that are not soluble in these media volumes
at their expected doses. For these compounds, sink dissolution conditions cannot be
achieved in conventional aqueous media like 0.1 or 0.01 N HCl (gastric mimic pH = 1
or 2, respectively), or phosphate-buffered saline (PBS, intestinal mimic pH = 6.5).

Sink conditions are established during analytical method development to ensure
that the drug product completely releases the API as free drug over a brief period

5 http://www.pharmacopeia.cn/v29240/usp29nf24s0_c711.html.
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Table 8.2 Dissolution
testing outcomes by drug
development stage

Stage Dissolution testing outcomes

Discovery Performance screening of leads
Formulation design Performance screening of formulation

prototypes
Formulation

development
Performance screening of formulation

compositions
Formulation process

development
Performance variability as a function

of process variables
Formulation process

scale-up
Performance variability as a function

of process variables
Manufacturing Performance quality control

of time (e.g., < 3 h). For insoluble compounds, the appropriate use of ionic and
nonionic surfactants in the media to achieve sink conditions has been discussed
(Gowthamarajan and Singh 2010). Likewise, the merits of the four established ap-
paratuses (i.e., apparatus 1, basket; apparatus 2, paddle; apparatus 3, reciprocating
cylinder; and apparatus 4, flow-through cell) to test products containing low soluble
compounds under sink conditions have also been reported (Uddin et al. 2011; Brown
et al. 2004). Understanding these parameters for the release testing of clinical trial
materials (CTMs) that contain AMDs and their insoluble molecules continues to be
discussed. Currently, however, this is addressed similarly to release testing of soluble
drug products.

8.3 Physiologically Relevant Dissolution

In vitro dissolution testing is not relegated to testing final drug products, though. This
valuable performance assessment is utilized extensively at all stages of oral drug de-
velopment. Table 8.2 lists the rationale for dissolution testing at various stages of
drug/formulation development. Even discovery groups are utilizing dissolution test-
ing of formulations for lead compound selection (Padden et al. 2011). By measuring
the drug candidate’s ability to disintegrate, dissolve, and release free drug into phys-
iologically relevant media, performance can be established and tracked against a
number of design, development, and manufacturing variables.

In the best-case scenario, the in vitro dissolution testing predicts the in vivo
performance. Toward this end, there has been considerable attention paid to in vitro–
in vivo correlation (IVIVC; Cardot et al. 2007). In general, IVIVC efforts continue to
focus on dissolution apparatus and methodology (Fotaki and Vertzoni 2010), media
(Taupitz et al. 2013; Otsuka et al. 2013; Arndt et al. 2013; Reppas and Vertzoni
2012; Bevernage et al. 2010), and physiologically based pharmacokinetic (PBPK)
modeling and statistical analyses (Zhao et al. 2011). In some cases, remarkable
correlations have been reported; however, achieving universal methods for accurate
IVIVC remains elusive.
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Nevertheless, it is reasonable to still strive toward the development of physiolog-
ically relevant dissolution procedures. This is especially important during the design
and development of performance-enhancing solubilized formulations like ASDs. By
incorporating in vitro performance assays during formulation development, com-
parisons between formulations, and between formulated and unformulated API can
be assessed for rank ordering, process-to-performance metrics, and stability sample
performance. Rank ordering formulations based on in vitro performance can greatly
reduce the number of in vivo studies necessary to screen different formulations.
During downstream formulation development and manufacturing scale-up, in vitro
dissolution of ASDs can be used to assess performance improvements or detriments
of altering the formulation composition or unit operation processes.

8.4 Nonsink In Vitro Dissolution

In order to accomplish in vitro dissolution performance for insoluble drug candi-
dates, nonsink conditions should be utilized since this more closely represents the
physiological situation. For example, if a moderate-to-low potency compound is
to be examined in a fasted-state simulated intestinal fluid (FaSSIF), the projected
highest dose may be ≥ 250 mg, especially for in vivo (nonhuman) PK and toxicol-
ogy studies. This would require the solubility of the API to be ≥ 1.0 mg/mL in the
dissolution media to be considered sink conditions. Compounds requiring solubi-
lization formulation strategies such as those incorporated into ASDs, are typically
much lower in solubility and it is often not possible to adjust the media to reach
these levels without the concomitant loss of relevance to in vivo physiology. Thus,
nonsink dissolution assays are most often applied to test poorly soluble API during
the formulation development stages.

Using nonsink dissolution procedures to examine the performance of ASDs pro-
vides the dissolution rate, amorphous API solubility supersaturation enhancement,
and the potential sustainment inherent to successful ASDs. Importantly, the nonsink
dissolution affords insight into the biorelevant API precipitation rates. For exam-
ple, Fig. 8.2 shows the dissolution profiles for the amorphous insoluble compound
fenofibrate presented in a 1:3 API : HPMCAS-M ASD (blue line) made via SD and
comparatively as the unformulated API (red line). The profile exhibited by the ASD
has been described as a “spring and parachute” dissolution profile (Brouwers et al.
2009). The hallmarks of this profile are that the higher energy amorphous API dis-
solves rapidly, reaches a supersaturation state that is sustained for some period of
time, and eventually precipitates as a lower energy crystalline form, or as an amor-
phous solid. In contrast, the unformulated API only reaches a very low solubility of
about 0.35 μg/mL after 60 min in the dissolution media.
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Fig. 8.2 In vitro nonsink dissolution of 1:3 fenofibrate: HPMCAS-M (blue line) and unformulated
fenofibrate (red line)

8.5 Drug Speciation of AMDs and Free Drug Analyses

An important aspect to consider when testing the in vitro dissolution performance of
ASDs is the different drug-containing species that can occur in the media. Figure 8.1
differentiates this drug speciation as it occurs for crystalline API during dissolution
(Fig. 8.1a), and as it transpires for AMD dissolution (Fig. 8.1b). In the case of the
crystalline API, two or three physiologically relevant drug species can be present
during testing. These are crystalline drug, freely dissolved drug (or “free drug”), and
drug in micelles, if micelles are present in the media. It is critical to separate the
crystalline drug from the mixture and to measure the free drug as a function of time
in the media since it is only the free drug that is absorbed in vivo. This is relatively
straightforward to do and is typically accomplished by filtering and/or centrifugation
steps in the sample processing.

In contrast to the dissolution of crystalline API, Fig. 8.1b shows the various drug
species that are formed during the dissolution of drug from an ASD. As shown, the
ASD produces similar drug species as that of unformulated API (i.e., free drug, crys-
talline drug, drug in micelles); however, there also exists drug–excipient interactions
that can lead to physiologically relevantAPI–excipient complexes and colloid species
during dissolution. These colloidal materials form during the wetting and disinte-
gration of the primary particles of the ASD and vary in size and density according
to the physicochemical and solution properties of the particular drug–excipient in-
teraction (Bikiaris 2011). For example, a high degree of API–polymer interaction
(e.g., hydrophobic or hydrogen bonding) in one polymeric ASD can lead to a longer
duration of API chain disentanglement and therefore a potentially greater amount of
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colloidal material, as compared to an ASD made from a different polymer (Balata
et al. 2010).

Removing the colloidal species during the sample preparation, and separately
measuring free drug as a function of time, can be challenging. Traditional in vitro dis-
solution sample preparation methodologies may not sufficiently remove the resulting
submicron and/or nanometer-sized colloidal material that can form. Instrument-
intensive methodologies such as nuclear magnetic resonance (NMR) have been
employed to examine complex dissolution profiles for API–excipient systems (Ko-
jima et al. 2012; Abhishek and Chandrakumar 2011; Dahlberg 2010; Zhang et al.
2011), but it is desirable to be able to measure free drug using more practical disso-
lution setups. More recently, several authors have adapted diffusion and partitioning
methodologies to the assessment of free drug in solution. In a study by Alonzo et al.
(2011), researchers used dialysis bags to conduct free drug dissolution testing by
measuring the diffusion across the membrane. While effective at determining the
free drug concentration, dialysis methods similar to this can be time and labor inten-
sive thus limiting the throughput of the technology. Other, more resource-efficient
methods have also been reported, including the use of immiscible liquids to deter-
mine the free drug concentration via partitioning into the water immiscible phase
(Shi et al. 2010). Although researchers have shown acceptable correlations, many
concerns, immiscible phase, including the incorporation of colloidal material into
the water immiscible phase remain. Despite the difficulties in assaying for free drug
during ASD dissolution, proprietary methods have been developed that can greatly
impact the formulation design of polymeric ASDs.

8.6 Case Study 1

It is often the case that the formulation scientist will utilize an in vitro dissolu-
tion assessment to screen different ASDs during formulation development studies.
Screening efforts can help rank order a larger set of formulations and reduce the scope
of in vivo studies by selecting a smaller set of materials to test. It is therefore impor-
tant to measure the free drug, in addition to measuring the total drug species, during
in vitro performance assessments ofASDs (see also Fig. 8.2). Fenofibrate is currently
marketed as an adjunctive therapeutic to treat hypertriglyceridemia or mixed dys-
lipidemia in adult patients. Fenofibrate is considered a BCS II molecule because of
its dose and physicochemical properties (e.g., maximum dose of 120 mg/day; aque-
ous solubility << 480 μg/mL; log P ≈ 5.3). Five amorphous molecular dispersions
of fenofibrate and polymer were produced at a 25 % API loading by weight using
laboratory-scale SD techniques (Smithey et al. 2010) and these compositions are
shown in Table 8.3.

The 1:4 fenofibrate : polymer ASDs were assessed for in vitro performance in
PBS (pH = 6.5) media, and dosed as dry powders at 1 mg active equivalent (4 mg
ASD) per milliliter of media (i.e., nonsink conditions) in scintillation vials stirred
at approximately 150 rpm. Aliquots of media were removed at set time points
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Table 8.3 Compositions
of fenofibrate amorphous
molecular dispersions
(AMDs) and the processes
to manufacture them

API loading (%) Polymer Manufacturing process

25 Soluplus® Spray drying
25 HPMCP-H55 Spray drying
25 CAP Spray drying
25 HPMCAS-M Spray drying
25 PVP-VA Spray drying

API active pharmaceutical ingredient, HPMCP hydrox-
ypropyl methylcellulose phthalate, CAP cellulose acetate
phthalate, HPMCAS hydroxypropyl methylcellulose acetate
succinate, PVP polyvinylpyrrolidone, VA vinyl acetate

(i.e., T = 10, 20, 40, 90, 120, 180 min), and both the total drug and free drug
concentrations (see Fig. 8.1b) were processed and measured separately. Total drug
was assessed using a procedure similar to microcentrifuge methodologies previously
described (Friesem et al. 2008). Free drug was measured by proprietary means.

Figure 8.3 depicts the Cmax results of the total drug and free drug analyses for
these five ASDs. Although there is some differentiation of the different solubilized
formulations when assessing total drug species only, the Cmax for these dispersions
are very similar (see Fig. 8.3a). If a rank order were to be produced from the total
drug analysis, it would be HPMCAS-M > CAP > HPMCP-H55 > Soluplus > PVP-
VA >>> crystallineAPI. In contrast, when free drug is assessed (see Fig. 8.3b), there
is a much greater distinction among the ASDs. Moreover, the rank ordering results
are completely different than that which arise from the total drug analysis. Using the
free drug concentrations at Cmax, the rank ordering is Soluplus > HPMCP-H55 >

CAP > HPMCAS-M > PVP-VA > crystalline API.
By obtaining the concentrations of the true free drug portion of the drug speciation

that occurs during nonsink dissolution of ASDs, more accurate computational calcu-
lations can also be made than if total drug values are used. Using the fenofibrate free
drug concentrations of the five compositions, the calculated fraction absorbed can be
estimated as a function of free drug concentrations and dose. Figure 8.4 displays these
calculations using the physiological parameters for beagle dogs. The fraction ab-
sorbed for unformulated, crystalline fenofibrate is also calculated, and an overlay of
the range of in vivo performance is estimated from previous reports (Chen et al. 2009).

8.7 Case Study 2

Clearly the in vitro nonsink dissolution free drug analyses can be important during
the selection of excipients in the formulation design stages. These measurements can
also be used to determine the extent of performance advantages and disadvantages of
different API loadings in ASDs. Figure 8.5 shows the in vitro and in vivo dissolution
profiles for two ASDs, each produced with the same polymeric excipient, but at
two different API loadings (i.e., 25 and 40 % w/w). As in the previous fenofibrate
example, the in vitro performance was measured in PBS (pH = 6.5), at a dry powder
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Fig. 8.3 Cmax values for five amorphous molecular dispersions (AMDs) of 1:3 fenofibrate: polymer
as determined for in vitro nonsink dissolution measurements of a total drug species and b free drug
species

dose of 1 mg active equivalent per milliliter of media (i.e., nonsink conditions). The
in vivo PK analysis was carried out on Sprague Dawley rats (n = 3) at a 30 mg/kg
dose of SDI suspension.

In Fig. 8.5, the total drug analyses would suggest that little or no performance
differences would be expected between the 25 and 40 % API loadings. The free
drug analysis, however, forecasts greater performance for the ASD with the lower
API loading. This result is not surprising because lower drug loading often leads to
a dose-equivalent enhanced performance for ASDs made with the same excipient.
This is due, in part, because there is more polymer present in solution to help sustain
the API supersaturation state. It is therefore also no surprise that the in vivo study
results show a better relationship with the in vitro free drug analysis as compared to
the total drug analysis.

The aforementioned case studies demonstrate the importance of proper in vitro
dissolution studies for ASDs. When accomplished in nonsink conditions, and ana-
lyzed for free drug concentrations as a function of time in the dissolution media, the
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Fig. 8.4 Calculated fraction absorbed (%) of 1:3 fenofibrate: polymer amorphous molecular dis-
persions (AMDs) and crystalline API as a function of the average in vitro free drug concentrations
(μg/mL) and dose (mg/kg) for beagle dog physiology. The shaded box is the range of in vivo
performance as estimated from literature values

results can be used to make informative decisions regarding excipient choice and
drug loading. This can also be extended to monitoring any process changes during
formulation development and scale-up.

8.8 Conclusion

The number of poorly soluble compounds in the pharmaceutical development
pipelines is increasing. Concomitantly, so too are the drug delivery systems suited for
oral delivery of promising, but low soluble, drug candidates. ASDs, however, remain
well known for their potential formulation advantages for BCS II and IV compounds.
More than ever before, ASD formulations are found in the marketplace as an answer
for formulating drugs with solubility-limited absorption. Critical-to-performance
attributes of ASDs, such as in vitro dissolution, require specialized knowledge and
testing procedures to accurately determine their potential for bioavailability enhance-
ments during formulation design and development, manufacturing, and commercial
production.
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Fig. 8.5 In vitro performance of total drug species and free drug species concentrations and
their in vivo relationship for two amorphous molecular dispersions (AMDs) of the same active
pharmaceutical ingredient (API) and polymeric excipient, but at two different drug loadings

An important aspect to consider when testing the in vitro dissolution performance
of ASDs is the different drug-containing species that can occur in the media. Remov-
ing the colloidal species during the sample preparation, and separately measuring
free drug as a function of time, can be challenging; however, accurately determining
the amount of free drug that is available for absorption remains an important empir-
ical measurement. Case studies discussed in this chapter are examples of how the
data obtained from such measurements can lend insight into the potential physiolog-
ical impacts of ASD formulations. Such test results allow for the proper formulation
design and selection, the efficient adjustments during formulation development, and
the monitoring of quality attributes during manufacturing.
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