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1. Introduction 

1.1. Background 

1.1.1. Definition of bioequivalence and bioequivalence studies 

Health care systems use two types of drug products to maintain a sufficient sup-

ply of quality medicines to the public: innovator products, which contain new ac-

tive pharmaceutical ingredients (API), and generic products, which contain the 

same API in a comparable dosage form. Ideally, those two types of products are 

interchangeable with each other. Interchangeability, also referred to as therapeu-

tic equivalence, is established when both products are pharmaceutically equiva-

lent and bioequivalent. Pharmaceutical equivalence of both products requires the 

same API manufactured in the same type of dosage form, which must be in-

tended for the same route of administration and must meet the same quality char-

acteristics. If those pharmaceutical equivalents show the same bioavailability, i.e. 

the API is available at the same rate and to the same extent at the site of drug 

action after administration of the same molar dose, they can be considered bioe-

quivalent. 

Bioequivalence (BE) of two products can be demonstrated by several types of 

studies, e.g. pharmacokinetic studies, pharmacodynamic studies, clinical trials or 

in vitro studies.1 Pharmacokinetic studies determine and compare the concentra-

tion/time profile of an API or its active moiety in blood, plasma or serum (or other 

suitable fluids, e.g. urine) based on pharmacokinetic benchmarks, i.e. area under 

the curve (AUC) and maximum plasma concentration (cmax). These are consid-

ered to be the “gold standard” for BE studies. 

Pharmacokinetic BE studies in humans could potentially be waived, if the bioa-

vailability (as the basic parameter for bioequivalence) can be determined in an-

other way. The fraction absorbed of an orally administered API, a key component 

of the bioavailability, can be defined as the extent and rate of absorption of that 
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API, without regard to metabolic effects i.e. the first-pass effect. If the absorption 

is mainly dependent on the dissolution of the drug product, evaluation of this dis-

solution behavior might serve as surrogate for the determination of bioequiva-

lence. 

1.1.2. The Biopharmaceutics Classification System (BCS) 

The Biopharmaceutics Drug Classification Scheme (BCS) was established in 

1995 by Amidon et al.2 The scheme allowed classification of APIs according to 

their solubility and permeability characteristics and thereby prediction of whether 

in vitro dissolution might correlate with the in vivo absorption behavior (in vitro-in 

vivo correlation, IVIVC) for the first time. For certain combinations, the BCS sug-

gests that the bioequivalence of a generic product to a reference product contain-

ing the same API, could be demonstrated with an in vitro approach instead of 

pharmacokinetic in vivo studies. 

Pharmacokinetic bioequivalence studies aim to determine the in vivo bioavaila-

bility, i.e. the rate and extent of absorption of an API. Solubility and permeability, 

two characteristics of an API itself, are considered to be the key underlying pa-

rameters of absorption.2 Generally, an immediate release solid oral dosage form 

of an API disintegrates in the upper gastrointestinal (GI) tract; small particles dis-

solve into finer particles and finally, if it is sufficiently soluble, the API goes into 

solution. The dissolved API is then absorbed across the intestinal wall to an ex-

tent that depends on its permeability. Hence, information about the solubility and 

permeability properties of an API, in combination with details of the dissolution 

rate of the drug product, enable an assessment of the degree to which in vitro 

results will correlate with the in vivo performance of the drug product.  

The classification of drugs according to their solubility and permeability is de-

picted in figure 1. Class I and III drugs are highly soluble, while Class II and IV 

drugs are not highly soluble. On the other hand, Class I and II drugs are highly 

permeable, while Class III and IV drugs are not highly permeable. In addition to 

the classification scheme, the authors provided an overview of potential in vitro-
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in vivo correlations for the different BCS classes and provided recommendations 

on dissolution requirements.2 

BCS Class I drugs are highly soluble and highly permeable; thus, they should be 

well absorbed. In fact, the rate-limiting step for the absorption of Class I APIs can 

be either the dissolution or, if the dissolution is very rapid, gastric emptying. In 

the former case, where the dissolution rate is the limiting factor for the absorption 

rate, an IVIVC can be expected. If gastric emptying is rate-determining for the 

absorption process, an IVIVC based on the dissolution rate cannot be established 

or the correlation will be limited. In this case, Amidon et al. suggest a simplified 

dissolution specification based on the physiological gastric emptying rate in the 

fasted state for a decision on bioequivalence. Since Class III APIs are highly sol-

uble but not highly permeable, the rate of uptake into the intestinal mucosa is 

more likely to be rate-limiting to absorption than the dissolution rate from the drug 

product for these APIs. Although an IVIVC is unlikely in this case, a fast dissolu-

tion according to the simplified dissolution specification would allow a prediction 

of the in vivo performance. 

 

Figure 1. The Biopharmaceutics Classification System (BCS). 
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Definitions of a high/low solubility and a high/low permeability were not made in 

the original publication introducing the BCS. However, “highly soluble” and “highly 

permeable” were defined shortly afterwards. In the context of formulation 

changes with an impact on the product quality, the United States Food and Drug 

Administration (US-FDA or FDA) “Guidance for Industry - Scale-up and Post-Ap-

proval Changes” (SUPAC) defined “high solubility” as a dose/solubility volume of 

or less than 250 ml, regarding the highest approved dose strength as the “dose”.3 

An extent of absorption of more than 90% was stipulated as the criterion for “high 

permeability”. Later, the European Medicines Agency (EMA, formerly The Euro-

pean Agency for the Evaluation of Medicinal Products  = EMEA), published sim-

ilar definitions for “variations”, which also refers to reformulation of marketed 

products.4 

With the publication of the SUPAC guidance, the FDA was the first regulatory 

authority to adopt the concept of the BCS. A few years later, the FDA, EMA and 

World Health Organization (WHO) all published (biowaiver) guidelines with de-

tailed explanations on the cut-off criteria for solubility and permeability classifica-

tion and applied the BCS concept to the approval of generic formulations using 

the “biowaiver” approach.4–9 

1.1.3. BCS-based biowaiver approach 

The publication of the SUPAC guidance was an initial step in the development of 

the “BCS-based biowaiver” approach, since changes to the manufacturing pro-

cess or variations on a product formulation no longer necessarily required data 

from an in vivo bioequivalence study for a health authority approval.3, 6, 8, 9 In par-

allel, the concept “biowaiver of strength”,8 which was introduced by the EMA and 

WHO,4, 7 facilitated the approval of different dosage strengths of an active phar-

maceutical ingredient in immediate release oral dosage forms without pharmaco-

kinetic bioequivalence studies for every strength. Based on the investigation of 

only one (reasonably chosen) strength in vivo, other strengths could be approved 

with this biowaiver procedure, provided that the drug product showed dose-pro-

portionality. 
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The starting point for a BCS-based biowaiver is the classification of an API ac-

cording to the BCS, since the BCS classes and their characteristics indicate the 

potential for oral absorption of an API from an immediate release drug product 

and can thus serve as a basis for the assessment of the bioavailability and bioe-

quivalence.2 Currently, only highly soluble drugs (BCS Class I and III drugs) are 

eligible for the procedure,10–13 since a high solubility (and a rapid dissolution) min-

imizes absorption issues and therefore increases the reliability of the surrogate 

approach for bioequivalence decision-making. For a positive decision, two prod-

ucts containing the same API must show the same API concentration/time profile 

at the site of absorption. This requires the in vivo dissolution to be the same.2 

Provided that dissolution and absorption conditions are not affected by other fac-

tors, e.g. degradation in the digestive tract, precipitation or other sites of absorp-

tion, the in vitro dissolution performance of a drug product can serve as a surro-

gate for its in vivo dissolution and absorption. 

Therefore, dissolution studies performed in the context of the BCS-based bio-

waiver should simulate the dissolution of an orally administered immediate re-

lease solid drug product i.e. a tablet or a capsule, in the human upper GI tract in 

the fasted state. The conditions of these studies are chosen in order to enable an 

in vitro-in vivo link and especially to distinguish the dissolution behavior of drug 

products with different dissolution characteristics. First of all, the volumes for the 

dissolution tests should maintain sink conditions, i.e. the entire dose of the API 

should be dissolved in one third or less of the medium volume.2 In addition, the 

medium volume should be comparable to the physiological volumes together with 

the liquids ingested to facilitate administration of the drug product. The tests 

should be performed in aqueous media at pH values which reflect conditions in 

the different sections of the fasted gastrointestinal tract to which the drug product 

is exposed, e.g. pH 1 or 1.2 to simulate the gastric conditions and pH 6.8 to reflect 

the conditions at the main absorption sites, which are located in the upper small 

intestine.10, 12, 13 Since some APIs may have a solubility minimum between pH 

1.2 and 6.8 which might be a critical issue during the transit from stomach to 

upper small intestine, tests at pH 4.5 are additionally required. The chosen stirring 

speed and the temperature of the media should also reflect the in vivo condi-

tions.10, 12, 13 The dissolved amount of drug must be determined at different time 
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points to obtain an informative dissolution profile. For APIs whose absorption rate 

is determined by the gastric emptying rate or their permeability, a simplified dis-

solution approach showing that 85 % or more of the API is dissolved in 15 minutes 

(“very rapid dissolution”) provides proof that dissolution is not rate-limiting to ab-

sorption and enables a decision on bioequivalence. It is required for BCS Class 

III APIs, but can also be applied to BCS Class I APIs. Alternatively, for Class I 

APIs, a dissolution of 85 % or more of the API in 30 minutes (“rapid dissolution”) 

is sufficient. A conclusive decision on bioequivalence of two products containing 

a Class I API  and from which 85% of the drug is dissolved within 30 minutes can 

be reached if the f2-test is subsequently applied to compare the similarity of the 

dissolution profiles.2, 10, 12, 13  

Hence, the solubility and permeability classifications are crucial to a decision of 

the suitability of an API for the BCS-based biowaiver and the dissolution data for 

the innovator and generic drug products are key to assessing the bioequivalence 

of the generic product without the need for studies in humans. However, not only 

the BCS class and dissolution data, but also the therapeutic range of the API 

must also be taken into consideration when evaluating its suitability for a BCS-

based biowaiver. APIs with a narrow therapeutic index may not be considered for 

a biowaiver-based generic application, at least by the FDA.10 Following this line 

of reasoning, the risks associated with approving a product which meets the re-

quirements of the biowaiver procedure, but which may reach toxic concentrations 

in vivo if the biowaiver decision is incorrect, can be avoided.  

In general, the potential risks associated with the approval of a drug product using 

the BCS-based biowaiver approach need to be evaluated in a risk-benefit analy-

sis.12, 13 This key element of the biowaiver procedure addresses various aspects. 

Risks for the public and individual patient health due to supra- or subtherapeutic 

levels must be evaluated and justified. Furthermore, existing reports of bioin-

equivalence of generic products are compelling arguments against a biowaiver-

based approval. The bioinequivalence might be related to the API itself or to its 

formulation, in which case particular emphasis must be put on the excipients in-

cluded in the manufactured product. Excipients can potentially enhance or impair 
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the dissolution or the absorption of the drug, therefore, they must be chosen care-

fully and their influence on bioequivalence must be assessed.10, 12, 13 Only when 

all the above-mentioned conditions are fulfilled can dissolution data be used as a 

basis for the decision to allow a market authorization for a generic drug product. 

1.1.4. BCS biowaiver guidelines published by health authorities 

The FDA was the first health authority to publish a guidance on  the BCS-based 

biowaiver procedure.6 The guidance document included specifications with re-

spect to solubility and permeability determination and classification, requirements 

concerning the dissolution tests to be run, mandatory considerations regarding 

excipients and restrictions to the BCS-based biowaiver procedure. The guidance 

contained some important differences to the current version.10 Initially, the FDA 

allowed the biowaiver procedure only for BCS Class I APIs. The solubility data, a 

prerequisite for the classification, had to be determined at a pH range of 1-7.5. 

Additionally, the cut-off criterion for the permeability classification was different 

then: an extent of absorption in humans of ≥ 90 % was required. 

Shortly afterwards, the EMA published a guideline covering in vitro bioequiva-

lence testing with the purpose of waiving in vivo bioequivalence studies.4 In com-

parison to the revised version that was published in 2010 and which is the cur-

rently applicable document,12 the biowaiver procedure was not addressed as a 

separate subject in that guideline and it contained little detail. The requirement of 

the highest dose strength as basis for the solubility cut-off criterion contrasted to 

the current requirement to determine the dose/solubility ratio (D/S ratio) accord-

ing to the highest single dose administered. Also, the pH conditions for the solu-

bility determinations differed from the current requirements.  

The WHO published a guidance document with respect to the BCS-based bio-

waiver approach in 2006.9 Though the FDA guidance was used as basis for the 

WHO guideline, there were several essential differences between them. For ex-

ample, the WHO required that the API solubility be determined over the pH range 

of 1.2-6.8 and that the calculation of the D/S ratio be based on the highest dose 

indicated in the Model List of Essential Medicines (EML). The permeability cut-off 
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criterion also differed from the FDA document: an API was considered to be 

highly permeable when ≥ 85 % is absorbed in humans. An even more important 

difference was the eligibility of BCS Class III and certain Class II drugs for the 

biowaiver procedure. APIs of Class III were required to dissolve very rapidly (≥ 

85 % in 15 minutes), while Class II APIs were only eligible for the biowaiver pro-

cedure if they were weak acids with high solubility at pH 6.8.  Furthermore, the 

WHO document contained a table that listed all APIs on the EML available in 

immediate release solid oral dosage forms and provided categories of their solu-

bility, permeability, their BCS class, as well as potential recommendations for the 

dissolution tests to be applied.  

In 2017, the recommendations for in vitro equivalence testing were incorporated 

in the guideline regarding bioequivalence evaluation for generic products.13 In 

addition, the WHO published a draft protocol for conducting equilibrium solubility 

studies for BCS-based biowaivers in 2018.14 Some of the key aspects of the orig-

inal WHO biowaiver approach were changed with the revision of the document, 

such that only BCS Class I and III APIs are now eligible for the biowaiver proce-

dure. Further, the assignment of APIs to a solubility class is based on calculations 

with “the highest single therapeutic dose as determined by the relevant regulatory 

authority”, which is comparable to the approach of the EMA. 

The WHO guideline is intended to serve as a basis for decisions on biowaiver 

applications of national regulatory authorities worldwide.9 It could be used as 

guidance document or could be implemented in national law, which is why the 

biowaiver procedure has attained broad international recognition. The same ap-

plies for the EMA guideline, since it is applicable in all states of the European 

Union. Indeed, many countries adopted the approach and have implemented one 

of the three guidelines (FDA, EMA, WHO) or published their own criteria for BCS-

based biowaivers. For example, Argentina,15 the ASEAN states,16 Australia,17 

Brazil,18 Canada,19 Malaysia,20 New Zealand,21 Singapore,22 South Africa,23 Swit-

zerland,24 and Thailand25 all allow biowaiver applications under certain condi-

tions. Since the BCS-based biowaiver is now of global interest and because there 

is still a lack of harmonization between the guidelines of the three health author-
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ities FDA, EMA and WHO, e.g. regarding the dose which should be the calcula-

tion basis for the solubility classification, the International Council for Harmonisa-

tion of Technical Requirements for Pharmaceuticals for Human Use (ICH) pro-

vided a draft guideline for public consultation (a multipurpose guideline, M9) in 

order to harmonize the details of the procedure and enable the implementation in 

all ICH countries.26 Since this guideline was not finalized until late 2019, it will not 

be discussed further in this dissertation. 

1.1.5. Biowaiver monograph series 

One of the focus groups of the International Pharmaceutical Federation (FIP) 

special interest group “Regulatory Sciences and Quality” is the group “Bioclassi-

fication/Biowaiver”.27 With the publication of a commentary on the applicability of 

the biowaiver on verapamil hydrochloride, propranolol hydrochloride, and 

atenolol in 2004, the focus group started a publication project which became 

known as the biowaiver monograph series.28, 29 The main goal of the project was 

to provide all relevant information for individual APIs that are either listed on the 

EML or are in widespread use and to scientifically review these data in the light 

of a potential recommendation for the BCS-based biowaiver procedure. The sum-

mary of all reviewed information – the monograph – could be used as a starting 

point to apply for a generic drug approval by the health authorities.29 The need 

for such a case by case project resulted from the regulatory situation of the BCS 

biowaiver procedure. The procedure had already been implemented through the 

publication of FDA and EMA guidelines which established the BCS-based bio-

waiver and presented the requirements for an application.4–6 However, the guide-

lines were not harmonized, a situation which was exacerbated by the publication 

of the WHO biowaiver guideline in 2006.9 Furthermore, the regulatory documents 

described general prerequisites and in vitro methods which should be applied to 

obtain the required data, but no concrete information about the eligibility of indi-

vidual APIs and the suitability of their drug products for a BCS-based biowaiver 

was communicated.29 The publication of monographs for individual APIs includ-

ing relevant data and their assessment leading to a recommendation in terms of 

a BCS biowaiver, was a logical consequence of this gap. 
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A biowaiver monograph should provide all data which are available from the open 

pharmaceutical literature to characterize the drug in general (e.g. molecular struc-

ture, indication, therapeutic index, toxicity) and with respect to its physicochemi-

cal and pharmacokinetic properties (physicochemical properties could include 

solid and especially polymorphic forms, stereochemistry, acidic/basic properties, 

partition/distribution coefficient, solubility and stability, while pharmacokinetic 

properties comprise absorption, bioavailability, permeability, distribution, metab-

olism, and elimination).30, 31 Additionally, information on existing dosage forms 

and their performance (bioequivalence/bioinequivalence reports, dissolution re-

sults, and excipients) should be included.30, 31 Whereas at the beginning of the 

biowaiver project, data for solubility were extracted solely from the literature and 

discussed in terms of their physiological relevance,28 a lack of solubility data at 

pH values of interest is now addressed by additional solubility studies.29 Dissolu-

tion data of the API and - if possible - reference and generic products can also be 

generated and reported in the monograph. An assessment of the collected data 

is of central importance, not only with regard to the BCS Class and the therapeutic 

index, which are the basis for API eligibility, but also for a complete risk assess-

ment.29 The risk considerations should contain a careful evaluation of the risk for 

products not to be bioequivalent due to excipients and/or the manufacturing pro-

cess, as well as an assessment of the risks of a false-positive biowaiver approval 

for patients and for public health.29–31 The final assessment of the monograph 

should also identify gaps in the existing data. If a positive decision is reached 

about suitability of the biowaiver procedure, the monograph recommends testing 

conditions and requirements for a biowaiver application (e.g. stability-indicating 

dissolution tests).32 

The evaluation itself and any recommendations for a specific API should follow 

best scientific practices, rather than merely checking compatibility with the exist-

ing regulatory documents.29 This idea of a scientific debate for each API opened 

up the possibility for the biowaiver monographs to be a platform of scientific dis-

cussion, which in turn became a leading motivation for harmonization of the 

health authority guidelines. 
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Another objective of the project was to provide a scientifically based source of 

information for regulatory authorities and applicants. 

Up to the present day, monographs for 52 APIs have been published under the 

auspices of the FIP focus group “Bioclassification/Biowaiver”.33 They are pub-

lished in the Journal of Pharmaceutical Sciences and are also available at the 

FIP website free of charge (https://www.fip.org/bcs-monographs).33 The primary 

intention of the biowaiver monograph project was and still is to prepare and pub-

lish monographs of APIs which are published on the WHO Model List of Essential 

Medicines as immediate release solid oral dosage forms.29, 34 

1.1.6. The Model List of Essential Medicines 

The term “essential medicines“ is defined by the World Health Organization. Ac-

cording to the definition, essential medicines meet the major health care needs 

of the population and are selected the on basis of their relevance to public health 

and evidence of their efficacy, safety, and cost effectiveness.35 All essential med-

icines are summarized and published on the Model List of Essential Medicines, 

which was published for the first time in 1977.34 The list with the selected drugs 

and their recommended dose in usual dosage forms has been updated approxi-

mately every two years since the publication of the initial volume. The list is cur-

rently available in its 21st version and can be accessed online 

(https://apps.who.int/iris/rest/bitstreams/1237479/retrieve).36 

Though the EML is not binding, it serves to provide recommendations for every 

health care system to ensure the availability of essential medicines in an appro-

priate quality and quantity and at affordable costs. Further, the continuous revi-

sion of the list plays an important role with respect to the prevention of (global) 

drug resistance. 

The publication consists of a core list containing the minimum standard medicines 

and a complementary list, containing medicines for which special conditions, e.g. 

those regarding diagnosis or monitoring, are required. Additionally, an independ-

ent list of essential medicines for children was published by the WHO in 200737 
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and is now available in its 7th edition38. The children’s list comprises medicines 

for the basic medical treatment of pediatric patients i.e. children below the age of 

twelve. 

1.1.7. Definitions of solubility 

Specific definitions of solubility vary. In general, solubility is a chemical property 

of a substance and describes the extent of homogenous distribution of this sub-

stance in another substance. The International Union of Pure and Applied Chem-

istry (IUPAC) defines solubility as the composition of a saturated solution which 

is expressed as the proportion of solute to solvent.39 It can be expressed as a 

(mass) concentration, but according to IUPAC, also as a molality, mole fraction 

or mole ratio.39 Other sources define additionally the temperature at which the 

saturated concentration is determined.40 The following section addresses solubil-

ity definitions of solid substances in liquids, especially aqueous solutions, though 

in general, a solute can be gaseous, liquid or solid and the solvent can be liquid 

or solid.  

The thermodynamic solubility is also known as the equilibrium solubility. If a solid 

is added to a solvent, for example water, it dissolves with a certain rate. This 

dissolution rate can be determined according to the equation of Noyes and Whit-

ney41 or Nernst and Brunner,42, 43 who modified the Noyes-Whitney equation 

(equation 1). Given that enough solid material is available, the dissolution process 

continues until the solution is saturated with the solute. At this saturated state, an 

equilibrium is reached; further solid substance will dissolve with the same rate 

and to the same extent as the dissolved substance will precipitate. Most defini-

tions of solubility refer to this chemical state. 

Eq. 1 
 =  

 ×   

 ×  ℎ
 ( − ) 

dC/dt Amount of dissolving substance per unit of time 
D Diffusion coefficient 
S Surface area of solid particle 
Cs Saturation solubility 
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C Current concentration of dissolved material in solvent 
V Volume of the dissolution medium 
h thickness of diffusion layer 

If and to what extent the dissolution reaction will run, is determined by the reac-

tion´s free enthalpy or Gibbs energy, which must be negative (equation 2). En-

thalpy (H) is a function of state and describes changes of energy due to volume 

work of a system. The change in enthalpy (ΔH) is equal to the amount of energy 

which is emitted or absorbed in the form of thermal energy and can be quantified. 

Negative values for ΔH describe exothermic reactions, while positive values de-

scribe endothermic reactions.  

Eq. 2 ∆ =  ∆ −  ×  ∆  

ΔGmix Gibbs free energy of mixing 
ΔHmix Enthalpy of mixing 
T Temperature 
ΔS Entropy of mixing 

The enthalpy of mixing refers in this case to the opening and forming of chemical 

bonds during the dissolution process which is accompanied by a change of en-

ergy e.g. opening of the bonds in the solid material (lattice energy), establishing 

hydrogen bonds with water (solvation energy), and reestablishing water clusters. 

According to the Gibbs equation, the free energy change is also determined by 

the entropy, which is positive for mixing processes. Entropy (S) describes the 

degree of disorder of a system; it increases with the degree of disorder in every 

isolated system. Like enthalpy, the entropy itself is not directly quantifiable, only 

the change in entropy (ΔS). Regarding entropy changes for the mixing or disso-

lution process, the most relevant entropy is the mixing of the solute and solvent 

molecules which increases the degree of disorder. 

The thermodynamic solubility of a substance in water depends not only on the 

temperature, but also on the pressure and can be influenced by the pH (of an 

aqueous solvent) and other physicochemical effects e.g. modification of crystal-

linity, solubilization via a third party substance, and the use of cosolvents.  
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In contrast to the thermodynamic solubility, the “kinetic” solubility describes a 

metastable state. An example is when the solute dissolves, but then precipitates 

in a less stable polymorph or amorphous form. Although solubility studies for BCS 

purposes generally aim to measure the thermodynamic solubility, in certain cir-

cumstances the kinetic solubility may be measured instead. 

1.1.8. Solubility determination methods 

Several methods to determine the solubility of APIs are available for measuring 

the thermodynamic solubility. They can be divided in analytic, synthetic and indi-

rect methods.44 Analytic methods determine the concentration of a saturated so-

lution at a certain temperature and are among the earliest methods described in 

the literature.41, 45 Indirect methods use physical parameters like electric conduc-

tivity, electric potential, density, or refraction index for the determination of the 

solubility.44 Changes in the physical parameter indicate a change in solubility. 

The following section provides examples for the most common analytic and indi-

rect methods and also presents a method which is suitable to determine the ki-

netic solubility. 

Pharmacopoeial methods to define the solubility are analytic methods which are 

based on visible results e.g. the solubility determination according to the Euro-

pean Pharmacopoeia.40 A defined amount of API (initially 100 mg) is mixed with 

a defined volume of water (initially 0.1 ml) at a certain temperature (25 ± 0.5 °C). 

To classify the substance in terms of solubility, the mixture is visually examined. 

Depending on how many times another aliquot of water must be added to com-

pletely dissolve the powder, it is assigned to an appropriate solubility category, 

e.g. if 100 mg of the API are dissolved in 0.1 ml of water, the API is classified as 

“very soluble” whereas a dissolution of those 100 mg in 10 ml of water classifies 

the API as “sparingly soluble”.40 Repetitions with a smaller amount of API (e.g. 

10 mg) and a higher volume of water (e.g. 10 ml) are necessary for poorly soluble 

APIs. 

Another analytic method is the shake-flask method, which is the classic method 

to determine the equilibrium solubility. For a determination with this method, the 
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API powder is transferred into a flask and the test medium (e.g. water, buffer 

solution, etc.) is added (e.g. 250 ml). Ideally, the amount of powder constitutes 

an excess of API with respect to the volume of medium and thus results in a 

saturated solution. The amount required to create an excess can be determined 

in pilot experiments. The flask is then shaken, which helps to distribute the pow-

der, to avoid wettability problems and bring the API into solution. The shaking 

time can be defined in advance or determined during the experiment but should 

be long enough to establish equilibrium. During the experiment, the temperature 

should be held constant. If a certain pH value is required, the pH can be adjusted 

during the shaking time if the buffer capacity of the medium proves insufficient 

i.e. the pH changes during the experiment. After shaking, the solution is filtered 

to separate undissolved particles from the solution and the API concentration in 

the filtrate is quantified. With this method, the thermodynamic solubility of the 

most stable form can be determined at a defined pH and a defined temperature. 

A commonly used indirect solubility determination method is the potentiometric 

titration. This method is based on the pH-profile of an API obtained from an acid-

base titration and the characteristic shift of the titration curve due to precipitation 

beginning at a certain pH value.46 It is applicable to ionizable APIs with known 

pKa values and ideally a known log P value.47 The titration can be performed 

using an automated instrument, which calculates the estimated intrinsic solubility 

and simulates the titration curve based on those data in advance to the experi-

ment. In addition, a blank titration is required prior to the experiment. The API is 

accurately weighed and dissolved in water; a cosolvent might be added if neces-

sary.48 The accuracy of the titration can be improved by the addition of potassium 

chloride and the use of inert gas.46 Starting the formal titration, strong acid or 

base is added to the API solution in predefined volume steps during which the pH 

of the solution is constantly monitored with an electrode that detects the potential 

difference. Thereby, the pH profile is recorded throughout the experiment. Usu-

ally, acidimetric titrations are used for acidic APIs and alkalimetric titrations for 

basic APIs. Approaching the pKa of the API, its ionization is reduced, resulting in 

precipitation. To avoid supersaturation of the uncharged API, the titration might 

start from precipitation in the direction of dissolution, i.e. the API might first be 

dissolved in strong acid or strong base and then precipitated again (in advance 
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of the formal titration).47 Figure 2 depicts a fictional titration curve of a weak base 

showing precipitation during the titration process (negative equivalents refer to 

an acid titrant, whereas positive equivalents refer to a basic titrant). 

 

Normally, the pKa of a weak acid or base is shown at the half equivalence point, 

which is the inflexion point of the titration curve with the lowest slope. Due to the 

precipitation, the titration curve for the solubility determination shows an addi-

tional inflection point (indicating the starting point of precipitation) and the pKa 

derived from such a curve differs from the real value.48 A large difference between 

the real pKa value and this apparent pKa value indicates that the solubility of the 

API is low.46 To determine this difference and evaluate the solubility exactly, the 

Bjerrum difference plot, which plots the average number of bound protons (n̅H) 

against the pH, is used.48 It can either be obtained by mathematical calculation 

or by the difference of the sample titration and the blank titration. If the  difference 

between the real pKa and the observed, apparent pKa is calculated with the help 

of a Bjerrum plot, the solubility can be calculated with the following equation:46, 48 

Figure 2. Fictional titration curve of a weak base showing precipitation during alkalimetric titration. 
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Eq. 3 
log  =  log(

2
)  − | −  | 

C Concentration of the substance solution 
S0 Intrinsic solubility of the unchanged substance 
pKa

app Measured pKa value of the substance with precipitation 
pKa Measured pKa value of the substance without precipitation 
 
 

Further calculations allow the construction of a pH-solubility profile.48 Although 

several titrations might be necessary to obtain a solubility value, the amount of 

API required is comparatively low.46 However, the solubility of APIs without acidic 

or basic molecule groups cannot be determined. 

Turbidimetry is another solubility determination method based on a titration with 

precipitation occurring during the titration process, but in contrast to the potenti-

ometric titration, it can result in a kinetic solubility determination.46 The method is 

based on precipitation of the API during titration, which results from an exceeded 

equilibrium of dissolved and undissolved API. The progress of precipitation is de-

tected by measuring the increasing turbidity of the solution. In preparation for a 

turbidimetric solubility determination, the API is dissolved in an organic solvent, 

dimethyl sulfoxide (DMSO).49 This solution is gradually added to a buffer solution 

with a given pH. Between the addition intervals, the turbidity of the mixture is 

measured by light scattering.46 The measured values are plotted against the vol-

ume of the organic solution to determine the starting point of precipitation by ex-

trapolating to zero turbidity and therefore the solubility of the API.49 DMSO, how-

ever, may facilitate supersaturation, such that the solubility measured is higher 

than the real value,46 since the precipitate is not necessarily the thermodynami-

cally most stable form. Under these circumstances a kinetic solubility will be 

measured. Turbidimetric determinations are thus typically used to screen many 

substances for an estimate of solubility in a medium to high throughput setting, 

rather than to provide exact measurements of the thermodynamic solubility. 
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1.1.9. Potential issues with solubility in the context of BCS 

biowaivers 

The solubility determination of the API is a fundamental pillar of the BCS-based 

biowaiver procedure. Several factors with respect to the setup of solubility studies 

to obtain these data should be taken into consideration in the context of BCS-

based biowaivers and also biowaiver monographs. These are described in the 

following sections.  

1.1.9.1. Physiological relevance of solubility data 

The solubility of an API, along with other physicochemical properties, is usually 

evaluated during pharmaceutical development using conventional methods de-

scribed by the United States Pharmacopeia (USP) or the European Pharmaco-

poeia (Ph. Eur.). Solubility measurements are usually performed in water (among 

other solvents).40, 50 In this way, the solubility characteristics of different APIs are 

comparable. Many equilibrium solubility values reported in the open literature 

have been obtained from experiments in water at room temperature. However, 

the solubility data for a BCS classification must be obtained under physiologically 

more relevant conditions. The test media should reflect the pH conditions to which 

an API is exposed after oral administration in the GI tract.10, 12, 13 In addition, sol-

ubility determinations for BCS purposes must be conducted at 37 °C, the human 

core body temperature. The duration of the solubility experiments is not defined 

by the guidances, but a period corresponding to at least the passage time of an 

orally administered API though the upper gastrointestinal tract is a reasonable 

lower limit. 

Nevertheless, solubility values from experiments in water at room temperature 

provide a first estimate of the solubility of an API in the fluids of the human GI 

tract. In general, regarding the correlation of the in vitro solubility results of a API 

obtained in the context of BCS-based biowaivers with the in vivo solubility of the 

same API, it should be kept in mind that APIs can build a supersaturated solution 

during passage through the gastrointestinal tract (either due to formulation effects 
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or if the drug is a weak base and thus far more soluble under gastric than intesti-

nal conditions), but then precipitate later in another, less stable solid form which 

may have a higher solubility.51  

1.1.9.2. Analytical aspects 

Since most of the BCS biowaiver guidelines require the determination of the equi-

librium solubility, turbidimetry or other methods that determine the kinetic solubil-

ity are not deemed suitable for the setup of a solubility study.10, 12–14  Traditionally, 

the shake-flask method is recommended for solubility determinations, but with 

appropriate justification, other methods such as acid-base titrations can also be 

used.10, 12-14 Although potentiometric acid-base titrations only require small 

amounts of API, they can only be applied to substances which have acidic/basic 

functions with known pKa values. Therefore, the shake-flask method has a 

broader scope of application and is considered to be the more suitable method. 

The use of a scaled-down approach is possible to minimize the necessary 

amounts of API.  In 2005, Glomme et al. compared the results of a miniaturized 

i.e. scaled-down shake-flask method with those of the conventional shake-flask 

method and demonstrated that reliable results can be obtained using the scaled-

down version.52 

While requirements or recommendations for the solubility determination methods 

have been published in the biowaiver guidelines, limited information about suita-

ble quantification methods is available. Ideally, a quantification method is simple, 

cost-effective and easily validated. A popular method that fulfills the criteria of 

efficiency and economic considerations is ultraviolet (UV) spectroscopy. A disad-

vantage of this method is the lack of specificity for the API. Degradation products 

of the API, formulation excipients and components of the medium in which the 

solubility is being tested are possible sources of interference with the UV absorb-

ance of the API at the chosen wavelength of measurement. 

The use of a high-performance liquid chromatography (HPLC) method is gener-

ally more time-consuming and cost-intensive than UV analysis. However, HPLC 
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analysis has the advantages of separating degradation products and other sub-

stances which may interfere with the detection of the API and thus enabling une-

quivocal quantification of the API concentration. The WHO guideline, for exam-

ple, recommends the use of a pharmacopoeial HPLC method for analysis when-

ever this is available. 

1.1.9.3. Stability problems of the test substance 

Some APIs are unstable under the pH conditions or at the temperature required 

for solubility studies for BCS-based biowaivers. Stability issues can also arise 

due to other aspects of ambient conditions e.g. light, oxygen, or humidity, during 

preparation for a stability study or during sample handling. As mentioned, it 

should be possible to detect degradation products with the analytical method so 

that their impact on the solubility and permeability results and therefore the BCS 

classification can be evaluated and discussed. Thus, the biowaiver guidance doc-

uments published by the FDA and the WHO require that the analytical method 

for the determination of solubility results is “stability-indicating”.10, 13 Ideally, the 

quality “stability-indicating” should not only describe a method with which stability 

and degradation issues are detected, but which also avoids instability during the 

analysis. Preferably, a solubility study should be designed to ensure the stability 

of the individual API to be tested, under the solubility test conditions and in the 

samples to be quantified during the analysis phase of the study. Therefore, a 

literature search that comprises stability reports and analytical methods with re-

producible results (e.g. analysis methods published in the different pharmaco-

poeias) should be performed in advance of the solubility study. The information 

retrieved is then used to design the solubility studies so that the exposition of the 

API to stress factors is minimized, e.g. the use of amber-glass vials for photosen-

sitive APIs or short sample handling times. 

1.1.9.4. Definitions of dose according to different guidelines 

The FDA, EMA and WHO biowaiver guidelines classify drugs as “highly soluble” 

or “not highly soluble” according to the dose/solubility (D/S) ratio.10, 12, 13 However, 
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the definition of dose differs among the biowaiver documents of the various health 

authorities as discussed in previous paragraphs. Several definitions, including 

“highest (dose) strength”,10 “highest single dose administered”,12 and “highest 

single therapeutic dose as determined by the relevant regulatory authority”13 can 

be found in the guidance literature, highlighting the lack of harmonization. For 

guideline-conform solubility studies, all definitions must be considered, but at 

least the highest dose resulting from those definitions should be used for a worst-

case calculation. The solubility must be obtained at equilibrium,10, 13 i.e. when the 

medium is saturated with the API and solid API continues to be present after an 

adequately long time frame.  

In some cases, the entire dose of a poorly soluble API in a volume of 250 ml of 

medium will create a saturated solution, allowing the solubility to be determined 

at equilibrium. Alternatively, if the entire dose of an API dissolves in 250 ml of 

media over the required pH range, this could be considered as sufficient evidence 

for a classification as “highly soluble”. However, since the guidances stipulate 

that the equilibrium solubility nevertheless must be determined, large amounts of 

API may be required to determine the solubility of very soluble drugs. In turn, this 

can potentially induce problems such as being unable to maintain a constant pH 

in the solution, as well as high material costs. 

1.1.9.5. Economic aspects 

Among the various APIs listed on the WHO EML, are several that are inexpensive 

(e.g. nitrofurantoin) and others that are comparatively expensive (for example ri-

tonavir). APIs that are still under patent protection and/or whose drug design is 

complex are especially likely to be expensive. If the solubility and dissolution data 

required for a BCS biowaiver submission are not available in the open pharma-

ceutical literature or if the data are incomplete, studies to obtain these data must 

be run. For the determination of the solubility in the context of the BCS-based 

biowaiver, the amount of API powder is determined, inter alia, by the dose of the 

API. The biowaiver guidelines require the evaluation of either the highest dosage 

strength of a drug product, in which the API is already available on the market, or 
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the highest single therapeutic dose, which can be an even higher amount. Nitro-

furantoin and ritonavir, for example, are both available in 100 mg solid oral dos-

age forms, but ritonavir can be given in singles doses of up to 600 mg. For the 

determination of the equilibrium solubility, an excess of substance must be used 

in order to provide a saturated solution of the particular API. If the traditional 

shake-flask method is used, large amounts of API may be needed, especially if 

the drug is very soluble. If the solubility is not known and literature data do not 

allow a rough estimation, pilot studies should be run to determine approximately 

how much API will be required to saturate the media. Several pH conditions must 

be evaluated in the formal solubility study and multiple samples for each condition 

need to be prepared and tested. An additional amount of API will be required if a 

HPLC method for the quantitative analysis needs to be developed and validated. 

Hence, the amount of powder for pilot and formal solubility studies to determine 

the equilibrium solubility for a BCS-based biowaiver can be quite high, leading to 

high costs as well as potentially to environmental contamination, if not properly 

disposed. However, the amount of API can be reduced by using the scaled-down 

shake-flask approach published by Glomme et al.52  
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1.2. Aim of the thesis 

The above-mentioned biowaiver monograph series aims at providing a scientific 

evaluation with respect to eligibility for approval via the BCS biowaiver procedure 

for APIs listed on the WHO EML. In collaboration with the FIP Focus Group Bio-

classification/Biowaiver, the Institute of Pharmaceutical Technology at the Goe-

the University, Frankfurt, under the direction of Prof. Dressman prepares bio-

waiver monographs for antimalarials, antiretrovirals, anti-infectives and other 

APIs which are listed as solid oral dosage forms on the EML. 

The first objective of the present work was the continuation of this project. Two 

APIs were selected as candidates for a biowaiver monograph, proguanil hydro-

chloride, an antimalarial which is primarily used for prophylaxis in combination 

products, and cefalexin monohydrate, an anti-infective agent of the cephalosporin 

antibiotic class, both of which required special considerations regarding the de-

sign of solubility studies due to their physicochemical characteristics. 

A second objective of this work resulted from a project that was initiated by the 

WHO to determine the solubility of newly added APIs of the 16th and 17th version 

of the EML at pH values of 1.2, 4.5 and 6.8. The high number and in some cases 

the high costs of the test APIs required a cost-effective and simple study design 

that could also be used for the solubility characterization of future new com-

pounds on the biennially updated EML. 

Both projects illustrated the necessity of an optimized design for solubility studies 

which is effective and affordable, provides scientifically reliable solubility data and 

enables the evaluation of substances with stability issues. Therefore, the overall 

objective of this thesis was to establish an appropriate solubility determination 

approach, including a study protocol, for solubility studies performed in the con-

text of biowaiver monographs.  
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2. Results and Discussion 

2.1. Requirements for solubility determinations for a BCS 

biowaiver monograph 

Solubility studies performed in 392the context of BCS biowaiver monographs 

must distinguish whether an API fulfills the BCS definition of “highly soluble” or 

not. Since the biowaiver approval procedure can currently only be applied to 

highly soluble, i.e. BCS class I and III, APIs,10, 12, 13 a classification of “not highly 

soluble” will exclude a drug candidate from the procedure. 

The cut-off criterion for a solubility classification cannot be found directly in the 

original publication of the Biopharmaceutics Classification System but can be ob-

tained from the guidelines of the health authorities FDA, WHO, and EMA. The US 

FDA SUPAC guidance, which was the first document that adopted the BCS as 

scientific basis for an abbreviated approval procedure, defined a D/S ratio of ≤ 

250 ml in the physiological pH range for highly soluble drugs.3 The dose for the 

calculation of this ratio was defined as the highest dosage strength of manufac-

tured products of an API. With the publication of the first biowaiver guidance in 

the year 2000, the FDA required a D/S calculation based on “the highest strength 

of an IR product that is the subject of a biowaiver request”.6 This specification is 

also required in the draft guidance for revision in 2015 and in the published guid-

ance from 2017.6, 10, 53 Additionally, the 2017 guidance requests further infor-

mation if the highest single dose administered exceeds the highest strength and 

this leads to a change in the solubility classification.10 The EMA guideline, which 

addresses bioequivalence issues including considerations for products with man-

ufacturing variations compared to the original approved formulation and which 

was released shortly after the first FDA biowaiver guidance, initially required “the 

highest dose strength” and therefore the same basis for the cut-off criterion.4, 5 

However, that definition was later changed to “the highest single dose adminis-

tered as immediate release formulation(s)” with the revision of the guideline, 

which was published in 2010.8, 12 The first guideline of the WHO regarding the 

waiving of in vivo bioequivalence studies allowed the procedure to be considered 
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for immediate release solid oral dosage forms listed on the EML. In terms of the 

dose, the guideline referred to the central statement of the FDA guidance (“high-

est orally administered dose”) but revised the criterion by relating it to the EML 

(“highest dose indicated in the Model List of Essential Medicines (EML)”).9 During 

the revision process that started in 2014, the positions of both the FDA and the 

EMA found their way into the guidance text.54 However, the final published doc-

ument defined the dose for the D/S ratio as the “highest single therapeutic dose 

as determined by the relevant regulatory authority, typically defined by the label-

ling for the innovator product” which is in agreement with the text of the EMA 

guideline.11, 13 The development of the guideline specifications regarding the dose 

over the past two decades illustrates the perceived importance of this parameter 

for the design of solubility studies for biowaiver monographs. Both approaches, 

the calculation with the highest dose strength and the highest single therapeutic 

dose, have advantages and disadvantages as discussed by Barends et al.29 To 

cover all jurisdictions, dose/solubility values currently need to be calculated with 

the highest dose strength in which an IR product is available and with the highest 

single therapeutic dose which is administered of a drug product. Additionally, a 

calculation using the highest dose strength listed on the EML is needed to com-

plete the solubility assessment of a biowaiver monograph for drugs listed on the 

EML. Often subject of a biowaiver monograph, the APIs that are listed on the 

EML are of special interest in this regard, since the doses recommended on the 

EML are often lower than those approved by the individual regulatory agencies 

like FDA. 

A drug can only be classified as “highly soluble”, if the D/S ratio is equal or below 

a volume of 250 ml of aqueous media (EMA: buffer) over the physiological pH 

range. Currently, this range is generally defined by the health authorities to be 1-

6.8 (WHO: 1.2-6.8). However, the concrete values at which the solubility should 

be determined differ: the FDA currently requires determinations at pH 1 and 6.8, 

at the pH of the pKa, and at one unit below and above the pKa, preferably in USP 

standard buffer solutions. The EMA document prefers determinations at a mini-

mum of three values, namely 1.2, 4.5, and 6.8 and in addition at the pKa value if 

it is in the above-mentioned range. The WHO has a scientifically more reasonable 

approach requiring determination “at the pH of any known solubility minima” in 
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the range of 1.2-6.8 in addition to the determinations at the single values 1.2, 4.5 

and 6.8. Solubility studies in the context of biowaiver monographs should there-

fore include tests at all mentioned pH values. For an easier but less conclusive 

estimation of the eligibility of a drug candidate for a biowaiver, experiments at 

only the key pH values (1.2, 4.5, and 6.8) can be determined.55 These pH values 

are the essential pH conditions which are encountered by a solid oral dosage 

form passing through the upper gastrointestinal tract from the stomach (pH ~1.2) 

to the mid-jejunum (pH ~6.8). pH 4.5 represents a pH between these two ex-

tremes that may be useful in identifying the minimum solubility over the range pH 

1-6.8. A full pH-solubility profile over the physiological pH range, however, helps 

to detect all possible solubility minima, minimizing the risk of a false solubility 

classification. Experiments at each given pH should be performed at least in trip-

licate. The FDA and the WHO recommend the use of pharmacopoeial buffers 

(USP standard buffer solutions and buffers from the International Pharmaco-

poeia, respectively) as aqueous media for the solubility studies. However, it must 

be noted that some pH values are not covered by the registers in either pharma-

copoeia (see Table 2). In this case, the buffer composition can be chosen from 

the list of buffers in the European Pharmacopoeia. The temperature at which the 

solubility is determined should be 37 ± 1°C. Ideally, the pH of the buffer would be 

adjusted at the study temperature.14 Since the pH value and the volume of the 

buffer solution at 37°C are different from those values at room temperature, an 

adjustment at the study temperature should be avoided if it cannot be ensured 

that all pH measurements and sampling and dilution of the study samples are 

performed at this temperature.  Otherwise, pH values before and after the study 

are not comparable and concentrations cannot be calculated accurately. 

All health authorities suggest the shake-flask method as method of choice for the 

determination of an (equilibrium) solubility profile. This method is associated with 

high material costs, especially when a high number of pH values should be 

tested. The shake-flask method can also be performed in a scaled-down i.e. min-

iaturized approach to obtain reliable solubility data.52 For the solubility studies for 

proguanil and cephalexin as well as for the solubility classification of newly added 

compounds of the EML, the miniaturized approach was implemented by use of a 
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UniprepTM filter system (depicted in figure 3),30, 31, 55 following the Glomme ap-

proach.52 The experiments were performed over a period of 24 hours. Though 

the guidance documents of FDA and WHO require the determination of the equi-

librium solubility without mentioning the time frame, a duration of 24 hours is a 

reasonable starting point, since GI transit times including the transit through ab-

sorption compartments rarely exceed 24 hours while at the same time equilibrium 

can be achieved by most substances within this period.55 

The pH of the medium might change during the study period. According to the 

biowaiver guidelines of the FDA and WHO, the pH of the medium should be ver-

ified after the addition of the API i.e. measured and adjusted to the target pH.10, 

13 However, an adjustment of the pH after addition of the API and during the study 

time is not recommended for solubility studies when using the miniaturized ap-

proach, since both the measurement itself and the adjustment would change the 

total volume and (therefore) the composition of the solution (e.g. water from rins-

ing the electrode might be brought to the solution of the sample and/or strong 

bases or acids could be added).55 Both would increase the risk of variations in 

the sample constitution. Instead, the pH should be checked at the end of the 

experiments when implementing this method. 

According to the current versions of the FDA and the WHO guidance regarding 

the biowaiver procedure, validated stability-indicating analytical methods should 

be used to determine the concentration of dissolved drug after the experiment. 

The WHO suggests a high-performance liquid chromatography analysis. The ad-

vantage of this analysis method is the capability to detect products resulting from 

physicochemical instabilities such as degradation, occurring from the study con-

ditions as well as the analysis conditions. If a HPLC quantification method is not 

available in pharmacopoeial monographs or the open pharmaceutical literature, 

a new stability-indicating method must be developed and validated. The valida-

tion should be in accordance with the standards of the International Conference 

on Harmonisation guideline Q2(R1)56 with a focus on linearity, limit of detection 

and limit of quantitation, precision, and accuracy. Since solubility studies should 

be carried out with the pure API, the proof of specificity plays only a minor role. 

According to the pharmacopoeias, system suitability testing is recommended if 
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possible.57, 58 To avoid stability issues during the phase of analysis, the stability 

of the API under the conditions of the stability-indicating method must be exam-

ined for the duration of analysis. In general, issues such as degradation or pre-

cipitation should be identified in advance and the experimental conditions (for 

both the study and the quantification method) should be adjusted to minimize 

them. If degradation occurs, the degradation products and their resolution should 

be identified, so they can be reported with the solubility results, especially if it 

leads to a changed solubility classification.55  

The concept, which was established on the basis of all requirements by the health 

authorities FDA, WHO, and EMA, was applied to the solubility studies for the 

biowaiver monographs of proguanil hydrochloride and cephalexin monohydrate 

with the aim of determining whether the D/S ratio is equal or less than a volume 

of 250 ml over the entire pH range.30, 31 The solubility classification of newly added 

compounds of the EML was also based on those requirements, but was reduced 

to determinations at only the key pH values to provide information about the eli-

gibility for the biowaiver procedure for this larger number of APIs.55 
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Figure 3. Solubility determination approach based on the miniaturized shake-flask method. 
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2.2. Study protocol for solubility studies 

To standardize solubility experiments for different APIs in the context of BCS bio-

waiver monographs, the requirements and recommendations for solubility deter-

minations that were discussed in the previous section are summarized into a 

study protocol (see Table 1). The study protocol is comparable to the published 

protocol in the solubility classification study regarding newly added compounds 

of the EML,55 but gives more advice about how to design the experiments for 

biowaiver purposes. The solubility classification of proguanil hydrochloride and 

cephalexin monohydrate followed this protocol.30, 31 The experimental setup is 

shown in figure 3. 

Table 1. Study protocol for the solubility determination of APIs in the context of biowaiver monographs 

Conditions Comments 

1. Preparation of solu-

bility samples in Uni-

prepTM syringe-less 

filters 

Prepare compendial buffers with a pH of 1, 1.2, 4.5, 

6.8 and, if applicable, at the pKa, the pKa ± 1 and at 

the pH of any known solubility minimum (buffer 

check: pH ± 0,05). 

 Weigh an excess of the API into UniprepTM vials (n 

≥ 3 for each pH/buffer). 

Add three mL of the buffer solution to each Uni-

prepTM vial. 

Seal vials with the UniprepTM plungers. 

2. Shaking + incubation Samples are incubated in an oven maintained at 37 

± 1 °C and shaken for 24 hours, e.g. on an orbital 

shaker at 45 rpm. 

Regular visual inspection is recommended. 

3. Filtration Before filtration, check the status of dissolution, i.e. 

whether any solid API could be visually detected. 

Push the UniprepTM plunger into the vial to effect 

filtration. 
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Conditions Comments 

4. Sampling + dilution Withdraw an aliquot of the filtrate and dilute it to an 

appropriate concentration for analysis (to be deter-

mined in preliminary studies). 

5. pH measurement Measure the pH of the buffer to detect any changes 

to the pH value during the dissolution process. 

6. HPLC analysis Quantify the concentration of dissolved API via a 

validated stability-indicating HPLC method. 

7. Solubility classify-cat-

ion based on the BCS 

Calculate mean solubility values. 

Calculate mean dose/solubility ratios with the high-

est dose strength, the highest single therapeutic 

dose and the highest dose strength listed on the 

current EML. 

Classify APIs with one or more ratios larger than 

250 mL as “not highly soluble”, APIs with values 

equal or less than 250 mL at every tested pH as 

“highly soluble”. 

The study protocol presented in Table 1 for solubility determination is based on 

the shake-flask method. To minimize the amount of necessary material and lower 

the costs, the experiments can be performed in a miniaturized approach, specif-

ically in UniprepTM syringeless filter systems, for example with a capacity of three 

milliliters and a PTFE filtration membrane with a pore size of 4.5 µm. The con-

struction of those filter vials is shown in figure 3. For the experiments for 

proguanil, cephalexin, and the EML compounds, the original test volume of 250 

ml was scaled down to three ml. To calculate the necessary amount of API pow-

der, the minimum solubility value which must be achieved for a classification as 

“highly soluble” was calculated by dividing the highest dose (highest dose 

strength or highest single therapeutic dose) by 250 ml. The result was multiplied 

by three for the use of a three ml UniprepTM vial. A slight excess to this resulting 

amount was weighed into the vials. The buffers for the solubility experiments can 

be chosen according to Table 2. If incompatibilities of the API with buffer compo-

nents are known, alternative buffer solutions can be selected from the European 
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pharmacopoeia. All buffers should be prepared according to the instructions of 

the respective pharmacopoeia. 

Table 2. Buffer selection for different pH values according to the biowaiver guidelines 

Test pH Recommendations by biowaiver guidelines Comments 

USP59 Int. Ph.60 

1.0 Not available Not available USP hydrochloric 

acid buffer pH 1.2 

adjusted to 1.0 

1.2 Hydrochloric acid 

buffer 

Not available Int. Ph. Dissolu-

tion buffer pH 1.3 

could be adjusted 

to pH 1.2;61 Ph. 

Eur. Dissolution 

buffer62 is also 

feasible 

4.5 Acetate buffer Dissolution buffer, 

pH 4.5, TS (phos-

phate buffer) 

- 

6.8 Phosphate buffer Dissolution buffer, 

pH 6.8, TS (phos-

phate buffer) 

- 

pKa Hydrochloric acid 

buffer, acid phthalate 

buffer, neutralized 

phthalate buffer, phos-

phate buffer, alkaline 

borate buffer, acetate 

buffer and citrate 

buffer are feasible 

Dissolution buffer pH 

1.3, 2.5, and 3.5 are 

feasible 

Ph. Eur. buffers63 

are also feasible 

pKa – 1 

pKa + 1 

The buffer pH must be checked prior to the experiment and noted for the report. 

The acceptable deviation for the pH value is extracted from the requirements for 

the preparation of buffers for dissolution tests of solid oral dosage forms. Since 
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this study protocol does not include a pH adjustment after addition to the API 

powder, it is important that the pH value is as exact as possible. The initial pH is 

compared with the pH after the experiment to provide information about the 

acidic/basic behavior of the API. Once the media are prepared, samples for every 

pH and replicate can be set up. The buffer is added to the API powder in the vial 

and the vial chamber is sealed temporarily. As quickly as possible, the prepared 

UniprepTM vial should be incubated and shaken. During the 24-hour incubation 

time, the status of the solution should be checked occasionally. Especially if the 

powder dissolves immediately after addition of the buffer, crystals in the solution 

might indicate a precipitation reaction which should be noted and reported. 

Changes in color and/or odor are also important to note, as they usually indicate 

degradation reactions. Any observations regarding these instabilities should be 

noted and reported with the results of the solubility studies. This applies particu-

larly after the 24 h period before filtration. pH measurements during the study 

should be avoided to prevent alterations in the sample composition. 

After filtration with the UniprepTM plunger, samples are withdrawn from the filtrate. 

They are diluted and analyzed promptly to avoid issues regarding the sample 

solution, e.g. precipitation during cooling. After sample withdrawal and dilution, 

the pH of the buffer in every vial must be checked (it should not be measured 

before the sampling since the handling of pH electrodes might adulterate the 

composition and concentration of the sample solution). The pH of the samples 

will be measured at room temperature, which is why the pH of the buffer should 

be adjusted at the same temperature during media preparation. 

The determined concentrations of dissolved API should be expressed in mg/ml. 

Very small numbers can be expressed decimally, for instance ten to the power of 

minus three (10-3).55 The solubility of the API at each pH value should be reported 

as the mean value of all replicates. With these results, the calculations for the 

different D/S ratios can be made. The chosen dose value should be divided by 

the solubility value obtained from each individual replicate of the experiment. The 

calculations are carried out for every pH that was evaluated. For every pH condi-

tion, the mean D/S ratio should be calculated and reported. The same procedure 

applies for each of the doses to be considered (FDA, EMA, WHO) if these differ. 
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The dose/solubility profile over the tested pH range of every dose should be con-

sidered for the solubility classification. Highly soluble APIs are those which show 

D/S values equal or less than 250 ml at all tested pH values. All others must be 

classified as “not highly soluble”. 

If a “not highly soluble” solubility value is accompanied by a significant change of 

the visual appearance of the test solution and/or if the analysis of the diluted 

samples indicates degradation, e.g. by additional chromatographic peaks to the 

API peak or an altered shape of the API peak, further considerations and poten-

tially additional experiments may be required. Since the information about appro-

priate evaluation of the solubility of degrading APIs are sparse in the biowaiver 

documents published by the health authorities, the decision tree published with 

the solubility classifications of the newly added APIs of the EML can be used as 

a guide when dealing with degradation challenges.55 A more specific study pro-

tocol for those situations can be found in Table 3. 

Table 3. Study protocol for APIs that show degradation in the regular solubility study 

Conditions Comments 

1. Sample preparation 

for degradation study, 

i.e. a stability-indicat-

ing solubility study 

Evaluate every pH condition at which degradation 

was observed in a different experiment. 

Prepare buffer solution(s) according to the regular 

study protocol and prepare a clear solution with the 

API based on the results of the 24 h solubility ex-

periment or literature values. Filter the solution 

through a membrane equal to the UniprepTM filter 

membrane into a sealable container (e.g. small 

glass jar). 

Take the first sample right before incubation, dilute 

and analyze immediately. 

2. Degradation test pe-

riod 

Incubation and shaking of the container according 

to the regular study protocol. 

Withdraw continuously samples; dilute and analyze 

them immediately. In the first hour, chose small 
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Conditions Comments 

sampling intervals, which correspond to the run 

time and number of injections of the HPLC analysis 

method for prompt quantification (e.g. chromato-

graphic run time: 7 min, injections: 2   sampling 

interval: 15 min). Increase the intervals after the first 

hour (e.g. sampling every half or full hour). 

Check for potential changes in the appearance of 

the samples, e.g. a change in color or odor, and 

note them for the report. 

The degradation study should be carried out for at 

least 1-3 hours, depending on the pH of the me-

dium. 

3. pH measurement Measure the pH of the solution at the end of the 

study to detect any changes of the pH value due to 

potential degradation occurred during the incuba-

tion period. 

4. Determination of deg-

radation time points 

Evaluate the extent of degradation on basis of the 

concentrations in the withdrawn samples. Express 

the results in percent of the concentration of the 

pre-incubation sample. For experiments at pH 1.0 

or 1.2 determine whether more than 15% were de-

graded in 1 hour and for experiments at all other pH 

conditions whether more than 15% were degraded 

in 3 hours. If so, note the time point at which 15% 

of the API had decomposed. 

5. Supplementary solu-

bility study 

Perform additional solubility studies for those pH 

conditions at which degradation was observed. 

Sample preparation can be performed as described 

in the regular study protocol; incubation and shak-

ing can be started accordingly 

The duration of the incubation period depends on 

the pH: under gastric conditions, i.e. at pH 1.0 and 
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Conditions Comments 

1.2, it should not exceed 1 hour or the 15% degra-

dation time point, while at all other pH values, the 

incubation period should not exceed 3 hours or the 

15% degradation time point.  

Filtration, pH measurement and analysis of the 

samples can be performed according to the regular 

study protocol. 

6. Solubility classify-cat-

ion based on the BCS 

Calculate mean solubility values and mean D/S ra-

tios according to the regular study protocol. Classify 

APIs with one or more ratios larger than 250 mL as 

“not highly soluble”, APIs with values equal or less 

than 250 mL at every tested pH as “highly soluble”. 

Degradation of a dissolved API is mainly a problem for soluble APIs. It can reduce 

the concentration of the API in solution and, as a consequence, lead to a false 

solubility classification. This process might also change the permeability classifi-

cation, as discussed for the solubility studies with EML compounds.55 A degrada-

tion study is recommended for all pH conditions of the 24 h solubility determina-

tion at which decomposition reactions are observed. By only evaluating the deg-

radation at those pH values, time, material and therefore costs can be saved. A 

single determination without replicates (i.e. n = 1) might also be considered if the 

API is very expensive. Regardless of the number of replicates, the extent and 

rate of the degradation reactions can be estimated and thereby the time frame 

for an additional solubility study can be set. A reasonable amount of API that will 

dissolve completely in a low volume of buffer, e.g. 5 ml, should be chosen for the 

degradation study. If possible, the amount should be sufficient to fulfill the “highly 

soluble” criterion. Literature solubility data or the results from the 24 h experiment 

can be helpful for these considerations. The clear solution should be filtered 

through a membrane filter to eliminate undissolved particles and a first sample 

should be withdrawn before incubation. In this way, all concentrations that are 

quantified later can be expressed as percentage of the original concentration of 

the filtrate. During the incubation period, frequently withdrawn samples help to 

evaluate the degradation process. If possible, the samples should be analyzed 
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immediately to minimize further instability reactions (although ideally the stability 

of the API is established with the validation of the method). The appearance of 

the solution and potential changes of it that were observed during the 24 h solu-

bility study, e.g. precipitation, change in color or odor, should be monitored care-

fully. The FDA recommends determinations in gastric fluid for one hour and in 

intestinal fluid for three hours in cases of instabilities in the GI tract,10 reflecting 

the usual residence time of an orally administered API in the respective GI com-

partment in the fasted state.55 Referring to this suggestion, determinations at pH 

1.0 or 1.2 or other pH values which represent gastric conditions should require a 

minimum incubation period of one hour, all others a period of three hours. The 

media for the degradation study should be the same as for the regular studies 

since the enzymes that are present in the gastric and intestinal Simulated Fluids 

might lead to different solubility results. Although the recommendation of the FDA 

guidance should be the basis for the duration of additional solubility studies, the 

results of the degradation study are a further important consideration. Supple-

mentary solubility studies should be performed according to the regular study 

protocol but for a shorter period which ensures that not more than 15% of the API 

are degraded.55 The BCS solubility classification should be made using the re-

sults of these supplementary solubility experiments. 

The biowaiver monograph should include a detailed report regarding all condi-

tions, measurement, observations, analysis results and additional studies. With 

these information, it can be discussed whether all scientific and juridical prereq-

uisites for a conclusive solubility classification are fulfilled, whether the API is 

“highly soluble” or not, and which challenges in terms of stability are worth con-

sidering for a biowaiver application. 
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2.3. The “minimum solubility” approach 

As discussed in the previous sections, the guidance documents of the FDA and 

the WHO require the determination of the equilibrium solubility of an API i.e. the 

thermodynamic solubility. The thermodynamic solubility is a concrete, compara-

ble value for every substance in a certain solvent at a certain temperature and is 

the most appropriate choice for the calculations for the solubility classification 

according to the BCS. However, the determination of the equilibrium solubility 

has some disadvantages for very soluble APIs. Because of the high amount of 

substance that might be necessary to determine the equilibrium, a thermody-

namic solubility study can be extremely expensive. Even in a scaled-down exper-

imental approach, it might be necessary to use several hundred milligrams per 

sample and with the replicates at different pH conditions several grams could be 

necessary to complete the determination.55 Apart from the costs, the use of sev-

eral grams of substance just for solubility studies is wasteful and ecologically not 

sustainable. In addition, the use of high amounts of APIs with acidic or basic 

properties could lead to the buffer capacity of the medium being overwhelmed in 

some cases. That would require adjustments of the pH, which is less than ideal 

for large scale studies but not practical for small-scale studies.  

Hence, in the biowaiver monographs of proguanil hydrochloride and cephalexin 

monohydrate as well as in the publication comprising the solubility classification 

of several APIs on the EML  the approach taken was to determine the “minimum 

solubility”.30, 31, 55 In the draft protocol for equilibrium solubility studies that was 

published by the World Health Organization in 2018, and which complements the 

WHO biowaiver guideline, exceptions from the principle to evaluate the equilib-

rium solubility are specified: if the required amount of API cannot be provided 

and/or is unaffordable or if the buffer capacity of the pharmacopoeial buffers 

would be exceeded (as may be expected if the API is very soluble, as discussed 

above).14 In those cases, experiments with the highest therapeutic single dose 

gathered from the summary of product characteristics in a volume of 250 mL (or 

proportionally smaller set-ups) are justified. The “minimum solubility” approach 

uses the minimum amount of an API, which – if completely dissolved in the re-

spective volume - results in a D/S ratio of 250 ml or less. The dose plus a small 
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excess (usually 10%) is added to 250 ml of buffer solution and the concentration 

of API is determined after 24 hours at 37°C. Scaled-down experiments are also 

reasonable. If the analysis shows that all API has been dissolved, the concentra-

tion represents the “minimum solubility” (expected for very soluble APIs). This 

value can be used for the calculation of the D/S ratio. Since the solubility is 

thereby reported as a minimum value, the calculated D/S ratio will be a maximum 

value. As long as the D/S ratio is below 250 ml for all media, the drug can be 

classified as “highly soluble”. Table 4 compares the main characteristics of the 

solubility determination method according to the FDA and WHO biowaiver docu-

ments with the “minimum solubility” approach. 

Table 4. Comparison of main characteristics of solubility studies evaluating the equilibrium solubility ac-
cording to the FDA and WHO biowaiver guideline or the "minimum solubility" 

Characteristics Equilibrium solubility “Minimum solubility” 

API Thermodynamic solubil-

ity for APIs with doses 

similar to or greater than 

the amount likely to be 

soluble in 250 ml 

“Minimum solubility” for 

APIs where the dose is 

far lower than the 

amount likely to be solu-

ble in 250 ml / thermo-

dynamic solubility in 24 

hours for APIs with simi-

lar or greater doses 

Preliminary tests Estimation of necessary 

amount of API, neces-

sary equilibrium time 

and potential pH adjust-

ment  

No preliminary tests 

necessary 

Required amount of 

API 

Small excess to the 

amount in mg that is es-

timated to be soluble in 

a volume of 250 ml 

Dose in mg plus a small 

excess (scale down if a 

small-volume method is 

used) 

Duration Until achievement of 

equilibrium (up to 72 h) 

24 hours 
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Characteristics Equilibrium solubility “Minimum solubility” 

Eligibility for scale-

down 

Yes Yes 

calculation for 

 solubility classifica-

tion 

D/S ratio is calculated 

with the dose divided by 

equilibrium solubility 

Maximum D/S ratios cal-

culated with dose di-

vided by “minimum solu-

bility” 
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2.4. Precipitation – case example proguanil hydrochloride 

An important step during a solubility study for a biowaiver monograph is to check 

the dissolution status at the end of the incubation period. It is possible to visually 

detect a residue at the bottom of the UniprepTM vial. A residue may be present for 

different reasons. Optimally, it is the physicochemical unchanged excess of the 

API powder that was weighed in the vial, indicating that the solution is saturated 

and the equilibrium is reached. Another possibility is that the residual substance 

consists of the API which precipitated in another polymorphic form than the form 

which was weighed in for the experiment. It might also originate from a decom-

position reaction of the API resulting in degradation products which are not solu-

ble. In another case, the formed precipitate consists of a complex or a salt built 

from the API and buffer ions, which lowers the solubility product. 

Precipitation, most probably caused by a complex or salt reaction, was observed 

after the first and also after the final solubility studies for proguanil hydrochloride 

at some pH conditions.30 The tendency of proguanil hydrochloride to react with 

buffer media was already observed during pilot studies conducted to choose ap-

propriate buffers. The pKa of proguanil hydrochloride that is relevant for the bio-

waiver solubility studies is 2.3. Therefore, solubility studies at a pH of 2.3 and at 

one pH unit below (1.3) and above (3.3) the pKa, respectively, were necessary 

for a guideline-conform pH-solubility profile in addition to the evaluations at pH 

1.0/1.2 (hydrochloric acid buffer), 4.5 (acetate buffer), and 6.8 (phosphate buffer). 

Following the study protocol shown in Tables 1 and 2, buffers at the extra pH 

values were chosen from the list of buffer solutions of the USP.59 For pH 1.3, a 

hydrochloric acid buffer was selected. For pH 2.3 and 3.3, the USP provides an 

acid phthalate buffer. Small-scale tests with proguanil and the phthalate buffer 

revealed an immediate flocculation, likely due to salt formation. In order to find 

another appropriate medium, (compendial) citrate and maleate buffers with pH 

2.3 and 3.3 were tested, but these showed similar reactions. It was concluded 

that phosphate ions from a phosphate buffer might lead to comparable problems 

(it was postulated that the flocculation would also occur at pH 6.8, since most 

buffers at this pH are phosphate buffers and both, the USP and the Int. Ph., rec-

ommend the use of a phosphate buffer at this pH).59, 61 For this reason, phosphate 
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buffers pH 2.3 and 3.3 with a phosphate concentration as low as possible were 

chosen for the study (European Pharmacopoeia).63 The addition of the buffer to 

the powder showed no immediate reaction and proguanil seemed to dissolve 

completely (also in the phosphate buffer at pH 6.8). However, after the 24-hour 

incubation interval, residues were visible in all vials that contained a phosphate 

buffer. As shown in Table 5, the solubility values determined under these condi-

tions were significantly lower than the values at other pH points, for example at 

pH 1.2 and 4.5. The lowest value was observed at the pKa. The solubility at pH 

6.8 was similar to the solubility determined at pH 3.3, which was an unexpected 

result. However, observations confirmed the hypothesis that proguanil hydrochlo-

ride would also interact with phosphate ions. The phosphate buffer solution R1 

from the European Pharmacopeia contains the highest amount of phosphate ions 

of all buffers used for the solubility studies.63 Therefore, the low solubility value 

obtained in that medium is in line with formation of a poorly soluble salt with phos-

phate. Alternative compendial buffers without any critical counter ions were 

tested for the three pH conditions, e.g. USP hydrochloric acid buffer pH 2.3,59 Ph. 

Eur. buffer solution pH 3.5 (acetate-hydrochloric acid),63 DAB 7 acetate-borate 

buffer pH 6.85,64 and Ph. Eur. 1 M tris-hydrochloride buffer solution pH 6.8.63 The 

results of the solubility experiments in the alternative buffers are also shown in 

Table 5. 

Table 5. (Minimum) solubility results with percentage dissolved of the test amount of proguanil hydrochlo-
ride in different pharmacopoeial buffers over a pH range of 1-6.8 

pH condition Original Study Alternative Comments 

 Buffer 
 Determined solubility in mg/ml 

(Mean ± SD) 

 Amount dissolved (Mean ± SD) 

1.0 Hydrochloric acid 

buffer pH 1.2 

USP, 

adjusted to 1.0 

  

4.3 ± 0.4  

100%  
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pH condition Original Study Alternative Comments 

 Buffer 
 Determined solubility in mg/ml 

(Mean ± SD) 

 Amount dissolved (Mean ± SD) 

1.2 Hydrochloric acid 

buffer pH 1.2 

USP 

  

4.21 ± 0.11  

100%  

1.3 Hydrochloric acid 

buffer pH 1.3 

USP 

  

4.1 ± 0.9  

100%  

2.3 Buffer solution pH 

2.2 Ph. Eur. 

(phosphate 

buffer), 

adjusted to 2.3 

Hydrochloric acid 

buffer pH 2.3 

USP 

Crystalline resi-

due after incuba-

tion period of orig-

inal study, alter-

native buffer me-

dium avoids pre-

cipitation, buffer 

capacity not 

ideal30 

1.35 ± 0.29 5.3 ± 0.4 

32.66% 100% 

3.3 Phosphate buffer 

solution pH 3.2 

Ph. Eur., 

adjusted to 3.3 

 Crystalline resi-

due after incuba-

tion period of orig-

inal study, no ap-

propriate alterna-

tive pharmaco-

poeial buffers 

found – final solu-

bility result 

2.58 ± 0.26  

60.27%  
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pH condition Original Study Alternative Comments 

 Buffer 
 Determined solubility in mg/ml 

(Mean ± SD) 

 Amount dissolved (Mean ± SD) 

4.5 Acetate buffer so-

lution pH 4.5 Ph. 

Eur. 

  

4.7 ± 0.6  

100%  

6.8 Phosphate buffer 

pH 6.8 USP 

Phosphate buffer 

solution pH 6.8 

R1 Ph. Eur. 

Large crystalline 

residue after incu-

bation period of 

original study, 

buffer with higher 

phosphate con-

centration de-

creases solubility 

value 

2.89 ± 0.06 0.94 ± 0.09 

74.03% 21.75% 

The change of the buffer medium for the solubility determination at pH 2.3 from 

a phosphate to a hydrochloric acid buffer resulted in a clear solution without pre-

cipitates and increased the solubility value from 1.53 to 5.3 mg/ml. In the latter 

case, a minimum solubility was determined since 100% of the weighed-in powder 

was dissolved. Instead of the notation as a mean value with the standard devia-

tion, the “minimum solubility” is presented as greater than or equal to value (≥ 5.3 

mg/ml) and the results of the EML solubility studies were published in this way.55 

Although, it must be noted, that the change in the pH from 2.3 to 2.8 which was 

observed at the final pH measurement indicates that the buffer capacity was ex-

ceeded.30 Since the ability of the USP hydrochloric acid to control the pH is lower 

at higher pH values, this result was expected. Nevertheless, other buffers should 

be selected at this pH for APIs with stronger basic properties. For the determina-

tion at pH 3.3, no appropriate non-phosphate buffer could be found. Therefore, 

the result from the study in the phosphate buffer was published with the final 

solubility results and an additional information of the final dissolution status. A 
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“minimum solubility” value could not be reported at pH 6.8 either. As observed for 

pH 2.3 and 3.3, the proguanil hydrochloride powder dissolved immediately after 

the addition of the buffer. After the incubation, a crystalline residue could be de-

tected in the pH 6.8 vials and only 74% was still in solution. Thus, it can be as-

sumed, that the missing 26% were dissolved initially and precipitated later with 

the phosphate ions, but only to a minor degree compared to the experiment with 

the phosphate buffer solution R1 from the Ph. Eur.. The change of the test me-

dium to a Ph. Eur. buffer solution decreased the amount of dissolved proguanil 

hydrochloride from ~ 74% to ~22% and was accompanied by a sediment consist-

ing of large crystals. The difference between the phosphate concentration in 

these two buffer solutions explains the difference in results at pH 6.8.  

The results at all three critical pH values nevertheless fulfill the “highly soluble” 

criterion of the BCS, with maximum D/S ratios of < 250 in each case ml.30 Only if 

the highest therapeutic single dose were to change to more than 400 mg, would 

the BCS classification of proguanil hydrochloride.  

The proguanil case example illustrates why experimental conditions that influ-

ence the results of the solubility determination should be avoided. False negative 

decisions as to the eligibility for a biowaiver must be avoided and therefore, phys-

icochemical incompatibilities should be checked in advance and, if possible, ex-

cluded by choosing appropriate experimental conditions. In case of an unavoid-

able influence of the experimental conditions, as in the case of the proguanil sol-

ubility determination at pH 3.3, all information regarding inconclusive results must 

be reported. 

The problems encountered with the phosphate buffer lead to an obvious disad-

vantage of the current methodology for the solubility determination over a physi-

ological pH range. Although phosphate buffers are often used for studies in the 

context of a BCS classification (e.g. pharmacopoeial buffers,59, 61, 63 Simulated 

Intestinal Fluid (SIF),65 Fasted State Simulated Intestinal Fluid (FaSSIF)66), they 

do not reflect the physiological conditions in the gastrointestinal tract perfectly: 

the buffer capacity is too high and bicarbonate, not phosphate, is the main buffer 

in the fasted intestinal fluids. The use of a maleic acid-sodium chloride-sodium 
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hydroxide buffer, which is the basis for the composition of FaSSIF-V2 (FaSSIF 

Version 2),67 a biorelevant medium, is an even worse choice in the case of 

proguanil. The ideal buffers for the solubility determination would be those similar 

to the human fluids at the respective pH, e.g. a bicarbonate buffer for the condi-

tions in the upper small intestine (pH 6.8).68 Since this is a condition that is not 

practicable due to the instability of the pH in bicarbonate buffer, it is at advisable 

to choose a buffer species which doesn’t interact negatively with the drug under 

study. Biorelevant media come closer to the in vivo situation in terms of buffer 

capacity, but to date are not mentioned in the guidances. These media have a 

composition closer to that of intestinal fluids, containing for example bile salts 

which can enhance the solubility of the API and therefore lead to lower dose/sol-

ubility ratios.  The only real benefit of the conservative approach currently taken, 

which is based on the use of compendial buffers with not bile components, is the 

lower risk of false positive biowaiver decisions. 

In the case that the test conditions cannot be changed to avoid their influence on 

the solubility results, a suitable approach to evaluate the precipitation character-

istics of an API might be a precipitation study which observes the progress of the 

precipitation at frequent intervals. Furthermore, solid-state characterization of the 

precipitate would provide insight to any morphology or chemical changes that the 

API has undergone.  
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2.5. Degradation – case example cephalexin monohydrate 

Physicochemical instabilities include degradation reactions caused by light, tem-

perature, pH, air humidity etc. In the case of cephalexin monohydrate, a pH-de-

pendent instability in aqueous solutions has been extensively reported in the lit-

erature.69–72 In general, the development of stability-indicating methods for study 

and analysis of cephalexin were quite complex. For example, cephalexin can be 

purchased as a “hydrate” with the molecular formula C16H17N3O4S · xH2O (x not 

specified) and the CAS number 1820673-23-1.73 It is clearly different to 

cephalexin monohydrate with the formula C16H17N3O4S · H2O and the CAS num-

ber 23325-78-2.73 The difference is important, since the anhydrous form and the 

dihydrate are also registered substances which show different physicochemical 

characteristics, e.g. a different solubility or hygroscopicity.74–76 In addition, the 

solubility of cephalexin monohydrate in organic solvents like acetonitrile or meth-

anol seemed to be low. The preparation of standard solutions of cephalexin mon-

ohydrate in organic solvents for the validation of the analysis method and calibra-

tion before the quantification was not possible, e.g. linearity in methanol could not 

be established: the results were not reproducible. The poor solubility in organic 

solvents was also the reason for the choice of the phthalate buffer at pH 3.7, 

since the buffer solution pH 3.7 of the European Pharmacopoeia contains ethanol 

and was therefore not suitable for the studies with cephalexin.63 Table 6 shows 

the results of the 24-hour solubility study at all relevant pH conditions including 

the percentage that was dissolved from the amount weighed into the vials and 

including observations that were made after the incubation. 
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Table 6. (Minimum) solubility results with percentage dissolved of the test amount of cephalexin monohy-
drate in different compendial buffers over a pH range of 1-6.8 

pH condition Buffer/ 
(Minimum) Solubility in 
mg/dl/ 
Percentage dissolved 

Comments 

1.0 Hydrochloric acid buffer 

pH 1.2 USP, 

adjusted to 1.0 

Sulfurous odor, bubbles, 

determination of “mini-

mum solubility” 

≥ 4.15 

100% 

1.2 Hydrochloric acid buffer 

pH 1.2 USP 

Bubbles, no visible 

powder residue 

4.09 ± 0.33 

98.41% 

1.7 Hydrochloric acid buffer 

pH 1.7 USP 

Sulfurous odor, bubbles, 

no visible powder resi-

due 4.36 ± 0.3 

94.73% 

2.7 Phosphate buffer solu-

tion pH 2.8 Ph. Eur., ad-

justed to pH 2.7 

Bubbles, no visible 

powder residue 

4.65 ± 0.52 

96.96% 

3.7 Phthalate buffer solution 

pH 3.6 Ph. Eur., 

adjusted to pH 3.7 

Sulfurous odor, small 

bubbles, slightly yellow 

color 

3.90 + 0.46 

89.12% 

4.5 Acetate buffer solution 

pH 4.5 Ph. Eur. 

Strong sulfurous odor, 

deep yellow color  

2.57 ± 0.28 

55.71% 
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pH condition Buffer/ 
(Minimum) Solubility in 
mg/dl/ 
Percentage dissolved 

Comments 

6.8 Phosphate buffer pH 6.8 

USP 

Yellow color 

2.38 ± 0.08 

56.79% 

After incubation, the appearance of the initially colorless solution had changed at 

all pH conditions. Most of the samples showed numerous bubbles at the wall of 

the vials. They might be the gaseous product of a (degradation) reaction during 

the incubation period but could also have consisted of air which had been solu-

bilized at room temperature before the incubation. A sulfurous odor could be de-

tected from some samples but could not be assigned to all vials with bubbles. In 

comparison to the samples with lower pH values, residues of powder could be 

observed in the vials with the pH conditions of 3.7, 4.5 and 6.8. In addition, the 

color of the solution had changed to yellow at these three conditions. The darkest 

color was observed at pH 4.5. Especially the change in the color indicated a 

chemical reaction during the incubation period. A reaction, in fact a degradation 

of cephalexin is well described in the literature under pH conditions of 6.8 or 

above.70, 72 Therefore, a low solubility value at this pH was expected. By contrast, 

the literature reports the highest stability for cephalexin at pH 4.5.71 Hence, the 

similar (or an even more intense) reaction observed at this pH was completely 

unexpected. However, additional peaks in the chromatograms of the samples at 

both pH values supported the assumption of a degradation reaction. The resulting 

solubility at pH 3.7 (mean value 3.90 ± 0.46 mg/ml) would result in a D/S ratio of 

259 ± 29 ml. Regarding the BCS cut-off value, this result would clearly lead to a 

borderline decision as to the BCS class. Since the solution color had changed 

and powder residues were visible in the pH 3.7 vials, the pH was taken into con-

sideration in the ensuing degradation study according to the study protocol (see 

Table 3). Single cephalexin samples were tested at each of the three pH condi-

tions and analyzed immediately to ensure the stability of cephalexin monohy-

drate. Because of a runtime of 10 mins for the HPLC analysis and the minimum 

of two repeats, the sampling time for the first hour was every 20 minutes. Table 
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7 shows the percentage of quantified cephalexin monohydrate at each time point 

relative to the quantified amount in the first sample which was withdrawn imme-

diately before the incubation. 

Table 7. Percentage of quantified cephalexin monohydrate for the period of the degradation studies per-

formed at pH 3.7, 4.5 and 6.8 

Sampling time 

point [min] 

Percentage of quantified cephalexin monohydrate in 

related to the quantified amount at 0 mins 

pH 3.7 pH 4.5 pH 6.8 

0 100 100 100 

20 100 100 99 

40 101 99 99 

60 105 97 99 

120 99 93 94 

180 101 96 93 

240 101 96 90 

It must be noted that these are values obtained from a study design with n=1. For 

determination of the degradation rate, a higher number of samples would be 

needed. However, the study described above was only intended to serve as a 

rough estimate for the decision on the duration of the subsequent solubility study. 

Ideally, a duration that is relevant to the physiological process of intake, dissolu-

tion and absorption of an immediate release solid oral dosage form can be cho-

sen. Based on the results of Table 7, the incubation time for the supplementary 

solubility study was set to three hours. An abbreviated solubility study was not 

performed at pH 3.7 since the dissolved amount did not decrease during the four-

hour degradation study. A potential alternative explanation for the low solubility 

obtained in the 24-hour study is poor wettability of the powder. The results of the 

supplementary solubility studies at the two other pH values are shown in Table 

8. 
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Table 8. Results of supplementary solubility studies of cephalexin including the percentage dissolved of 
the test amount at pH 4.5 and 6.8 

pH condition (Minimum) Solu-

bility 3 h 

in mg/ml 

Percentage dis-

solved 

(Maximum) 

D/S ratio 3 h 

in ml (1000 mg) 

4.5 4.13 ± 0.71 95.61% 247 ± 47 

6.8 4.14 ± 0.31 88.50% 243 ± 18 

Table 8 shows an obvious increase of more than 50% for the solubility of 

cephalexin at pH 4.5 and 6.8 obtained from the three-hour solubility study com-

pared to the values of the regular 24 h study. The corresponding HPLC chroma-

tograms from the quantitative analysis did not show any critical characteristics. 

Both findings corroborate a theory of a time-dependent degradation reaction of 

cephalexin in buffer solutions of 4.5 and 6.8. However, the values for the D/S ratio 

calculated with a dose of 1000 mg cephalexin indicate a borderline decision in 

terms of the BCS class. The mean values are below 250 ml, but taking the stand-

ard deviations into account, the values might exceed the BCS class cut-off value. 

In addition, the percentage dissolved values are below 100%. At pH 6.8, no pow-

der residues were visible at the end of the three-hour incubation period. There-

fore, the lower percentage does probably not originate from a reduced dissolu-

tion, but the beginning of the degradation reaction which is in accordance with 

the results from the degradation study. At pH 4.5, the vials showed a few powder 

grains at the bottom of the test chamber. Possible explanations for this observa-

tion include an insufficient shaking rate during incubation and/or wettability prob-

lems. Once more, the color of the cephalexin/pH 4.5 buffer solution had turned 

(light yellow), although a significantly higher amount of cephalexin was quantified. 

This was also observed during the degradation study at pH 4.5. Therefore, a fur-

ther root cause analysis evaluating the correlation of the color change with the 

degradation reaction (e.g. degradation product with high extinction coefficient in 

the yellow range) would be interesting. Additionally, the influence of the pH and 

buffer components on the phenomenon should be investigated, given, that 

cephalexin was stable in the mobile phase which consisted mainly of water with 

a measured pH of 5 for more than 24 hours and considering literature reports that 

attest that the highest stability of cephalexin is at pH 4.5.  
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A decision tree has been published for solubility determinations in the context of 

BCS-based biowaivers, taking into account degradation.55 Besides APIs which 

show no degradation in the 24-hour solubility study and can therefore be classi-

fied using the results of the regular solubility determinations, there are APIs which 

show degradation at all or certain pH conditions of the original study. In the case 

of cephalexin, the solubility in acidic i.e. gastric media is high. Hence, for the 

solubility classification and also the absorption process, the amount of cephalexin 

that is available despite the degradation process in intestinal media must be de-

termined. In such cases, a shorter, supplementary solubility whose results are 

included in the BCS classification is performed. For cephalexin the three-hour 

study results at pH 3.7, 4.5 and 6.8 as well as the 24-hour study results were 

used to define the solubility characteristics. Although the results in the three-hour 

studies could be considered borderline because of the standard deviations, 

cephalexin monohydrate was classified as “highly soluble” using the mean val-

ues. Because the degradation at pH 4.5 and 6.8 did not exceed 15% in three 

hours, the permeability classification was not affected.55 

For other drugs, it is not necessary to know the solubility after a physiologically 

relevant time period, for example if the solubility at pH conditions reflecting the 

absorption site (pH 6.8) does not meet the “highly soluble” criterion and thus the 

assignment to BCS Class I or III is not possible. Folic acid and rifabutin, which 

show degradation in acidic media, are examples of this type of substance. Nev-

ertheless, the degradation behavior for APIs like these should be reported and 

discussed.   
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2.6. Optimization of the “minimum solubility” determination 

approach 

The study protocol for the “minimum solubility” approach was developed for sol-

ubility studies in the context of BCS-based biowaivers and takes the requirements 

of the biowaiver guidelines published by health authorities FDA, WHO and EMA 

into consideration. Therefore, results which are obtained by solubility studies with 

this design could be used for a biowaiver procedure. It can be used not only for 

very soluble APIs but also for those which have less favorable D/S ratios, since 

in those cases the attempt to dissolve the dose in 250 ml of buffer (or the equiv-

alent in the scaled down approach) will also permit a decision about whether the 

API is highly soluble or not. Thus, the “minimum solubility” determination ap-

proach allows a fast, in some cases even a visual distinction whether the cut-off 

criterion for the solubility classification according to the BCS is fulfilled or not.  

The ability to screen a high number of substances, e.g. a screening of APIs that 

are listed on the WHO EML and whose qualification for a biowaiver procedure is 

a matter of particular interest, can be realized with the “minimum solubility” ap-

proach.55 It could be followed by other screening studies, especially since the 

amount of required materials, e.g. API, buffer and filter, and as a result the mate-

rial costs are comparably low. Since preliminary studies to determine the equilib-

rium time are not necessary, the time that must be invested for the study is lim-

ited. Indeed, the most time-consuming step is the development and validation of 

the HPLC analysis method. In many cases, the use of a pharmacopoeial method 

including a system suitability test can reduce the time to establish an analysis 

method. In other cases, a simple reversed phase chromatography method with a 

two-component mobile phase (e.g. acetonitrile/water with the opportunity to ad-

just the pH according to the properties of the tested API) is sufficient. Despite a 

potential time investment and costs associated with this quantification method, 

the HPLC analysis is recommended in order to obtain information about potential 

physicochemical instabilities occurring during the solubility study. 
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An ideal solubility determination for a biowaiver monograph, which disregards the 

factors costs and time, should consider some additional aspects. Steps both be-

fore and after the incubation have potential for improvement or adding investiga-

tions. The media which are required for solubility studies by the health authorities 

and which are used for the presented approach reflect only the pH conditions of 

the different aqueous media to which an API in an immediate release solid oral 

dosage form is exposed during the passage through the gastrointestinal tract. 

Other characteristics, including the presence of surfactants and enzymes in gas-

trointestinal fluids, are neglected when using compendial buffers. The incorpora-

tion of such components should lead to solubility results with a higher physiolog-

ical relevance. Although the authors of the original Biopharmaceutics Classifica-

tion System did not define particular physiologically relevant media as basis for 

the classification, they emphasized the importance of an in vitro setting reflecting 

the in vivo conditions.2 Since various simulated gastric and intestinal media on 

basis of buffers have become available since then, solubility studies in these bi-

orelevant media, e.g. fasted state simulated gastric or intestinal fluid (FaSSGF or 

FaSSIF), could be a valid addition. 

Not only the choice of medium but also the preparation of the medium is worth 

reconsidering. Different pharmacopoeias require a degassing procedure for buff-

ers that are used for dissolution tests.62, 77 In the light of the results of the 

cephalexin solubility study, that requirement should also apply for media used for 

solubility studies. Numerous gas bubbles were observed in the cephalexin test 

tubes after the incubation, some of which were attached to the cephalexin powder 

particles and reduced the wettability of the solid API. In cases where bubble for-

mation is not due to the gaseous product of a chemical reaction between API and 

medium, degassing the test medium would reduce or exclude the impact of dis-

solved air in the aqueous media on the solubility results. 

In cases where a residue is visible during or after the incubation period, different 

reasons for its origin are conceivable. The solid particles might look unchanged 

compared to the powder particles that were weighed in the test vial indicating 

wettability issues or a poor solubility of the tested API. But if the solid state looks 

different to the initial texture of the particles, it might be a solid polymorphic form 
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of the API or a solid product from a reaction of the API with the medium that 

precipitated during the incubation. In the latter cases, a characterization of the 

nature of the residue would provide essential information about necessary 

changes in the study design, e.g. the choice of test medium for more conclusive 

solubility results. 

After incubation, all undissolved particles should be separated from the solution 

by filtration. The syringeless filters which were used in the solubility protocol de-

scribed herein were chosen because of the convenient handling and the low ma-

terial costs. The material of the filter membrane, polytetrafluorethylene (PTFE), 

is also utilized in conventional shake-flask solubility studies, in which the filtration 

is carried out with a syringe and a filter. Filters consisting of other membrane or 

fiber materials, e.g. nylon, polyvinylidene fluoride (PVDF) or glass fiber, are avail-

able. PTFE is a particularly inert material and should therefore not influence the 

solubility results by API/filter reactions. It has also been shown to have lower ad-

sorption properties than many other filter materials.78 Nevertheless, depending 

on the characteristics of the tested API and the chosen media, specific absorption 

studies are appropriate, especially if low concentrations in the filtrate are not ex-

pected. 

In some cases, the solubility value itself requires further consideration, especially 

for borderline APIs. For proguanil hydrochloride, the maximum dose was divided 

by the mean solubility value and the result was rounded to a whole number.30 

Since the D/S ratios of all pH conditions are in a similar range and far from the 

BCS cut-off value of 250 ml, a simple number is sufficient and easy to use for the 

BCS classification. For cephalexin monohydrate on the other hand, the D/S val-

ues are close to the cut-off value.31 In this case it is recommended to calculate 

the D/S ratios by dividing the dose by each solubility value obtained per pH and 

average over the results. Though this calculation leads to the same mean value 

for the reported D/S ratio at a given pH (e.g. proguanil hydrochloride pH 1.0: ~93 

ml vs. ~94 ml, cephalexin monohydrate pH 1.0: ~241 ml vs. ~241 ml), calculating 

and reporting the mean value plus the standard deviation or even the individual 

values can make a difference, since it is possible that some values may exceed 

the 250 ml cut-off. This second way of calculation is also advisable if the solubility 
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values of each sample differ from each other to a great extent. It is conceivable 

that some observations or calculations do not allow a conclusive solubility classi-

fication, e.g. if the API powder only dissolves completely in two of three samples 

due to wettability or other, unidentified, problems. In this case, a study setup with 

more samples than the minimum requirement of n=3 might be helpful since it 

would reduce the impact of outlier results. Even if this cannot be realized, the 

standard deviation can be used for a solubility classification considering the worst 

case. 
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3. Summary and Outlook 

3.1. Summary 

The work of this thesis contributed to two different projects. On the one hand, the 

biowaiver monograph series – a publication series pursued by the FIP focus 

group “Bioclassification/Biowaivers” - was continued with the publication of the 

biowaiver monographs for proguanil hydrochloride and cephalexin monohydrate. 

On the other hand, the determination of the solubility of newly added APIs of the 

16th and 17th version of the EML at key pH values realized a continuous BCS 

classification of essential APIs formulated in immediate release solid oral dosage 

forms, a project which was initiated by the WHO. 

A common interest of both projects is the solubility characterization as first step 

of the BCS classification of APIs listed on the WHO model list of essential medi-

cines. Only highly soluble APIs, i.e. BCS Class I and III APIs, are eligible for the 

BCS-based biowaiver. This approval procedure for generic solid oral drug prod-

ucts allows the determination of bioequivalence based on in vitro dissolution tests 

if certain requirements are fulfilled by the API candidate and the product formula-

tion. Waiving time- and cost-intensive pharmacokinetic bioequivalence studies in 

humans, the BCS-based biowaiver approach enables the approval of generic 

drug products, which meet high quality standards and can be offered at an af-

fordable prize at the same time. High-quality generic products are an important 

tool of global public health care since the widespread availability of affordable 

high-quality medicines is crucial, especially when it comes to essential medicines 

and the control of diseases for which only a few and/or expensive treatments are 

available. 

Proguanil hydrochloride and cephalexin monohydrate are two of the essential 

medicines, which are listed on the EML. Proguanil hydrochloride is an antimalar-

ial API, that is mainly used for prophylaxis, and cephalexin monohydrate is an 

anti-infective agent belonging to the group of cephalosporin antibiotics. The bio-

waiver monographs of both APIs present solubility values over a pH range of 1-
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6.8, which were obtained in experimental solubility studies. The resulting 

dose/solubility ratios demonstrate that proguanil hydrochloride and cephalexin 

monohydrate are “highly soluble” according to the BCS biowaiver guidelines of 

the health authorities FDA, EMA and WHO (proguanil hydrochloride: BCS Class 

III, cephalexin monohydrate: BCS Class I). Therefore, both APIs are eligible for 

a BCS-based biowaiver approval.  

Biowaiver monographs are published under the auspices of the FIP focus group 

“Bioclassification/Biowaivers” and present an assessment of all information about 

an API that are regulatory relevant for a submission to the health authorities and 

for a potential approval of a generic product of this API via a BCS-based bio-

waiver: general characteristics with a focus on the therapeutic index and toxicity 

of the API, its physicochemical und pharmacokinetic properties, existing dosage 

forms (including excipients) and their performance regarding dissolution and bio-

equivalence. Where literature information about solubility characteristics and dis-

solution behavior are inconclusive or not available, the authors can provide data 

from additionally conducted studies to compete the assessment. 

While the biowaiver monographs discuss all prerequisites for a BCS-based bio-

waiver procedure that must be fulfilled by proguanil and cephalexin as API and 

as generic product formulation, the publication regarding APIs, which were newly 

added to the 16th and 17th edition of the EML and which have various indications, 

presents a screening of these APIs with respect to their eligibility for a biowaiver 

based on the BCS Class. Nine of 16 APIs, whose solubility was determined at 

regulatory key pH values (pH 1.2, 4.5 and 6.8) due to insufficient literature data, 

are “highly soluble” according to the biowaiver guidelines. Based on their BCS 

class, those APIs are eligible for the biowaiver procedure. 

Both projects illustrate that experimental solubility studies are essential in case 

that research results from the open pharmaceutical literature are incomplete or 

inconclusive, i.e. solubility values at certain pH values are not available or values 

from one source are inconsistent with those of another source. In the context of 

a biowaiver monograph, the design of a solubility study should fulfill all regulatory 

criteria regarding an appropriate solubility classification of an API but should also 
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meet the needs of those who aim to provide solubility characterizations of several 

APIs in order to prepare future biowaiver monographs primarily of those APIs 

which are “highly soluble” and therefore currently eligible for the BCS-based bio-

waiver procedure. The solubility determination method presented in this work 

complies with those requirements, i.e. solubility values obtained with this method 

could be submitted to the health authorities as part of a BCS biowaiver request. 

At the same time, the method is suitable to screen several APIs with respect to 

their BCS solubility class since it allows a fast and cost-effective determination of 

reliable data. The study protocol that was initially published with the results of the 

solubility study regarding APIs from the 16th and 17th version of the EML illustrates 

the concept of the solubility determination method. It is based on a small-scale 

set-up of the shake-flask method to determine the equilibrium solubility of an API. 

Furthermore, the method uses the highest dose (highest dose strength or highest 

single therapeutic dose) of an API as necessary amount for solubility experiments 

to determine whether the API is “highly soluble” or not according to the definition 

of the BCS biowaiver guidelines. If the dose plus a slight excess is completely 

dissolved in a volume of 250 ml of aqueous medium (or – according to the min-

iaturized set-up – a scaled-down amount of API is dissolved in a corresponding 

volume), the API is “highly soluble”. The solubility results represent a “minimum 

solubility” that is expected for very soluble APIs. Details regarding the steps of 

the study protocol and the concept of the “minimum solubility” approach were 

provided with this thesis. 

Additionally, challenges that might occur during solubility studies, e.g. precipita-

tion or degradation, were addressed. Precipitation reactions were observed for 

proguanil hydrochloride. Several buffer media that were chosen to represent the 

required pH conditions in accordance with the biowaiver guidelines showed pre-

cipitates directly after the addition of the API or later. Consequentially, the amount 

of dissolved proguanil was low in these media at the time of analysis. However, 

it was increased by the choice of other compendial buffer compositions so that 

proguanil hydrochloride was classified as “highly soluble” as a result. Therefore, 

this work does not only present a compilation of buffer media, which are recom-

mended by the biowaiver guidelines, but also discusses the use of other suitable 

buffer media. 
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Cephalexin monohydrate on the other hand showed degradation at certain pH 

values during the solubility study. A subsequent degradation study at these pH 

values determined the extent of degradation and – based on the results – a rea-

sonable time frame for a supplementary solubility study (three hours), which com-

plies with the duration of the relevant physiological processes for a solid oral dos-

age form (intake, dissolution, and absorption). The results of the additional solu-

bility study together with those of the regular solubility study demonstrated that 

cephalexin is a highly soluble API according to the BCS biowaiver guidelines. 

Since the degradation did not exceed 15% in the chosen time frame, the perme-

ability classification (“highly permeable”) was not affected and cephalexin mono-

hydrate was classified as BCS Class I API. A discussion of degradation chal-

lenges was initially published with the results of the solubility determinations of 

the newly added APIs of the 16th and 17th edition of the EML. Following the rec-

ommendations of this publication, the study protocol of the present work includes 

details on the performance of degradation and supplementary solubility studies 

but also addresses key aspects of a stability-indicating analysis method.  

In conclusion, the presented solubility determination method (the “minimum sol-

ubility” approach) is an optimized approach for solubility studies in the context of 

BCS biowaiver monographs. The provided study protocol is applicable for solu-

bility studies whose results – together with other data – should be submitted to 

the health authorities for a biowaiver application but could also be used to estab-

lish solubility characterizations and therefore BCS classes of many APIs in ad-

vance to further evaluations. Certain steps of the study protocol can be optimized 

further, e.g. use of complex buffer media, solid state characterizations, adsorption 

studies for filter material, etc., which would increase the informative value of the 

study but at the same time the complexity of the method. 
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3.2. Outlook 

The “minimum solubility” approach has great potential to be applied as a simple, 

standard method for solubility classifications in the context of BCS-based bio-

waivers and can be extended in the context of pharmaceutical development. 

The protocol for the “minimum solubility” approach could be adopted in the bio-

waiver guidelines as an alternative way to determine the equilibrium solubility, for 

example as part of an appendix to the guidelines. Since the determination method 

is in many ways simpler and cheaper than standard solubility methods, it could 

be applied worldwide to establish the solubility class of biowaiver candidates. 

Continuing the present work, the solubility determination approach should be 

used for the solubility classification of all APIs of the WHO EML which are listed 

as immediate release solid oral dosage forms. Listing the BCS solubility classes 

in a database would provide an overview of all APIs which are eligible for the 

biowaiver procedure. Only the eligible APIs would be assessed further, for exam-

ple in a biowaiver monograph, with regard to the other prerequisites for an ap-

proval based on in vitro dissolution data rather than on pharmacokinetic studies 

in vivo. Thereby, time and costs could be saved while providing wider application 

of the biowaiver procedure at the same time. This would serve the global aim of 

making quality medicines available at an affordable price. 

The “minimum solubility” approach can also be applied during the pharmaceutical 

development of a new API for oral administration as soon as a potential dose 

range is established. For this purpose, the compendial media of the solubility de-

termination method should be replaced by biorelevant media which reflect the 

conditions in the GI tract better, as has been proposed by Rosenberger et al. in 

the refined Developability Classifications System.79 In case that a residue re-

mains after the incubation period, additional solid-state characterizations could 

help to predict the precipitation behavior of the drug. Evaluating whether the dose 

is soluble in a volume of 250 ml of physiologically media or not, is a far more 

useful tool than the equilibrium solubility. 
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4. German summary 

Die vorliegende Arbeit setzt sich aus zwei verschiedenen Projekten zusammen. 

Die sogenannte „Biowaiver Monograph Series“ ist eine Publikationsserie, deren 

einzelne Publikationen (Monografien) von einer Arbeitsgruppe der FIP mit dem 

Themenschwerpunkt „Bioclassification/Biowaiver“ veröffentlich werden. Die Mo-

nografien dieser Serie behandeln jeweils einzelne Arzneistoffe, die von der WHO 

als unentbehrliche Arzneistoffen eingestuft und auf der Liste der unentbehrlichen 

Medikamente („WHO Model List of Essential Medicines“, kurz „EML“) in festen 

Darreichungsformen aufgeführt werden. Unentbehrliche Arzneistoffe sollten welt-

weit jederzeit in qualitativ überprüften Arzneiformen zu einem erschwinglichen 

Preis zugänglich und in angemessenen Mengen verfügbar sein. Im Rahmen die-

ser Arbeit wurden Proguanilhydrochlorid und Cefalexinmonohydrat zur Fortset-

zung der Reihe ausgewählt. Daneben wurde mit einer Studie zur Löslichkeit von 

Arzneistoffen, die auf der 16. und 17. Version der EML neu als essenziell einge-

stuft wurden, ein von der WHO initiiertes Projekt zur Bestimmung der BCS-Klasse 

essenzieller Arzneistoffe in schnellfreisetzenden, festen, peroralen Darrei-

chungsformen fortgeführt.  

Ein erster Schritt und damit ein gemeinsames Interesse bei beiden Projekten war 

die Bestimmung der Löslichkeit für die BCS-Klassifizierung von Arzneistoffen der 

Model List of Essential Medicines der WHO. Aktuell sind gemäß den Richtlinien 

der Gesundheits- und Zulassungsbehörden FDA, EMA und WHO nur hochlösli-

che Arzneistoffe (BCS Klasse I und III) für eine Zulassung per BCS-Biowaiver 

Verfahren geeignet. Dieses spezielle Zulassungsverfahren für generische Arz-

neimittel erlaubt die Bestimmung der Bioäquivalenz mithilfe von in vitro-Freiset-

zungsuntersuchungen anstatt von pharmakokinetischen oder anderen in vivo-

Studien, vorausgesetzt, dass der Arzneistoff und die Formulierung der Darrei-

chungsform jeweils bestimmte Anforderungen erfüllen. Das BCS-Biowaiver Ver-

fahren erleichtert die Marktzulassung von qualitativ hochwertigen und gleichzeitig 

preislich erschwinglichen Generika, da durch den Verzicht auf Studien am Men-

schen Zeit und Kosten in den Vorbereitungen für eine Zulassung deutlich redu-

ziert werden können. Eine weitere Preisreduktion eines Arzneimittels kann sich 
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ergeben, wenn mehrere Generika eines Arzneistoffs zugelassen sind und sich 

dadurch das Marktangebot erhöht. Qualitativ hochwertige generische Arzneimit-

tel sind ein wichtiges Mittel der globalen Gesundheitsversorgung. Eine umfas-

sende Gesundheitsversorgung hängt unter anderem von der Verfügbarkeit von 

bezahlbaren Arzneimitteln, die den gültigen Qualitätsanforderungen entspre-

chen, ab. Dies gilt besonders für unentbehrliche Arzneistoffe; umso mehr, wenn 

diese zur Bekämpfung von Krankheiten mit nur wenigen und/oder teuren thera-

peutischen Alternativen benötigt werden. 

Proguanilhydrochlorid ist ein Arzneistoff, der hauptsächlich in galenisch festen 

Kombinationspräparaten zur Prophylaxe gegen Malaria eingesetzt wird, während 

Cefalexinmonohydrat ein antibiotischer Wirkstoff aus der Gruppe der Cephalos-

porine ist, der oft in festen Formulierungen vorliegt. Beide werden von der WHO 

zu den unverzichtbaren Arzneistoffen gezählt. Die Biowaiver Monografien beider 

Wirkstoffe präsentieren neben zahlreichen anderen Informationen die Löslich-

keitseigenschaften über einen pH-Bereich von 1-6,8. Da für Proguanil und Cefa-

lexin in der Literatur keine Löslichkeitsdaten für alle regulatorisch geforderten 

Werten in diesem pH-Bereich vorhanden waren, wurden experimentelle Bestim-

mungen für beide Substanzen durchgeführt. Zusammen mit der Dosis wurde mit 

den erhobenen Löslichkeitsdaten für jede Substanz das Dosis/Löslichkeitsver-

hältnis („dose/solubility ratio“) bei jedem untersuchten pH-Wert berechnet. Ge-

mäß den BCS-Biowaiver Richtlinien der FDA, EMA und WHO muss dieses im 

pH-Bereich von 1-6,8 unter 250 ml liegen, damit ein Arzneistoff als „hochlöslich“ 

klassifiziert werden kann. Proguanilhydrochlorid und Cefalexinmonohydrat erfül-

len diese Anforderung. Obwohl sich die Stoffe in ihrer Permeabilität unterschei-

den (Proguanil: nicht hoch permeabel, daher BCS Klasse III; Cefalexin: hoch per-

meabel, daher BCS Klasse I), ist damit eine Grundvoraussetzung erfüllt, um ge-

nerische Produkte beider Wirkstoffe über ein BCS-Biowaiver Verfahren zuzulas-

sen. 

Eine Biowaiver Monografie soll eine umfassende wissenschaftliche Betrachtung 

hinsichtlich der Eignung eines Arzneistoffs und seiner generischen Produkte für 

das Biowaiver Zulassungsverfahren gemäß den gesundheitsbehördlichen Best-

immungen vorlegen. Dazu gehört die Beurteilung aller verfügbaren Informationen 
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zu den allgemeinen Eigenschaften des Arzneistoffes (besonders zum Anwen-

dungsgebiet und der Toxizität), zu seinen physikochemischen Eigenschaften, zu 

seinem pharmakokinetisches Profil, zu bereits zugelassenen Produkten des Arz-

neistoffs einschließlich Hilfsstoffen, ihrem Freisetzungsverhalten und Berichten 

über ihre Bio(in)äquivalenz. Wenn Literaturdaten zu Löslichkeit oder dem Frei-

setzungsverhalten fehlen, unvollständig oder widersprüchlich sind, können Daten 

zu diesen Eigenschaften durch Experimentalstudien erhoben werden.  

Während die Biowaiver Monografien von Proguanilhydrochlorid und Cefalexin-

monohydrat ein vollständiges Profil dieser beiden Wirkstoffe und ihrer möglichen 

generischen Produkte zeigen, stellt die Studie zur Löslichkeit von neuen Arz-

neistoffen der 16. und 17. Version der EML ein Screening von vielen Stoffen mit 

verschiedensten Indikationen hinsichtlich ihrer Eignung für ein Biowaiver Verfah-

ren aufgrund ihrer BCS-Klasse dar. Von 16 Arzneistoffen, deren Löslichkeit bei 

den Schlüssel-pH-Werten 1,2, 4,5 und 6,8 aufgrund von fehlenden Literaturdaten 

bestimmt wurde, sind neun nach der Definition der regulatorischen Richtlinien 

„hochlöslich“. Rein im Hinblick auf die BCS-Klasse wären generische, feste Arz-

neiformen dieser neun Wirkstoffe für ein Biowaiver Zulassungsverfahren geeig-

net.  

Die Arbeit an beiden Projekten verdeutlichte die Relevanz von experimentellen 

Löslichkeitsversuchen für den Fall, dass eine Recherche in der allgemeinen phar-

mazeutischen Literatur nicht erfolgreich ist, weil Löslichkeitsdaten für bestimmte 

pH-Werte nicht verfügbar sind oder verschiedene Quellen sich in den Angaben 

zur Löslichkeit widersprechen. Das Design solcher Löslichkeitsversuche muss im 

Kontext von Biowaiver Monografien bestimmte Anforderungen erfüllen. Zum ei-

nen müssen durch das Studiendesign die regulatorischen Kriterien zur Bestim-

mung der Löslichkeitsklasse eines Arzneistoffs erfüllt werden, zum anderen sollte 

die Methode geeignet sein, um die BCS-Klassifizierung von vielen Arzneistoffen 

zu realisieren. Dadurch können zukünftige Biowaiver Monografien vorrangig 

„hochlösliche“ Arzneistoffe berücksichtigen, da aktuell nur diese für ein Biowaiver 

Zulassungsverfahren geeignet sind.  



German summary 

65 
 

Die Löslichkeitsmethode, die in dieser Arbeit vorgestellt wird, erfüllt diese Anfor-

derungen. Löslichkeitswerte, die mit dieser Methode erhoben wurden, können 

bei den Gesundheitsbehörden als Teil einer Zulassungsdokumentation für das 

BCS-Biowaiver Verfahren eingereicht werden. Gleichzeitig erlaubt dieser Ansatz 

der Löslichkeitsbestimmung ein Screening vieler Substanzen im Hinblick auf ihre 

Löslichkeit (und damit ihrer BCS-Klasse) effizient und kostengünstig durchzufüh-

ren und verlässliche Daten zu erhalten. Der Ansatz nutzt als Grundlage die im 

Kleinmaßstab angewendete sogenannte “Shake-Flask”-Methode, mit der die 

thermodynamische oder Gleichgewichtslöslichkeit bestimmt werden. Die Löslich-

keitsexperimente werden mit der höchsten Dosis des Wirkstoffs (höchste Dosis-

stärke oder höchste therapeutische Einzeldosis) durchgeführt, um zu bestimmen, 

ob der Arzneistoff nach der Definition der Richtlinien für BCS-Biowaiver „hoch-

löslich“ ist oder nicht. Wenn die Dosis und ein kleiner Überschuss sich komplett 

in einem Volumen von 250 ml wässrigem Medium (in diesem Fall: eine proporti-

onal kleinere Arzneistoffmenge in einem entsprechend kleinerem Volumen) auf-

löst, ist der Wirkstoff „hochlöslich“. Die Löslichkeit stellt in diesem Fall eine „Mini-

mallöslichkeit“ dar. Für sehr gut lösliche Substanzen ist das zu erwarten. Detail-

lierte Erläuterungen des Prinzips der Minimallöslichkeit sind ebenso Teil der vor-

liegenden Arbeit wie ein Studienprotokoll, von dem eine initiale Version mit den 

Ergebnissen der Löslichkeitsstudie von neuen Arzneistoffen der 16. und 17. EML 

veröffentlicht wurde. Die einzelnen Schritte des vollständigen Studienprotokolls 

werden in der Arbeit ausführlich diskutiert. 

Die Methode und das Protokoll beinhalten außerdem den Umgang mit Heraus-

forderungen bei Löslichkeitsstudien wie zum Beispiel Präzipitation oder Degra-

dation. Präzipitationsreaktionen konnten während der Löslichkeitsstudie von 

Proguanilhydrochlorid beobachtet werden. Mehrere Pufferlösungen, die ausge-

wählt wurden, um die regulatorisch erforderlichen pH-Bedingungen darzustellen, 

zeigten sofort bei Zugabe des Wirkstoffpulvers oder später Präzipitate. Folglich 

war die gelöste Konzentration von Proguanil zum Zeitpunkt der Quantifizierung 

niedrig. Durch eine andere Auswahl von kompendialen Pufferlösungen konnte 

die quantifizierte Menge jedoch gesteigert werden, sodass Proguanil final als 

„hochlöslich“ klassifiziert werden konnte. Weil dieser Fall zeigt, wie entscheidend 

die Wahl des richtigen Puffermediums für das Ergebnis einer Löslichkeitsstudie 



German summary 

66 
 

sein kann, bietet diese Arbeit nicht nur eine Aufstellung der gemäß den BCS-

Biowaiver Richtlinien geforderten Puffermedien, sondern diskutiert zusätzlich den 

Einsatz von anderen geeigneten wässrigen Pufferlösungen. 

Cefalexinmonohydrat wiederum zeigte während der Löslichkeitsstudie bei be-

stimmten pH-Werten Zersetzungsreaktionen. Eine nachfolgend durchgeführte 

Degradationsstudie bei genau diesen pH-Werten ermittelte das Ausmaß in Ab-

hängigkeit von der Zeit und – basierend auf diesen Ergebnissen – einen sinnvol-

len Zeitrahmen (drei Stunden) für eine ergänzende, verkürzte Löslichkeitsstudie. 

Die festgelegte Dauer der Zusatzstudie steht im Einklang mit der physiologischen 

Zeitspanne, die für Einnahme, Auflösung und Absorption einer festen Arzneiform 

zur peroralen Einnahme in nüchternem Zustand durchschnittlich angenommen 

wird. Die Ergebnisse dieser zusätzlichen Löslichkeitsstudie zusammen mit denen 

der Original-Löslichkeitsstudie zeigten, dass Cefalexin entsprechend dem BCS-

Biowaiver Richtlinien „hochlöslich“ ist. Weil die Zersetzung im gewählten Zeitrah-

men einen Wert von 15 % nicht überstieg, ist die Permeabilitätseinstufung für 

Cefalexin („hoch permeabel“) nicht beeinträchtigt.  Daher wurde Cefalexinmono-

hydrat final der BCS-Klasse I zugeordnet. Die Herausforderungen, die Zerset-

zungsreaktionen für eine Löslichkeitsstudie bedeuten, wurden ursprünglich in der 

Veröffentlichung der Löslichkeitsstudie der EML-Wirkstoffe diskutiert. Entspre-

chend den Empfehlungen dieser Publikation beinhaltet das Studienprotokoll De-

tails zur Durchführung von Degradations- und zusätzlichen, verkürzten Löslich-

keitsstudien und geht darüber hinaus auf Kernaspekte einer stabilitätsindizieren-

den Analysemethoden ein.  

Die vorgestellte Löslichkeitsbestimmungsmethode basiert auf dem Ansatz der 

„Minimallöslichkeit“ und stellt ein optimiertes Design für Löslichkeitsstudien im 

Kontext von BCS-Biowaiver Monografien dar. Das dazugehörige Studienproto-

koll kann bei Löslichkeitsstudien angewendet werden, deren Ergebnisse den Zu-

lassungsbehörden zusammen mit anderen Daten für eine Zulassung per Biowa-

iver Verfahren eingereicht werden sollen, aber auch verwendet werden, um die 

Löslichkeitsklasse vieler Arzneistoffe im Vorfeld von weiteren, detaillierteren Un-

tersuchungen einzelner Wirkstoffe zu bestimmen. Für einen höheren wissen-

schaftlichen Informationswert einer Löslichkeitsstudie können einzelne Schritte 
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des Protokolls noch weiter optimiert werden (z.B. Einsatz komplexerer Pufferme-

dien, Feststoffanalytik von Pulverrückständen, Filteradsorptionsstudien), was je-

doch die Komplexität der Methode erhöht. 
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