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ABSTRACT 

Characterization of the efficacy and safety of pharmaceuticals is typically carried out by the 

pharmaceutical industry through assessment of pharmacokinetics in clinical trials performed in humans. 

However, outcomes of those studies do not depend only on the active pharmaceutical ingredient (API) 

but also on the whole pharmaceutical product. Therefore, even though two different products contain 

the same API at the same dose in the same dosage form, they may still showcase different 

efficacy/safety profiles. This situation can even occur after post-approval changes in the 

manufacturing/formulation of the same product. Considering the infeasibility of performing clinical trials 

every time a new formulation needs to be tested, the development of surrogate in vitro and in silico 

biopredictive methods becomes increasingly relevant. The aim of this dissertation is to discuss the 

development and implementation of biopharmaceutic methods to predict oral drug absorption from 

immediate release (IR) dosage forms. 

Carbamazepine (neutral) and ibuprofen (weak acid) were used as model drugs of the biopharmaceutic 

classification system (BCS) class II (highly permeable and poorly soluble), while acyclovir served as an 

example of the BCS class III (poorly permeable and highly soluble). Regarding carbamazepine, a high 

level of agreement between in vivo observations and the dissolution of tablets under compendial 

dissolution conditions (900 ml, 1% sodium lauryl sulfate media, apparatus II, 50 rpm) was found, as 

shown in Publication 1. For the second case, a biopredictive in vitro dissolution methodology for two 

ibuprofen suspensions was developed using bicarbonate buffer at physiological concentrations and 

compared to their in vivo equivalent dissolution. Moreover, the concept of surface pH and mechanistic 

mass transfer analysis were employed to successfully develop a surrogate media utilizing phosphate 

buffer (Publication 2). Conversely, for a BCS class III drug, as acyclovir, the pharmacokinetic profiles in 

subjects are determined by the permeability rather than the solubility in gastrointestinal fluids. The effect 

of the excipient chitosan on acyclovir permeability was better predicted by mucus-secreting ex-vivo 

models, such as rat jejunum mounted on an Ussing-chamber set-up (Publication 3). Furthermore, the 

variability in acyclovir oral pharmacokinetics seems to rely on physiological variables rather than 

formulation aspects related to tablet dissolution. In fact, the input of the in vitro dissolution of acyclovir 

tablets into a physiologically-based pharmacokinetic (PBPK) model resulted in the correct prediction of 

their bioequivalence, in spite of their different dissolution rates (Publication 4). 

In conclusion, biopharmaceutic prediction of oral absorption is possible for IR dosage forms, provided 

the surrogate methodology is rationally selected. The consideration of both the drug's physical-chemical 

parameters and the interaction between the pharmaceuticals and gastrointestinal contents are critical. 

The implementation of predictive surrogate methods in the pharmaceutical industry, as well as their 

acceptance from regulatory agencies, may result in the acceleration of drug development, while also 

reducing the number of clinical trials.
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ZUSAMMENFASSUNG 

Die Charakterisierung der Wirksamkeit und Sicherheit von Pharmazeutika wird in der pharmazeutischen 

Industrie üblicherweise durch Erhebung pharmakokinetischer Daten in klinischen Studien im Menschen 

durchgeführt. Das Ergebnis dieser Studien hängt dabei nicht nur von dem untersuchten Wirkstoff alleine 

ab, sondern vor allem von dem eingesetzten pharmazeutischen Produkt. Daher kann es dazu kommen, 

dass zwei Produkte, die den identischen Wirkstoff enthalten, unterschiedliche Wirksamkeits- und 

Sicherheitsprofile aufweisen.  Basierend auf der Annahme, dass die erneute Durchführung klinischer 

Studien bei geringfügigen Änderungen in der Formulierung oder im Herstellprozess dasselbe Produkt 

nicht praktikabel ist, zeigt, dass die Entwicklung bio-prädiktiver Surrogat in vivo und in silico Methoden 

von zunehmender Bedeutung ist.  Zier dieser Dissertation ist es, die Entwicklung und Etablierung 

biopharmazeutischer Methoden für die Voraussage der oralen Resorption aus schnellfreisetzenden 

Formen (immediate release, IR) zu diskutieren.  

Carbamazepin (neutral) und Ibuprofen (schwache Säuere) wurden dabei als Modellsubstanzen des 

biopharmazeutischen Klassifikationssystems (BCS) Klasse II (hochpermeabel und schwerlöslich) 

ausgewählt. Aciclovir dient als Beispiel für eine Substanz der BCS Klasse III (schlecht permeabel, 

hochlöslich). Für Carbamazepin wurde eine gute Übereinstimmung zwischen den in vivo beobachteten 

Parametern und den nach Arzneibuchbedingungen durchgeführten Freisetzungsversuchen aus den 

Tabletten (900 ml, 1% Natriumdodecylsulfat Medium, Apparatur II, 50 rpm), wie in Publikation 1 gezeigt, 

gefunden.   Für Iburpofen wurde eine bioprädiktive in vitro Freisetzungsmethode unter Verwendung 

eines physiologischen Bicarbonatpuffersystems entwickelt. Dabei wurde das Freisetzungsverhalten von 

zwei Ibuprofen Suspensionen in vitro unter Verwendung der entwickelten Methode mit dem 

Freisetzungsverhalten in vivo verglichen.  Außerdem wurde das Konzept des Oberflächen pH-Werts 

und der mechanistischen Massentransferanalyse angewendet um ein Phosphat-Surrogatpuffersystem 

zu entwickeln (Publikation 2). Für die BCS Klasse III Substanz Aciclovir ist die Permeabilität der 

entscheidende Faktor, der das pharmakokinetische Profil der Substanz in vivo bestimmt. Die Löslichkeit 

in den Medien des Gastrointestinaltrakts spielt hierbei eine untergeordnete Rolle.   Der Effekt von 

Chitosan auf die Permeabilität von Aciclovir konnte mithilfe eines ex-vivo Mukussekretionsmodells 

vorausgesagt werden. Dabei wurde Ratten Jejunum auf einem Ussing-Kammer Setup fixiert 

(Publikation 3).  Darüber hinaus konnte gezeigt werden, dass die physiologische Variabilität einen 

größeren Einfluss auf das pharmakokinetische Profil von Aciclovir hat, als die 

Freisetzungsgeschwindigkeit von Aciclovir aus den unterschiedlichen Tablettenformulierungen.  Das 

Einsetzen von Eingangsvariablen aus den Freisetzungsdaten von Aciclovir Tabletten in ein 

physiologisch-basiertes pharmakokinetisches (PBPK) Modell resultierte in der korrekten Voraussage 

der Bioäquivalenz, trotz unterschiedlicher Freisetzungsgeschwindigkeiten in vitro (Publikation 4).  

Zusammenfassend kann festgehalten werden, dass die biopharmazeutische Voraussage der oralen 

Absorption von IR Darreichungsformen möglich ist, wenn die Surrogat Methode rational ausgewählt 

wird. Dabei müssen sowohl die physikochemischen Parameter des Wirkstoffs als auch die Interkation 

zwischen den Pharmazeutika und den Inhaltsstoffen des Gastrointestinaltrakts berücksichtigt werden. 

Die Implementierung von Surrogat Methoden in der Pharmazeutischen Industrie, sowie deren 
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Akzeptanz von regulatorischen Behörden, könnte zu einer Beschleunigung der Arzneimittelentwicklung 

beitragen und gleichzeitig die Anzahl an klinischen Studien reduzieren.   
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Chapter 1. Introduction 

The development of oral drug products with intended systemic therapeutic effect demands the 

characterization of pharmacokinetics during early stages of development. This depiction is key 

to screen the likelihood of success for a given product. In these trials, healthy subjects are 

administered with the product and plasma samples are collected over time. And since 

formulation variables typically affect only the pre-systemic processes involving the drug, then 

the impact of those formulation variables on plasma concentration levels is a reliable indicator 

of their impact on the pharmacodynamic response. Therefore, these studies can be considered 

a good surrogate for assessing clinical efficacy and safety, as it allows the determination of 

drug concentrations in the bloodstream over time. 

With the time and cost of these studies limiting the drug development process, [1,2] the 

improvement of in vitro and in silico tools capable to predict the outcomes of such a study is of 

major importance for pharmaceutical industry. Moreover, predictive methodologies may further 

reduce the number of clinical trials needed for a given product, because they can be used as 

screening tools before coming to pivotal studies. 

In order to predict drug pharmacokinetics, it is critical to understand that drug concentrations 

in plasma are a consequence of the gastrointestinal (GI) absorption process. Hence, the 

understanding of biopharmaceutics is key to achieve accurate predictions. Biopharmaceutics 

has been defined as the “interdependence of biological aspects of the living organism (the 

patient) and the physical-chemical principles that govern the preparation and behavior of the 

medicinal agent or drug product”.[3] Therefore, the introduction section of this dissertation 

includes a detailed literature review on the state of the art for both gastrointestinal physiology 

and physical-chemical processes governing drug absorption, namely dissolution and 

permeation. The knowledge in these areas would form the basis to developing surrogate 

methodologies that successfully predict the absorption from immediate release (IR) solid oral 

dosage forms. 

Considering their physical-chemical characteristics, drugs can be classified into four different 

classes according to their solubility and permeability features.[4] In this dissertation, four case 

studies are presented for drugs belonging to BCS classes II (high permeability/low solubility) 

and III (low permeability/high solubility). The results of this work consist of four peer-reviewed 

publications that the reader can find at the appendix section. Overall, this dissertation shows 

examples of biopharmaceutic predictive (biopredicitve) methods successfully developed. 

Further, the implications and opportunities attached to these findings are also discussed. 
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1. Bioavailability and bioequivalence 

After oral administration, the drug must transit through the gastrointestinal tract where its 

absorption takes place prior to reaching the bloodstream (see sections below for details). 

Thereupon, the amount of drug that reaches the systemic circulation is subsequently 

eliminated by one or several mechanisms until all drug is eventually cleared from the system. 

The drug concentrations in plasma versus time profile can be plotted for a drug administered 

by the oral route. In this case, it is expected that drug levels in plasma initially rise, followed by 

a decrease at later times, as a consequence of drug elimination. In this regard, the concept of 

bioavailability was introduced to make reference to the drug biologically available to exert its 

pharmacological effect, i.e., drug that reached systemic circulation. According to the Food and 

Drug Administration (FDA) of the United States, bioavailability is defined as: “the rate and 

extent to which the active ingredient or active moiety is absorbed from a drug product and 

becomes available at the site of action”.[5] From this definition, the area under the curve (AUC) 

becomes an important parameter as it represents the extent of absorption into the 

bloodstream. As such, the maximum concentration (Cmax) is another relevant parameter, which 

additionally accounts for the rate of absorption. 

Bioavailability studies are widely used not only for investigational new drugs, but also for the 

development of generic products. Although generics contain drugs with “known” efficacy and 

safety, these latter factors may differ from those initially reported for the original product. This 

will happen if differences in the formulation and/or manufacturing processes have an effect on 

the absorption of the drug. Thus, a comparative bioavailability study (bioequivalence study) is 

needed to assess potential discrepancies between plasma profiles generated by the original 

(reference) product and the generic (test). In case of absence of statistical differences between 

the reference and test products, the formulations are deemed bioequivalent, provided they 

share the same active compound, dose and dosage form. Furthermore, changes in 

bioavailability (and therefore in efficacy and safety) can also occur for products already in the 

market if raw materials, manufacturing equipment and/or processes are altered post-approval. 

Comparative bioavailability studies may also be required in this type of scenarios to verify that 

efficacy and safety remain the same. 

Bioavailability studies in many cases require human healthy volunteers to be carried out. This 

means that ethical concerns are given considering all different scenarios where a bioavailability 

study might be required (bioequivalence, post-approval changes, testing of new formulations, 

batch-to-batch uniformity, assessing the effect of food on absorption, among many others). 

Furthermore, they are costly in terms of time and finances for pharmaceutical industry. 

Moreover, the possibility of an unsatisfactory result is always real, which may further increase 

the cost, time and number of subjects used for experimentation. The consequences of this 
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may impact not only the manufacturer, but also patients, whose access to efficacious and safe 

medicines is disrupted. In this scenario, the development of predictive surrogate 

methodologies may provide a solution in order to reduce the monetary and time costs related 

to pharmacokinetic trials, as well as, to reduce the number of in-human studies. Therefore, 

there is a need for developing/improving the state of the art with respect to surrogate tools for 

in vivo testing. In this manner, the number of bioavailability studies can be decreased to a 

minimum or even waived, if scientifically justified. Furthermore, surrogate methodologies with 

high predictive power can be used in early stages of development to screen the most promising 

formulations with higher probabilities of succeeding in bioavailability trials. 

 

2. The oral route of administration 

2.1 Common oral dosage forms 

The word “drug” is often utilized in everyday life to make reference to any sort of medicine. 

However, the administration of a therapeutic agent needs for a vehicle (dosage form), such 

that the drug, also called active pharmaceutical ingredient (API), is carried by the dosage form 

to the site of absorption or targeted tissue. Oral solutions are the simplest dosage form to 

enable oral drug administration. In this dosage form, the API is dissolved in a proper solvent 

(typically water). Inactive pharmaceutical ingredients (excipients) can be added to this 

formulation in order to improve, for instance, drug solubilization, stability or ease of 

administration. As for less water-soluble APIs, oral solution formulations may not be the first 

choice, since their manufacturing will be limited by the poor solubility of the drug solid material 

and the dose required. This issue may be overcome by formulating the product as a 

pharmaceutical suspension. According to European Pharmacopeia, this latter type of 

formulation is considered a liquid dosage form.[6] However, and unlike solutions, suspensions 

also contain a solid phase dispersed in the external liquid phase. Most of the amount of the 

poorly soluble API is contained in the dispersed particles, whereas a minor fraction of the dose 

is dissolved in the external phase at a concentration equal to drug solubility. Here, excipients, 

such as surfactant additives, are critical to decrease the internal energy of the system and 

stabilize the dispersion. Dispersed solid particles make the difference between solution and 

suspensions not only in terms of manufacturing, but also in their clinical performance. While 

all the amount of drug is immediately available to be absorbed in case of solutions, drug 

absorption from suspensions requires previous API dissolution. Hence, dissolution rate may 

affect not only drug absorption, but also plasma concentrations and, therefore, its 

pharmacological effects. 

On the other hand, solid oral dosage forms are perhaps the most common among oral drug 

products. In fact, they are preferred by both users and physicians in many countries around 
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the world.[7,8] Moreover, the manufacturing process for solid dosage forms also displays 

several advantages, for instance longer drug stability, taste-masking, cost-effectiveness, large-

scale production, as well as the possibility to control the release (e.g. through enteric coating). 

Unlike liquid dosage forms such as solutions or suspensions, the release from solid dosage 

forms involves disintegration as step prior to dissolution. In the case of immediate release (IR) 

dosage forms, the API is rapidly released upon disintegration of the vehicle. Hence, these 

dosage forms are preferred in cases when rapid therapeutic effect is desired (e.g., 

instantaneous pain relief, antiinflammation), whenever high plasma concentrations are 

needed, or for APIs with wide therapeutic range (e.g., some antibiotics/antivirals).[3] Typical 

examples of IR solid oral dosage forms encompass tablets, hard-shell capsules, granules, 

among many others. These types of dosage forms commonly use excipients, such as fillers, 

disintegrants, lubricants and binders. Even though excipients are “inactive” ingredients (due to 

the lack of intrinsic pharmacological activity), they might be able to impact the clinical 

performance of the therapeutic agent. The reason for that is the role they could play on the 

physico-chemical processes and interactions occurring in the gastrointestinal tract, such as 

disintegration, dissolution and/or absorption.[9] Similarly, manufacturing parameters could also 

have an impact on the final clinical outcome of the product (e.g. particle size effect on 

dissolution).[10] The basis for these interactions are explained in the following sections. 

 

2.2 Physiology of the oral route 

The oral route offers several advantages, such as non-invasiveness, patient compliance, 

convenience for repeated and prolonged use, safety, among others.[3] In spite of its 

convenience, this route of administration sometimes results in irregular, unpredictable and/or 

suboptimal clinical outcomes. As for two different products containing the same API in the 

same dosage form, at the same strength, potential differences in their clinical performance are 

most likely caused by pre-systemic events involving disintegration, dissolution and/or 

absorption. Hence, interactions between formulation variables and gastrointestinal (GI) 

features are key to understand and anticipate these differences. Accordingly, the development 

of predictive surrogate (in vitro and in silico) tests that account for relevant physiological 

aspects has captured the attention of pharmaceutical industry, regulatory agencies and 

academia. The importance of these tests lies on their potential to detect an early failure of the 

product in clinical trials, to understand unsatisfactory clinical outcomes in patients treated with 

an existing product and to rationally guide the (re)formulation of drug products (i.e., generics 

for which bioequivalence needs to be demonstrated). However, the success of these 

techniques relies on their ability to correctly simulate the critical physiological feature for that 

given product. In the following sections, the physiology of the oral route is described. Further, 
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it is important to consider that critical physiological conditions and luminal contents may change 

depending on the fasted/fed state of the subject. As for oral bioavailability/bioequivalence 

purposes, the performance of single dose trials under fasted conditions typically represents 

the most discriminative conditions. Hence, gastrointestinal physiology under fasted conditions 

is specially emphasized throughout this section. 

i. Gastrointestinal transit 

Gastric transit. Pharmaceutical products orally ingested follow the GI transit. Thus, the 

ingested material may undergo absorption into the systemic circulation, biotransformation 

(metabolism) and/or may be excreted with the feces. After being swallowed, the drug product 

reaches the stomach within few seconds.[11] The basal water of volume in fasted subjects has 

been determined between 25 and 45 ml by magnetic resonance imagining (MRI) techniques, 

which rapidly increases after drinking water.[12–14] Likewise, emptying of gastric water occurs 

relatively fast, with an apparent first-order emptying half-life of around 11 – 15 min.[13,15] 

Functionally, the stomach can be divided in three anatomical regions namely fundus, body 

(corpus) and antrum, from proximal to distal.[16] While the first two parts carry out storage 

functions, the antrum works as a mill for the ingested material.[17] The dynamics for gastric 

contents under fasted conditions depends on phases of the inter-digestive migrating motor 

complex (IMMC). Phase I is characterized by long periods (approx. 90 min) with reduced 

contractile activity.[18] During phase II (10 – 20 min), contractions become stronger, which has 

been evidenced by an increase in stomach pressures measured by high-resolution 

manometry.[19] Lastly, stomach contraction reaches the strongest peristaltic contractions 

under phase III (also known as housekeeping waves). This contractile phase lasts 

approximately 10 – 15 min and propagates from proximal to distal.[18] Gastric emptying into 

the duodenum requires materials to pass through the pyloric sphincter, which acts as a gastric 

sieve. Accordingly, the rapid gastric emptying of water and dissolved compounds would be a 

consequence of limited pyloric resistance to these fluids. Conversely, for non-digested solid 

materials (>1 mm), their gastric emptying may take place during phase III of the IMMC under 

fasted conditions.[18] Therefore, the gastric residence of pharmaceuticals under fasted 

conditions relies on their disintegration/dissolution in stomach fluids, as well as on the IMMC 

phase they are ingested. On the other hand, the IMMC pattern is disrupted upon food ingestion. 

Gastric emptying becomes slower under these conditions and the mechanical shear is 

increased.[20] This physiological change is beneficial for nutrition, since it provides the food 

with longer gastric times and larger fluid volumes to allow its digestion and dissolution in the 

stomach prior to nutrient absorption in the small bowel.[18] However, this alteration also 

exemplifies how fed conditions may reduce discrimination between two immediate release 

products. With gastric emptying being slower, the pre-absorptive time for dissolution becomes 

longer and clinical differences due to dissolution may be overlooked under these conditions. 
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Small intestinal transit. Luminal contents that leave the stomach reach the small intestine. From 

proximal to distal, the small bowel is divided into three segments, namely duodenum, jejunum 

and ileum. The duodenum receives fluids not only from the stomach, but also from pancreas 

and liver. These latter organs secrete pancreatic juice and bile, respectively, into the 

duodenum through the coledocus.[16] The duodenal segment ends at the duodenojejunal 

flexure, a bit distal to the the ligament of Treitz, around 25 to 30 cm after the pylorus.[21] Transit 

of material along the duodenum seems to be fast, as even large non-disintegratable tablets 

and capsules left the duodenum in less than 5 min.[11,18] 

The jejunal segment is well-known for its pivotal role on nutrient absorption. The enhanced 

surface area in this region is key to favor the absorption process. Even though the intestine 

has been geometrically modeled as a cylinder, the luminal surface of the intestinal wall is not 

smooth.[22] Instead, it shows different folds that houses the villi and crypts. The villus is mainly 

formed by epithelial and goblet cells, while other types of differentiated and undifferentiated 

cells can be found in the bottom of crypts.[22] Furthermore, the surface of the luminal (apical) 

membrane of epithelial enterocytes is additionally folded due to microvilli, thus enhancing the 

intestinal surface. Currently, there is still a debate on the actual small intestinal effective area 

for permeation, although there is agreement that it may be several square meters (estimated 

between 32 – 140 m2).[23,24] Moreover, epithelial cells at the jejunum level are joined by tight-

junctions, which are Ca2+-chelating proteins that keeps epithelial cells connected.[22] 

Accordingly, tight-junctions create inter-cellular (paracellular) pores that also contribute to 

absorption of small molecules. The jejuno-ileal segment is the longest portion of the small 

intestine, with a mean length of around 630 cm measured in post-mortem humans.[21] 

Likewise, transit in this segment is also longer than duodenal transit, such that total small 

intestine transit time (SITT) was in average 3.5±1.0 h.[25] The SITT seems to be very 

consistent, which can be evidenced by the relatively low variability compared to gastric 

residence. Furthermore, similar SITT were shown for different materials, including food, 

tablets, pellets and fluids.[26,27] Interestingly, transit through the small intestine was a discrete 

process that does not occur at constant velocity.[28] This may have to do with the different GI 

pressure patterns, and probably also with the discrete distribution of luminal water in several 

small pockets. The volume of water in the small intestine ranged from 43 to 105 ml,[13,14] 

suggesting that only a minor portion of the intestinal volume is filled with liquid water. Taken 

together, all these features maximize the absorption process in this segment. 

ii. Luminal contents 

Gastric Fluids. The contents in the stomach, as well as the physico-chemical characteristics of 

the gastric fluid strongly depend on the fasted/fed conditions and the type of food taken in.[29] 

Electrolyte concentrations of chloride, sodium, potassium and calcium, were 102, 68, 13.4 and 
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0.6 mM in aspirates of fasted gastric fluid.[30] This data is consistent with the reported ionic 

strength of 100 mM.[30] In addition, the stomach is well-known for its acidic environment. 

Parietal cells in the stomach wall secrete hydrochloric acid due to action of both the H+/K+ 

APTase and chloride channels. The mean gastric pH has been determined in different studies 

to range between 1.6 and 2.7,[15,31,32] such that hydrogen ion concentration is around 10 

mM in stomach. However, large intra- and inter-subject pH variability has been observed in 

fasted conditions, with pH reaching values over 4.0 in some subjects.[29,33] Poor mixing of 

gastric fluid during resting phases of the IMMC and hypochlorhydria may be among the 

explanations for this large variability.[18,29] 

Digestive enzymes are also secreted by gastric chief cells into the gastric lumen to support the 

disintegration/dissolution of food in acidic gastric fluids (chyme formation). The main protein 

secreted is the pepsinogen, which is activated into pepsin at acidic pH. This latter enzyme 

exhibits endopeptidase activity. Protein concentration in gastric aspirates under fasted 

conditions was quantified at 1.8 mg/ml, corresponding mainly to digestive enzymes.[29]  

Both, the acidic nature of gastric fluids and digestive enzymes have the potential to damage 

the stomach wall. Protection is provided by mucus, a viscoelastic hydrophilic gel composed of 

90 – 95% water, 2 – 5% mucin proteins and traces of lipids, proteins, DNA and electrolytes.[34] 

Its gel properties are mainly a consequence of the cross-linked and entangled network created 

by mucins. Chemically, mucins are high molecular weight (MW) glycoproteins containing high 

percentages of glycans (50 – 80% of MW) and non-glycosylated cysteine-rich domains.[35,36] 

Among their glycans, sialic acid is one of the most abundant, conferring the mucus with rather 

acidic properties, due to its low pKa of 2.6.[37] In this manner, the mucus layer slows acid 

diffusion, aiding continuously secreted bicarbonate to neutralize the protons and maintain 

microclimate at the epithelium surface.[38] Concentration of mucin in gastric mucus is around 

20 mg/ml (2%),[39] while mucus layer thickness is 180 µm (among the thickest along the 

human gastrointestinal tract).[38,40] 

Small intestinal contents.  

Upon gastric emptying, the acidic gastric fluid is neutralized in the duodenum by action of the 

bicarbonate secreted with the bile and from Brunner’s glands.[41] Moreover, constant 

bicarbonate supply is provided by epithelial cells through the highly expressed chloride-

bicarbonate (Cl-/HCO3-) exchanger.[22,42,43] Bicarbonate concentrations in duodenum and 

jejunum were determined at 6.7 and 8.2 mM, respectively.[44,45] These values rise from 

proximal to distal small intestine, as bicarbonate concentration was measured to be 30 mM at 

the ileal level.[26,45] In the intestinal lumen, bicarbonate neutralizes hydrogen ions (H+) 

forming carbonic acid, which is next dehydrated into carbon dioxide and water. Given the 

lipophilicity of carbon dioxide, this molecule rapidly permeates across epithelia and is excreted 
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through the breath.[46] Further insights on bicarbonate activity, chemistry and pharmaceutical 

implications can be found in Section 3.3 of the present chapter. As a consequence of 

bicarbonate buffering, proximal to distal luminal pH increases from around 6.8 in jejunum to 

7.4 in ileum.[32,47] However, luminal pH drops after reaching the ascending colon as action 

of colonic microbiota. Metabolism of colonic bacteria generates high concentrations of short 

chain fatty acids (30 mM),[48] such as acetate, reducing bulk pH to approx. 6.5.[47] Buffer 

capacity of intestinal fluids was determined potentiometrically between 3.2 and 5.6 mmol/l/ΔpH 

in duodenal and jejunal fluids,[49] while it increased up to 21.4 mmol/l/ΔpH in ileum.[50] 

Nonetheless, enhanced buffer capacity under physiological conditions is expected, due to both 

the continuous bicarbonate secretion and rapid permeation of CO2, the conjugate acid in 

bulk.[51] 

In addition to bicarbonate, duodenal fluids are also supplemented with pancreatic and liver 

secretions to further support the digestion. On the one hand, bile salts are secreted from the 

gall bladder, through the coledocus, into the duodenal lumen. These compounds are 

surfactants that reduce the surface tension of small intestinal fluids to 32.3 mN/m.[29] 

Concentration of bile salts in fasted jejunum and distal duodenum have been determined, 

respectively, around 2.6 and 2.9 mM.[29,30] However, concentrations may be greater near the 

site of secretion, since concentrations of 4.3 – 6.4 mM have also been reported in duodenal 

fluid from fasted subjects. The main bile acids in small intestinal fluids are taurocholic and 

glycolic acids, accounting for 14 – 45 and 17 – 31% of total bile salts in small intestinal 

aspirates.[52,53] Owing to their surfactants properties, bile acids can form micelles with values 

for critical micelle concentration (CMC) ranging between 2.8 and 12 mM. Micellar aggregation 

and concentrations depend also on the chemical nature of the bile acid, ionic strength and 

presence of other amphipathic compounds, as lecithin. [52] Luminal micelles created by bile 

salts aid in the solubilization of fat-rich meals. Likewise, they can also enhance the solubility 

of poorly soluble drugs.[53,54] On the other hand, juice secreted from the pancreas further 

supports the digestion process. Pancreatic juices consist of a pool of enzymes including 

amylases, lipases and proteases.[26] Protein contents in the fasted duodenum and jejunum 

were measured at 3.1 and 2.1 mg/ml, respectively.[29,30] These luminal enzymes can also 

impact the performance of pharmaceuticals (stability, bioactivation and/or biodegradation). 

Similar to gastric tissue, the intestinal wall is also covered by a mucus layer. At this level, 

covering mucus layer is thinner than stomach and it can be divided in two types of layers, 

namely tightly-attached and loosely- adhered. After being secreted by goblet cells, mucus can 

either form the former type of layer (by adhering to epithelial cells) or create the latter type (by 

continuous secretion).[40] Unlike the tightly-attached layer, the loose mucus is shed, following 

the intestinal transit, such that it works as a preventive mechanism for macromolecules to 
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reach the epithelium. Thus, the thickness of the loosely-adhered layer is regulated by 

continuous secretion, on one hand, and degradation/shedding, on the other. In turn, the tightly-

attached mucus forms a viscoelastic pseudoplastic gel layer that poses an additional 

resistance to radial mass transport.[38,40] 

 

3. Basis for drug absorption 

3.1 Biopharmaceutic classification system 

As mentioned earlier, small intestinal conditions are ideal for absorption of small compounds 

from the lumen into the systemic circulation. Mass transport analysis can be applied to this 

phenomenon to allow for a better understanding of this overall process. The radial mass 

transport that the drug undergoes during absorption can be modeled as a serial resistance 

process (Fig. 1.1). Solubilized drug in the lumen permeates, first, across an unstirred water 

layer from the bulk to the surface of the intestinal wall (intestinal epithelia). Next, a second 

mass transfer step takes place at the intestinal wall, where the drug permeates across the 

intestinal epithelia. From this theoretical analysis, it can be inferred that the reciprocate of total 

absorption rate is equal to the sum of reciprocates for the rate of mass transport across each 

of these two barriers, namely the boundary aqueous layer and epithelial wall.[4] Conversely, 

drug absorption from solid particles requires for a previous step. Their absorption may, then, 

be influenced by drug release/dissolution, which is ultimately a function of its solubility. 

 

Figure 1.1. Scheme representing radial mass transport from intestinal lumen. Permeation through aqueous layer (Pa) 

and through intestinal wall (Pw) are processes disposed in series, meaning that the slowest step would limit the mass 

transport rate from the lumen (i.e., drug absorption). Adapted from reference [23]. 

 

With the small intestine offering the main time window for drug absorption (absorption window), 

the relevance of these two kinetic processes (aqueous and wall permeation, Pa and Pw, 

respectively) is greatest within the small intestinal residence time (around 3 h). Taking this into 

account, Amidon et al. [4] proposed three dimensionless numbers (absorption number, dose 

number and dissolution number, named An, Do and Dn, respectively) to identify the rate 
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limiting step upon oral drug absorption. Briefly, An was defined as the ratio of the residence to 

the absorption time, with this latter parameter being inversely proportional to the effective 

permeability (Peff, cm/s). In turn, both Do and Dn are respectively known as dose and 

dissolution number, both of them refer to drug thermodynamic solubility (Cs, mg/ml).[4] Hence, 

a given API might be classified based on its permeability and solubility, according to the 

biopharmaceutics classification system (BCS, Table 1.1). This classification sheds light on 

predicting the oral absorption of such an API, as it is discussed below. 

Table 1.1. Biopharmaceutics classification system (BCS), adapted from reference [4]. 

BCS class Permeability Solubility Limiting step for absorption 

I High High Gastric emptying 

II High Low Drug dissolution and/or solubility 

III Low High Permeation across intestinal wall 

IV Low Low Difficult to predict (case-dependent) 

 

To exemplify this, one might think about metoprolol, as a model BCS class I compound. For 

this drug, both the permeability and solubility are sufficiently high to be considered as rate 

limiting steps in its oral absorption. Hence, the rate and extent of metoprolol absorption only 

depend on the rate and extent of release from the dosage form. If metoprolol is formulated as 

immediate release solid oral dosage form (e.g., IR tablet) and it is rapidly released from the 

dosage form, its absorption rate relies exclusively on gastric emptying and the extent of 

absorption is expected to be 100% of the dose. This means that, if two different solid IR drug 

products contain qualitatively and quantitatively the same API and they exhibit rapidly similar 

release from the dosage form, they will display comparable bioavailability profiles and, hence, 

they will be most likely bioequivalent. This theoretical scenario becomes less straightforward 

for other BCS classes, as shown below. 

The absorption of a BCS class II drug is limited by its solubility, which affects not only the Do, 

but also the Dn. Hence, unless the drug is extremely poorly soluble (Do>>>1), the rate and 

extent of absorption will be given by the intraluminal dissolution of the API. In this scenario, the 

drug-releasing character of the excipient composition (i.e., tablet disintegration) does not 

correlate with the absorption anymore, such that drug dissolution becomes the major limitation 

to intestinal absorption. Thus, manufacturing parameters with potential impact on in vivo 

dissolution (e.g., particle size) become relevant in this case. Further, in vitro-in vivo correlations 

(IVIVC) are expected for dosage forms containing this type of compounds. This means 

dissolution profiles in an in vitro experimental set-up may correlate to in vivo absorption and/or 

plasma profiles. However, the predictive power of in vitro dissolution methods may be limited 

if physiological aspects are not appropriately considered. 
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Given the physiological gradient of pH along the gastrointestinal tract, it is expected that class 

II compounds behave differently according to their acid-base properties. Therefore, three 

different sub-classes were suggested for BCS II compounds, where the BCS class IIa, IIb and 

IIc corresponded to poorly soluble weak acids, bases and neutral molecules, respectively.[55] 

This sub-classification may have regulatory consequences. For instance, the biowaiver of a 

BCS IIa (e.g. ibuprofen) may be theoretically possible, because of the pH shift upon reaching 

the small intestine to values above its pKa of 4.4,[56] which would increase the ionized fraction 

of ibuprofen. Its anionic form exhibits enhanced solubility, such that ibuprofen would 

theoretically behave as a “pseudo-BCS I”. However, bio-inequivalence has been observed for 

IR ibuprofen tablets as a consequence of non-discriminating in vitro tests.[57,58] 

The BCS class III encompasses APIs whose absorption is limited by their permeation through 

the intestinal wall. If the permeation time is slower than the residence time within the absorption 

window (typically around 3 h for the small bowel), the An will be <1 and drug absorption will be 

incomplete. In absence of active carrier-mediated transport, drug passive permeability across 

intestinal mucosa follows Fickian diffusional kinetics and it depends on concentration gradient 

and drug diffusion through the intestinal epithelium (See section 3.4 for details). Similar to BCS 

I case, it can be expected that oral absorption is not affected by drug dissolution, provided the 

release is very fast.[4] However, class III compounds are more sensitive to little variations of 

intestinal permeability and/or the role of membrane transporters. These physiological factors 

may have an impact on the clinical performance and, thus, they may contribute to subject-to-

subject variability. Consequently, the presence of any “inactive” ingredient in the formulation 

with potential effect on the residence time (e.g. polyols such as mannitol or sorbitol),[59] 

intestinal permeability (e.g. sodium lauryl sulfate or chitosan),[60,61] or carrier-mediated active 

transport (e.g. surfactants, such as polysorbates, PEO castor oil or macrogol derivatives),[62–

64] may cause bio-inequivalence for pharmaceutical equivalents containing BCS III drugs. On 

the other hand, if drug dissolution is considerably slower than permeability, it is theoretically 

possible that in vitro release profiles correlates to in vivo observations, provided the absence 

of any critical excipient in the formulation.[65] 

Finally, given their poor solubility and permeability, the intestinal absorption of the BCS class 

IV drugs is usually problematic and difficult to predict. This is because the rate limiting step to 

the absorption of these drugs is not obvious and cannot be generalized. Furthermore, low 

systemic exposure is expected for this BCS class. This explains why the proper selection of 

excipients and drug delivery system (e.g., complexation or nanoparticles) has become a 

growing research topic for formulating these molecules.[66] 
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3.2 BCS-based biowaivers 

Regulatory agencies worldwide have used the BCS framework to make regulatory decisions 

in terms of waiving from clinical trials (biowaivers).[67,68] Biowaiver were implemented by the 

Food and Drug Administration (FDA) in the United States (US) in the early 2000s, and there 

upon followed by several agencies around the world. Recently, the international council for 

harmonization (ICH) issued the M09 guideline on biowaivers based on the biopharmaceutics 

classification system.[69] According to this guidance, IR solid oral dosage forms containing 

BCS class I and/or III are eligible for biowaivers. However, BCS classification is not the only 

requirement, since the drug products should also fulfill dissolution requirements related to the 

release of the drug. Dissolution experiment should be performed in pharmacopeial buffers at 

pH 1.2, 4.5, 6.8 and at the pH of the lowest solubility, if applies.[69] As for a BCS class I, the 

requirement is that ≥ 85% of the dose is dissolved ≤15 min (very rapid dissolution). 

Alternatively, drug product dissolution may be ≥ 85% of the dose in ≤30 min (rapid dissolution), 

provided that test product dissolution is similar to the reference. Dissolution similarity can be 

assessed by the calculation of the similarity factor (f2), whose value becomes lower than 50 if 

the average difference between curves is higher than 10%.[70] By contrast, requirements for 

BCS class III APIs are stricter than for class I, due to their permeability limitations. Accordingly, 

biowaiver for BCS III drugs is only possible if products show very rapid dissolution. Likewise, 

the presence of critical excipients that may affect the absorption is of higher concern for class 

III, as well. Hence, excipients in test product should be qualitatively the same and quantitatively 

similar (less than 10%) to those in the reference formulation.[69] 

 

3.3 Dissolution 

i. General principles for dissolution 

As previously mentioned, dissolution of small molecules is a critical attribute for predicting the 

performance in vivo of poorly soluble drugs (BCS II). Upon dissolution, solid material is 

transferred from solid to liquid phase. Molecules are dissolved in the liquid phase, forming a 

saturated solution at the solid surface. Drug concentration at this region is equal to the 

saturation solubility of the compound (Cs). At steady-state, the dissolved drug diffuses from the 

concentrated region near the solid surface to the bulk of the solution following the first Fick’s 

law: 

𝐽 =  −𝐷 
𝜕𝐶

𝑑𝑥
      (1.1) 

Where J is the flux (µmol/cm2*s), D is the diffusivity constant (cm2/s) and 𝜕𝐶/dx is the driving 

force for the flux, which depends on the chemical gradient, 𝜕𝐶 (mM), and the position x (cm) 

across the diffusional pathway.[71] In dissolution, this latter distance is denoted as the 
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theoretical length between the solid surface and the bulk solution, also known as the stagnant 

diffusion layer or boundary layer (h). Meanwhile, the concentration gradient is consequence of 

the difference between the saturation concentration (Cs) near the solid surface and the 

concentration in the bulk (C), such that: 

𝐽 = 𝐷
(𝐶𝑠−𝐶)

ℎ
      (1.2) 

Combining equation 1.1 and 1.2 (considering the surface area of the particle “A”, in cm2) and 

rearranging, the mass transport rate from the solid surface into the bulk (dM/dt, in µmol/s) 

across the diffusional layer is described as follows: 

𝑑𝑀

𝑑𝑡
=

𝐷𝐴

ℎ
(𝐶𝑠 − 𝐶)     (1.3) 

 

The equation 1.3 is also known as the Nernst-Brunner equation, which describes the overall 

dissolution rate.[72] The Figure 1.2 shows a schematic representation of the diffusional layer 

model. 

 

Figure 1.2. Schematic representation of the diffusional layer dissolution model at steady-state. Solid state API is 

represented in purple. Fickian diffusion takes place across the diffusion layer according to the concentration gradient. 

Adapted from reference [3]. 

 

ii. Dissolution of small ionizable molecules 

Unlike neutral compounds, dissolution modeling for ionizable drugs demands the consideration 

of the acid-base reactions between drug and either water or buffering species present in the 

media.[73] A model that accounts for diffusional fluxes and chemical reactions of all species 

was deduced by Mooney et al. (Fig 1.3, panel A).[74] Given that chemical reactions are much 

faster than diffusional fluxes, the authors assumed that under steady-state conditions, acid-

base reactions occur at any point within the diffusion layer, such that any equilibrium is reached 

instantaneously (much faster than diffusion of the chemical species).[74] The example in Fig 

1.3, panel A, shows an acidic drug (HA, in purple) which is ionized into its more soluble anionic 
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form (A-, green line) on the solid surface, as shown by the higher concentrations of this latter 

species. 

 

Figure 1.3. Schematic representation of species concentrations (y-axis) versus position (x-axis) proposed by Mooney 

et al. for conventional buffers (A) or Al-Gousous et al. for bicarbonate buffer (B). Solid state weak acid drug is shown 

in purple while color lines show theoretical species concentrations along the boundary layer under sink conditions. 

Models adapted from references [74,75]. 

 

The degree of ionization at the solid surface is dependent on the acidity (equilibrium) constant, 

Ka, according to the equilibrium shown in eqn 1.4. 

      (1.4) 

In presence of a buffered media, the conjugate base species (B-) will diffuse towards the solid 

following the concentration gradient (Fig. 1A, red line). As B- is fluxing into the boundary layer, 

it reacts with the less soluble neutral form (HA), according the equilibrium in eqn 1.5.  

    (1.5) 

Therefore, greater concentrations of A- and H+ are formed within the diffusion layer and near 

the solid surface for buffer containing media. Under sink conditions, this acid-base reaction 

boosts the concentration of the ionic species, hence increasing the chemical gradient across 

the diffusion layer.[74] Thus, this model implies that the higher the concentration of the buffer 

conjugate base, the faster the dissolution of acidic drugs. An additional consequence of this 

reaction is the higher formation of H+ on the solid surface ([H+]0), which in turn may lower the 

surface pH (pH0). Calculation of pH0 is possible with this model by solving a triple polynomial 

equation derived from the mass transport and chemical reaction analysis. This equation was 

reported by Mooney and coauthors,[74] and it states that [H+]0 is a function of known 

parameters, involving diffusional rates for different species, acidity constants, buffer 

concentrations in the bulk and intrinsic solubility of the drug.[74] By knowing the value of [H+]0, 

it is possible to known not only the fraction of drug ionized at the surface, but also the 

calculation of the total drug flux (Jdrug) under sink conditions across a diffusion layer with 

HA  H+ + A-
Ka

HA + B-  HB + A-
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thickness=h is possible. In this scenario, proton generation at the solid surface is equal to 

formation of ionized drug for a monoprotic acid, such that total drug flux is: 

𝐽𝑑𝑟𝑢𝑔 = −𝐷𝐻𝐴
[𝐻𝐴]0

ℎ
(1 +

𝐾𝑎

[𝐻+]0
)     (1.6) 

 
Where the diffusion coefficient, D, is assumed to be the same for both ionized and deionized 

species. Similar to the term pH0, sub-index makes reference to the position with 0 and h being 

the solid surface and the bulk, respectively, as shown in the fig 1.3. 

The mentioned model can be applied to most of buffers. However, it does not capture the 

picture for the in vivo buffering species in intestinal fluid, i.e., bicarbonate. Unlike typical buffers, 

bicarbonate displays a unique equilibrium due to the subsequent dehydration of carbonic acid 

into carbon dioxide (eqn 1.7). 

   (1.7) 

The apparent pKa (pKaapp) of bicarbonate has been potentiometrically determined 6.04, 

although the true pKa (bicarbonate protonation to form carbonic acid) at 37 oC and ionic 

strength=150 mM would be equal to 3.30.[75] Potentiometric titration is a slow process which 

provides bicarbonate equilibrium with enough time to equilibrate; hence carbon dioxide 

behaves as the apparent conjugate acid in this scenario. In the context of dissolution, both 

hydration and dehydration reactions occur in time-scales more comparable to diffusional times 

within the boundary layer (mean process time 10-2 – 101 s) much slower than the acid-base 

proton transfer reaction (mean reaction time ~10-7 s).[75] Thus, slow hydration/dehydration 

reactions prevent the system to reach equilibrium during dissolution, implying that the 

equilibrium condition assumed by Mooney et al.[74] does not stand anymore. 

Recently, Al-Gousous et al. proposed a “reversible non-equilibrium” (RNE) model to calculate 

both [H+]0 and Jdrug in bicarbonate-buffered media under non-equilibrium conditions.[75] Similar 

to Mooney’s model, calculation of pH0 is function of diffusion constants and concentrations of 

different species, as well as equilibrium constants of reactions involved. Although in this case, 

diffusion of products from hydration/dehydration reactions, as well as CO2/H2CO3 

interconversion, are of major relevance. Given that this interconversion occurs in time-scales 

comparable to diffusion in boundary layer, the pKa of bicarbonate to ionize the acidic drug at 

the solid surface (effective pKa, pKaeff) depends on the time to allow such an 

interconversion.[75] By applying mass balance analysis to RNE model, Al-Gousous et al.[75] 

deduced the equation 1.8, which can be used to calculate the effective pKa as a function of 

the timeframe for interconversion. 

HCO
3
- + H+  H

2
CO

3
  H

2
O + CO

2(aq)Ka

Kd

Kh
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𝑝𝐾𝑎𝑒𝑓𝑓 = 3.3 + log(1 +
𝐷𝐶𝑂2

𝐷𝐻2𝐶𝑂3

×
𝑘𝑑

𝑘ℎ+
1

𝑡𝐷
𝐶𝑂2

)    (1.8) 

Where 𝑡𝐷
𝐶𝑂2 is time for carbon dioxide diffusion through the boundary layer, which is equal to 

0.5* h2/DCO2. From this equation, it can be seen that the shorter the thickness of the diffusion 

layer, the shorter the time for diffusion of CO2, hence the [kd/(kh + (𝑡𝐷
𝐶𝑂2)-1)] term becomes 

negligible in the absence of a diffusional layer. In this theoretical scenario, pKaeff tends to 3.30, 

only accounting for the proton transfer reaction. Conversely, when the length of diffusional 

layer tends to infinity, the logarithmic term increases the value for the pKaeff, according to CO2-

H2CO3 interconversion and diffusional constants. 

iii. Considerations for in vitro and in vivo dissolution 

Experimental conditions and standard apparatuses to investigate dissolution of oral dosage 

forms in vitro are thoroughly described in the European and United States pharmacopeias 

(USP).[6,76] The USP type I and II apparatus consist of a 1000 ml vessel coupled to either a 

rotational basket or paddle, respectively, which provide hydrodynamics to media. With 

dissolution being a function of solubility, the temperature during the experiment needs to be 

controlled, as well. Values of 37 oC are preferred to mimic physiological conditions. When 

testing dosage form dissolution, the vessel is filled with compendial media prior the experiment 

and the dosage form is submerged into media. From Nernst-Brunner equation (eqn 1.3), it is 

clear that dissolution slows down when the concentration in the bulk at time=t, Ct becomes 

closer to Cs. Therefore, the large volume used in this setting aims at maintaining sink conditions 

throughout the experiment (i.e., Ct is no more than 0.1 – 0.3 the Cs). Under in vivo situation, 

sink conditions are provided by intestinal transepithelial absorption, such that drug dissolved 

is transferred from the lumen into systemic circulation.[4] In addition, enhanced solubility by 

action of luminal bile salts may also contribute to the physiological sink in the lumen. Even 

though sink conditions are considered in the in vitro testing, this may differ from in vivo sink, 

especially for BCS II drugs. While luminal saturation for BCS class II is prevented by rapid drug 

absorption, compendial saturation due to poor aqueous solubility is not. In this regard, in vitro 

resemblance of in vivo dissolution can be improved by adding co-solvents, surfactants or even 

an organic phase to the in vitro dissolution media.[77–80] 

Concerning to media composition, compendial buffers are typically well described in different 

pharmacopeias.[6,76] Even though the pH for these media can be adjusted in order to match 

the physiological pH range, sections above demonstrated the importance of accounting for 

buffer concentrations and physical-chemical interactions during drug dissolution. Buffer 

concentrations in compendial media are typically around 50 mM of the buffering salts,[76] 

which are enormous compared to luminal bicarbonate concentrations of around 5 – 15 mM in 

upper small intestine.[26,45] According to Mooney’s model, higher buffer concentrations can 
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accelerate in vitro dissolution of weak ionizable drugs,[74] to a point where the in vitro testing 

becomes insensitive to detect any potential discrepancy between the clinical performance of 

two different products.[81] Moreover, given that solid dissolution is a function of bicarbonate 

pKaeff, [75] matching the very same molarities in luminal bulk without matching the same buffer 

species is not sufficient. The equation 1.7 depicts that neutralized bicarbonate is converted in 

CO2, which, leaves the small bowel by permeating through the intestinal wall, under in vivo 

conditions. While in vivo buffer capacity in the bulk is maintained by constant bicarbonate 

secretion, this is extremely difficult to be replicated in standard pharamacoepial apparatuses. 

This results in a rise in the bulk pH due to bicarbonate neutralization.[82] Maintenance of bulk 

pH requires, then, for an improvement of the dissolution apparatus. One of the most successful 

approaches has been the introduction of constant sparging of a mixture of an inert gas (e.g. 

N2 or He) and carbon dioxide gas into the media.[81,83–85] Since the partial pressure of CO2(g) 

is proportional to the concentration of CO2(aq), this latter parameter can be controlled by 

adjusting the sparging flow rates of the mixture of gases.[86] Then, bicarbonate consumption 

throughout the experiment is replenished by the constant carbon dioxide sparging, such that 

the pH and the enhanced buffer capacity in the bulk are maintained.[51] A shortcoming of this 

method is the altered hydrodynamics resultant from bubbles generated while sparging. Even 

though this may be a major concern in stablishing bicarbonate media for quality control 

purposes, CO2(g) sparging has a great potential in guiding the development of orally 

administered drug products. 

As explained, it is clear that pKa values are of major importance to account for the effect of 

buffers on dissolution of weak ionizable drugs. Hence, it is also important to consider any other 

variable with potential impact on the ionization. With the ionic strength (IS) in upper 

gastrointestinal fluids ranging between 100 – 150 mM, [30] its effect on the acidity constants 

cannot be neglected. In this regard, the extended Debye-Hückel equation (eqn 1.9) can be 

used to account for the activity of different species in equilibria for ionic strength values up to 

300 mM.[87] Hence, the pKa at the ionic strength (IS, mol/l) of luminal fluids (pKa’) can be 

calculated as: 

𝑝𝐾𝑎′ = 𝑝𝐾𝑎 +
0.51 (2𝑧−1)√𝐼𝑆

1+√𝐼𝑆
     (1.9) 

Where z is the charge of the conjugate acid species. Therefore, the development of 

biopredictive in vitro media requires the consideration of the ionic strength to increase the 

predictivity of in vivo dissolution. Experimentally, this parameter can be controlled by adding 

appropriate concentrations of sodium chloride to dissolution media. 
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3.4 Permeability 

i. General principles for permeability 

While the comprehension of dissolution is important for BCS class II drugs, the understanding 

of the permeability (P, cm/s) process is highly relevant, especially for the BCS class III. Once 

in solution, drug permeation is the result of a serial rate process. Mass of drug is firstly 

transported from the bulk to the intestinal wall, such that an aqueous resistance needs to be 

overcome. This aqueous resistance is otherwise known as the stagnant unstirred water layer 

(UWL). Secondly, the drug at the intestinal wall is partitioned into epithelial cells forming the 

intestinal wall and transported toward systemic circulation following the concentration gradient. 

In other words, total drug permeation rate can be either limited by the permeability through an 

aqueous unstirred layer (Pa) or the permeability across the epithelial wall (Pw), as shown in eqn 

1.10.[4] 

1

𝑃
=

1

𝑃𝑤
+

1

𝑃𝑎
      (1.10) 

In turn, permeability through intestinal epithelia (Pw) can occur through different parallel 

mechanisms, such as passive diffusion (Ppass), active transport (Pactv) and passive paracellular 

absorption (Ppara), among others (Fig. 1.4). Likewise, total mass transport at the absorption site 

will be the sum of all concurrent parallel flux mechanisms for each given drug, as following:  

𝐽𝑤 = 𝐽𝑡 = 𝐽𝑝𝑎𝑠𝑠 + 𝐽𝑎𝑐𝑡𝑣 +  𝐽𝑝𝑎𝑟𝑎    (1.11) 

Where J are the fluxes of drug (nmol/cm2*s) through each different mechanistic route. Similar 

to dissolution, the passive diffusion process follows Fickian diffusion kinetics at steady-state. 

Hence, passive flux rate (Jpass) is directly proportional to the chemical potential, with the 

proportionality constant being defined as passive permeability coefficient (Ppass). This relation 

is shown in equation 1.12, as follows: 

𝐽𝑝𝑎𝑠𝑠 =
𝑑𝑀𝑟

𝐴×𝑡
= 𝑃𝑝𝑎𝑠𝑠 × (𝐶𝑤 − 𝐶)    (1.12) 

Where dMr is the change of mass in the receiver compartment (nmol) and Cw the 

concentration at the surface of intestinal wall (µM). Similar as dissolution equations, the 

concentration in receiver compartment (C) at time=t can be neglected under physiological 

sink conditions. 
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Figure 1.4. Resistances to mass transport during gastrointestinal absorption of drugs. Adapted from reference [22]. 

 

Given their high solubility in water, it is expected that BCS class III compounds undergo little 

resistance to reach the surface of epithelia. However, their absorption is limited by their slow 

transport across the lipidic cell membrane. Thus, additional transport mechanisms, as those 

described below, may have greater contribution for this type of drugs. 

 

ii. Carrier-mediated transport 

Drug transport through biological barriers may be affected by the presence of membrane-

transporter proteins or carriers. These proteins can mediate the transport of substrates 

provided an appropriate drug-transporter affinity. Unlike Fickian kinetics, active carrier 

mediated transport usually utilizes driving forces different from purely concentration gradient. 

That means that they can either improve or hinder drug absorption, through either uptake-

mediated or efflux-mediated transport mechanisms, respectively. In these cases, the maximum 

velocity of this process will be limited by the saturation of the transporter proteins mediating 

the active mass transport of the substrate. Therefore, Michaelis-Menten saturation kinetics 

better describes the active carrier-mediated transport (eqn 1.13),[23] where maximum mass 

transport rate (nmol/cm2*s) and the Michaelis-Menten affinity constant (µM) are represented 

by the parameters Jmax and Km, respectively. 

𝐽𝑎𝑐𝑡𝑣 =  
𝐽𝑚𝑎𝑥×𝐶𝑑

𝐾𝑚+𝐶𝑑
     (1.13) 

Several drug transporters have been found to be expressed in intestinal epithelia. From eqn 

1.11 becomes clear that the lower the passive flux, the more relevant the contribution of 

transport-mediated active processes. This latter point is true not only for intestinal drug 

absorption, but also for any other distribution/elimination process in which transmembrane 

transport is required. Thus, carrier-mediated active transport may provide one possible 



20 
 

explanation for overall non-linearity in pharmacokinetics, as well as, inter-subject differences 

related to poorly permeable compounds.[88] 

 

iii. Paracellular transport 

Furthermore, epithelial cells form a monolayer with cellular junction being maintained by the 

presence of tight-junction proteins, as explained in section 2 of the present chapter. These 

junctions create intercellular pores that contributes to the absorption of small molecules 

(paracellular pathway). Permeability through paracellular pore was modeled by Adson et 

al.,[89] as following: 

𝑃𝑝𝑎𝑟𝑎 =
𝐷[𝐹(𝑟

𝑅⁄ )]

𝛿
(

𝑘

1− −𝑘)    (1.14) 

Where ɛ is the porosity, δ is the length of the paracellular pore (cm) and D is the diffusion 

coefficient through the pore (cm2/s). The right side of the equation (in brackets) accounts for 

the electrochemical preference of the paracellular route for cationic compounds due to the 

negative potential inside the pore as a consequence of the negatively charged amino acids 

(mainly glutamate) forming the tight-junction. In this regard, k is the electrochemical energy 

parameter. On the other hand, the F(r/R) term (Renkin function) is a dimensionless parameter 

to describe the diffusion of a molecule with radius, r (Å), across a molecular sieve with pore 

radius, R (Å).[89,90] 

 

iv. Considerations for in vitro and in vivo permeability and excipient effect 

Determination of intestinal permeability under in vivo conditions is very challenging. Hence, 

both FDA and ICH guidances recommend to assess in vivo drug permeability via surrogate 

parameters, such as absolute bioavailability or mass balance for oral solutions. Permeability 

measurements have been carried out by applying different techniques, with the double balloon 

approach being the most used to report Peff values in humans.[91] Shortly, this method consists 

of intubating volunteers with two balloons, which can be inflated in order to isolate a segment 

of the GI tract. Subsequently, a drug solution is perfused and luminal samples are collected 

overtime to determine the rate of disappearance. The equation 1.15 is, thereafter, used to 

calculate the effective permeability (Peff, cm/s), assuming a well-stirred model. 

𝑃𝑒𝑓𝑓 = 𝑄𝑖𝑛 ×
(𝐶𝑖𝑛−𝐶𝑜𝑢𝑡)

(𝐶𝑜𝑢𝑡×𝐴)
     (1.15) 
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Where Cin and Cout are the entering and leaving concentrations, Qin is the perfusion rate 

(ml/min) and A is the available surface to absorption equals to 2πrl (cm2), for a cylinder with 

radius=r and length=l.[92] 

Even though human Peff determination played a key role in the development of the BCS, the 

complexity of this experiment makes it unfeasible for it to be applied to each new drug 

candidate. Therefore, in vitro surrogate methods have been developed.[93,94] The use of cell 

monolayers utilizing the colorectal carcinoma cell line Caco-2 have been accepted by 

regulatory guidelines.[68,69] In this set-up, Caco-2 cells are seeded onto porous 

polycarbonate membranes, such that they create an epithelial monolayer that resembles 

intestinal wall. A donor solution is placed on the luminal (apical) compartment, and samples 

are withdrawn overtime from the acceptor (basal) chamber. From this experiment, the apparent 

permeability (Papp, cm/s) can then be calculated using the equation 1.16: 

𝐽 =
𝑑𝑀𝑟

𝐴×𝑡
= 𝑃𝑎𝑝𝑝 × (𝐶𝑑 − 𝐶𝑡)     (1.16) 

Where the flux (J) is equal to the drug appearance in the basal chamber (dMr, nmol) over the 

area (A, cm2) and time (t, s). This is, in turn, equals to Papp multiplied by the concentration 

gradient, which is equal to the initial concentration in the donor chamber (Cd, µM) under sink 

conditions. 

Similarly, the Ussing-type chamber is another experimental set-up, where separation between 

donor and basal compartments by a membrane is also possible. Unlike polycarbonate 

Transwells® used for Caco-2 studies, this apparatus allows the fixation of animal tissue (i.e., 

rat jejunum) in order to be used as biological membrane. This may be advantageous in 

resembling the absorption site for some drugs, because tightly-grown Caco-2 cells may 

sometimes underestimate the paracellular contribution due to their colonic origin.[95] In 

addition, the complexity of animal intestinal tissue may secrete biorelevant luminal contents, 

such as mucus, throughout the experiment.[96] 

In vitro systems may help to not only assess drug permeability in early stages of development, 

but also to understand potential differences between two drug products.[97] As explained 

above, excipients in formulations may affect drug permeability by one or several mechanisms. 

Therefore, in vitro testing may help to assess those potential effects in a very cost/efficient 

fashion, because early detection of these issues would warn the manufacturer to make 

changes in the formulation before going to more expensive in vivo trials. In this regard, the 

predictability of an excipient effect could increase with enhancing the resemblance of the 

gastrointestinal conditions at the absorption site. For instance, the protective effect provided 

by luminal mucus may be a critical factor that needs to be considered to reduce the risk of 

false positives for permeability enhancer effects.[98] 
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4. Pharmacokinetic modeling 

The kinetic processes explained in previous sections describe relatively simple and ideal 

scenarios, where all experimental conditions can be controlled. However, the complexity of the 

in vivo scenario makes it extremely difficult to stablish 100% mechanistic modeling. However, 

kinetic processes that a drug undergoes in vivo (pharmacokinetics) can be lumped and 

simplified in the following macro-processes: liberation, absorption, distribution, metabolism and 

excretion (LADME). In most cases, pharmacological therapy aims at achieving a systemic 

effect. Therefore, quantification of drug concentrations in bloodstream over time in a clinical 

trial is a good surrogate of drug concentrations at the site of action. Moreover, applying 

modeling techniques to plasma-time profiles experimentally obtained, the pharmacokinetics in 

complex living beings, such as humans, can be studied and predicted. Classical 

compartmental models and, more recently developed, physiologically-based pharmacokinetic 

models (PBPK) are briefly described below. 

 

4.1 Compartmental models 

The simplest model to study the pharmacokinetics of a given compound is to assume that the 

whole body can be treated as a lumped-single compartment. After an intravenous bolus dose, 

the complete dose reaches the bloodstream instantaneously and the experimental maximum 

drug concentration in plasma (Cmax) will correspond to the first data point measured. If 

distribution into tissues is fast, the relatively slower elimination coefficient can be estimated 

from a one compartment model, which typically follows a first-order elimination kinetic (eqn 

1.17). 

−
𝑑𝑋𝑐

𝑑𝑡
= 𝐾𝑒𝑋𝑐      (1.17) 

Where Xc and t are the amount of drug in the compartment and the time, respectively, and Ke 

is the first order elimination coefficient. Integrating, dividing through volume (V) and applying 

natural logarithm on the equation 1.17, the linear form can be obtained (eqn 1.18) to account 

for plasma concentrations, Cc. 

𝑙𝑛𝐶𝑐 = 𝑙𝑛𝐶0 − 𝐾𝑒𝑡     (1.18) 

Fitting experimental data to this model allows the estimation of the elimination constant rate 

(slope). In addition, the intercept allows the calculation of the plasma concentration at times=0 

(C0), which is equal to the dose (X0) over the volume in which the drug was distributed (volume 

of distribution=Vd). 
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Figure 1.5. Intravenous drug disposition profile for two-compartmental distribution. The α and β phases display the 

distribution and elimination macro-processes, respectively (Panel A). Compartmental model for two compartment 

drug disposition (Panel B). The terms Xc, Xpe, k12, k21 and ke parameters are explained in the text. 

 Adapted from reference [88]. 

 

In spite of its simplicity, the mono-compartmental model may not fit all cases, as some drugs 

show biphasic (Fig 1.5), or even triphasic. These profiles are seen when distribution is slower 

relative to elimination, such that the former process becomes visible when monitoring plasma 

concentrations. For instance, a biphasic distribution can be modeled in a two-compartmental 

system, where sampled plasma concentrations correspond to the central compartment (Fig 

1.5).  

In this case, the change of mass of drug in plasma over time can be written as: 

𝑑𝑋𝑐

𝑑𝑡
= 𝑋𝑝𝑒𝑘21 − 𝑋𝑐𝑘12 − 𝑋𝑐𝑘𝑒    (1.19) 

Where Xc and Xpe are drug amounts the central (typically plasma) and peripheral compartment, 

respectively. Kinetic rate coefficients, k12 and k21, are the distribution rate microconstants and 

ke is the elimination rate microconstant. Solving this equation and fitting to intravenous plasma 

data allow estimation of distribution constants, as well as the estimation of the volume of 

distribution in central compartment (Vc). 

As for extravascular administration (i.e., through the oral route), a previous input rate process 

must be considered which relates to drug absorption before reaching systemic circulation. 

Assuming mono-compartmental distribution, the following general equation describes the drug 

exposure in presence of an absorption process with ka being the absorption rate coefficient. 

𝑑𝑋𝑐

𝑑𝑡
= 𝑋𝑐𝐾𝑎 − 𝑋𝑐𝐾𝑒     (1.20) 

Therefore, knowing the elimination/distribution parameters, for instance from intravenous 

plasma profiles, absorption rate coefficient can be obtained by fitting plasma profiles to this 

A B 
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model. Compartmental analysis can be further utilized for other applications, for example to 

model intraluminal dissolution. 

 

4.2 Deconvolution and convolution 

From a biopharmaceutic perspective, the understanding of kinetic processes taking place at 

the absorption site (i.e., gastrointestinal lumen) is key to stablish a meaningful relation between 

one characteristic determined in vitro and its corresponding in vivo response. With intraluminal 

sampling being too complex to perform, ethically questionable and time/money-costly, plasma 

profiles may offer an indirect route to assess the absorption phenomenon. In this regard, 

additional mathematical treatment on data obtained in vivo and/or in vitro is needed. As 

explained, the plasma-time concentration profile is function of other functions namely, drug 

release, absorption, distribution, metabolism and excretion. This means that plasma profiles 

observed after oral administration of a dosage form can be considered a convoluted process, 

where the plasma profile (output function, H(t)) depends on an impulse function (G(t)) described 

by distribution/metabolism/elimination and an input function (X(t)) for the overall 

dissolution/absorption process.[3] This is shown in eqn. 1.21, with * representing the 

convolution operator. 

𝐻(𝑡) = 𝐺(𝑡) ∗ 𝑋(𝑡)      (1.21) 

Knowing the parameters that describe the impulse function G(t), for instance from intravenous 

data, the input function can be numerically assessed by deconvolution methods. For drugs 

having well characterized disposition, model-dependent approaches can offer simpler, yet 

effective, methods to calculate the fraction absorbed over time. On the one hand, the Wagner-

Nelson method can be used for drugs with mono-compartmental distribution. This method is 

based on a mass balance where the amount of drug absorbed at infinity (total amount 

absorbed=Xa(inf)) is assumed to be equal to the amount eliminated at t=infinity (Xe(inf)). 

Meanwhile, the amount absorbed at time=t (Xa(t)) will be the sum of the amount in the plasma 

compartment (Xc) plus the amount already absorbed at that time, which is equal to the amount 

already eliminated during that period of time (Xe(t)).[99] Therefore, the Wagner-Nelson 

approach can be represented as: 

𝐹𝑎(𝑡) =  
𝑋𝑎 (𝑡)

𝑋𝑎 (𝑖𝑛𝑓)
=  

𝑋𝑐+𝑋𝑒(𝑡)

𝑋𝑒(inf)
=

𝐶𝑐(𝑡)+𝐾𝑒𝐴𝑈𝐶0−𝑡

𝐾𝑒𝐴𝑈𝐶0−𝑖𝑛𝑓
   (1.22) 

Hence, the calculation of the fraction absorbed at time=t (Fa(t)) is possible. Likewise, Loo and 

Riegelmann proposed a similar mass balance approach to calculate Fa(t) in the case of a drug 

with bi-compartmental distribution.[100] 
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𝐹𝑎(𝑡) =  
𝑋𝑎 (𝑡)

𝑋𝑎 (𝑖𝑛𝑓)
=

𝑋𝑐(𝑡)+𝑋𝑝𝑒(𝑡)+𝑋𝑒(𝑡)

𝑋𝑒(inf)
    (1.23) 

Where the amount of drug in the peripheral compartment at time=t (Xpe(t)) needs to be 

estimated with intravenous data, as explained above for two-compartmental pharmacokinetics. 

Furthermore, deconvolution approaches can also be applied for multi-compartmental models 

(i.e., physiologically-based pharmacokinetic models, also known as PBPK, described below) 

by setting the proper set of differential equations. 

On the other hand, data obtained from an in vitro set-up can be convoluted with an impulse 

function describing the distribution/metabolism/elimination of the drug in order to predict 

plasma-time profiles. The success of this mathematical approach lies on the accuracy of the 

in vitro experiment to represent appropriately the in vivo liberation/absorption process for a 

given drug product. For that purpose, the experimental data obtained in vitro requires to be 

described as an input function. In this regard, the Weibull distribution offers great flexibility, 

such that a wide spectrum of dissolution curves can be fitted to this function.[101] 

 𝐹(𝑡) =  𝐹(𝑖𝑛𝑓)(1 − 𝑒
−(

(𝑡−𝑡0)𝛼

𝛽
)
)    (1.24) 

The F(t) and F(inf) are the fractions dissolved/absorbed at time=t and infinity, respectively. While 

β represents the time at which F(t) is equal to 0.632, 𝛼 is a shape parameter, which modifies 

the form of the input function at values either higher or lower than unity.[3,101] Meanwhile, the 

t0 parameter accounts for any possible lag time, which can be useful, for instance, to describe 

the dissolution process of an enteric coated dosage form. In contrast, the dissolution of an 

immediate release dosage usually has an exponential shape, on the one hand, and no 

significant lag time, on the other.  

 

4.3 Physiologically-based pharmacokinetic models 

More recently, pharmacokinetic models based on physiological knowledge have been 

developed to account for tissue distribution of drugs. These types of models are known as 

physiologically-based pharmacokinetic (PBPK) models due to their ability of include more 

physiological aspects in their calculations. Semi empirical equations proposed by Poulin and 

Thiel were pivotal to their development, given that they allow the calculation of the volume of 

distribution at steady-state (Vss) as a sum of volumes of distribution into tissues (extracellular 

interstitial spaces for less permeable drugs), erythrocytes and plasma.[102] Distribution into 

these compartments can be calculated from physico-chemical drug parameters (n-

octanol:buffer partition and olive oil:buffer partition), biochemical parameters 

(erythrocyte:plasma ratio, fraction unbound in plasma, fraction unbound in tissues) and 

physiological volumes (tissues, extracellular, plasma). As mentioned, diffusion of less 
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permeable compounds from extracellular fluid into tissues may assumed to be slower than 

perfusion, such that tissue distribution will be limited by their permeability. 

As for the GI tract, this has been modeled in PBPK software packages as a multicompartmental 

system with first-order kinetic mass transfer among compartments. This approach was based 

on the work of Yu et al. on developing a compartmental absorption and transit model. Here, 

the small intestine was described by seven fictious compartments disposed in series.[103] This 

model allowed to successfully predict the plasma profiles for 10 different compounds orally 

administered.[104] This work was the starting point for some PBPK model software 

manufacturers, who further optimized this model to account for other physiological variables, 

such as pH gradient in the bulk and regional absorption, among others. 

 

5. Overall introduction to the publications 

As showcased throughout this introduction, drug absorption from IR oral pharmaceutical 

products is highly dependent on physico-chemical characteristics of the API and the dosage 

form. Therefore, prediction of oral absorption of drugs demands a case-by-case analysis. In 

this dissertation, four cases were studied and discussed. An introduction on each of these 

cases is presented below. 

 

5.1 Case I: Risk assessment of biowaiver for Carbamazepine IR oral products 

and insights on predictive in vitro methods 

Carbamazepine is a neutral active molecule used to palliatively control seizure episodes in 

epilepsy treatment and relieve neuropathic pain in trigeminal neuralgia. Since carbamazepine 

is included in both adults and children lists of essential medicines (EML) issued by the World 

Health Organization (WHO),[105] it is important to correctly classify this API under the BCS 

framework in the light of existing evidence. As for extensively characterized drugs with large 

amount of evidence published on their physical-chemistry, pharmacokinetics and dosage form 

performance, a systematic review on available data in literature is a reasonable approach to 

correctly classify the API. Furthermore, this approach enables the researcher to perform a risk 

assessment of waiving in vivo bioequivalence studies for carbamazepine, considering not only 

its BCS classification, but also further evidence on the usage of surrogate in vitro methods 

and/or the clinical performance of carbamazepine products. 

On the one hand, safety concerns might arise for carbamazepine products due to observation 

of adverse effects at plasma levels similar to therapeutic concentrations.[106] On the other 

hand, successful IVIVCs have been developed for IR carbamazepine tablets by our working 
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group. The findings reported suggests that the pharmacopeial dissolution method (using 900 

ml of 1% SLS in type II apparatus at 75 rpm) may be sufficiently discriminating to detect bio-

inequivalencies between IR oral carbamazepine products.[79,80] These two factors need to 

be taken into account to assess whether the benefits of a biowaiver overweigh any potential 

risk related to carbamazepine clinical performance. A systematic review of relevant literature 

on carbamazepine would enable to draw conclusions in these regards. 

  

5.2 Case II: Development of a biopredictive dissolution method for ibuprofen 

oral suspensions  

Ibuprofen is a well-known non-steroidal anti-inflammatory drug usually formulated as IR oral 

dosage forms. Chemically, this molecule is a weak acid BCS class II drug (BCS IIa) with a 

pKa= 4.4.[56] Hence, it may be expected that the enhanced solubility at small intestinal pH 

provides ibuprofen with ideal conditions to behave as a “pseudo-BCS I”. However, in vitro 

dissolution of ibuprofen 600 mg IR tablets was shown under-discriminating compared to in vivo 

pharmacokinetics of same products, where differences in Cmax were observed.[57] In spite of 

matching in vivo relevant pHs in the design of the in vitro experiment, dissolution conditions in 

that study largely over-estimated the luminal situation for concentrations of buffer species and 

ionic strength. This resulted in a lack of discrimination with the in vitro dissolution being 

extremely faster than in vivo, most likely, as a consequence of enormous buffer capacity of the 

media.[57] Moreover, differences in chemical nature between pharmacopeial buffers and 

luminal bicarbonate also impact dissolution kinetics of ionizable molecules and, hence, need 

to be taken into account. 

In order to stablish a fair comparison between in vivo and in vitro dissolution, reliable data of 

intra-intestinal dissolution rate is needed. Recently, a novel approach to enable intraduodenal 

administration of ibuprofen suspensions to healthy volunteers was published by our working 

group.[107] Briefly, a small-bore smooth tube was nasally introduced in healthy subjects, 

retrieved from the pharynx and supplemented with telemetric and administration capsules. The 

whole device was swallowed and both the tube length and pH were monitored in order to guide 

the placement of the capsule at the duodenum. A peristaltic pump was used to administer 

either ibuprofen solution or suspensions through the tube. Subjects received the following 

treatments: A: Ibuprofen solution infused at fasted gastric emptying rate (half-life, 12 min); B: 

Small particle size suspension (Suspension A) at fasted gastric emptying rate; C: Large particle 

size suspension (Suspension B) at fasted gastric emptying rate; and D: Suspension B infused 

at slower rate (half-life, 20 min).[107] With this experimental design, the dissolution rate of 

suspensions with controlled particle size in the small intestine can be assessed by contrasting 

plasma concentration-time profiles from each suspension treatment against the profile 
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obtained with the solution. In addition, both potential effects of early gastric exposure and 

variable gastric residence times can be controlled, as well. The authors observed differences 

in plasma-time profiles among the treatments, (Fig. 1.6) suggesting that ibuprofen absorption 

depends on particle size dissolution in small intestinal fluid. Hence, the controlled conditions 

applied to that study can be further used to develop and evaluate a biopredictive dissolution 

method for ibuprofen as a model BCS class IIa API. 

 

Figure 1.6. Ibuprofen plasma profiles after intraduodenal administration of: an oral solution (A), oral suspension with 

small particle size (B), oral suspension with large particle size (C) and the latter suspension pumped with a slower 

infusion rate (D). Reprinted with permission from reference [107]. 

 

5.3 Case III: Assessing the effect of chitosan on acyclovir absorption through 

bioaccessibility and permeability in vitro methods 

The absorption of drugs belonging to the BCS class III is limited by their permeability, such 

that they are the class most sensitive to the effects of excipients on drug absorption. On the 

one hand, chitosan is a polycationic polysaccharide currently used in food industry, but with a 

great potential in pharmaceutical industry, due to its promising properties as excipient.[108] 

However, one promising feature for this excipient is its absorption enhancer property. In fact, 

several studies have shown that chitosan enhances the permeability of different low 

permeability model compounds using diverse experimental models (Table 2). The underlying 

mechanism for this effect seems to be associated with its polycationic status at physiological 

pH. The positive charges would allow the interaction with epithelial cell membrane, causing a 

conformational disruption in zonula occludens-1 (ZO-1) protein, a major contributor of the tight-

junctions that creates the paracellular pore. The final result of this effect would be a reduction 

in the resistant to paracellular transport.[109] 
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Motivated by this evidence, the permeability enhancer potential of chitosan was assessed in 

healthy subjects using acyclovir (BCS III, Fa= 10 – 30%) as a model drug (Fig. 1.7).[60] The 

apparent linearity in acyclovir’s oral pharmacokinetic at lower strengths (200 – 400 mg),[110] 

the lack of evidence on any potential carrier-mediated transport mediating intestinal 

absorption,[111] and its expected paracellular permeability, further supported the selection of 

this model compound. In the mentioned study, Zovirax® IR tablets (acyclovir 200 mg) were 

dissolved in absence or presence of chitosan at two concentration levels prior administration 

to healthy volunteers in fasted conditions. Unexpectedly, plasma concentrations with chitosan 

treatments were lower than the control, suggesting an unanticipated negative excipient effect 

(Fig. 1.7).[60] With alterations in GI transit times due to chitosan being unlikely, two hypotheses 

emerged from that work to explain the findings. Firstly, an interaction between positively 

charged chitosan and luminal bile acids is possible, which may result in a reduction of luminal 

concentrations of bile salts and, therefore, reduced solubility of acyclovir at small intestine. 

Secondly, polyanionic mucin proteins present intestinal mucus may also interact with chitosan, 

such that acyclovir absorption is either prevented or delayed by chitosan-mucus binding at the 

absorption site and/or increasing the viscosity of mucus microclimate.[60] These hypotheses 

need to be challenged in order to better understand the mechanisms underlying this in vivo 

observation and to develop surrogate methodologies with better biopredictability of this 

phenomenon. 

 

 

Figure 1.7. Acyclovir plasma profiles after administering Zovirax ® tablets 200 mg, previously dissolved in absence 

(black) or presence of 400 mg (white squares) or 1000 mg of chitosan (white triangles). Reprinted with permission 

from reference [60]. 
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Table 1.2. Summary of studies on the effect of chitosan on the permeability/absorption of low permeable molecules. 

Drug Chitosan (Ch) 

type 

Experiment

al design 

Concent

ration of 

Ch  

Results 

DD 

(%) 

MW 

(kDa) 

Ratio Test/control 

(Parameter)* 

Others Observations 

Acyclovir 

oral 

solution 

[60] 

 

93.0

5 

30-400 In vivo, 

healthy 

humans 

1.6 g/l • 0.56 (Cmax) 
 

- 

4.0 g/l • 0.63 (Cmax) 

• 0.70 (AUC0-12) 

Acyclovir 

solution  

(pH 5.5) 

[112] 

16.7 Different 

MW 

tested. 

Range: 

10-150 

Ex vivo, rat 

jejunum. 

3 g/l • ~ 2.5 (Cmax)# 

• ~ 1.6 (AUC0-3) # 

i) Ch 1.0 % below 10-14 

kDa had no effect on 

AUC 0-3h. 

ii) PEG at the same Cs 

viscosity had no effect 

on acyclovir absorption. 

10 g/l • ~ 6.0 (Cmax) # 

• ~ 2.4 (AUC 0-3) # 

Acyclovir 

solution 

(pH 6.2) 

[113] 

 

NR NR In situ 

perfusion, 

different Rats 

intestine 

segments. 

1 g/l • 3.00 (Peff Ileum) i) Ratios from jejunum 

and colon were 2.02 

and 1.05, both not 

significant. 

Acyclovir 

and 

Mannitol 

(oral) 

solutions 

(pH 5.5) 

[114] 

 

75-

90 

200-600 In vitro Caco-

2. 

  

In vivo in 

Rats§. 

 

 

10 g/l • 4.08 (Papp) 

• 1.57 (AUC0-20) 

• 1.57 (F) 

i) Papp ratios 

comparable to mannitol 

ratio.  

ii) Cmax ratios at 1 and 

3% were 1.17 and 1.10, 

both not significant. 

iii) Ch increased Cmax 

variability. 

30 g/l • 3.43 (Papp) 

• 2.02 (AUC0-20) 

• 3 (F) 

Acyclovir 

and 

Mannitol 

Solutions 

(pH 6.3) 

[115] 

85 20  In vitro Caco-

2 

1 g/l • 5.80 (Papp) i) Papp ratios 

comparable to mannitol 

ratio. 

5 g/l • 10.2 (Papp) 

In vitro 

MDCK 

1 g/l • 7.17 (Papp) 

5 g/l • 13.8 (Papp) 

Mannitol 

Solutions 

(pH 5.5) 

[109] 

Ch1: 65%-170 

kDa 

In vitro Caco-

2 

0.05 g/l • 11.2 (Papp mannitol) 
 

i) Cs 51%-22 kDa (also 

tested) had no effect. 

ii) Heparin (polyanion) 

inhibited and reversed 

Ch effect (30 and 70% 

reverse for Ch1 and 

Ch2, respectively). 

Ch2: 99%-31 

kDa 

0.05 g/l • 3.11 (Papp mannitol) 

Ch: Chitosan. 
NR: Not reported. 
*: Acyclovir unless it is specified. 
#: Results obtained by using chitosan MW 150 kDa. 
§: Different subjects used to perform control and test experiments. 
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5.4 Case IV: Development of a PBPK model to predict the variable absorption 

of acyclovir IR tablets 

Even though dosage forms containing lower strengths of acyclovir display linear 

pharmacokinetics, high within-study variability has been observed (as depicted by the large 

standard deviations in the Figure 1.7). This variability does not seem to be explained by 

dissolution processes, since de Miranda et al. found overlapping AUC and Cmax between 

acyclovir oral solutions and IR capsules administered to fasted subjects in a cross-over 

design.[116] Conversely, oral administration of the same product to different populations 

resulted in divergent pharmacokinetic parameters. For instance, the reference product 

(Zovirax® 400 mg) was administered to fasted healthy subjects in two single-dose comparative 

bioavailability trials to Saudi Arabians and Europeans, respectively.[110,117] Interestingly, 

both AUC and Cmax were around 35 – 44% lower in the former compared to the latter 

population. 

Acyclovir absorption is governed by passive non-saturable diffusion. However, the presence 

of post-absorptive active processes (affecting disposition/elimination) may explain the 

population-related discrepancies in plasma curves. The use of two-compartments to describe 

acyclovir’s intravenous disposition profiles supports this hypothesis.[118] Furthermore, 

acyclovir is rapidly excreted into urine with its clearance (Cl) being higher than creatinine’s. 

Therefore, acyclovir plasma profiles are most likely a result of a combination of one or more 

distribution and elimination mechanism. In fact, acyclovir uptake has been characterized in 

overexpressing in vitro systems as a substrate of the human isoform of the organic anion 

transporters (hOATs), multidrug and toxin extrusion transporters (hMATE1) and organic cation 

transporter (OCT1).[119–121] The high polymorphism on the latter protein has been 

associated with population-related differences on pharmacokinetics of another BCS class III 

model compound, i.e., metformin.[122] The OCT1 is mainly expressed at sinusoidal membrane 

of hepatocytes, mediating liver uptake of organic substances prior their metabolism.[123] 

Hence, OCT1 polymorphism may also affect acyclovir hepatic uptake, resulting in despair 

plasma profiles across populations. In this regard, PBPK models are a powerful in silico tools 

that can be used to test this hypothesis and also to develop a computational method to predict 

the effect of the interplay between physiological and formulation variables on the oral 

disposition of acyclovir IR dosage forms.
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Chapter 2. Objectives 

Taken together, it can be hypothesized that the correct application of in vitro and/or in silico 

surrogate methodologies that account for relevant luminal interactions between physiological 

and pharmaceutical aspects would allow to accurately predict the absorption of drugs from 

immediate release oral dosage forms. Therefore, the aim of this dissertation is to investigate 

the potential of diverse surrogate biopharmaceutic methodologies to predict the oral absorption 

of pharmaceutical products of either BCS class II or III drugs. Four case studies are analyzed 

and discussed in this manuscript. Specific aims were drafted for each case study, as detailed 

below: 

i. To assess the risk of biowaiver (by applying surrogate methods, such as IVIVCs under 

compendial conditions) for IR solid oral dosage forms containing carbamazepine (BCS 

IIc drug) through the revision of relevant literature available on carbamazepine. 

ii. To rationally develop a biopredictive method for intestinal dissolution of ibuprofen (BCS 

class IIa) suspensions, considering relevant buffering species and concentrations in 

the design of the in vitro methodology. 

iii. To study the negative effect of chitosan on the absorption dissolved acyclovir (BCS 

class III) by applying a set of in vitro surrogate experimental methodologies with 

biopredictive potential. 

iv. To assess the hypothetical role of OCT1 polymorphism on the variable oral 

pharmacokinetics/biopharmaceutics of acyclovir multisource products (BCS class III) 

through coupling in vitro dissolution techniques to PBPK in silico modeling. 

.
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Chapter 3. Results 

The results obtained in this dissertation are shown in four peer-reviewed publications, which 

the reader can find at the appendix section of this manuscript. Nonetheless, a brief summary 

for each publication is provided, including aims, a short description of methods utilized and the 

most relevant findings.
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Carbamazepine is an antiepileptic drug indexed in the 21st version of the Essential Medicines 

List (EML) issued by the World Health Organization (WHO). In such a list, carbamazepine 200 

mg drug products formulated as solid oral IR dosage forms are recommended. This 

investigation aimed at assessing the risk of biowaiver for carbamazepine IR products. 

Literature on carbamazepine was collected from PubMed and International Pharmaceutical 

Abstracts databases using pertinent keywords, such as: “carbamazepine”, “indications”, 

“therapeutic index”, “solubility”, “polymorphs”,” “partition coefficient”, “permeability”, 

“absorption”, “metabolism”, “bioavailability”, “bioequivalence”, “dissolution”, “IVIVC” and 

“excipients”. 

A full description on carbamazepine’s general characteristics was depicted, encompassing its 

therapeutic indication, therapeutic index, doses, dosage forms and strengths available in the 

market. Furthermore, information on carbamazepine’s physical-chemical characteristics, such 

as polymorphism, aqueous solubility and oil/water partition was provided, as well. In addition, 

pharmacokinetics for carbamazepine were described with special focus on gastrointestinal 

absorption and first pass metabolism. Finally, data collected on dosage form performance, 

including available bioequivalence trials, effect of polymorphism, effect of excipients and 

IVIVCs, was also depicted. 

Concerning to carbamazepine general characteristics, literature revised showed an overlap 

between therapeutic and toxic concentrations with typical plasma concentrations in patients 

ranging between 2 – 17 µg/ml. A common therapeutic range between 4 and 12 µg/ml is often 

mentioned in literature, suggesting a therapeutic index of 3. However, such a number may be 

even lower in the light of the data collected. Therefore, carbamazepine should be considered 

a narrow therapeutic index (NTI) drug. 

Overall, information available agreed on deeming carbamazepine as a low solubility compound 

under the frame of the BCS. For instance, carbamazepine aqueous solubility ranged from 0.24 

– 0.36 mg/ml, regardless of the pH and/or composition of buffering salts in the media. This was 

consistent with the lack of ionizable groups in carbamazepine molecular structure within the 

physiological pH range. Considering the highest strength recommended by the EML, the Do 

for carbamazepine ranged from 2.22 – 3.33 for those solubility values. This interval increases 

two-fold if a dose of 400 mg is assumed, as this latter may represent the highest strength in 

the market in some countries. Of note, the presence of the surfactant sodium lauryl sulfate 

(SLS) enhanced the solubility in a concentration-dependent fashion up to values of 2.40 mg/ml 

at 1% SLS. 

On the other hand, carbamazepine permeability was deemed high under the BCS. Although 

its absolute bioavailability lied between 70 – 78%, this value seems to be biased by the 

considerable first pass effect. Permeability measurements in humans (4.3x10-4 cm/s), as well 
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as several in vitro assays, confirmed its classification. Taken together, carbamazepine was 

classified as a BCS class II compound. 

Moreover, IVIVCs are expected for BCS class II products, provided the dissolution method is 

able to detect bio-inequivalences. Several examples of successful IVIVCs were found in 

literature on carbamazepine. In fact, nine out of ten publications utilized the pharmacopeial 

assay to discriminate between non-bioequivalent products (i.e. USP type II apparatus, SLS 

1% media, 75 rpm, 37 oC). This key of the success underlying conditions appears to rely on 

the surfactant. In the intestinal lumen, carbamazepine is rapidly absorbed upon dissolution as 

a consequence of its high permeability. As mentioned, carbamazepine solubility is enhanced 

with increasing SLS concentrations. Hence, the presence of SLS 1% in media provides an 

enhanced sink during the dissolution experiment, such that it resembles better the in vivo sink 

for carbamazepine. 

In spite of the promising detection potential of the mentioned in vitro testing conditions, there 

is still room for improvement, as several correlation parameters (Fa, Fd, Cmax, tmax, AUC) 

were explored in these publications. Hence, the lack of consensus on the appropriate 

correlation methodology may be considered a barrier to implement biowaivers for 

carbamazepine IR products.  

In the light of these findings, data collected suggests a high risk of biowaiver for carbamazepine 

IR dosage forms. Firstly, BCS-biowaivers for products containing BCS class II drugs are not 

recommended in regulatory guidelines. Secondly, carbamazepine was found to be a NTI drug, 

hance a potential false positive biowaiver would represent a further risk for the patient. Finally, 

even though the compendial method seems to be a very promising tool to detect bio-

inequivalences, agreement on what should be the best correlation parameters to successfully 

stablish an IVIVC is still demanded.
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The in vitro dissolution testing has great biopredictive potential for drugs and/or drug products 

whose GI absorption is limited by their luminal dissolution, provided that intestinal factors 

governing the dissolution in the intestine are correctly mimicked (i.e. buffering species and 

concentrations). Hence, it can be inferred that a good understanding of intestinal dissolution is 

pivotal for this purpose. Recently, our working group developed a novel technique for 

intraduodenal administration of oral solutions and/or suspensions. Data obtained with this 

method has the advantage of being free of noise due to gastric transit/residence. Therefore, 

assessment of intra-intestinal dissolution may be possible through the application of 

pharmacokinetic modeling. In the mentioned study, one ibuprofen oral solution and two 

suspensions, i.e., suspension A (SA, particle diameter ~60 µm) and B (SB, particle diameter 

~130 µm), were administered to fasted healthy volunteers and plasma profiles were followed 

over time. Plasma-time profiles became lower with increasing particle sizes, suggesting that 

ibuprofen absorption rate depended on intestinal dissolution rate. In this regard, the utilization 

of biorelevant in vitro media for ionizable solubility-limited drugs, such as bicarbonate-

containing buffer, would lead to accurate predictions of in vivo dissolution. However, 

bicarbonate-containing media are difficult to handle due to the drop in bulk pH throughout the 

experiment. Nonetheless, the development of surrogate biopredicitive media may be possible 

by matching the drug surface ionization provoked by action of bicarbonate. 

In this investigation, the same suspensions utilized in the in vivo trial were studied for in vitro 

dissolution. Both SA and SB were tested in three different buffers, namely phosphate, acetate 

and bicarbonate at pH 6.0. This latter buffer required constant CO2/air sparging in order to 

maintain the desired concentrations of the conjugate acid (CO2). Buffer molarities resembling 

physiological buffer concentrations in duodenum/jejunum segment (5 and 15 mM, based on 

the conjugate base) were chosen, meanwhile the ionic strength in the media was fixed to 0.154 

M. Further, the possibility of using phosphate as a surrogate media was assessed by testing 

the dissolution at concentrations of phosphate equivalent to bicarbonate molarities (phosphate 

equivalent concentration). For that purpose, either the RNE or Mooney’s et al. model was used 

to calculate the surface pH (pH0) for each dissolution media. Phosphate equivalent molarity 

was back-calculated using the pH0 in bicarbonate media as an input parameter. Finally, in vitro 

dissolution profiles were compared to deconvoluted in vivo dissolution profiles calculated from 

data obtained in the clinical trial. Impulse function parameters such as absorption, distribution 

and elimination coefficients were obtained from oral solution treatment, meanwhile dissolution 

coefficients for suspension dissolution were obtained by fitting data from either SA or SB 

treatment. A diphasic dissolution model was superior to the monophasic, as this latter 

underfitted the observed data. In vivo dissolution was finally calculated by solving the 

dissolution equation for the diphasic model using dissolution coefficients previously fitted as 

input. 
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Dissolution profiles for SA and SB overlapped between each other when phosphate either 5 

or 15 mM was used as dissolution media. Conversely, bicarbonate-based media was able to 

detect differences in dissolution profiles between these formulations at both molarities, 

consistent with the previous in vivo findings. As for acetate buffer, while a concentration of 15 

mM did not distinguish between formulations, the lower molarity allowed the separation of 

dissolution curves. The explanation for these results lies on the surface drug ionization, which 

directly relates not only to the dissolution rate but also to the pH0. For instance, the pH0 for 

bicarbonate buffer were calculated 5.09 and 5.31, at molarities of 5 and 15 mM, respectively. 

These values were largely overestimated by the pH0 obtained with phosphate at either 5 or 15 

mM. In fact, if the aforementioned pH0 values were used to calculate the equivalent phosphate 

molarities in order to develop a surrogate buffer, phosphate concentrations of 1 and 2 mM 

(based on the conjugate base) can be respectively calculated. As expected, dissolution of SA 

and SB in these diluted phosphate media were considerably slower than both 5 and 15 mM. 

Furthermore, the closeness between dissolution curves in bicarbonate and equivalent 

phosphate media (overall f1=14.01%) confirmed that low molarity phosphate media (1 and 2 

mM) are suitable surrogate buffers for either SA and SB formulations tested in this study. 

Moreover, in vivo data previously reported by our working group was used to model the in vivo 

equivalent dissolution (IVED) profiles for the formulations used in this study. Pharmacokinetic 

coefficients for absorption (9.75 h-1), distribution (2.98 and 2.31 h-1) and elimination (0.90 h-1), 

as well as volume of distribution (3.81 l), were all in good agreement with previous reports on 

ibuprofen. In fact, the model correctly predicted the profiles observed after administering the 

ibuprofen oral solution. In addition, the diphasic model also produced accurate simulations of 

plasma-time profiles after the respective treatments with ibuprofen suspensions, confirming 

the suitability of this modeling approach. As anticipated, IVED curves were different between 

SA and SB, with large particle size suspensions dissolving slower than their shorter 

counterpart. Remarkably, IVED profiles fell within the dissolution profiles in bicarbonate for the 

respective suspensions. Even though the limited sample size used in the clinical trial prevents 

any sound conclusion on this relationship, the findings of this work suggest that either 

bicarbonate or the surrogate media here developed may be useful as biopredictive methods 

for these formulations. Furthermore, this investigation highlights that mechanistic 

understanding of luminal dissolution process enhances the detection capacity of in vitro 

testing, leaving an open door to further discussion on implementing biowaivers for BCS class 

IIa compounds.



40 
 

 

 

 

 

 

3. THE EFFECT OF CHITOSAN ON THE BIOACCESIBILITY AND 

INTESTINAL PERMEABILITY OF ACYCLOVIR  

 

 

Original publication Marlies Kubbinga, Patrick Augustijns, Mauricio A.García, Christian 

Heinen, Heleen M. Wortelboer, Miriam Verweie, Peter Langguth. The 

effect of chitosan on the bioaccessibility and intestinal 

permeability of acyclovir. European Journal of Pharmaceutics and 

Biopharmaceutics. 2019;136: 147-155. DOI: 

10.1016/j.ejpb.2019.01.021. 

Authorship Co-author 

Author contribution Formal analysis, Writing-original draft preparation. 

 

 

 

 



41 
 

One critical parameter for BCS class III IR oral solid dosage forms is the presence of excipients 

in the formulation with potential effect on their permeability, which is considered the rate limiting 

step for the absorption of these compounds. Several literatures have suggested the potential 

of chitosan, a polycationic polysaccharide, to be used in pharmaceutical formulations of BCS 

class III, due to their absorption enhancer properties. The absorption enhancer mechanism 

seems to be related to its positive charges, which bind epithelial cell membrane, resulting in a 

disbandment of the protein zonula occludens (ZO-1), otherwise known as tight junction-1 

protein. The structural changes in this latter protein would disrupt the monolayer integrity and, 

hence, increase drug permeability through the paracellular pathway. Even though several 

publications suggest chitosan as a promising permeability enhancer, very few in vivo evidence 

has been generated in humans to further confirm the in vitro findings. In fact, our working group 

recently conducted an in vivo study on fasted healthy volunteers to test this effect. Subjects 

were administered with Zovirax ® tablets (acyclovir 200 mg) previously dissolved in absence 

or presence of chitosan 400 mg or 1600 mg. Surprisingly, chitosan did not enhance oral 

absorption of acyclovir. Instead, chitosan reduced acyclovir absorption in a concentration 

dependent fashion. Pharmacokinetic parameters affected were not only Cmax, but also AUC.  

Before developing a predictive method for this effect, it is critical to gain mechanistic 

understanding of the phenomenon. Consequently, alternative hypothesis emerged from that 

work in order to provide an explanation for the unexpected result. Typically, in vitro methods 

to assess permeability do not include other luminal contents, such as bile salts or intestinal 

mucus. However, an interaction between the positively charged chitosan and either of these 

anionic molecules cannot be ruled out. In this study, the effect of chitosan on acyclovir 

bioaccessability was studied in the TNO gastrointestinal tract model (TIM-1), a 

multicompartmental in vitro apparatus that allows the simulation of not only gastrointestinal 

transit, but also secretion of fluids containing bicarbonate, electrolytes, digestive enzymes and 

bile. Acyclovir and chitosan concentrations used in this study corresponded to the doses 

administered to volunteers in a glass of water (250 ml), following same instructions as in the 

clinical trial. These were acyclovir 0.8 g/l and chitosan at 1.6 or 4.0 g/l. At different timepoints, 

acyclovir in solution is withdrawn from the system through dialysis membranes. Therefore, the 

amount collected can be interpreted the amount of acyclovir available to be dissolved 

(bioaccessible). On the other hand, the chitosan effect on permeability was studied in diverse 

in vitro permeability models including i) Caco-2 monolayers, ii) Caco-2 monolayers 

supplemented with type III mucin from porcine stomach, iii) rat jejunum mounted on Ussing-

type chamber, and iv) porcine excised jejunum mounted on the inTESTineTM apparatus. These 

experiments were controlled by measurement of transepithelial resistant and/or use of 

paracellular markers. 
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Acyclovir recovered in experiments performed in the TIM-1 apparatus was always greater than 

90%, regardless of the concentration of chitosan. Furthermore, the bioaccessibility kinetics 

showed overlapping profiles for the control and two chitosan treatments. These results suggest 

that an interaction between chitosan and secretion fluids (including bile, among others) is 

unlikely to play a role on acyclovir oral absorption. 

Concerning to acyclovir permeability in Caco-2 experimental set-up, both chitosan 

concentrations increased acyclovir permeability from 0.17 to 21 and 24, 10-6 cm/s, in good 

agreement with the evidence largely published in literature. As expected, such a permeability 

enhancement was accompanied by a reduction in the trans-epithelial resistant, evidencing the 

opening of tight-junction proteins. However, the presence of a mucus layer on top of the 

monolayer was able to prevent the permeability enhancer effect. Therefore, it is possible that 

loosely attached mucus in intestinal lumen prevents chitosan to exert its effect.  

Unlike Caco-2 vitro experiments, the use of excised jejunal tissue better resemble the results 

obtained in the clinical trial. For instance, the presence of chitosan in the inTESTineTM (procine 

jejunum) slightly decreased the permeability of acyclovir, although this reduction was not 

statistically different. Notwithstanding, the rat jejunum mounted in the Ussing-type chamber 

resulted to be the most biopredictive method among those studied in this publication. Acyclovir 

permeability was reduced from 7.4 to 5.4 and 6.2, 10-6 cm/s in presence of chitosan 1.6 and 4 

g/l, respectively. The success of jejunum tissue methods may be explained by the greater 

contribution of paracellular route to total transport compared to Caco-2, on the hand, and due 

to the constant mucus secretion, on the other. Moreover, enhanced hydrodynamics in Ussing-

type chamber experiment (due to stirring) compared to Caco-2 (due to shaking) may also 

promote the interaction between mucus and chitosan. In fact, recent data generated in our lab 

suggests that coacervates created as a consequence of such an interaction would entrap part 

of acyclovir dose, reducing its bioaccesibility. These findings may provide a complete 

explanation that also includes the effect observed on acyclovir AUC (data not published). 

Overall, results of this study highlight the importance of accounting for critical luminal contents 

in diverse in vitro set-up in order to correctly predict the in vivo outcome. Furthermore, the 

Ussing-type chamber model using rat jejunum seems an appropriate model to assess a 

potential excipient effect during drug development stages. 
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Oral administration of acyclovir products has been associated with high intra-study and 

between-studies variability. Explanations for such a variability are still not entirely clear as they 

may be related to physiological aspects, manufacturing variables or both of them. Being a BCS 

class III, physiological aspects that play significant role on acyclovir oral disposition encompass 

permeability mechanisms (passive diffusion or paracellular transport), as well as, carrier-

mediated transport through biological membranes. Meanwhile, critical manufacturing-related 

variables may include excipient composition and dissolution rate. This latter parameter is a 

requisite for biowaiver of BCS class III IR drug products, such that a biowaiver is only 

acceptable when the drug is very rapidly dissolved (more than 85% of the dose in less than 15 

min).  

Interestingly, the variability associated to acyclovir disposition does not seem to be greatly 

influenced by formulations, as indistinct Cmax and AUC were observed between an oral solution 

and capsules. Moreover, differences of around 35 to 44% in AUC and Cmax have been reported 

for the same product (Zovirax® 400 mg) tested in two different populations (Europeans vs 

Saudi Arabian subjects). Physiological features that explain this discrepancy can be related to 

expression of either transporters or enzymes involved in acyclovir disposition. Acyclovir is a 

substrate of several transporters, such as the hOATs sub-family (Km=94 µM, for OAT2), 

hMATE1 (Km=2640 µM) and hOCT1 (Km= 151 µM). Further, it is partially metabolized by the 

alcohol dehydrogenase (ADH1) enzyme, mainly expressed in the liver. While population 

variability of OATs and MATE1 transporters is expected to be low, single nucleotide 

polymorphism (SNP) of the OCT1 transporter has been previously shown to affect the 

pharmacokinetics of other BCS class III compound, i.e., metformin. With higher presence of 

less active OCT1 isoforms in Europeans than in other populations, it is possible that these 

differences explain acyclovir between studies variability. Moreover, the impact of population 

variability on acyclovir disposition from formulations with different dissolution profiles also need 

to be assessed. 

In this study, physiologically-based pharmacokinetics (PBPK) modeling was utilized to 

investigate the interplay between physiological and manufacturing aspects and their effects on 

acyclovir oral pharmacokinetics. The disposition/elimination model include the ADH1 enzyme 

(liver and kidney), as well as the MATE1 (liver and kidney efflux), the OAT2 (kidney uptake) 

and the OCT1 (liver uptake) transporters. Meanwhile, the absorption model included both 

passive and paracellular diffusion mechanisms. Permeability coefficients were obtained from 

in-house in vitro measurements (Caco-2 and Ussing-type chamber) and converted into human 

permeabilities by using the respective calibration equation. Differences between populations 

with normal and reduced OCT1 activity (i.e., Europeans) were accounted by reducing the 

OCT1 Vmax in the latter population by 55% (based on average expression of less active 
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isoforms). Predictability of the model was evaluated by comparing plasma curves predicted to 

observed clinical data reported in literature. Additionally, the interplay between population 

variability and differences in dissolution behavior was assessed, as well as its impact on the 

bioequivalence decision. For that purpose, the dissolution of Zovirax® (reference) and two in 

vivo bioequivalent products (generic A and B) was investigated in simulated stomach and 

intestinal fluids (SGF and SIF at pH 1.2 and 6.5, respectively). The model was, afterwards, 

feed with dissolution profiles and plasma curves were predicted for each formulation and 

population in virtual bioequivalence trials (n=36). 

While acceptable prediction of intravenous plasma profiles validated the disposition/elimination 

model, the absorption model was validated against clinical data for acyclovir strengths of 200 

and 400 mg. Permeability estimates calculated from different experimental set-ups were very 

close to each other (0.22 – 0.31, 10-4 cm/s). However, the high sensitivity to permeability 

parameter demanded for the model to use an intermediate value of 0.29, 10-4 cm/s for all 

simulations. With these parameters set, the influence of the OCT1 Vmax on acyclovir disposition 

was assessed by varying the OCT1 Vmax. In this manner, the model was able to predict the 

plasma curves of different populations, where a higher OCT1 Vmax increased acyclovir uptake 

to the liver, enhanced the hepatobiliary excretion and, hence, reduced overall plasma levels. 

Therefore, the OCT1 polymorphism can be considered a plausible explanation for the 

physiologically-related variability. 

On the other hand, the in vitro dissolution of acyclovir generics was comparatively slower than 

the reference in both media, such that neither of them fulfilled the regulatory criterion for BCS 

class III products. Although, both products were deemed bioequivalents after in vivo trials. The 

fastest dissolution profile was observed for Zovirax® in SGF, while the slowest was the generic 

A in SIF (85% dissolved around 45 min). Interestingly, virtual bioequivalence studies in a cross-

over design resulted in bioequivalence in Cmax and AUC for both generics, regardless of either 

the dissolution curves used as input or the OCT1 activity. Hence, simulations with this model 

were consistent with the regulatory decision made for these generic products. Furthermore, 

findings suggests that manufacturing changes leading to slower dissolution have little impact 

on acyclovir pharmacokinetics and oral variability. Nonetheless, virtual bioequivalence in a 

parallel design between normal and reduced-OCT1 activity populations led to a large 

discrepancy in both Cmax and AUC, such that the reference product was not bioequivalent to 

itself. Therefore, the results from this study demonstrated limited relevance of the very-fast 

dissolution criterion for BCS class III compounds. Moreover, this article emphasizes the 

potential of PBPK modeling as a tool to assess the performance of formulations that may be 

erroneously deemed as unsuccessful candidates after not meeting the in vitro parameters for 

dissolution. 
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Chapter 4. Overall discussion 

Pharmacokinetic clinical trials are mandatory at early stages of development in order to screen 

among different formulations. Since the aim of those studies is to determine the 

pharmacokinetics of new compounds and/or their safety in humans, healthy volunteers are 

typically recruited for this purpose. For pharmaceutical industry, clinical trials represent an 

unavoidable expenditure toward the development of new pharmaceutical products.[2,124] For 

instance, the time and monetary costs of Phase I trials (to assess pharmacokinetics and safety) 

for investigational new drugs were estimated to be 18 months and $ 10 million USD, 

respectively.[1] The exorbitant costs of clinical trials are problematic not only for innovator 

companies that research and develop new therapeutic agents, but also for generic companies. 

As stated, there may be several other reasons to conduct this type of studies in the 

development of generics, such as the bioequivalence testing between two formulations, the 

demonstration of efficacy/safety for products after post-approval modifications, the evaluation 

of the effect of food on the performance of the formulation, etc. Furthermore, ethical concerns 

may arise regarding the overuse of healthy volunteers in testing pharmaceutical products.[125] 

This point may be exemplified by situations such as, whenever a critical raw material is 

purchased from a different supplier or whenever a critical manufacturing operation/equipment 

is modified. In these scenarios, another bioequivalence trial may be requested to assure the 

efficacy/safety of the new formulation, although the performance of clinical studies after every 

single manufacturing change is ethically questionable. Therefore, the development of 

surrogate methodologies to assess the biopharmaceutics through in vitro and/or in silico 

methods becomes very attractive for different sectors of pharmaceutical industry in order to 

reduce the costs and overcome the ethical issues associated with clinical trials. 

 

1. Biopharmaceutic prediction for BCS class II drugs: Carbamazepine 

and Ibuprofen 

In this dissertation, four case studies of IR oral dosage forms were tackled and the possibilities 

to find biopredicitive methodologies for these products were explored. Two of those products 

belonged to the BCS class II, i.e., oral absorption is limited by their solubility. According to the 

Nernst-Brunner equation (eqn. 1.3), the solubility affects directly the dissolution rate, which 

becomes a rate limiting step toward the absorption for compounds in this BCS class. 

Consequently, dissolution testing apparatuses detailed in pharmacopeia might be suitable to 

predict the oral biopharmaceutics for these compounds, provided that dissolution conditions 

are properly designed to resemble critical in vivo features that govern the dissolution. These 

latter depend not only on the luminal contents, but also on the physical-chemical properties of 
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the drug (product). For instance, the absence or presence of ionizable groups in this type of 

molecules leads to different interactions according to the luminal gradient, such that a sub-

classification has been previously proposed on basis of their acid/base properties.[55]  

On the one hand, carbamazepine is classified as a BCS IIc compound. When designing an in 

vivo predictive dissolution method for this sub-class, it is allowed to overlook some aspects, 

such as the buffer capacity and pH, because their role on drug dissolution is expected to be 

negligible compared to other parameters. In fact, carbamazepine solubility demonstrated to be 

insensitive to different buffers/pH.[126,127] However, the interaction with other luminal 

contents, i.e., surfactants, becomes more relevant for this drug.[54,128] For instance, 

carbamazepine solubility increases in presence of bile salts and other surface agents like SLS. 

The latter agent is included in the pharmacopeial method for carbamazepine IR solid oral 

dosage forms at a concentration of 1%, suggesting the predictive potential of this method.[76] 

Interestingly, it was found that nine of out ten studies on IVIVC for carbamazepine products 

successfully utilized compendial conditions (i.e., SLS 1%). The predictive power of this method 

seems to rely not only on the increased carbamazepine solubility in SLS-media but also on to 

enhanced sink conditions. Carbamazepine’s high permeability creates an in vivo sink where 

the drug dissolved is withdrawn from the lumen upon dissolution. This appears to be correctly 

mimicked by the pharmacopeial testing conditions.  

On the other hand, ibuprofen is an acidic BCS class II (BCS IIa) drug, hence, the resemblance 

of luminal buffer capacity is pivotal. Unlike carbamazepine, the pharmacopeial testing 

conditions for both ibuprofen tablets and suspensions (phosphate buffer 50 mM, pH 7.2)[76] 

hardly mimic the in vivo interactions. Under compendial conditions, the enormous buffer 

molarity boosts the dissolution rate to a point where differences between products are not 

accountable. This was true even for lower phosphate molarity/lower pH media (5 – 15 mM, pH 

6.0), such that it was not able to detect the differences in the in vivo dissolution between 

suspensions A and B. Conversely, different dissolution curves were observed in bicarbonate 

buffer (5 – 15 mM, pH 6.0), in very good agreement with the in vivo situation. When using in 

vitro bicarbonate media at physiological concentrations, the surface ionization of ibuprofen 

(which drives its dissolution rate) becomes similar to what occurs within the lumen, and, 

therefore, the in vivo dissolution is more accurately simulated. However, the use of bicarbonate 

media in the in vitro experiment is not straightforward, because of constant gas sparging that 

is needed to maintain the enhanced buffer capacity as in the bulk of the intestinal lumen.[51] 

However, the critical parameter to be mimicked is not the buffer composition itself, but the 

ionization of the drug at the solid surface, as a consequence of the physiological concentrations 

of bicarbonate.[75] Therefore, the implementation of a surrogate buffer that achieves the same 

surface ionization (pH0) is possible. This concept was demonstrated by calculating the 
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phosphate equivalent molarities of 1 and 2 mM, which resembled bicarbonate concentrations 

of 5 and 15 mM, respectively. The close match between dissolution in bicarbonate and the 

surrogate media brings a new opportunity for the development of biopredicitive dissolution 

testing for low soluble ionizable drugs, with great potential for regulatory and industrial 

applications (See below). 

 

2. Biopharmaceutic prediction for BCS class III drug products: 

Acyclovir 

Compounds belonging to the BCS class III have an oral absorption limited by their permeability. 

As a consequence, a major contribution of the intestinal transit time, paracellular permeation 

and/or carrier-mediated transport to their absorption/disposition is expected. Even though they 

are mainly dependent on the physiology of each subject, there are still concerns on the impact 

of excipient/dosage form to drug disposition, if the formulation has any influence on the 

aforementioned processes.[9] In this manuscript, the interplay between physiological and 

formulation aspects was assessed using acyclovir as a BCS class III model compound. 

Likewise, the oral biopharmaceutics for acyclovir were predicted through in vitro and in silico 

methods for different scenarios, namely the effect of excipients, transporters and dissolution. 

Some pharmaceutical excipients used commonly on IR oral solid dosage forms have 

significant effect on drug permeability across different experimental models.[64,129–131] 

However, in vivo experimentation is still required to correctly assess the true outcome in 

humans. Several research has been conducted on the excipient potential of chitosan, where it 

has shown to consistently enhance the permeability of low permeable compounds (Table 2). 

Notwithstanding, our working group recently demonstrated that chitosan actually reduced 

acyclovir bioavailability in humans.[60] In the present work, acyclovir permeability was assayed 

across different permeability experimental set-ups to simulate the in vivo findings in an in vitro 

test. While mucus free experiments completely mispredicted this effect, the mucus-containing 

set-up provided much better matches to the findings from the clinical trial. Because of the high 

sensitivity to permeability, typical permeability in vitro tests based on epithelial monolayers 

may exaggerate such an effect, with the experimental model overestimating the role of the 

excipient.[130,132] In the in vivo situation, the intestinal lumen is protected by two mucus 

layers that cover the intestinal wall and prevent it against possible damaging agents.[98] 

Therefore, supplementing the Caco-2 model with an artificial mucus layer neutralized the effect 

of chitosan. Furthermore, the Ussing-chamber model caused the most accurate predictions of 

the in vivo observations, most likely because of both the constant mucus secretion from rat 

jejunal tissue and the promoted interaction between chitosan and mucus under the testing 

conditions. 
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Sensitivity to permeability was not only an issue in the in vitro methodologies, but also in the 

in silico simulations. For instance, the PBPK model here constructed predicted large changes 

in acyclovir Cmax when little variations were made on the initial permeability estimates 

Moreover, parameter sensitivity analysis also revealed the importance of this parameter to 

predict the pharmacokinetics of acyclovir IR dosage forms. Therefore, the results here 

presented throw some warnings about the extrapolation from in vitro permeability to in vivo 

predictions. On the one hand, the inclusion of mucus in the in vitro model appears to be key to 

correctly predict the change in permeability. Hence, data produced in mucus-containing set-

ups may improve the predictability of PBPK models. On the other hand, the mucus layer has 

been overlooked by PBPK modeling software, thus mechanistic simulations for this 

phenomenon are still missing. Accounting for these points might expand the use of PBPK 

modeling towards successfully predicting the effect of excipients. 

The pharmacokinetics of poorly permeable compounds might also be greatly altered by the 

role of drug transporters. In the case of acyclovir, large disposition variability has been reported 

even when the same product is administered to different populations.[110,117,133] The OCT1 

transporter expressed in the basal membrane of the liver was hypothesized to play a major 

role on acyclovir disposition, such that population-related variability may be explained by 

changes in transporter activity (due to i.e., polymorphism and/or disease state). In fact, it was 

possible to predict these scenarios when modeling alterations in OCT1 Vmax in a PBPK model. 

Although this factor was key to understand the population-related variability in acyclovir 

pharmacokinetics, the impact of OCT1 activity on the comparative bioavailability of two 

acyclovir multisource products (e.g. bioequivalence assessment) seems to be negligible, 

provided a cross-over designed is granted. 

With permeability being the limiting factor for the absorption of BCS III drugs, the role of 

dissolution is limited when the release occurs much faster than permeability (provided the lack 

of dramatic segmental permeability variation).[4] This aspect was captured by the PBPK model 

here developed, where the bioequivalence of two multisource generics to the reference was 

correctly predicted, in spite of displaying statistical differences in dissolution curves (f2<50). 

This demonstrates the limited relevance of the dissolution criteria in predicting the performance 

of BCS III IR oral dosage forms. 

 

3. Regulatory implications 

Current guidelines do not recommend BCS-based biowaivers for the class II, unless an IVIVC 

is successfully developed.[68,69] The carbamazepine case discussed in this manuscript 

demonstrates that IVIVCs are possible if key processes, such as the in vivo sink, are accounted 
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in the in vitro method. However, this example may be difficult to generalize. Carbamazepine 

solubility depended on the SLS concentration in media in the range 0.1 – 1%,[128] suggesting 

that SLS concentration would play a role on the detection capacity of this method. Further, the 

more meaningful SLS concentrations might change from drug-to-drug, meaning that finding 

the more appropriate testing conditions would require a semi-empirical approach, such that in 

vivo testing is still mandatory.  

On the other hand, the biowaivers for BCS class IIa has been previously suggested. The 

argument for this has been the “pseudo-BCS I” behavior for this sub-class after the drug 

reaches the intestinal environment. However, the shortcoming in detecting bio-inequivalences 

when using typical biowaiver media (based on compendial buffers) is a major concern.[57] 

Remarkably, a biopredictive method was developed in this work, utilizing bicarbonate as 

dissolution medium. Even though the gas sparging associated with the use of bicarbonate 

media carries some difficulties (i.e., incompatibility with surfactants and 

validation/reproducibility concerns), this can be solved if a surrogate buffer is appropriately 

designed. This was carried out by applying mechanistic modeling for both diffusion and 

ionization in either typical or bicarbonate-based buffers.[74,75] Unlike the biorelevant 

bicarbonate media, a surrogate buffer overcomes the aforementioned challenges, while 

mimicking bicarbonate biorelevance at the same time. Therefore, the mechanistic design of 

surrogate buffers with an appropriate discrimination capacity might play a role in re-opening 

the discussion on biowaivers for the BCS class IIa sub-class. 

With respect to the BCS class III, biowaivers are possible if: i) the formulation is qualitatively 

the same as the reference and quantitatively similar (difference< 10%) and ii) the dosage forms 

is very rapidly dissolved (>85% in 15 min).[69] The first point relates directly to the sensitivity 

to permeability and the potential effect of excipients on this process, while the second is 

associated with the interplay between dissolution and permeation rate. The results obtained in 

this dissertation support the conservative spirit of regulators for the effect of excipients. The 

prediction of the effect of chitosan was not straightforward and demanded the performance of 

in vitro techniques that are not mentioned in the international guidelines (Rat jejunum mounted 

on an Ussing-type chamber). Conversely, the outcomes regarding to the dissolution of BCS 

class III drugs suggest that the current criteria may be still over-discriminative. For instance, 

the pharmacokinetics of the slowest dissolving acyclovir generic (>85% in 45 min) was 

predicted not to differ from the reference product (>85% in 15 min), which is in good agreement 

with the in vivo observation. The bioequivalence decision was not influenced by the effect of 

the potential OCT1 polymorphism on acyclovir pharmacokinetics. Taken together, these 

findings may expand the use of PBPK modeling in supporting BCS-biowaiver applications for 

BCS class III IR oral solid dosage forms. Moreover, the importance of conducting 
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bioequivalence studies in a cross-over design, instead of a parallel design, was also endorsed 

in the light of these results. 

 

4. Opportunities for pharmaceutical industry 

While this thesis has regulatory implications (as mentioned above), it also showcases some 

opportunities for the pharmaceutical industry. The prediction of oral biopharmaceutics for IR 

dosage forms has great potential, especially during early stages of drug development.[134] 

For instance, the rational choice of biopredictive conditions for predicting in vivo dissolution of 

ibuprofen suspensions applied in this work can be replicated for other BCS IIa drugs. Having 

a biopredictive dissolution method would allow to guide rationally the development processes, 

such that the formulation can be optimized in order to match the desired dissolution rate (e.g., 

by modifying the particle size). Furthermore, this shows utility also for the generic industry, 

because biopredictive methods may be used to screen formulations and select the most 

promising candidate before going to bioequivalence trials. One adversity of setting 

biopredictive media for this type of compounds is the handling of bicarbonate as in vitro 

dissolution media.[56] Bicarbonate dissolution system can be challenging to set for some 

generic companies and difficult to validate. However, a strategy to develop surrogate media 

was shown in this work, as well. It can be anticipated that the introduction of the concept of 

surrogate media in pharmaceutical industry may be an efficient pathway to reduce monetary 

and temporary costs related to drug development. 

Conversely, the dissolution of BCS class III drugs is considerably less relevant than their 

permeability. Although, the regulatory criterion for dissolution is still restrictive. This disjunctive 

may produce a manufacturer risk, where the company might discard a truly successful 

formulation because it did not satisfy the regulatory requirement (false negative). In this regard, 

PBPK modeling and simulations can be useful to predict the impact of dissolution in the 

pharmacokinetics. Furthermore, PBPK modeling may be of great utility to predict the 

biopharmaceutics of drugs that need to be tested in patients (i.e., oral antineoplastic). For this 

type of drugs, the recruitment of subjects for experimentation is more problematic than healthy 

volunteers. Moreover, cancer patients may have altered protein expression due to their 

disease conditions (e.g., diminished OCT1-activity).[135] Therefore, the correct application of 

PBPK modeling, as it was shown in this manuscript, may be helpful in gaining confidence in 

the formulation that is going to be selected for clinical trials in special populations. 

Lastly, the effect of critical excipients is an issue for the BCS class III. Even though Caco-2 

cells are generally accepted for permeability classification,[68,69] the lack of protective mucus 

increases the sensitivity of this experimental set-up to the effect of some permeability 
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enhancers. This fact may mislead the pharmaceutical development of a given product by 

equivocally suggesting an enhanced drug bioavailability (false positive). Hence, a more 

biopredictive test may be needed to better predict the performance of the product before failing 

the clinical trial. It was depicted in the present work that mucus-containing permeability 

experiments not only attenuated the permeability enhancer effect, but also led to obtain greater 

predictions of the in vivo scenario (i.e., Rat jejunum mounted on a Ussing-type chamber). The 

use of this test at early stages of drug development could then prevent both money and time 

wasting toward the development of new oral formulations.
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Chapter 5. Conclusion 

The potential of different biopharmaceutic predictive methods for immediate release dosage 

forms was assessed. Case studies were analyzed and discussed on predicting the oral 

absorption for BCS class II (carbamazepine and ibuprofen) or III compounds (excipient effect 

and physiology/formulation interplay for acyclovir).  

The risk of waiving the in vivo studies for carbamazepine IR products was deemed high, due 

to i) its BCS class II classification and ii) its narrow therapeutic index. However, sound evidence 

was found on the strength of the compendial method (USP apparatus II, 75 rpm, 900 ml of 1% 

SLS) to detect bio-inequivalences. These conditions were further successfully used to develop 

IVIVCs for carbamazepine IR products. 

A biopredictive method for ibuprofen (where the compendial method is inappropriate) intestinal 

dissolution was successfully developed. In vitro bicarbonate media at physiologically relevant 

concentrations matched the deconvoluted in vivo dissolution. Moreover, mechanistic modeling 

of pH0 enabled the development of surrogate media based on phosphate buffer at 

concentrations between 1 – 2 mM, which correctly predicted the in vivo observation. 

The negative effect of chitosan on acyclovir bioavailability was investigated through in vitro 

methodologies. In vivo findings were mainly explained by luminal presence of mucus, such 

that it would interact with chitosan reducing acyclovir permeation. The Ussing-type chamber 

set-up mounted with excised rat jejunum was the most biopredictive method among those 

studies. 

Pharmacokinetic variability observed with acyclovir multisource products was investigated 

from a physiological and technological perspective. The interaction between these aspects 

was studied with PBPK modeling techniques. The model suggests that OCT1 polymorphism 

is a plausible explanation for the observed variability rather than dissolution of the tablets. 

Moreover, the bioequivalence of the products was correctly predictive with this in silico method. 

The case studies presented in this dissertation showcase possible approaches that may be 

used to advance towards biopredictive methodologies for immediate release dosage forms. 

Furthermore, these methods have great potential in pharmaceutical industry, which might 

ultimately result in saving time and money through reducing the number of clinical trials carried 

out during drug development stages. 
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a b s t r a c t

Literature relevant to assessing whether BCS-based biowaivers can be applied to immediate release (IR)
solid oral dosage forms containing carbamazepine as the single active pharmaceutical ingredient are
reviewed. Carbamazepine, which is used for the prophylactic therapy of epilepsy, is a non-ionizable drug
that cannot be considered “highly soluble” across the range of pH values usually encountered in the
upper gastrointestinal tract. Furthermore, evidence in the open literature suggests that carbamazepine is
a BCS Class 2 drug. Nevertheless, the oral absolute bioavailability of carbamazepine lies between 70 and
78% and both in vivo and in vitro data support the classification of carbamazepine as a highly permeable
drug. Since the therapeutic and toxic plasma level ranges overlap, carbamazepine is considered to have a
narrow therapeutic index. For these reasons, a BCS based biowaiver for IR tablets of carbamazepine
cannot be recommended. Interestingly, in nine out of ten studies, USP dissolution conditions (900 mL
water with 1% SLS, paddle, 75 rpm) appropriately discriminated among bioinequivalent products and
this may be a way forward to predicting whether a given formulation will be bioequivalent to the
comparator product.

© 2021 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.

Introduction

Carbamazepine is commonly used to prevent seizure episodes
in patients diagnosed with epilepsy, as well as to relieve the pain

associated with trigeminal neuralgia. The World Health Organiza-
tion (WHO) includes immediate release (IR) tablets containing
carbamazepine as an anticonvulsant/antiepileptic drug in lists of
essential medicines (EML) for both adults and children.1e3 Addi-
tionally, the 21st edition of WHO EML for adults also recommends
carbamazepine IR tablets as a treatment for behavioral disorders.2

A Biowaiver Monograph based on the available literature is
presented for carbamazepine. The purpose and scope of these
monographs have been previously discussed in detail.4 To date,
more than 45 biowaiver monographs have been published, which
are all available on-line at www.fip.org/bcs_monographs.5 Briefly,
these aim to summarize and evaluate all data relevant for the
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decision as to whether IR oral dosage forms containing the active
pharmaceutical ingredient (APIs) could be approved according to
the BCS-Biowaiver methodology, rather than having to undergo a
pharmacokinetic evaluation of bioequivalence with a comparator
formulation in a clinical study. APIs which are listed on the WHO
EML,2 have priority for this evaluation, since they are used in many
countries where a clinical study might be onerous. The BCS-based
biowaiver methodology, by contrast to pharmacokinetic-based
bioequivalence studies, enables products to be evaluated using
dissolution testing in order to assess bioequivalence, thus enabling
new medicines to be brought to market more quickly and at less
expense. However, the guidances1,6e8 that have been issued to
regulate the application of the BCS-based biowaiver must be fol-
lowed to apply the BCS-based biowaiver methodology, with
consideration not only of the solubility and permeability elements
of the BCS but also wider clinical questions such as whether the API
has a wide or narrow therapeutic index (NTI) and whether the
benefits of applying the BCS-based biowaiver approach outweighs
any potential risks associated with its application.

In the present monograph, the risk of waiving in vivo bio-
equivalence (BE) studies, by in vitro studies, in the approval of new
and/or reformulated carbamazepine drug products manufactured
as IR solid oral dosage forms is assessed.

Methods

Published information was obtained from PubMed, up to
October 2020, and through the International Pharmaceutical Ab-
stracts. Key words used were: carbamazepine, indications, thera-
peutic index, solubility, polymorphs, partition coefficient,
permeability, absorption, distribution, metabolism, excretion,
bioavailability, bioequivalence, dissolution, IVIVC, and excipients.
Whenever appropriate, original literature based on the references
in any given report was consulted.

General Characteristics

The chemical structure of carbamazepine is shown in Fig. 1.
According the IUPAC nomenclature, its name is 5H-dibenz[b,f]aze-
pine-5-carboxamide.9,10 However, it can be also found under the
chemical name: 5H-Dibenz[b,f]azepin-5-carbamide. Carbamaze-
pine molecular formula is C15H12N2O, its molecular weight (MW) is
236.3 g/mol and it is registered under the Chemical Abstracts Ser-
vice (CAS) number: 298-46-4.10 Visually, carbamazepine corre-
sponds to white to yellowish-with crystalline powder that melts
between 189 and 193 �C. The powder is very slightly soluble in
water, freely soluble in dichloromethane and sparingly soluble in
either acetone or ethanol 96%.9

Therapeutic Indication &Therapeutic Index

Carbamazepine is indicated in the prophylactic treatment of
different types of epilepsy (partial and generalized tonic-clonic

seizures), as well as to relieve pain related to trigeminal neural-
gia.11,12 The mechanisms of action have not yet been fully under-
stood. However, a decrease of polysynaptic responses togetherwith
the blockage of post-tetanic potentiation seem to be involved in the
prevention of seizures. This would depress the action potential in
both the thalamus and polysynaptic reflexes (by binding to voltage-
dependent sodium channels).11,13

Conventionally, the therapeutic range for serum carbamazepine
levels has been defined as 4e12 mg/mL.14,15 However, diverse at-
tempts to correlate either therapeutic or adverse effect with plasma
concentrations have led to contradictory outcomes.16,17 Newly
diagnosed patients became seizure free at plasma concentrations
lower than 8 mg/mL, although seizure control in certain individuals
was also seen at plasma levels as low as 1.7,16 or even at 1.2 mg/
mL.14,18 By contrast, Lesser et al. reported that around 50% of pa-
tients with intractable seizures responding to treatment showed
plasma concentrations from 9.7 to 12.5 mg/mL, whereas practically
the same plasma levels were found in patients whose epilepsy was
not well controlled. Furthermore, the authors showed that serum
concentrations of patients with and without adverse effects ranged
between 7e12.3 and 9.4e17.2 mg/mL, respectively.19

Common adverse effects related to carbamazepine encompass
central nervous system, hematologic, gastrointestinal and cuta-
neous symptoms.15,20,21 A systematic review of diverse clinical
studies indicated that somnolence, gastrointestinal symptoms and
rash showed the highest incidences (26, 29 and 32%, respectively)
in patients treated with 200e2000 mg.22

Consistently, adverse reactions have been detected within the
range 5.9e8.3 mg/mL,23,24 similar to the serum concentrations at
which carbamazepine is used for the treatment of epilepsy. For
instance, mean plasma levels at steady state (Css) of 6.52 mg/mL
were reported after three weeks of treatment with 200 mg of the
reference product three times a day.25 Although that value must
therefore considered to be within the therapeutic range, adverse
effects have been reported at plasma levels at and above 5.9 mg/
mL.23,24

With respect to cutaneous symptoms, the appearance of toxic
epidermal necrolysis and Stevens-Johnson syndrome have both
been related to carbamazepine. The risk of these events is esti-
mated ten-fold higher in Asian than Caucasian populations, very
likely due to a variant in the HLA-B gene (HLA-B*1502).11 With
respect to hematologic adverse effects, aplastic anemia and
agranulocytosis have been associated with the use of this drug.

Interestingly, Olling et al. demonstrated that adverse effects
(dizziness, fatigue, drowsiness, among others) occurred in a single
dose BE trial at a dose of two 200 mg IR carbamazepine tablets. In
this report, Cmax of drug products ranged from 2.6 to 3.5 mg/mL,
whereby faster absorbing formulations tended to evoke a higher
occurrence of adverse effects.26 Tothfalusi et al. further confirmed
those findings by introducing a PK/PD model with the data already
published by Olling et al. Good correlations between the partial
AUC (AUCP) parameter of various bioinequivalent products and
incidences of adverse events were observed.17 However, it may be
difficult to generalize these findings, since overlaps between ther-
apeutic and toxic doses have been consistently reported in the
literature.

Carbamazepine poisoning has been reported to occur after
exposure to doses over 1400mg, and it wasmainly characterized by
neurologic symptoms, namely, altered mental status, decreased
consciousness, and recurrent seizures. Additionally, systemic con-
sequences such as respiratory depression, hypotension and dys-
rhythmias have been observed.15 Fatal outcomes have been
associated after ingesting above 20 g orally.15,21

Given the therapeutic range from 4 to 12 mg/mL,14 a therapeutic
index of 3 can be calculated. Nevertheless, this value may actuallyFig. 1. Chemical structure of carbamazepine.
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overestimate the reality since: i) therapeutic and toxic doses
overlap, and ii) the therapeutic range of individuals could be even
narrower.22 Therefore, carbamazepine is considered to be a narrow
therapeutic index (NTI) drug. This classification is further sup-
ported by the FDA in its draft guidance on carbamazepine, which
considered these arguments, together with the need for thera-
peutic monitoring and low-to-moderate within subject
variability.27

Dose, Dosage Forms and Strengths

Initially, carbamazepine 200 mg IR tablets twice daily are rec-
ommended in the treatment of epilepsy. Doses should be gradually
increased by up to 200 mg weekly, leading to a regime of 200 mg
three- or even four-times daily. Individual titration of the patient is
also suggested, although typical maintenance doses consist of
800e1200 mg daily.11,12 In special cases, daily doses as high as
1600 mg can be used.11 Even though daily doses of 300e1400 mg
have shown efficacy in seizure control,23,28 no clear correlation has
been observed between dose administered and efficacy.20,22 On the
other hand, 100 mg b.i.d. is recommended in the palliative treat-
ment of trigeminal neuralgia, which can be increased up to
400e800 mg daily as maintenance doses.11

Carbamazepine drug products with market authorizations (MA)
encompass intravenous (IV) solutions 200 mg/20 mL, oral sus-
pensions (100 mg/5 mL), chewable tablets (100, 200 mg), imme-
diate release tablets (100, 200, 300, 400 mg), extended release
capsules (100, 200, 300mg) and extended release tablets (100, 200,
400 mg).29 Among them, only few presentations are listed in both
the adult and pediatric WHO EML. Carbamazepine is stated as an
anticonvulsant/antiepileptic medicine in both the 7th (children)
and 21st (adults) EML when formulated as oral liquid (100 mg/
5 mL), chewable tablets (100, 200 mg) and (scored) tablets (100,
200 mg).2,3 This latter dosage formwas also included in the EML as
a treatment of bipolar disorders in adults.2 In turn, the carbamaz-
epine monograph in the U.S. Pharmacopeia (USP) includes oral
suspensions (100 mg/5 mL), chewable tablets (100 mg), immediate
release tablets (200 mg) and extended release tablets (100, 200,
400 mg).10

Physicochemical Properties

Polymorphs & Hydrates
Four anhydrous polymorphs and two dihydrates of carbamaz-

epine have been extensively characterized.30e33 According to the
unified nomenclature proposed by Grzesiak et al., triclinic and
trigonal polymorphs (forms I and II, respectively) share very similar
crystal packing,31,33 and needle-like morphology.34,35 On the other
hand, the P-monoclinic and C-monoclinic forms (III and IV,
respectively) are also related to each other.31 Similar to Forms I and
II, carbamazepine dihydrate (DH) displays a needle-like form.36,37

However the DH can be easily distinguished from either Form I
or II given that the former exhibits a molecular weight approx. 13%
higher at the same content of carbamazepine than the anhydrous
forms.34

Power X-ray diffraction (PXRD) and differential scanning calo-
rimetry (DCS) are powerful tools for discriminating among carba-
mazepine polymorphs.31,33 Form I shows characteristic peaks in
PXRD between 7.9 and 9.4 [2q�], as well as several others at 12.3,
13.2, 19.9 and 22.9 [2q�]. As for DCS, the scan of Form I shows just
one endotherm in the range 189e191 �C, corresponding to its
melting range.30,31 This melting range can be also observed for the
DH, and both Forms II and III. Nevertheless, these latter polymorphs
showed additional endotherms before the peak, at 191 �C, which
are not observed for form I. Flicker et al. characterized four different
marketed products of IR carbamazepine, finding that Forms I and III
were the most prevalent.38

Solubility
Numerous carbamazepine solubility data have been reported in

the literature.39e47 Given the biopharmaceutic aim of this mono-
graph, Table 1 summarizes solubility data obtained at body tem-
perature, i.e. at 37 �C. The presence of 0.5 or 1% sodium lauryl
sulfate (SLS) increases carbamazepine solubility by approx. five- or
ten-fold, respectively. The solubility of carbamazepine appears to
be insensitive to effects of either buffer or pH. The Dose/Solubility
ratio in SLS-free media was always reported to be higher than
580 mL (based on the highest strength in the WHO EML: 200 mg).1

However, this ratio may be even larger if either the highest clinical

Table 1
Solubility of Carbamazepine in Different Media at Temperature 37 �C.

Media pH Sodium Lauryl Sulfate (SLS %) Solubility (mg/mL) D/Sa (mL) Reference (Ref)

Unbuffered Absence
Water e e 0.24 833b 44

Water e e 0.24 833b 40

Buffered Absence
HCl 0.1 N 1 e 0.34 588b 43

HCl 0.1 N 1 e 0.26 782b 46

SGF 1.2 e 0.24 849b 46

FaSSIF 6.5 e 0.24 847b 47

SIF 6.8 e 0.24 841b 46

HIF 6.5e7.5 e 0.28 707b 47

Unbuffered Presence
Water e 0.5 1.50 133 44

Water e 0.5 1.29 155 46

Water e 1 2.94 68 46

Water e 1 2.50 80 44

Water e 1 2.04 98 43

Buffered Presence
Phosphate buffer 4 0.5 1.30 133 44

Phosphate buffer 6.8 0.5 1.40 154 44

Phosphate buffer 4 1.0 2.40 83 44

Phosphate buffer 6.8 1.0 2.40 83 44

SGF, Simulated gastric fluid; SIF, Simulated intestinal fluid; FaSSIF, Fasted state simulated intestinal fluid; HIF, Human intestinal fluid.
a For 200 mg ¼ the highest tablet strength in the WHO Essential Medicines List, 21st Ed.
b Outside the critical limit of <250 mL.
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dose or highest strength in the market (400 mg) are considered. As
a result of its poor aqueous solubility, many attempts to increase
carbamazepine solubility by applying diverse technologies such as
co-crystals can be found in the literature.

Partition Coefficient
Calculated partition coefficient (CLogP) values of 1.98,42 2.28,48

and 2.25,49 have been reported using different computational ap-
proaches. Consistently, a LogP of 2.93 has been estimated by atomic
contributions-based methods.42 By contrast, a partition coefficient
of 1.51 determined by shake flask methods was slightly lower than
the computational values.49 Overall, the literature suggests a higher
affinity for lipids versus the aqueous phase.

pKa
Two relatively high pKa values have been published by two

different authors (11.83 and 14),49,50 probably belonging to the
equilibrium ReNH2 4 ReNH þ Hþ. Therefore, no ionization is
expected for carbamazepine within the physiological pH range.
This is in good agreement with the lack of pH-dependence of car-
bamazepine's solubility within the physiologically relevant pH
range (Table 1).

Pharmacokinetic Properties

Absorption and Bioavailability
Faigle and Feldmann administered gelatin capsules containing

14C-labeled carbamazepine orally to two healthy subjects. The au-
thors found that 72% of the dose was recovered in the urine, while
the remaining 28% was recovered in the feces.51 Two decades later,
G�erardin et al. prepared in-house IV solutions to study the absolute
BA of 2% of 15N-labeled suspensions in two healthy volunteers.
Using this approach, absolute BA values of 100.1 and 102.3% were
obtained by analyzing the 15N-labeled carbamazepine contained in
the orally administered product.52 This apparent discrepancymight
be explained by the biliary excretion of oxidative metabolites (see
below). In fact, more than half of the amount present in feces was in
form of metabolites.51,53

Recently, an IV carbamazepine formulationwas developed using
b-cyclodextrin to overcome solubility problems, and the formula-
tion was approved by the U.S. Food and Drug Administration
(FDA).54 Marino et al. infused 100 mg of this IV formulation con-
taining 13Ce15N-labeled carbamazepine into 92 epilepsy patients
treated with oral carbamazepine products. They were able to
determine carbamazepine concentrations in plasma from both
formulations simultaneously through the quantification of both the
label and the mass of carbamazepine (using liquid chromatography
coupled to mass spectrometry, LC-MS). In that study, the absolute
BA at the steady-state (BAss) was found to be 78 ± 24%, independent
of patients’ gender.55 It is worth noting that G�erardin et al. labeled
the orally administered carbamazepine,52 while Marino et al.
labeled the IV drug.55 This implies that BA determined by G�erardin
et al. accounted for both the parent drug and metabolites, whereas
Marino et al. accounted only for the parent carbamazepine from the
orally administered dose, as this was quantified by LC-MS.

In another study, Tolbert et al. switched the treatment of epi-
lepsy patients from their typical oral carbamazepine to an IV
infusion, whose dose corresponded to 70% of their total oral daily
dose.56 By comparing the area under the plasma concentration-
time curve (AUC) from the IV infusion and oral administration,
authors observed that these values fell within the 90% confidence
interval (CI) regardless of the infusion time. Moreover, the 30 min
IV infusion was bioequivalent with the oral product in both AUC
and maximum plasma concentration (Cmax),56 consistent with the
BA of 78% reported by Marino et al.55 Taken together, the literature

suggests that the incomplete BA of carbamazepine (70e78%) might
be principally related to first pass metabolism (see section
Distribution, metabolism and excretion) rather than incomplete
absorption.

The range of AUC values after oral administration of carba-
mazepine 200mg IR tablets is around 120e190 mg*h/mL.57,58 These
values proportionally rise to 240e300 mg*h/mL when 400 mg are
administered, suggesting linear pharmacokinetics within this dose
range.26 Linearity was further demonstrated over the range
50e600 mg.59,60 Even though a slight disproportion was detected
at lower doses (i.e. 50 and 100mg),58 this was almost negligible and
may be attributable to nonlinear hepatic metabolism rather than
nonlinear absorption.

The Cmax, which is indirectly related to the absorption rate,
seems to be more variable than AUC. For instance, values from 1.15
to 2.70 mg/mL were reported after the administration of 200 mg IR
tablets to healthy subjects.61,62 Nonetheless, the administration of
two tablets of 200 mg caused the expected proportional increase in
Cmax (3.20e5.90 mg/mL). The absorption of oral solutions was faster
than that of suspensions, which in turn was faster than for tab-
lets.60,63 This suggests that the in vivo performance of carbamaze-
pine is to some extent dependent on the dosage form, and for solid
dosage forms, potentially on the disintegration step and particle
size.63 Food also seems to have a modest influence carbamazepine
absorption, since concomitant meal intake caused an increase of 20
and 25% in the AUC and Cmax, respectively, although the effect was
only statistically significant for Cmax.60

Carbamazepine is slowly absorbed, showing a plasma peak at
24 h (Tmax).16,59 However, this value widely varied between 1.5 and
32 h (for the reference product), or 1e48 h (for many other IR
formulations).26 Carbamazepine's plasma-time curves display a
plateau-like formwhen maximum concentrations were reached, in
which several minor plasma peaks were identified.26,60 This would
be the most likely explanation for the above-mentioned erratic
variation in Tmax. This variation is perhaps amplified by carbama-
zepine's relatively long elimination half-life. Interestingly, this
plateau-like behavior was not seen when carbamazepine was
administered as an alcoholic oral solution,58 suggesting that vari-
ability in Cmax and Tmax might be consequence of a limiting disso-
lution rate and a similarly rapid permeability along the
gastrointestinal tract.

Permeability
Table 2 shows carbamazepine permeability values measured

using a variety of experimental approaches.64e71 Caco-2 and hu-
man permeability values were within the range of 10�5 to 10�4 cm/
s, respectively. In both cases, carbamazepine permeabilities were
higher than those of metoprolol, a high permeability reference
compound.64,71 Inter-study differences could be explained by
different concentrations used, cell densities, presence or absence of
collagen on in vitro membrane, and calculation methods, among
other variables. Efflux ratio (ER) values were consistently reported
as 0.78 to 1.27, regardless of the experimental set-up. Furthermore,
the presence of verapamil, a well-known P-glycoprotein (P-gp)
inhibitor, did not alter either carbamazepine permeability or its
ER.68 The absence of P-gp mediated transport was further
confirmed by in vitro studies in seven different cell models,
including over-expression systems.72,73 Carbamazepine transport
by breast cancer resistance protein (BCRP) was also assessed across
transfected monolayers, where no differences between absorptive
and secretory transport were found.74 Overall, the evidence ob-
tained with different in vitro experimental models agrees with both
the high permeability and linear pharmacokinetics observed
in vivo.
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Distribution, Metabolism and Excretion
Carbamazepine is widely distributed throughout the body. The

plasma protein binding is approximately 75%, with slight inter-
individual variation.58 The apparent volume of distribution (Vd)
ranged from 0.79 to 1.86 L/kg,58,75 and it was found to be highly
affected by other drugs.58 Consistent with its lipophilicity and
permeability, carbamazepine is also distributed into breast milk
and able to cross the placental barrier.59

After oral administration of a single dose, carbamazepine
plasma elimination half-life (t1/2) was relatively long, around
34e38 h,58 with approx. 75% of the dose being excreted with the
urine. From this fraction, only 2% was eliminated as the parent
drug.16,59 Metabolism, therefore, plays an important role in carba-
mazepine elimination. Its only active metabolite is carbamazepine-
10,11-epoxide, which is formed by the action of diverse isoforms of
cytochrome P450 (e.g. 3A4 and 2C8).76e78 The effect of the CYP 3A4
inhibitor, grapefruit juice, on carbamazepine pharmacokinetics was
studied in 10 patients treated with oral carbamazepine by
following the AUC0-8, the minimum (Cmin,ss) and the maximum
(Cmax,ss) steady-state concentrations. The authors found that the
aforementioned parameters increased by 40.8, 39.2 and 40.4%
respectively in patients who received carbamazepine co-
administered with grapefruit juice. Considering the strong intesti-
nal expression of CYP 3A4 and the interactionwith grapefruit juice,
the occurrence of first pass metabolism in the intestinal wall is
plausible.76 Drug-food interactions have also been reported in
various research publications and study cases.79e81 Therefore, the
first pass extraction appears to be the main explanation for the
reported absolute BA of between 70 and 78%.55

The epoxide metabolite is finally biotransformed into the trans-
10,11-dihydroxy-10,11-dihydrocarbamazepine (trans-CBZ-diol),
which is excreted by the kidney (21% of the dose).16 However, since
carbamazepine can induce its ownmetabolism,16 this value may be
even larger in chronically treated patients. Moreover, co-
administration with inducers of drug metabolism, such as
phenytoin, might have an even greater impact. For example,
Eichelbaum et al. demonstrated that carbamazepine elimination
half-life decreased to 12 h in patients receiving chronic treatment
and to 8 h in patients co-medicated with phenytoin.16,75

Dosage Form Performance

Bioavailability and Bioequivalence
Several studies on carbamazepine comparative BA and BE for

oral IR dosage forms were found in the literature (Table 3). Further,
reports that contained both in vitro and in vivo comparative studies
and correlations are shown in Table 4. The pharmacokinetic

parameters for the reference product (usually Tegretol®) contain-
ing carbamazepine 200 mg were consistent between single dose
studies, with AUC and Cmax values lying in the range from 144 to
182 mg*h/mL and from 1.89 to 2.43 mg/mL, respectively. These
ranges remained similarly narrow when two 200 mg IR Tegretol®
tablets (400 mg of carbamazepine in total) were administered to
volunteers (Tables 3 and 4).26,43,50,82 By contrast, test (generic)
products often showed wider variability than the reference.
Although BE was demonstrated for some generic products, some
other test formulations failed the BE test mainly due to the Cmax
parameter (Tables 3 and 4).

The statistical criteria applied to reach a BE decision varied
among studies. While typical statistical tests such as the paired t-
test and ANOVA were performed in studies conducted between
1979 and 1995,57,83 the confidence intervals were calculated in
more recent publications (Tables 3 and 4). Of note, two studies used
an innovative parameter (‘A’) which depended on the absorption
constant (Ka), elimination constant (Ke), mean residence time
(MRT), tmax and AUC0-inf.84,85 Although the ‘A’ parameter was ad-
vantageous improving the accuracy of relative bioavailability cal-
culations for two generic products,84 it seems difficult to fully rely
on it because of the dependency on modeling required to estimate
kinetic rate constants.

Often, concerns arise around demonstration of BE for NTI drugs,
such that further evidence (i.e. multiple dose studies) could be
requested. Three studies containing both single dose and multiple
dose comparative data were located.25,57,86 Anttila et al. studied the
bioequivalence of one carbamazepine brand against the reference
product in either subjects (single dose) or patients (multiple doses).
Even though the Cmax obtained with the test product after the
single dose experiment was significantly higher than the reference,
there were no statistical differences between Css in patients.57

Similarly, Yacobi et al. showed that the Cmax,ss and AUC from the
generic product were indistinct from the reference in a multiple
dose study conducted in healthy volunteers, even using the 90% CI
limits: 0.9e1.1. The same formulation had not been declared BE in a
previous single dose study because of the AUC parameter.25 These
findings support the sensitivity of the single dose experimental
design to detect differences in the pharmacokinetic performance of
two pharmaceutical alternatives, although steady state data are
more representative of the actual clinical use of the drug.

Is There a Polymorphism Effect on BA?
Since diverse polymorphic forms are reported in the literature

(see physicochemical properties), it is worthwhile to address their
potential effect on carbamazepine oral performance. Anhydrous
carbamazepine is converted into DH in aqueous solution such that

Table 2
In Vitro and In Vivo Permeability Data of Carbamazepine.

Method Concentration (mM) Papp, A-B (cm/s,10�5) ER Ref

Caco-2 10 N.R. 0.78 69

10e300 6.2 0.90 64

25 14.4 0.84 67

100 5.0 1.27 65

1000 2.7 1.27 65

N.R. 20.9 N.R. 70

PAMPA 100e200 1.2 N.R. 68

Papp, M-S

Mice intestine Ussing Chamber 200 1.5a 0.93 66

þ Verapamil 200 mM 1.4a 1.03 66

Human intestinal double-balloon Peff (cm/s,10�4)
N.R. 4.3 71

Papp, A-B, Apparent permeability in the apical-to-basolateral (absorptive) direction; Papp, M-S, Apparent permeability in the mucosa-to-serosa (absorptive) direction; Peff,
Effective permeability; ER, Efflux ratio calculated by dividing basolateral-to-apical apparent permeability (Papp, B-A) by Papp, A-B; N.R, Not reported.
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Table 3
Summary of Published Bioequivalence Studies on Carbamazepine Immediate Release Tablets in Fasted Humans.

Subjects (no Females; Males) Study Design Drug Product (Manufacturer) Dose (mg) AUC (mgeh/mL) Cmax (mg/mL) Criteria and Result Ref

9 healthy volunteers (4; 5) Single dose, two-period, crossover. Tegretol® (Ciba Geigy Pharm)d 200 182a 2.43 Paired t-test. Not BEs (Cmax,
p < 0.001).

57

Neurotol® (L€a€ake/Farmos Group) 200 190a 3.40
12 healthy volunteers (0; 12) Single dose, two-period, crossover,

randomized.
Tegretol® (Novartis India Limited)d 200 129b 2.17 Paired t-test. Not BEs (Cmax and ‘A’

parameter, see below).

85

Zen 200 150b 3.10
5 healthy volunteers (0; 5) Single dose, three-period,

crossover, randomized.
Tegretold 200 145a 2.11 ‘A’ parameter (function of: Ka, Ke,

MRT, tmax and AUC). BEs.

84

Temporole 200 162a 2.49
Karazepine 200 127a 1.71

9 healthy volunteers Single dose, two-period, crossover,
randomized.

Tegretol®d 400 272b 5.61 ANOVA. BEs. 83

Marzepine (ICN Galenika)e 400 260b 4.29
6 patients (2; 4) Multiple doses, two-period,

crossover.
Tegretol® (Ciba Geigy Pharm)d PDNA NR NR Paired t-test on mean

concentrations. BEs

57

Neurotol® (L€a€ake/Farmos Group)e PDNA NR NR
18 epilepsy patients. Multiple doses, Three-period (three

weeks/period), crossover,
double-blind, randomized, non-
washout.

Tegretol (Ciba Geigy Pharm)d PDNA 85.6 11.0 MANOVA and IC 90% (0.8e1.25).
BEs, except Panital (AUC).

86

Carmapine (Central-Poly)e 85.0 10.5
Carzepine (Condrugs)e 93.0 11.0
Panital (Pharmaland) 98.2 10.5

32 healthy volunteers (0; 32) Multiple doses, Two-period (11
days/period), crossover, fasted,
open-label, randomized, non-
washout.

Tegretol (Ciba Geigy Corp.)d 200 t.i.d. 153 7.10 ANOVA, IC 90% and IC 95% (0.9
e1.1). BEs

25

Test (Taro Pharm. Ind. Ltd)e 200 t.i.d 156 7.11

40 patients either seizure-free or
with refractory seizures

Multiple doses, Two-period (90
days/period), crossover, double
blind, randomized, non-
washout.

Tegretol (Ciba Geigy Corp.)d PDNA 0.61e1.87c 6.2e16.0 Paired t-test on AUC. BEs 104

Epitol (Lemmon Co.)e PDNA 6.7e15.9

12 young (6.5e15 yo) seizure
patients (3; 9)

Multiple doses, two-periods (six
weeks/period), crossover, non-
washout.

Tegretol (Ciba Geigy Corp.)d 100 or 200 (PDNA) 98.9 10.2 Paired t-test. BEs 105

Test (Ethical Generics)e 97.4 9.91

BEs, Bioequivalents; PDNA, Patient's dose not adjusted; NR, Not reported.
a AUC0-inf.
b AUC0-t.
c Minimum and maximum values for intra-patient AUC ratios.
d Reference Product.
e Bioequivalent formulation.
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Table 4
Summary of Further Single Dose Bioequivalence Studies and Dissolution Conditions Attempting IVIVC for Carbamazepine Immediate Release Products.

Drug Product Manufacterer Dose (mg) AUC0-inf

(mgbh/mL)
Cmax (mg/mL) In-Vitro Method Used in the Correlation Correlated Parameters Other Significant Results Ref

Ciba Geigy Pharmaceuticals.a 200 144 1.89 ➢ Media: 900 mL SLS 1%.
➢ Apparatus: Paddle.
➢ Speed: 75 rpm.

➢ Fa vs Fd (30e90 min).
➢ AUC0-inf or Cmax vs Fd (15e60 min)

61

Pharmaceutical Basics: Batch 1b 80.9 1.15
Pharmaceutical Basics: Batch 2b 154 2.69
Pharmaceutical Basics: Batch 3b 105 1.40
Ciba Geigy Pharmaceuticals.a 200 157 1.95 ➢ Media: 900 mL SLS 1%.

➢ Apparatus: Paddle.
➢ Speed: 75 rpm.

➢ Fa vs Fd (30e120 min).
➢ Cmax or Tmax vs Fd (5e30 min).

102

Inwood 163 2.32
Sidmak 159 2.30
Purepacb 163 2.34
Formulation A 200 e 1.90 ➢ Media: 900 mL SLS 1%.

➢ Apparatus: Paddle.
➢ Speed: 75 rpm.

➢ Correlation parameters obtained
from in vitro and in vivo data from
three formulations.

Plasma profile of the remaining
formulation predicted from
correlation parameters.

62

Formulation B e 2.70
Formulation C e 2.30
Formulation D e 2.50
Ciba Geigy Pharmaceuticals.a 400 296 4.24 ➢ Media: 900 mL simulated USP

intestinal fluid, pH ¼ 7.5.
➢ Apparatus: Paddle.
➢ Speed: 75 rpm.

➢ AUC vs Fd (45e90 min) Neither SLS 1% nor HCl 1 N
datacorrelated with in vivo
parameters.

97

Amstrongb 331c 5.98
Wayneb 316c 4.81
Precimexb 368c 5.98
Ciba Geigy Pharmaceuticals.a 400 296 4.54 ➢ Media: 900 mL SLS 1% or HCl 1 N.

➢ Apparatus: Paddle.
➢ Speed: 75 rpm.

➢ Cmax vs Fd1% SLS (20e100 min). Correlations were also obtained with
HCl 1 N, although worse than with
SLS.

26,43

Pharmachemieb 246 3.29
Centrafarmb 294 5.90
Pharbitab 292 6.15
Reference product 400 211 4.34 ➢ Media: 900 mL water, SLS 0.5, SLS 1%,

HCl 0.1 N, USP Acetate (pH 4.5), USP
phosphate (pH 6.8).

➢ Apparatus: Paddle.
➢ Speed: 75 rpm.

➢ Fa vs Fd point to point (Level A) Overall, acceptable correlations being
SLS 1% the highest r.2

106

Galenika a.d.b 400 220 4.74

Novartis.a 400 259 4.74 ➢ Media: 900 mL SLS 0.5 or 1%.
➢ Apparatus: Paddle.
➢ Speed: 75 rpm.

➢ Plasma profile predicted from in vitro
data and in silico modeling.

Dissolution in USP buffer 4.5, 6.8 and
HCl 0.1 N were not consistent with
in vivo results.

50

Formulation Test. 400 259 4.34

Novartis (Bioeq. Study 1).a 400 238 3.20 ➢ Media: 900 mL SLS 1%.
➢ Apparatus: Paddle.
➢ Speed: 75 rpm.

➢ In vitro vs in vivo dissolution time
➢ Fa vs Fd point to point (Level A).

82

Formulation Test 1 238 3.40
Novartis (Bioeq. Study 2).a 243 3.20
Formulation Test 2b 230 2.90
Novartisa 400 355 4.00 ➢ Media: 900 mL water; 1% SLS.

➢ Apparatus: II.
➢ Speed: 75 rpm.

➢ In vitro vs in vivo dissolution time
➢ Fa vs Fd point to point (Level A).

103

Test Formulation 400 389 5.14

Fd, Fraction dissolved; Fa, Fraction absorbed.
a Reference Product.
b Bioequivalent formulation.
c AUC0-120.
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the crystallization of this latter form seems to be the kinetic rate-
limiting step in dissolution when the concentration exceeds the
thermodynamic solubility. Nonetheless, after grinding the solid
material, a decrease in the interconversion times was observed.
This was associated with a change in the rate-limiting step to the
dissolution of the anhydrous form.37 All in all, it can be expected
that the DH is the most prevalent form in suspensions because of
the solution-mediated transformation. Further, the conversion
rates of diverse forms of carbamazepine have been reported.
Typically, faster conversion of Form I into DH was demonstrated, in
comparisonwith Form III.34,35,87 The intrinsic dissolution rate (IDR)
of Form III was only slightly faster than Form I, less than 1.1-fold
higher.34,36,87 Most of the studies, however, agreed that anhy-
drous polymorphs dissolved between 1.6- and 2.3-fold faster than
the less soluble DH carbamazepine.34,36,87,88 Conversely, one report
showed that amorphous dissolution was slower than the DH in a
flow-through apparatus, using HCl 0.1 N asmedia. In this report, the
authors also observed an increment in dissolution rate of the
anhydrous form in presence of the wetting agent polysorbate 80.
The enhanced dissolution rate was accompanied by a decrease in
the crystal length, hence their findings were explained in the light
of the anhydrous form having a higher tendency to crystal growth
in HCl media.89

The presence and effect of polymorphs were studied in four
marketed products. The IDR of products in which Forms I and III
prevailed displayed the fastest IDR, although the differences were
negligible compared to the slowest of those drug products (<1.15-

fold). Meanwhile, the formulation that contained carbamazepine
Form IV showed an IDR 1.8-fold slower than the fastest drug
product.38

The oral performance of diverse polymorphs was studied in
dogs, where the BA of Form III, I and DH in dogs were 69, 48 and
33%, respectively, compared to the oral solution. These results
likewise indicate that the BA of Form III was 1.4 or 2.1-fold greater
than Form I or DH, respectively.34 Given that this behavior was not
reflected in the in vitro dissolution experiment, the authors sug-
gested that discrepancies might be due to disparities in rates of
conversion.34,35,87 Yet, the situation in humans is dissimilar. In this
regard, Kahela et al. administered 200 mg of either anhydrous
carbamazepine or DH in hard gelatin capsules to healthy volun-
teers. The in vitro dissolution results differed between the two
formulations, but no differences were found in AUC and Cmax pa-
rameters.89 Likewise, Elqidra et al. prepared IR tablets containing
200 mg of different carbamazepine polymorphs, which were
compared to the reference product, Tegretol®. The authors found
that AUC and Cmax values of drug product 1 (containing Form I), 2
(containing bulk carbamazepine), and 3 (the reference) were sta-
tistically insignificantly different from another.90

Excipients and Manufacturing Effects on BA
Table 5 displays the excipients present in IR carbamazepine

200 mg tablets with a market authorization (MA) in diverse
countries. Besides carbamazepine 200 mg tablets, some companies

Table 5
Excipients Present in Carbamazepine IR Tablets 200 mg with Marketing Authorization (MA) in Diverse ICH and Associated Countries and the Minimal and Maximal Excipient
Amount Present per Dosage Unit in Solid Oral Drug Products with MA in US.

Excipient Drug Productsa, by Countryb That Granted the MAc Range Present in Solid Oral Dosage
Form with MA in US (mg)d

Carmellose sodium AU (1), CA (8), DE (12,13), ES (18), NL (23,26), UK (28), US (30) 3e160
Croscarmellose sodium BR (3e7), DE (14,16), US (29,32,34) 9e165
Cellulose, hydroxypropyl CN (11), JP (21,22) 0.4e198
Cellulose, ethyl US (34) 2e292
Cellulose, methyl NL (24) 3e184
Cellulose, microcrystalline AU (1,2), BR (3e7), CA (8e10), DE (12e17), ES (18,19), JP (20e22), NL (25,26), UK (27,28), US (29,30) 27e1553
Silicon dioxide AU (1,2), BR (4e6), CA (8,9), CN (11), DE (12,14e17), ES (18,19), NL (25,26), UK (27,28), US (30e34) 3e139
Gelatin DE (13), NL (23), US (33) 2e756
Glycerin US (33,34) 1e249
Hypromellose JP (20), US (31) 1.2e537
Lactose BR (5), US (34) 33e2500
Magnesium stearate AU (1,2), BR (3e7), CA (8e10), CN (11), DE (12e17), ES (18,19), JP (20e22), NL (23e26), UK (29e34) 0.2e401
Povidone BR (3e7), CA (10), DE (17) 0.5e240
Sodium laurylsulphate BR (6), CA (10), DE (17) 0.3e148
Sodium starch glycolate AU (2), CA (10), DE (15), ES (19), NL (25), UK (27), US (31,34) 2.4e876
Starch BR (5,7), CN (11), DE (17), JP (20,21), NL (23, 24), US (31,33) 0.4e1000
Starch, hydroxypropyl JP (22) e

Starch, pregelatinized AU (2), NL (24,25), UK (27), US (31,32) 32e453
Stearic acid US (33) 5e72
Talc AU (2), JP (21), NL (24,25), UK (27) 2e1000

a Manufacturers: 1: Novartis Pharmaceuticals Australia Pty Ltd.; 2: Alphapharm Pty Ltd.; 3: EMS S/A.; 4: Crist�alia Prod. Quím. Farm. Ltda.; 5: Brainfarma Indústria Química e
Farmacêutica S.A.; 6: Laboratorio Teuto S/A.; 7: Sanval Com�ercio e Indústria Ltd.; 8: TARO PHARMACEUTICALS INC.; 9: NOVARTIS PHARMACEUTICALS CANADA INC.; 10: TEVA
CANADA LIMITED; 11: Beijing Novartis Pharma Ltd.; 12: HEUMANN PHARMA GmbH; 13: RATIOPHARM GmbH; 14: NOVARTIS PHARMA GmbH; 15: 1 A Pharma GmbH; 16:
Aristo Pharma GmbH; 17: neuraxpharm Arzneimittel GmbH; 18: Novartis Farmac�eutica, S.A.; 19: Laboratorios Normon, S.A.; 20: Sun Pharma; 21: Kyowa Pharmaceutical
Industry; 22: Fujinaga Pharm; 23: Apotex Europe B.V.; 24: Centrafarm B.V.; 25: Mylan B.V; 26: Novartis Pharma B.V.; 27: Mylan; 28: Novartis Pharmaceuticals UK Ltd.; 29:
APOTEX INC ETOBICOKE SITE; 30: TARO PHARMACEUTICAL INDUSTRIES LTD; 31: TORRENT PHARMACEUTICALS LTD; 32: UMEDICA LABORATORIES PRIVATE LTD; 33:
NOVARTIS PHARMACEUTICALS CORP; 34: TEVA PHARMACEUTICALS USA INC.

b Countries: AU: Australia; BR: Brazil; CA: Canada; CN: China, DE: Germany, ES: Spain, JP: Japan, NL: the Netherlands, UK: United Kingdom, US: United states.
c Therapeutic Goods Administration (TGA). Available at: https://www.tga.gov.au. AccessedMay 05, 2020.; ANVISA (Brazilian Health Regulatory Agency). Available at: www.

anvisa.gov.br AccessedMay 26, 2020.; Health Canada. Available at: www.hc-sc.gc.ca. AccessedMay 11, 2020.; China Food and Drug Administration (CFDA). Available at: http://
en.nhc.gov.cn. AccessedMay 04, 2020.; Bundesinstitut für Arzneimittel undMedizinprodukte (BfArM). Available at: https://www.pharmnet-bund.de. AccessedMay 04, 2020.;
Spanish Agency for Medicines and Health Products. Available at: www.aemps.es. Accessed May 11, 2020.; Pharmaceuticals and Medical Devices Agency (PMDA). Available at:
https://www.pmda.go.jp/english/. Accessed May 04, 2020.; Medicines Evaluation Board. Available at: www.cbg-meb.nl. Accessed May 11, 2020.; Electronic medicines
compendium. Available at: www.medicines.org.uk/emc. Accessed May 06, 2020.; National Institute of Health. US National Library of Medicine. Available at: www.dailymed.
nlm.nih.gov. Accessed May 06, 2020.

d U.S. Food and Drug Administration. Available at: https://www.fda.gov/drugs/drug-approvals-and-databases/inactive-ingredients-database-download. Accessed August
27, 2020.
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also manufacture IR tablets containing 100, 300 or 400 mg,
although the qualitative composition declared is the same.

Being a poorly aqueous soluble drug, the presence of SLS in IR
tablets may enhance carbamazepine's oral performance by
increasing either the wettability or solubility.44 In this monograph
we found three generic products that declared SLS in their quali-
tative composition (Table 5). As mentioned above, carbamazepine
is a highly permeable drug with almost complete absorption.
Therefore, if any SLS effect will occur, this will most likely be re-
flected in the Cmax parameter.

The quantitative amount of SLS in solid oral dosage forms with a
MA in the United States ranges from 0.3 to 148 mg. However, the
upper limit may not be representative for a 200 mg carbamazepine
formulation, since this would imply an extremely high relative
amount of SLS in those formulations. Considering that these three
generic products were granted with a MA in their respective
countries (and thus, it is very likely that bioequivalence has been
previously demonstrated), we believe that SLS amounts in carba-
mazepine IR tablets may be near or even below the lower limit
reported by the FDA's inactive ingredient database (Table 5).

Besides carbamazepine IR tablets, chewable tablets have also
been developed and are currently available in the market.29 The
clinical pharmacokinetic performance of chewable relative to IR
tablets was studied in adults and young populations. Chan et al.
carried out a single dose, three-period, crossover study in six
healthy volunteers who were administered the IR product, chew-
able tablets swallowed as a whole (SW) and chewable tablets
chewed for 30 s before swallowing (CHW). Among these treat-
ments, only CHW failed the BE study (95% CI, >20%) due to the Cmax
(4.19 mg/mL), which was 1.25-fold greater than the reference
(3.36 mg/mL). However, the IR and CHW treatments were compared
once again in a multiple doses study conducted in ten healthy
volunteers, where no significant differences between Css
(4.9e5.0 mg/mL) were found.91 Likewise, another multiple dose,
two-period, crossover study conducted in young epileptic patients
(6e14 yr) displayed that Cmax,ss, Css and AUC were not different
between the IR and the chewable product.92 In that study no in-
formation was given about whether the chewable tablets were
swallowed as a whole or chewed.

The effect of particle size on BA has also been investigated. Dam
et al. measured carbamazepine plasma profiles in epileptic patients
after the administration of two tablets manufactured with either
small (test product, in average 2e3 mm) or large (reference product,
in average 100e150 mm) particle sizes. The authors found that Cmax
of the carbamazepine product with the large particle size was just
75% of that of the productwith the small particle size.93 Therefore, it
is plausible that discrepancies in particle sizes could explain out-
comes in some studies that have been unable to demonstrate BE.

Dissolution and IVIVC
Dissolution conditions for carbamazepine according to the U.S.

Pharmacopeia (USP) 42nd edition are 900 mL of water containing
1% of sodium laurylsulfate (SLS 1%) as the dissolution medium, in
USP type II apparatus (paddle) at a rotational speed of 75 rpm.10,94

However, the specifications depend on the product. Pharmacopeial
Test 1 applies only to 100mg chewable tablets and is thus out of the
scope of this manuscript. For IR tablets two different specifications
are listed: Test 2: 45e75% of drug dissolved within 15 min, and no
less than 75% after 60 min; or Test 3: 60e85% of drug dissolved
within 15 min, and no less than 75% after 60 min.

Mittapalli et al. studied six IR marketed drug products con-
taining 200 mg of carbamazepine tablets under different condi-
tions. All six formulations met USP criteria when the USP
conditions were applied, however the SLS-containing media were
not able to distinguish among formulations.45 Instead, the authors

obtained more discriminating dissolution profiles when experi-
ments were carried out in SLS-free HCl 0.1 N media. However, the
clinical relevance of these findings is unclear because no in vivo
data were reported.45 Using the USP type IV apparatus, Medina
et al. were able to discriminate better between five different mar-
keted drug products than was possible with the USP monograph
method.95 Here too, the lack of in vivo data makes it impossible to
draw conclusions about the biorelevance of the results.

Overall, Table 4 shows that USP dissolution conditions resulted
in the best biorelevance for carbamazepine IR tablets. Nine out of
ten studies achieved good correlations and/or predictions of
plasma-time profiles from in vitro dissolution data using the
pharmacopeial conditions. Replacing SLS by an acidic medium (HCl
1 N) also displayed good correlation,43,96 but did not show supe-
riority over the SLS 1% medium.43 Examples for successful corre-
lations obtained with SLS 1% are shown in Fig. 2. The performance
of different SLS concentrations has also been assessed where one
report showed that SLS 0.5% enabled successful prediction of
plasma-time profiles,50 while other work displayed the best pre-
dictions with SLS 0.1%.63 Conversely, only one study reported that
neither SLS nor HCl media correlated well with AUC parameter.97

The results from the literature agree that best correlations were
obtained when using fraction dissolved (Fd) within 30e90 min.
However, the choice of the in vivo parameter for establishing the
correlation (Fa, AUC, Cmax) was diverse, as shown in Fig. 2 and
Table 4. Of note, some good correlations were also found with Fd at
5min, although this might be irrelevant as this timeframe is shorter
than the gastric emptying time (around 15 min).43

Discussion

Solubility

The highest strength of carbamazepine as an IR solid dosage
recommended in the EML is 200 mg. Regulatory FDA guidance
recommend the use of USP buffers within the pH range 1.2e6.8
(chloride, acetate or phosphate) to assess drug solubility.7 However
other buffers can be used whenever justified.1,6 Considering the
lack of physiologically relevant ionization, carbamazepine's solu-
bility should not be dependent on the type of buffer. Table 1 shows
that carbamazepine solubility was insensitive to pH and any other
biorelevant content (i.e. bile components present in simulated
media). Table 1 also reports D/S ratio values, which reflect the
volume of medium needed to dissolve the respective dose strength.
The D/S ratio ranged from 588 to 849 mL, respectively and thus is
2.4- to 3.4-fold higher than the cut off volume of 250 mL stipulated
by the regulators.7 Consistently, Amidon et al. reported a D/S ratio
of 769 mL, implying that a dose number (Do) of around 3 can be
obtained for a dose of 200 mg.39 This number is even greater when
the highest recommended single clinical dose, 400 mg, is consid-
ered, as required by the regulatory guidances.2,6 Therefore, carba-
mazepine can be unequivocally classified as a “not highly soluble”
drug according to the BCS.

Permeability

Different methodologies can be used to assess drug perme-
ability. An API is considered highly permeable if the extent of its
absorption (using the Fa parameter) is equal or higher than 85%,
provided its stability in the gastrointestinal tract. The guidances
recommend conducting either mass balance in humans or absolute
BA experiments as a first preference to classify the API permeability.
In the literature, bothmass balance and BA studies are available and
these consistently suggest that oral carbamazepine bioavailability
is around 70e80%.51e53,55 However, it is very likely that this range
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underestimates the true absorption, as the first pass extraction
seems to play an important role in carbamazepine oral disposition.
In fact, the oral BA of carbamazepine in patients increased by 40%
when it was co-administered with grapefruit juice (which contains
CYP3A4 inhibitors) compared to co-administration with water.76

The BCS framework was developed using human permeability
data obtained with intestinal perfusion techniques which allow
direct permeability assessment. The effective permeability of car-
bamazepine was measured as 4.3 � 10�4 cm/s, 3.3-fold larger than
the high permeability marker, metoprolol.71 Such a study provides
confirmatory evidence to classify carbamazepine as a highly
permeable drug. Consistently, several surrogate in vitro experi-
ments shown in Table 2 point toward the same conclusion. The FDA
and the recently published ICH M9 guidances permit the use of
in vitro Caco-2 cell experiments as a surrogate method to assess
drug permeability.7,8 Therefore, the good agreement between
in vivo and in vitro observations published in the literature on
carbamazepine provides additional support for the regulatory de-
cision of including cell monolayer experiments as a surrogate tool
for permeability evaluation.

The classification of carbamazepine as “highly permeable” is also
in line with its molecular structure (Fig. 1) and reported LogP values.
Indeed, carbamazepine is currently listed in both guidances as a high
permeability model drug.7,8 Moreover, in vivo linearity within the
dose range 50e600 mg was demonstrated,59,60 and supported by
in vitro bidirectional studies in presence or absence of inhibitors that
confirmed thenull role of intestinal transporters (i.e. P-gp andBCRP).

BCS Classification

In 1995, Amidonet al. used carbamazepine as an example of a low
solubility API (Do¼ 3).39 Thereafter,many publications supported its
classification as a BCS class 2.42,98e100 For instance, Kasim et al.
classified the drugs in theWHO list of essential medicines according
to the BCS framework. The authors used LogP values indirectly ac-
counting for permeability,which resulted in a Class 2 classification.42

However, regulatory guidances do not consider descriptors of lip-
ophilicity (i.e. LogP, LogD) in assessing drug permeability.1,6,7

Regarding the evidence found, data from both in vivo and in vitro
experiments lead to high permeability classification. Indeed, the FDA
guidance lists carbamazepine as a model drug of high permeability.7

Furthermore, the several examples of successfully achieved IVIVC
demonstrate that carbamazepine dissolution, and not the perme-
ation, would be the rate limiting step in its oral
absorption.43,50,62,63,82,96 Considering the whole body of evidence
collected, carbamazepine can be classified as a BCS Class 2 drug.

Surrogate Techniques for In Vivo BE Testing

Given that carbamazepine dissolution appears to control car-
bamazepine absorption rate from IR products, a dissolution test
may be an appropriate surrogate assay and thus a valuable tool for
predicting the outcome of a BE study. This would be meaningful
only if a high probability of detecting bioinequivalence by this
method is demonstrated.101

Fig. 2. Examples of level C (upper panels, circles) and level A (lower panels, crosses) IVIVC found in literature using 900 mL of SLS 1% in the USP type II apparatus at 75 rpm. Data
was digitalized from Ref.61 (a),43,102 (b),82,103 (c and d) with PlotDigitalizer 2.6.8 (Free Software Foundation, Inc., Boston, MA). Cmax values in panel B were normalized by carba-
mazepine's dose utilized in each study (g) in order to allow data comparison. Differences between correlations in panel C may be consequence of the scaling step carried out in
Bermejo and coauthors' study (red crosses).
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IVIVCs were achieved in two studies that used SLS-free media:
HCl 0.1 N and Simulated USP intestinal fluid at pH 7.5, respectively.
However, the potential of using SLS-free buffers remains contro-
versial. For instance, the absence of relevant pKa led to assume that
the pH would not play a significant role in dissolution and solubi-
lity. Actually, water, as well as other aqueous buffers in the pH range
1.2e6.8, were unable to discriminate between bioinequivalent
formulations.50 In contrast, SLS not only increased the solubility of
carbamazepine (Table 1), but also its dissolution,44,46 suggesting a
need to assess the concentration of SLS in the dissolution media. In
this regard, several reports of successful IVIVC found in the litera-
ture endorse the use of SLS 1% as a suitable dissolution media for IR
solid oral products containing carbamazepine.26,43,50,61,62,82,102 As
shown in Table 4, the USP conditions (900 mL SLS 1%, apparatus II,
75 rpm) appears to be sufficiently discriminating in terms of
detecting a failure to meet bioequivalence. Nine out of the ten
studies found in the literature achieved successful IVIVCs by using
the USP conditions.26,43,50,61,62,82,102 These data strongly support
the application of this method as a surrogate technique. It is
plausible that the usefulness of SLS 1% as in vitro dissolution media
relies on the high carbamazepine solubility in this media (Table 1),
which provides an improved sink for carbamazepine similar to the
one in vivo cause by its high intestinal permeability (Table 2). Lastly,
although certain changes in the dissolution media and apparatus
have been proposed to detect some differences that the USP
method did not pick up (see section Dissolution and IVIVC), these
approaches have not been verified with in vivo data yet.

In summary, pharmacopeial dissolution conditions appear to be
useful not only for quality control purposes, but also a promising
way forward to establishing meaningful IVIVCs for solid oral IR
dosage forms containing carbamazepine. The most appropriate
absorption parameters (AUC, Cmax, Fa) to correlate against Fd over
the dissolution timeframe of 5e100min are still to be standardized.
Thus, a generally applicable method with regulatory impact does
not exist yet. Therefore, further definition of the parameters to be
used for establishing meaningful correlations would be necessary
before enabling the USP method to function as an in vitro surrogate
technique for BE studies.

Risk of Bioinequivalence Caused by Excipients and/or Manufacturing

The risk of bioinequivalence of oral solid IR dosage forms has
been reported to be intrinsically high for BCS class 2 drug products,
due to their physicochemical properties, as well as the formulation
and its solubilization principles. Given the existence of diverse
carbamazepine forms, the potential influence of polymorphism in
the clinical performance becomes an attractive topic for research.
The most prevalent polymorphs in tablets were forms I and III,
which are transformed into DH in aqueous solution (form I faster
than III).38 Nevertheless, the actual implications of this intercon-
version in the carbamazepine oral performance are still not clear.

As member of the BCS class 2 group, excipients modifying car-
bamazepine solubility and dissolution (i.e. surfactants) would be of
concern. The risk of a false positive BE decision would remain high
as long as the discrimination capacity of the applied test is poor.
Diverse excipients, including SLS, were found in carbamazepine IR
tablets with a MA (Table 5). However, there is still uncertainty
regarding the excipient amounts and processes involved in the
manufacture of those products. In one of the aforementioned IVIVC
studies, the USP test was discriminating enough to establish a
proper IVIVC even though the qualitative composition of the bio-
inequivalent formulations was different.43 This example provides
evidence of the ability of the USP method to assess the risk of
inequivalence due to differences in excipients and/or
manufacturing processes. Meanwhile, the substantial evidence of

carbamazepine formulations failing to meet BE requirements
(Tables 3 and 4) suggests that the risk of a carbamazepine product
to fail bioequivalence testing is high.

Patient's Risks Associated with Bioinequivalence

Regulators have the responsibility of approving generic drug
products based on evidence of BE. Therefore, the risk of a failure
detecting bioinequivalence merits to be assessed also in terms of
efficacy and safety. Hence, the approval of a non-bioequivalent
product could negatively impact not only the efficacy of treat-
ment, but also the patient's safety. This risk should thus be deemed
as high.

Conventional in vivo BE studies are usually conducted on a single
dose manner; thus, it could be argued that this experiment might
overestimate the actual clinical relevance of the formulation tested
applying such a study design. Yet, the fact that carbamazepine is an
NTI compound supports its classification as presenting a high risk
for the BCS-Biowaiver approach to bioequivalence.

Conclusions

Various carbamazepine polymorphs and hydrates have been
reported; however, they appear to have a negligible impact on the
in vivo performance in humans. Carbamazepine displays a pH-
independent poor aqueous solubility at the highest strength/clin-
ical doses. Additionally, even though the extent of absorption does
not seem to meet the guidance requirements for high permeable
drugs, it is very likely that this was caused by the first pass effect
rather than poor drug dissolution/permeability. Direct permeability
measurements in in vivo and various in vitro models support this
conclusion. In consequence, carbamazepine can be classified as a
BCS class 2 drug. Further, the overlapping therapeutic and toxic
plasma concentrations lead us to consider carbamazepine as a NTI
drug. Taken together, both the BCS and NTI classification suggest
that a biowaiver of the in vivo BE test is not recommended for
carbamazepine IR drug products according to current regulatory
guidances.

Nevertheless, several successful examples of IVIVC agreed that
the USP dissolution conditions (900 mL water 1% SLS, apparatus II
and 75 rpm) were sufficiently discriminative between bio-
inequivalent products. Further research on choosing the adequate
correlation parameters, stressing test sensitivity and defining
acceptance ranges, as well as risk assessment on efficacy and safety,
is needed to determine whether the in vitro USP method can pro-
vide a surrogate technique for in vivo BE studies. Currently how-
ever, a biowaiver for carbamazepine cannot be recommended and
the bioequivalence of immediate solid oral dosage forms of carba-
mazepine should be assessed in an appropriately designed clinical
pharmacokinetic study.
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A B S T R A C T

Two ibuprofen suspension formulations were investigated for their dissolution in various bicarbonate, phosphate
and acetate buffers. Phosphate and acetate gave faster release than bicarbonate at comparable molarities.
Nevertheless, mass transport modelling using the reversible non-equilibrium (RNE) approach enabled the cal-
culation of phosphate molarities that gave good matches to physiological bicarbonate in terms of ibuprofen
dissolution. This shows that developing surrogate buffers for bicarbonate that are devoid of the technical dif-
ficulties associated with the bicarbonate-CO2 systems is possible. In addition, the intestinal dissolution kinetics
of the tested suspensions were determined by applying compartmental pharmacokinetic modelling to plasma
profiles that were previously obtained for these suspensions in an in vivo study performed on healthy human
volunteers. The in vitro dissolution profiles in bicarbonate compared reasonably well with the profiles re-
presenting the in vivo intestinal dissolution kinetics of the tested suspensions when applied to healthy human
volunteers in a pharmacokinetic study. This shows the possible potential toward extending biowaivers so that
they include BCS class IIa compounds.

1. Introduction

Pharmaceutical industry routinely uses dissolution methodologies
for quality control and drug product development purposes. From a
regulatory perspective, the dissolution test is also used to assess for the
possibility of obtaining biowaivers for immediate release solid dosage
forms of BCS class I and III drugs. Given that biowaivers are beneficial
and advantageous in terms of cost, time and ethics (through reduction
of experiments on human subjects), the possibility of extending them to
additional BCS class II is an attractive option [1]. Typically, the in vivo
performance of a BCS II compound is mainly determined by the in vivo
dissolution within the gastrointestinal tract (GIT), supposedly the rate-
limiting step for the systemic appearance. Thus, an inadequate in vitro
dissolution methodology that is not sufficiently discriminative might
result in a false positive bioequivalence decision (i.e. increased con-
sumer risk) [2]. Therefore, the development of biopredictive and robust
dissolution methods is a major need to make such an extension feasible

[1,2].
The extension for biowaivers to BCS class II weak acids (BCS IIa) has

already been vastly debated in the pharmaceutical field, because the-
oretically, the higher intestinal pHs should raise their solubility after
leaving the stomach. However, there is still a concern regarding to the
in vitro detection of bioinequivalence, as shown by experimental evi-
dence. Álvarez et al. investigated the in vitro dissolution of many bioi-
nequivalent tablets containing 600 mg of ibuprofen using the following
pharmacopoeial media: (1) hydrochloric acid (pH 1.2, ionic strength
130 mM); (2) acetate (pH 4.5, ionic strength 540 mM); and (3) phos-
phate (pH 6.8, ionic strength 70 mM). None of these experimental
conditions were capable to discriminate between any of the tests and
their references [3]. On the other hand, the possibility of over-dis-
criminating in vitro dissolution methodologies may negatively impact
the pharmaceutical industry [4], where the in vivo performance of in-
novator, as well as generics, BCS II-containing drug products can be
misjudged during the early development stages (i.e. increased producer
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risk).
These two scenarios emphasize the need for biopredictive in vitro

methods. One possible approach to increase biopredictability is re-
duction of buffer molarities in order to match the typically slower
dissolution in vivo. For instance, Tsume et al. demonstrated that in vitro
dissolution of ibuprofen tablets in phosphate 10 mM was slower com-
pared to 50 mM at a starting pH of 6.0 [5]. According to Mooney’s
stagnant film-based dissolution model, those findings can be explained
by the lower ability of more diluted buffers to counter the acidifying
effect of the dissolving ibuprofen on the boundary layer pH (owing to
reduced buffer capacity) [6]. In this regard, the significance of the
chemical nature of the buffer must also be considered. Physiologically,
the species buffering the proximal small intestine is bicarbonate at a
concentration of 8 ± 6 mM [7]. As a matter of fact, the use of bi-
carbonate 11.5 mM accounted for in vivo differences observed in the
aforementioned study by Álvarez et al. [3,8]. In order to explain these
observations, the complex physical chemistry governing the buffering
action by bicarbonate should be taken into account. This complexity is
associated with the relatively slow interconversion between carbonic
acid and carbon dioxide [9]. This causes the effective pKa of bicarbo-
nate in the boundary layer to be much lower than the potentiome-
trically determined value of 6.35, which under intestinal conditions
weakens its ability to buffer the boundary layer against incoming io-
nizable solute. To account for this complexity, a mass transport model
termed the “reversible non-equilibrium” (RNE) model was developed
[9].

Additionally, developing biopredictive dissolution methods needs
reliable estimates of the in vivo dissolution rates as a validation stan-
dard. One approach to obtain an in vivo dissolution profile is to de-
convolute the pharmacokinetic profile using an oral solution as a
weighing function [10]. This approach, while often useful for extended
release dosage forms, suffers from some limitations. For instance, the
gastric emptying rate is often not satisfactorily separated from the
dissolution rate due to the high variability in gastric emptying, in-
complete solid oral dosage form disintegration in the stomach and/or
differences between the gastric emptying kinetics of solids and liquids.
In addition to the possibility of precipitation in some cases, namely
poorly soluble weakly acidic drugs being precipitated by gastric acid.
Bypassing the stomach by intubation combined with the infusion of a
suspension at a controlled rate is an elegant albeit technically complex
way of overcoming such issues. Along these lines, our laboratory stu-
died the PK of ibuprofen after the intraduodenal infusion of either an
ibuprofen solution or suspensions with different particle sizes [11].

The aim of this work is the development of a biopredictive method
for the dissolution of ionizable BCS class II compounds. Dissolution of
ibuprofen particles from either small (SA) and large (SB) particle size
suspensions was tested in phosphate, acetate and bicarbonate. The
Mooney and the RNE models were used to estimate the surface pH and
to calculate the equivalent buffer concentrations in order to develop
surrogate buffers. Finally, a modeling methodology is described to de-
convolute recently published clinical data after intraduodenal admin-
istration of the same formulations. The so generated in vivo dissolution
profiles were used to support the biorelevance of the in vitro meth-
odologies presented here.

2. Materials and methods

2.1. Materials

Reagents used in formulations’ manufacturing were acquired from
different sources. Ibuprofen 25 and 70, as well as Povidone (PVP) K 90,
were obtained from BASF (BTC Europe GmbH - BASF, Germany).
Polysorbate (Tween) 80 and sodium chloride were purchased from
Fagron (Fagron GmbH & Co. KG, Germany). Potassium Sorbate was
bought from Euro-OTC (Euro OTC Pharma GmbH, Germany). Tygon®
LFL pumping tubes (OD 4.47 mm, ID 2.79 mm) were purchased from

IDEX (Ismatec, IDEX Health and Science, Germany), whilst tube con-
nectors from Carl Roth (Carl Roth GmbH & Co. KG, Germany).
Likewise, all buffer reagents (sodium acetate, sodium bicarbonate,
monobasic sodium phosphate, dibasic sodium phosphate, sodium
chloride, hydrochloric acid and sodium hydroxide) and supplies for
dissolution experiments (syringes and filters) were obtained from Carl
Roth GmbH, too.

2.2. Formulations

Ibuprofen suspensions were manufactured as described by Hofmann
et al. [11]. Briefly, the formulations were typically prepared one or two
days before dissolution experiments. Proper amounts of PVP K 90, so-
dium chloride, tween 80 and potassium sorbate were placed into a glass
beaker, filled with deionized water up to 250 g and stirred (vehicle).
Afterwards, 400 mg of either ibuprofen 25 (small particle size) or 70
(large particle size) were added to the vehicle and stirred overnight.
Finally, the median particle sizes (d50) were verified in the Universal
Liquid Module of a Laser Diffraction Particle Size analyzer LS 13 320
(Beckman Coulter, IN, United States). Suspension A (SA) and suspen-
sion B (SB) showed d50 values of 58.3 ± 4.7 and 128.6 ± 7.0 µm,
respectively.

2.3. In vitro dissolution

Ibuprofen dissolution was studied in diverse dissolution media,
namely phosphate, acetate and bicarbonate at concentrations of either
5 or 15 mM on basis of the molarity of their respective conjugate base.
In addition, dissolution experiments were also carried out in phosphate
media at 1 and 2 mM. A pH of 6.0 and ionic strength of 154 mM (equal
to that of physiological saline) were reached by adjusting the buffers’
conjugate acid molarities and amounts of sodium chloride, respectively,
for each media. Owing to the volatility of dissolved CO2, continuous
sparging of CO2/air to maintain the concentration of the conjugate acid
was required. Gas flow was adjusted until pH = 6.0 and kept for at least
15 min before starting the experiment. This flow was subsequently
maintained along the experiment regardless any eventual fluctuation of
the pH as consequence of drug dissolution.

All dissolution experiments were conducted in a USP type II appa-
ratus PTW S III (Pharma Test, Germany) at 50 rpm and 37 °C. Because
pumping the coarse suspension was found to slightly but significantly
reduce the particle size (apparently through mechanical fracture of
some of the largest particles as explained in the Supplementary Material
), it was passed through the pump (Ismatec, IDEX Health and Science,
Germany) before starting the dissolution experiment to mimic the in
vivo conditions. The experiment started after adding 20 ml of either SA
or SB to 900 ml of dissolution media (n = 3). The pH was monitored in
one of the vessels during the whole experiment. Samples of 5 ml were
taken after 2.5, 5, 10, 15, 20, 30, 45, 60, and 90 min, and filtered
through 45 µm-filters. Volumes withdrawn were not re-filled but taken
into account for the calculation of the fraction dissolved. The dissolved
amounts of ibuprofen were determined spectrophotometrically at
λmax = 225.3 nm using a UV 6300 PC double beam spectrophotometer
(VWR International, LLC, PA, US).

2.4. Surface pH and equivalent buffer molarities

The recently published RNE model was used to estimate the pH on
the surface of a solid particle of ibuprofen (pH0) in bicarbonate buffer,
while the Mooney model was used to estimate the phosphate con-
centration that would give the same surface pH [9]. The required
physico-chemical constants for bicarbonate buffer and ibuprofen were
taken from the Al-Gousous et al. work [9], those for phosphate were
taken from the work of Sheng et al. [12], with the phosphate pKa being
corrected for the influence of ionic strength (pKa = 6.8 at an ionic
strength of 0.154 M).
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As for the boundary layer thickness, which influences the surface pH
in bicarbonate but not in phosphate, a rough estimate was obtained
from the plots in the work of Sugano [13]. Based on average particle
radii of 32 and 57 µm for the fine and coarse suspensions respectively,
the boundary layer thickness was estimated to lie, on average, in the
range ~17 to 22 µm. Therefore, 20 µm was taken as an estimate to be
used for calculating the surface pH in bicarbonate.

2.5. In vivo model

2.5.1. Software
Berkeley Madonna version 8.3.18 (University of California,

Department of Molecular and Cellular Biology, Berkeley, CA 94720,
United States) was used for solving the differential equations. Further
data analysis was done with Microsoft® Excel® 2016 MSO.

2.5.2. Clinical data
The clinical data used to assess the intraluminal dissolution of

ibuprofen suspensions was obtained from a previous work [11]. Briefly,
ibuprofen formulations were directly infused into the duodenal region
of nine fasted healthy human volunteers at predefined infusion rates to
mimic gastric emptying (half-life 12 min). The study phases are en-
coded as follows: Study Phase A (SPA): 400 mg/250 ml solution, Study
Phase B (SPB): 400 mg/250 ml suspension with small particles (SA) and
Study Phase C (SPC): 400 mg/250 ml suspension with large particles
(SB).

2.5.3. Modeling strategy
Two models were developed and used for the fits and predictions.

Briefly, a solution model (SM) was used to obtain individual pharma-
cokinetic rate constants [absorption rate constant (ka), transport rate
constants between central and peripheral compartment (k12 and k21),
elimination rate constant (k10)], and the individual volume of dis-
tribution in the central compartment (Vcentral). These were used as input
for a Diphasic Dissolution Model (DPDM) for suspensions in order to
obtain the individual dissolution rates. Both models used the Runge-
Kutta 4 (RK4) integration method, a start time of 0 h, a stop time of 10 h
and a default dt interval of 0.02. As for general assumptions, no pre-
cipitation was considered for the model due to the physicochemical
properties as well as no significant degradation alongside the transport
of the drug through the gastrointestinal tract. Furthermore, no change
of the ka was assumed for this work.

2.5.4. Solution model
Scheme 1 is describing the sequence of events that were considered

after dosing a solution. Compartments in this model were the infusion
reservoir (inf res), the intestine, the central compartment and the per-
ipheral compartment. The model used the following rate constants:
infusion rate constant (kinf), absorption rate constant (ka), inter-
compartmental transfer rate constants (k12 and k21), elimination rate
constant (k10). kinf was set to a gastric emptying half-life of 12 min
according the clinical study. The datasets of 7 volunteers were imported
and used for the fit of ka, k12, k21, k10 and Vcentral. The differential

equations are given in the supplementary material.

2.5.5. Diphasic dissolution model (DPDM)
Scheme 2 describes the sequence of events that were considered

after dosing a suspension. Compartments in this model were the infu-
sion reservoir, the intestinal dissolution and absorption compartment
where the dissolution is divided into early and late dissolution phases,
and the central and peripheral systemic compartments. The model used
the following rate constants: kinf, ka, k12, k21, k10, the rate constant for
the change from early to late dissolution kinetics (kelk), and dissolution
rate constants for each dissolution phase (kdiss1, kdiss2). The DPDM used
the individual fitted values of ka, k12, k21, k10 and Vcentral obtained by
the SM for each respective volunteer. The datasets of 7 volunteers for
SPB and 4 volunteers for SPC were imported and used for the fit of
kdiss1, kdiss2 and kelk. The differential equations are given in the sup-
plementary material.

2.5.6. In vivo equivalent dissolution
To describe the in vivo dissolution kinetics of the solid fraction of the

SA and SB, in vivo equivalent dissolution (IVED) profiles were calcu-
lated. Individual kdiss1, kdiss2 and kelk were obtained by the procedure
explained above and used as input. The differential equation system for
the models can be solved using Laplace Transform and applying partial
fractions theorem to give an algebraic expression that describes the
overall dissolution kinetics (Eq. (1)) [14].
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Where Qdiss is the amount dissolved at time (t) and D is the dose.

3. Results and discussion

3.1. In vitro dissolution of ibuprofen suspensions

Fig. 1 shows ibuprofen dissolution from SA and SB in the different
dissolution media studied. Overall, dissolution rates in media with
lower molarities (5 mM, solid lines) were slower than in more con-
centrated media (15 mM, dashed lines), consistent with a dissolution
process controlled by the concentration of buffer’s conjugate base [5,6].
Overall, the fastest profiles were obtained in phosphate media, where
ibuprofen was very rapidly dissolved (100% in less than 15 min) re-
gardless of the formulation or the buffer molarity (Fig. 1A). Further-
more, no differences between profiles of SA and SB were observed.

Similarly, the complete dissolution of SA and SB was also very fast
in acetate 15 mM, with little discrimination between the dissolution
profiles (Fig. 1B, dashed lines). Conversely, the dissolution of SB was

Scheme 1. Solution Model describing the sequence of events after intestinal
infusion of a solution. Each Box represents either a compartment (large box) or
a rate constant (small box).

Scheme 2. Diphasic Dissolution Model describing the sequence of events after
intestinal infusion of a suspension. Each box represents a compartment (large
box) or a rate constant (small box).
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slower in acetate 5 mM, allowing it to be visibly distinguished from SA
(Fig. 1B, solid lines). As a matter of fact, complete dissolution of SB in
the latter media did not occur before 45 min. Interestingly, this dis-
solution profile seems rather closer to those seen in bicarbonate media
(Fig. 1C), in which the slowest dissolution rates were observed. Con-
sistently, the slower dissolution rates caused by bicarbonate media were
accompanied by an improvement in the discrimination between SA and
SB curves at both of the investigated buffer molarities (Fig. 1C) [8,15].

Motivated by these findings, the pH0 values in bicarbonate were
estimated by using the RNE model (Table 1) [9]. As anticipated, pH0

values were smaller than the initial bulk pH (6.0) as a consequence of
the acidic microclimate created by the dissolution of the acidic drug.
Even though a slight decrease in the bulk pH was observed throughout
the experiment in bicarbonate, no values below 5.95 were recorded
which can be explained by the phase-heterogeneous nature of bi-
carbonate buffer in bulk [16]. The Mooney model predicted that
phosphate concentrations of 1 and 2 mM are required to resemble the
results in bicarbonate media at 5 and 15 mM, respectively (Table 1).
This means that phosphate molarities initially chosen (5 and 15 mM)
were too high to result in a pH0 comparable to that of bicarbonate.

As for the calculated acetate concentrations, their use would have
been problematic since already at 5 mM acetate, a pH shift of 0.3 units
was observed due to the poor bulk buffering capacity. However, it is of
note that that the molarity equivalent to 15 mM bicarbonate is almost
triple that equivalent to 5 mM bicarbonate. This stands in contrast to
the doubling observed in phosphate. The explanation is related to the
pKa of acetate (4.62 at 0.154 M ionic strength) being closer to the ef-
fective pKa of bicarbonate in the boundary layer (4.27; calculated using
the RNE model assuming a 20 µm-thick boundary layer).

Therefore, 1 and 2 mM phosphate buffers were chosen for the next
step. Fig. 2 shows the ibuprofen dissolution in phosphate at the
equivalent concentrations (solid lines) and their comparison with dis-
solution profiles in bicarbonate (dashed lines). Firstly, the dissolution
profiles at the equivalent phosphate concentrations (1 and 2 mM) were
considerably slower than at the higher phosphate molarities shown in

Fig. 1A. This was especially observed for SB. Both equivalent phosphate
concentrations were capable of discriminating between SA and SB and
tended to provide a rather good match to bicarbonate. Consistent with
our previous findings, the slower dissolution rate associated with lower
molarities led to better discrimination between dissolution curves.
These observations were in good agreement with ibuprofen dissolution
in bicarbonate media (Fig. 2 and Table 2). The numerical evaluation of
the match between the bicarbonate results and those in the equivalent
phosphate buffers (shown in Table 2) was done using the difference
factor (f1) specified by the FDA [17]. f1 was chosen for it represents an
average percent error for the points up to the first timepoint after both
products’ reaching 85% dissolution [17,18]. This makes averaging this
value mathematically meaningful. Thus, the overall “prediction error”
was calculated by calculating a grand average f1 value weighted by the
number of points included in calculating the f1 factor for each bi-
carbonate-phosphate pair as shown in the equation below:
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where n is the number of datapoints included in the f1 calculation for
the ith comparison. N is the number of comparisons (bicarbonate-
phosphate pairs).

This matching could be even further improved if computational
work dealing with the dissolution of each size fraction of the suspended
particles and with the particle size distribution change during dissolu-
tion were undertaken. Particularly because, as found by Salehi et al.
[19], the surface pH of smaller particles could be lower than that of
larger particles (for an acidic drug). This is because the boundary layer
thickness tends to decrease with particle size [13], and, as shown by the
RNE model [9], the effective pKa of bicarbonate decreases with de-
creasing boundary layer thickness, which leads to decreased surface pH
of an acidic solute like ibuprofen. It is for this reason that the surface pH
could also change as the particle size distribution changes during dis-
solution, which can, for polydisperse powders/suspensions, be pretty
unstraightforward instead of, for instance, having a continuous de-
crease in the mean particle size [20] even in the presence of sink
conditions.

The particle sizes used in our particular case were in a range where
the size-dependence of the boundary layer thickness is not very strong.
For this reason, using a rather rough approximation for the boundary
layer thickness resulted in acceptably accurate calculation of equivalent
phosphate molarity without the need for extensive computing with the
entire particle size distributions and their evolution as a function of
time. However, such work will be necessary in other cases, not to

Fig. 1. In vitro dissolution of ibuprofen from either suspension A (SA, red) or B (SB, green) in phosphate (A), acetate (B) and bicarbonate media (C) at concentrations
of 5 (solid lines) or 15 mM (dashed lines). The error bars represent the standard deviation (n = 3). The concentrations represent the conjugate base molarities. The %
Drug dissolved represents that of the solid fraction of the suspension (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Table 1
Surface pH (pH0) values at given bicarbonate molarities and respective
equivalent buffer concentrations (conjugate base molarities).

Bicarbonate concentration pH0 Equivalent concentration (mM)

Phosphate Acetate

5 mM 5.09 1.0 2.9
15 mM 5.31 2.0 8.3
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mention that it could further improve the matches obtained in this
study. All in all, the rather good match between bicarbonate and
phosphate dissolution profiles for both SA and SB at the respective
equivalent concentrations demonstrates the importance of performing a
meaningful mechanistic and physicochemical analysis before selecting
the proper biorelevant dissolution media.

Previously, Álvarez et al assessed the possibility of biowaiver for
BCS IIa drugs by studying in vitro dissolution of bioinequivalent ibu-
profen 600 mg tablets under diverse dissolution conditions [3]. None of
the buffers investigated in that study proved to be biopredictive. When
the dissolution was tested under WHO specifications, very rapid dis-
solution was only achieved in pharmacopoeial phosphate media pH 6.8
(70 mM), although no discrimination between formulations was ob-
served. Even though only around 25% of ibuprofen was dissolved in
pharmacopoeial acetate pH 4.5 (540 mM), the plateau was also rapidly
reached within 20 min without making any distinction between for-
mulations. In a further attempt to detect potential bioinequivalence, the
authors decreased the rotational speed to 50 rpm in order to slow down
the dissolution process. However, dissolution profiles were displaced to
the right without any improvement in discrimination [3]. In light of our
results, it is very likely that the aforementioned observations can be
explained by the tremendously high capacities of the buffers used. As a
matter of fact, additional supposedly biorelevant acetate buffers (pHs:
5.0, 5.5 and 6.0) were tested in the same study, but no major im-
provement in discriminatory power was achieved. For instance, the
acetate buffer pH 6.0 was prepared at a final ionic strength of 1290 mM
[3], probably because of an excessive buffer concentration in order to
maintain the bulk pH throughout the whole experiment. However, the
extremely high concentration used may have elevated the surface pH
and, subsequently, accelerate ibuprofen dissolution [6]. This showcases
a major dilemma in biopredictive drug dissolution testing: while bi-
carbonate exhibits a low buffer capacity in the boundary layer owing to

its low effective pKa there, its buffering capacity in bulk is high owing
to its phase-heterogeneous nature restricting the accumulation or (in
the case of base dissolution) depletion of the systems conjugate acid.
For this reason, it could come to situations where a dilute buffer that is
sufficiently weak to simulate bicarbonate in the boundary layer would
be prone to saturation with the drug, while a buffer that keeps the pH of
the medium constant would buffer the boundary layer too strongly. In
the present work, this dilemma was circumvented by adding only 20 ml
of suspension in each experiment (approximately 26 mg of solid ibu-
profen), which however would more often than not be unacceptable in
an industrial quality control setting. Potential solutions for this problem
could be using a pH-stat system to control the pH, introducing an or-
ganic phase as sink for dissolved ibuprofen. Another option would be
using bicarbonate, however this would be restricted by the required
sparging and continuous pH monitoring introducing several technical
difficulties. For example, the buffer would inapplicable to disintegra-
tion testers and reciprocating cylinder apparatuses. In addition,
foaming in the presence of surfactants could sometimes make the ad-
dition of bile salts impossible as observed by Sheng et al. [12].

3.2. Modeling the PK of ibuprofen formulations

3.2.1. Oral solution
In order to assess the biorelevance of these findings, a deconvolu-

tion approach was applied to the in vivo data published previously.
Ibuprofen solution (SPA), as well as the aforementioned SA (SPB) and
SB (SPC), were administered intraduodenally to healthy subjects and
plasma concentrations were followed over time. Table 3 shows the
pharmacokinetic parameters calculated for the solution. The obtained
ka indicates that ibuprofen is rapidly absorbed. As for the disposition
parameters, Vcentral values agreed well with the average of 4.8 and 5.0 L
reported by Martin et al., after intravenous (IV) administration of 200
and 400 mg, respectively [21]. Martin et al. used an instantaneous IV
bolus injection model to estimate the Vcentral while the solution was
injected slowly over 3 min. This might result in an overestimation of the
Vcentral due to the unaccounted initial distribution. Taking this together

Fig. 2. In vitro dissolution of SA (red) and SB (green) in phosphate media (solid lines) at the equivalent concentrations of 1 (Panel A) and 2 mM (Panel B). To better
comparison, suspensions dissolution in the corresponding bicarbonate media (Panel A: 5 mM; Panel B: 15 mM) are also depicted as dashed lines. The error bars
represent the standard deviation (n = 3). The concentrations represent the conjugate base molarities. The % Drug dissolved represents that of the solid fraction of the
suspension. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Comparison of dissolution profiles in bicarbonate and equivalent phosphate
buffers.

Reference buffer Surrogate
buffer

Suspension f1 (%) Number of
dissolution time
points included

5 mM bicarbonate 1 mM
phosphate

A 8.42 3
B 20.45 6

15 mM bicarbonate 2 mM
phosphate

A 6.05 3
B 14.40 5

Weighted grand average f1 value between curves in
surrogate and reference buffers

14.01

Table 3
Pharmacokinetic parameters obtained after fitting the SPA data with the oral
solution model for 7 healthy human volunteers.

Parameter ka (h−1) k12 (h−1) k21 (h−1) k10 (h−1) Vcentral (L)

Arithmetic mean 9.75 2.98 2.31 0.90 3.81
Standard deviation 5.63 1.10 0.92 0.14 0.97
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with the well-known high plasma protein binding [21], our Vcentral

value of 3.8 L can be considered as an accurate estimation.
Likewise, the model-dependent clearance (Cl = k10 × Vcentral) was

54.41 ± 8.21 ml/min, comparable with the 56.2 ± 15.9 and
58.2 ± 15.6 ml/min for the 200 and 400 mg doses respectively re-
ported in Martin’s study. The volume of the peripheral compartment
estimated by Martin et al. (5.4 and 5.1 L for 200 and 400 mg, respec-
tively) suggests that the value of k12 is slightly higher or similar than
k21, which is consistent with our estimates. Conversely, an average k21
to k12 ratio of 5.9 was published by Wagner et al. after administering an
oral solution of ibuprofen. This value was tremendously higher than the
0.78 found in the present work [22]. This discrepancy is most probably
because of the gastric emptying and/or possible precipitation of ibu-
profen in the acidic stomach. Hence, the fitting of plasma profiles by
using a first-order absorption may result in an oversimplification of
overall absorption process. This situation emphasizes the value of in-
fusing a liquid formulation directly into the duodenum over the typical
approach.

One major caveat to using oral solution data without an IV reference
is related to the absolute bioavailability. Here it was assumed to be
100%, which is supported by comparing the solution AUC0-inf data to IV
data in literature. In the study of Chassard et al. [23], where 5 mg of
ibuprofen per kg body mass (approx. 359 mg based on the published
body weights) were administered to healthy human volunteers, the
AUC0-inf of the solution was found to be very similar (only 5% lower)
compared to the AUC0-inf observed in the SPA. Similar results were also
obtained when comparing against the IV data of Martin et al., with the
dose-normalized intravenous AUC0-inf being ~6% lower for the 400 mg
dose and ~3% lower for the 200 mg dose compared to the oral solution
in this study [21]. The AUC of the solution is slightly higher than that
from the IV administration in the cited studies indicating that the so-
lution in this study was virtually 100% bioavailable. A possible source
of error could be potential flip-flop between ka and the hybrid dis-
tribution rate macro-constant alpha. However, calculations (see sup-
plementary material table 1) done based on the equations of Benet [24]
showed that if such a flip-flop occurred, the values of Vcentral would be
even lower than the plasma volumes. This shows that the used ka values
are appropriate. In this regard, the calculated alpha value is 5.84 h−1

and beta (elimination rate hybrid macro-constant) is 0.35 h−1. The
discrepancy between the alpha value and the one of 7.56 h−1 for the
200 mg dose and 10.94 h−1 for the 400 mg dose, respectively, reported
by Martin et al is most probably owing to Martin et al. fitting data
obtained from a slow injection over 3 min using a model assuming an
instantaneous injection bolus. Based on these ka values and assuming a
luminal radius (r) value of 1.75 cm [25], an estimate for the Peff value
can be calculated with Eq. (3) [26]:

= ∗k P
r
2

a eff (3)

The resulting value is 23.70 × 10−4 cm/s, indicating that the
permeation of ibuprofen might be controlled by the unstirred water
layer (UWL). This can be shown as follows: If the resistance to mass
transfer of ibuprofen were assumed to be negligible in the epithelium
relative to the UWL, the obtained permeability coefficient would be
equal to the diffusion coefficient for ibuprofen (7.93 × 10−6 cm2/s)
[15] divided by the thickness of the UWL. Given the estimated Peff , the
thickness of this layer would be 33.5 µm. With unstirred water layer
thickness estimates of around 40 µm being reported [27], such a value
indicates that even near total control of ibuprofen permeation by dif-
fusion through the UWL could be plausible. Actually, this very high
estimate for ibuprofen permeability is supported by the work of Zakeri-
Milani et al. where comparatively high permeability value for ibuprofen
was obtained by perfusion in rats [28].

3.2.2. Oral suspensions
The pharmacokinetic parameters shown in Table 3 were used to

calculate the in vivo dissolution profiles for SA and SB. The plasma
profiles for each subject after receiving either SA (SPB) or SB (SPC)
were fitted using the parameter values obtained from their own solution
profile. As shown in Fig. 3, the used models provided very good fits for
the experimental plasma concentration-time profiles and serves as va-
lidation. The dissolution kinetics of the suspensions were intended to be
estimated as accurately as possible with the least possible amount of
assumptions such as particle shape, the exact buffer concentrations,
intestinal transit and motility. In a first attempt, the simple monophasic
first order dissolution model was tried. However, this analysis under-
fitted the observed data, likely because of an oversimplification of the
dissolution process. Alternatively, the widely used Weibull model not
only resulted in under-fitting, but also it led to an artefactual lack of
time-invariance. This could be related to the suspensions being ad-
ministered by infusion instead of a single bolus administration. The

Fig. 3. Mean predicted and observed plasma concentration – time profiles of
ibuprofen formulations after direct intestinal intubation and an infusion rate
mimicking a 12 min half-life of gastric emptying. Curves depict arithmetic
mean and standard deviation. Dark color depicts observed, bright color pre-
dicted values. Top : SPA, n = 7, ibuprofen solution. Middle: SPB, n = 7, ibu-
profen suspension small particles. Bottom: SPC, n = 4, ibuprofen suspension
large particles.
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differential equation describing the dissolution rate contains a time
term as follows:

=
∗

∗
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b t
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b solid
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(4)

where a and b are the scale and time factors, respectively. This results in
suspension particles reaching the duodenum at later times being sub-
jected to different dissolution kinetics than those arriving earlier. This
lack of time invariance would be forced by the model without any
mechanistic basis. Ultimately, the DPDM used in this work, as shown in
Fig. 3, seems to properly account for the complexity of the in vivo dis-
solution behavior along the GIT as evidenced by the fits of the plasma
concentration profiles shown in the mentioned figure. In other words,
this empirical model with two different dissolution phases and the first
order kinetics of transfer from the first phase two the second managed
to fit the overall dissolution process and the change in dissolution ki-
netics owing to changing intestinal environment during transit [29,30]
as well as the changing particle size distribution during the dissolution
process.

One potential caveat in our modelling approach is the assumption of
a constant ka value. However, the apparently very high and UWL-lim-
ited Peff suggests that ibuprofen is probably absorbed at the tips of the
microvilli [25]. Therefore, the permeability along the small intestine is
not expected to change dramatically. In fact, permeability values of
ketoprofen, a similar compound that is apparently not as highly
permeable, were similar in jejunum and ileum [25]. On the other hand,
a colonic ka of 1–2 h−1 was reported after administering a rectal so-
lution of ibuprofen. However, given the very slow dissolution calcu-
lated for times after one hour, the effect of the changing permeability
following ileocecal transit is not expected to be large [31].

The presented in vivo dissolution kinetics (as shown by the IVED-
curves, Fig. 4) differ from those obtained using a recently published

mechanistical deconvolution model, where the dissolution was con-
siderably slower [32]. One potential reason for that was that the in vivo
data used in that publication were obtained for an 800 mg tablet for-
mulation. Even though the particle size of that formulation was not
specified, it may be higher than that in our suspensions. Possible ibu-
profen particle fusion due to partial melting during compression makes
this explanation plausible [33]. Secondly, the oral solution data (from
the aforementioned Wagner et al. study) in which they base the ka es-
timation might still be controversial. As explained above, the lack of
consideration of both an eventual gastric precipitation of the oral so-
lution and unknown gastric emptying (which might not be a perfect
match to the gastric emptying model applied in the cited work), in-
crease the uncertainty of their approach. On the other hand, the method
here showed allows to obtain individual estimates of ka, which in turn
improves the reliability on the dissolution kinetics.

3.3. Comparison of in vitro and in vivo dissolution results

The mean IVED profiles are depicted in Fig. 4. The dissolution rate
of SA was faster than that of SB (Fig. 4A and C). The same was also
observed when only the volunteers that attended both SPB and SPC
were directly compared (Fig. 4B and D). In this latter case, the dis-
solution rate of SA is more clearly visually discriminated from that of
SB, with clear separation between the profiles being observed almost
from the beginning. But for the case presented in Fig. 4A and C, the
profiles were almost identical up to ~20 min. This indicates that, for
the moment, the small number of volunteers makes it premature to
draw definitive conclusions. Nonetheless, it can be said that the IVED
profiles seem not to contradict the validity of the in vitro dissolution
profiles obtained in bicarbonate, with at least one in vitro profile largely
lying (up to at least 80% dissolution) within less than one standard
deviation from the IVED curve for each suspension (Fig. 5). 5 mM

Fig. 4. Arithmetic mean in vivo equivalent
dissolution (IVED) – time profiles for the
solid fraction of the SA (orange) and SB
(green). On the panel A, the profiles calcu-
lated for all volunteers that participated in
the corresponding study phase are shown.
On the panel B, the profiles for the four
volunteers who attended both study phases
are shown. The error bars represent the
standard deviation. Panels C and D re-
present a zoom in of the profiles depicted in
panels A and B, respectively. (For inter-
pretation of the references to color in this
figure legend, the reader is referred to the
web version of this article.)
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bicarbonate gave the closest profile to the IVED of SA (with a tendency
to overestimate the in vivo profile) while 15 mM bicarbonate gave a
profile lying closer to the IVED curve for SB (with a tendency toward
underestimating the in vivo profile). The contrast between the IVED
profiles for SA when all the 7 volunteers were averaged vs averaging
only the 4 who took both suspensions, showcases the aforementioned
variability considerations. Given that both over- and underestimations
were seen, it is likely that these misestimations of IVED are explained
by random error related to the low statistical power of the sample as a
result of the low number of volunteers combined with the high varia-
bility in in vivo parameters like, for example, intestinal bicarbonate
levels (~73% relative standard deviation observed [7]). Therefore,
while it can be said that this study indicates that extending biowaivers
to include BCS Class II drugs (at least the weak acids among them) is
possible, further higher-powered in vivo studies and investigating the
influence of other factors like agitation rate and presence of bile salts
should be undertaken before making any definitive statement in this
regard.

4. Conclusion

Both phosphate and acetate failed to match bicarbonate, when used
at the same molarities, because of differences in effective pKa in the
boundary layer. Because of this difference was lower for acetate, the
resulting discrepancy with bicarbonate was also lower. However, using
mass transport modelling for surface pH calculation enabled the de-
termination of phosphate buffer molarities (surrogate buffers) that
provided matched bicarbonate fairly well in terms of dissolution per-
formance. The dissolution profiles in bicarbonate and the phosphate-
based surrogate buffers compared reasonably well with the in vivo
dissolution profiles of the tested suspensions in human volunteers. This
shows that mechanistic investigations of dissolution processes could
enable the extension of biowaivers to BCS class IIa compounds.
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A B S T R A C T

Chitosan is object of pharmaceutical research as a candidate permeability enhancer. However, chitosan was
recently shown to reduce the oral bioavailability of acyclovir in humans. The effect of chitosan on two processes
determining the oral bioavailability of acyclovir, bioaccessibility and intestinal absorption, was now in-
vestigated. Acyclovir’s bioaccessibility was studied using the dynamic TNO gastro-Intestinal Model (TIM-1). Four
epithelial models were used for permeability experiments: a Caco-2 cell model in absence and presence of mucus
and both rat and porcine excised intestinal segments. Study concentrations of acyclovir (0.8 g/l) and chitosan
(1.6 g/l and 4 g/l) were in line with those used in the aforementioned human study. No effect of chitosan was
measured on the bioaccessibility of acyclovir in the TIM-1 system. The results obtained with the Caco-2 models
were not in line with the in vivo data. The tissue segment models (rat and porcine intestine) showed a negative
trend of acyclovir’s permeation in presence of chitosan. The Ussing type chamber showed to be the most bio-
predictive, as it did point to an overall statistically significantly reduced absorption of acyclovir. This model thus
seems most appropriate for pharmaceutical development purposes, in particular when interactions between
excipients and drugs are to become addressed.

1. Introduction

Chitosan is an unbranched binary heteropolysaccharide consisting
of the two units N-acetyl-D-glucosamine and D-glucosamine, obtained
by partial deacetylation of the natural product chitin [1–3]. Besides its
employment as a conventional excipient (e.g. filler, disintegrant, re-
lease modifier), chitosan has been tested as a candidate drug bioavail-
ability modulator. Several studies has showed that chitosan is able to
enhance the permeability of diverse low permeability compounds, such
as acyclovir, or other hydrophilic markers mannitol and fluorescein
isothiocyanate dextran 4000 [4–8]. Particularly, chitosan salts in-
creased the in vitro permeability of acyclovir across Caco-2 monolayers
and the oral absorption of acyclovir in the rat at concentrations varying
from 0.1% to 3% [9,10]. However, the data from those in vitro and

animal experiments were not confirmed by human data tested at
identical dose levels.

The mechanism for permeation enhancement is postulated to occur
through an interaction of the positively charged chitosan molecules and
negative charges in the cavity of the epithelial tight junctions resulting
in opening of these tight junctions [8,11,12]. However, the presence of
different anions along the gastrointestinal tract might change in the in
vivo situation. For instance, both polyanionic macromolecules, heparin
and mucin, has demonstrated to interact with chitosan decreasing its
absorption enhancement effect [13,14]. Furthermore, luminal contents
as bile salts may also provide an additional potential source of inter-
actions [11,15].

A recent study in healthy human volunteers performed by the au-
thors showed how chitosan hydrochloride actually reduced the
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bioavailability of 200mg acyclovir when orally administered at a
concentration of 0.16% or 0.4% (1.6 g/l or 4 g/l; given as 400mg and
1000mg chitosan hydrochloride respectively in 250ml water) [16].
Although apparent inconsistent results emerge from the human and
preclinical studies, data are often difficult to compare as the char-
acteristics of the applied chitosan (molecular weight, degree of deace-
tylation (DD), salt form), as well as the test compounds and dose levels
differ between studies. In the current work, we used five different in
vitro methods to study effect of chitosan on acyclovir absorption. As a
highlight, all experiments were performed with chitosan of the same or
very similar quality at identical dose levels as applied in the human
study. These studies improve the understanding of chitosan’s effects on
two kinetic processes underlying the oral bioavailability of the high
solubility and low permeability model drug acyclovir (BCS class III,
[17]). In addition, this research allows evaluation of the different in-
testinal permeability models for pharmaceutical development or bio-
waiver purposes.

2. Materials and methods

2.1. Materials

Chitosan hydrochloride was obtained from Heppe Medical GmbH,
Halle, Germany. The following characteristics applied: DD 92.7%;
viscosity 4–5mPa s at 1% in water at 20 °C for TIM-1 studies and Ussing
type rat model and DD 93.05%, viscosity 5.9mPa s at 1% in water at
20 °C for Caco-2 and the inTESTine. Zovirax 200mg dispersible tablets
(GlaxoSmithKline, UK) were purchased in the Netherlands. Acyclovir
was obtained from Fagron (Fagron, The Netherlands). For the Caco-2
studies, Hanks’ balanced salt solution (HBSS), Dulbecco’s modified
Eagle’s medium (DMEM), 10,000 IU/ml penicillin and 10,000 μg/ml
streptomycin, nonessential amino acid medium (100×) and 4-(2-hy-
droxyethyl)-1-piperazineethanesulfonic acid (HEPES) were obtained
from Lonza (Verviers, Belgium). Fetal bovine serum (FBS) was pur-
chased from Biological Industries (Beit Haemek, Israel). 2-(N-morpho-
lino)ethanesulfonic acid (MES) was obtained from Sigma–Aldrich (St.
Louis, MO, United States). For rat ligated loop studies, ketamin
(Ketavet, Pfizer, Germany), and xylazin (Rompun, Bayer, Germany)
were obtained via the Pharmacy of the Medical Center of the Johannes
Gutenberg University, Mainz, Germany. For the InTESTine study, 14C-
Antipyrine (55mCi/mmol) was purchased from American Radiolabeled
Chemicals Inc. (St. Louis, Missouri, United States). 3H-Atenolol
(1.79 Ci/mmol), and 14C-acyclovir (440mCi/mmol) were purchased
from Moravek biochemicals Inc. (Brea, California, United States). All
other chemicals were purchased at Sigma-Aldrich, Schnelldorf,
German.

2.2. TIM-1 model

The in vitro dynamic TIM-1 system (TNO Triskelion, The
Netherlands) consists of one gastric compartment and three intestinal
compartments (duodenum, jejunum and ileum) connected with valves
simulating the gastric and small intestinal passage of food and phar-
maceutical products. The TIM-1 systems, previously well described
[18–20], have a simulated pyloric sphincter for controlled gastric
emptying of liquids and solids (particles less than 3–5mm) with specific
settings for fasted and fed conditions. The conditions in the compart-
ments are computer-controlled via pH electrodes, temperature and
pressure sensors. The secretions into the gastric compartment consist of
artificial saliva with electrolytes, α-amylase and gastric juice with hy-
drochloric acid, pepsin and lipase. In the small-intestinal compart-
ments, the secretion fluids consist of bicarbonate, electrolytes, pan-
creatic juice with digestive enzymes, and bile.

The TIM-1 studies were performed with acyclovir (0.8 g/l) in ab-
sence or presence of chitosan (1.6 and 4.0 g/l) to provide information
on the effect of chitosan on the bioaccessibility (i.e. availability for

absorption) of acyclovir during gastrointestinal passage. Preparation of
the dispersions containing Zovirax tablets in presence and absence of
the two levels of chitosan took place in line with the instructions ap-
plied during the human study [16]: a total volume of 250ml water was
introduced in the gastric compartment. The model conditions simulated
the fasted state including gastric pH profile, enzyme levels, gastric
emptying etc. A gastric emptying half-time of 20min (default fasted
state) was used for the three conditions (acyclovir in absence of chit-
osan, in presence of 1.6 g/l or in presence of 4.0 g/l chitosan). The je-
junum and ileum compartments were connected with dialysis mem-
branes (cut-off 5 kDa) to remove the released and water-dissolved
compounds. Jejunum and ileum dialysate samples were collected every
30min during the first three hours and every 60min during the next 2 h
till a total of five hours. The amount of acyclovir in these dialysate
samples was considered as the fraction available for absorption from
the upper gastrointestinal tract, i.e. the bioaccessible amount, within a
given time period. In addition, ileum effluent was sampled every hour.
These ileum effluent samples provide information on the non-bioac-
cessible fraction during transit through the upper GI tract, and which
will enter the colon. After five hours, the experiments were ended and
the residues were collected to be able to calculate the mass balance of
acyclovir in each individual TIM-1 experiment. All samples were stored
at or below −18 °C until analysis.

2.3. Caco-2 cell permeation studies (n= 3 wells)

Caco-2 cells were obtained from American Type Culture Collection
(Manassas, VA) and were grown in DMEM+ at 37 °C in an atmosphere
of 5% CO2 and 90% relative humidity. Cells were passaged every
3–4 days (at 80–90% confluence) at a split ratio of 1:6. For transport
experiments, cells were seeded at a density of 90,000 cells/cm2 on
Costar Transwell membrane inserts (3 µm pore diameter, 12mm dia-
meter; Corning Inc., Corning, NY, United States) and were used for
experiments 17–18 days after seeding. Only monolayers with transe-
pithelial electrical resistance (TEER) values higher than 400Ω * cm2

were used for transport studies.
Caco-2 cell culture medium consisted of DMEM supplemented with

10% FBS, 1% nonessential amino acids, 100 IU/ml penicillin and
100 μg/ml streptomycin (DMEM+).

Transport medium consisted of HBSS containing 25mM glucose and
was buffered with 10mM MES to pH 6.0 (donor compartment) or with
10mM HEPES to pH 7.4 (acceptor compartment).

Three conditions were tested in absence or presence of mucus:
0.8 g/l acyclovir, 0.8 g/l acyclovir+ 1.6 g/l chitosan and 0.8 g/l acy-
clovir+ 4 g/l chitosan based on the concentrations for chitosan which
effects have been described previously [9,10,16]. The mucus used as a
protective barrier in the Caco-2 assay consisted of type III mucin de-
rived from porcine stomach dissolved in HBSS+ pH 6.0. Mucus was
used in a concentration of 50mg/ml [21].

Prior to the transport study, Caco-2 cells were washed twice with
pre-warmed HBSS+ pH 7.4 and placed in a shake incubator
(Thermostar, BMG Labtech, Offenburg, Germany) at 37 °C and 300
rotations per minute (rpm) for 30min. After the pre-incubation, 100 µl
of mucus were applied to the apical compartment of the transwell plates
for the corresponding conditions; in the basolateral compartment fresh
HBSS+ pH 7.4 was added. The transport experiment was initiated by
adding 0.5ml of the corresponding incubation medium at pH 6.0 to the
donor compartment. Plates were incubated in the shake incubator at
300 rpm for 2 h at 37 °C. 200 µl samples were taken from the basolateral
compartment at t= 15, 30, 45, 60, 90 and 120min and were replaced
by fresh buffer. 10 µl apical samples were taken at t= 0 and 120min
and diluted 100× in HBSS+ pH 7.4. Samples were analyzed im-
mediately. Monolayer integrity after the transport experiment was
confirmed by comparing the measured TEER at t= 0min with the
TEER at t= 120min.
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2.4. Ussing-type chamber permeation studies using rat jejunal segments
(5–6 rats)

Rats were purchased from Charles River (Sulzfeld, Germany). Rat
excised jejunal segments were obtained and permeation studies in an
Ussing-type chamber were performed as described by Heinen et al.
2013 [22]. On the apical side, a 5ml Krebs-Ringer-Bicarbonate-Buffer
(KRB) containing MES at pH 6.0 was used. Same three conditions
mentioned above were tested. Samples of 600 µl were taken at 30, 60,
90 and 120min from the acceptor chamber, each replaced with fresh
KRB buffer and at 0 and 120min from the donor chamber. Similar as
Caco-2 experiments, transsegmental electrical resistance (Rf) was
measured at both the beginning and end of each experiment assessing
the integrity of the tissue. Acyclovir permeability experiments were
performed in the presence of chitosan (0, 1.6, and 4.0 g/l). Additional
electrical resistance measurements were performed at higher chitosan
concentrations up to 50.0 g/l.

2.5. Porcine excised segment InTESTine permeation studies (2 individual
studies each with 4 replicates)

Porcine excised jejunal segments were obtained from healthy pigs,
mounted in a newly developed InTESTine™ system, and permeability
studies were performed as described by Westerhout et al. [23]. On the
apical side, a 1ml pre-warmed (37 °C) Krebs-Ringer Bicarbonate buffer
(containing 10mM glucose, 25mM HEPES, 15mM sodium bicarbonate,
2.5 mM calcium chloride, pH 7.4, and saturated with oxygen using a
95%/5% O2/CO2 mixture by gassing for 120min, further indicated as
KRB-HEPES) dose solutions containing 10 µM acyclovir (containing
[14C]-acyclovir, 2 kBq/ml) in the absence and presence of chitosan (0,
1.6, 4.0 g/l) and 50 µM fluorescein isothiocyanate-dextran (FD4) as a
membrane integrity marker was used. The basolateral compartment
contained 7.5ml pre-warmed KRB buffer (37 °C). In parallel, the per-
meability of 3H-atenolol and 14C-antipyrine (both 10 µM) was de-
termined in the absence and presence of chitosan as a control for the
permeability of a low and high permeability marker, respectively. The
InTESTine samples were taken from both the apical and basolateral
compartment after a pre-incubation time of 45min in order to measure
the linear phase of the transport over 60min incubation. Recovery of
active substance compared to added quantity at the beginning of the
study was determined at the end of the studies by determination of the
mass balance. It was previously shown that intestinal permeability of a
wide range of compounds is comparable between (adult) human and
porcine intestinal tissue [23].

2.6. Analytical methods

2.6.1. Acyclovir by HPLC-Fluorescence Detection (TIM-1)
Acyclovir in ileum and jejunum dialysate, ileum effluent and residue

samples from the TIM-1 experiment was analyzed by HPLC (Jasco PU-
980, Jasco, Germany) with fluorescence detection (Shimadzu, RF-551,
Shimadzu, Germany) (excitation wavelength 260 nm, emission wave-
length 375 nm). A Waters Sunfire 150× 3.0mm 3.5 μm column was
used at ambient conditions, with an injection volume of 10 μl. A gra-
dient elution method was applied involving solvent A (0.1% formic acid
in acetonitrile) and solvent B (0.1% formic acid in purified water) at a
flow rate of 0.6 ml/min. Solvent A and B were used in a ratio of 99:1
during the first 5min, followed by 2min of 100% solvent B. The run
time of 14min was completed using the 99:1 ratio again. Low, middle
and high QC samples in two TIM matrices were analyzed in duplo in
parallel with the samples. Linearity was demonstrated in a range of
25 μg/ml to 250 μg/ml (R2≥ 0.998). Regarding precision, intraday
variation coefficients per concentration level varied from 0.03 to 5.1%,
which is acceptable considering the complex matrix. The results for
accuracy showed for QC low (25 μg/ml) an average deviation of +15%
in both matrices. Considering that the deviation varied from +5% to

+23% and that the results for overall recovery are limited to 110%, a
correction factor was not applied. The mean QC middle (100 μg/ml)
and high (250 μg/ml) showed an average deviation of the nominal
values of −1% and 4%, respectively. LOQ was set at 25 μg/ml while
LOD was 10 μg/ml.

2.6.2. Acyclovir by HPLC-UV (Caco-2)
Acyclovir concentration in media samples from the Caco-2 cell ex-

periments were analyzed by HPLC consisting of a Waters 600 pump and
a Waters 717 auto injector (Waters, Milford, MA). For chromatographic
separation a Waters Novapak C18 column under radial compression
was used. UV absorbance was monitored using a Waters 2487 detector
at 254 nm. The observed peaks were integrated using Empower Pro
(Empower 2) software. The mobile phase consisted of a 25mM acetate
buffer (pH 3.5) (95%)/methanol (5%) and a flow rate of 1ml/min was
applied. Retention time of acyclovir was 6.0 min. The calibration curve
of acyclovir was linear over the concentration range of 0.12–1000 µM.
The assessment of repeatability at concentrations of 250, 25, 2.5 and
0.25 µM resulted all in RSD’s below 2.5%. Samples from the acceptor
compartment were not diluted; the 10 µl samples from the apical de-
partment were diluted with 990 μl HBSS+ pH 7.4. The injection vo-
lume amounted to 50 μl. LOQ was set at 0.12 μM and LOD was 0.05 μM,
respectively.

2.6.3. Acyclovir by HPLC-UV (Ussing-type chamber)
Acyclovir concentration in media samples from Ussing-type

chamber experiments were determined using isocratic HPLC with UV
detection at 254 nm (equipment see above). A Lichrospher 10 RP 18
(5 μm), 250-4 column was used for chromatographic separation, at
40 °C and ∼133 bar. The mobile phase consisted of 10mM acetic acid
and acetonitrile (95:5; V/V) and a flow rate of 1ml/min was applied
(retention time acyclovir ∼4.6 min). Linearity was demonstrated in a
range of 0.050 µg/ml to 50.0 µg/ml acyclovir. Intraday precision re-
sulted in RSD values< 5.5% for concentrations ≥0.50 µg/ml and<
11% for the lower concentrations. Interday precision resulted in RSD
values< 5.5% for concentrations ≥0.10 µg/ml and 13% for the lowest
concentration of 0.050 µg/ml. Samples from the acceptor compartment
were not diluted; 10 µl of the samples from the apical department were
diluted with 390 µl buffer. Injection volumes were 50 µl.

2.6.4. Liquid scintillation counting (InTESTine)
Concentrations of radioactive labeled compounds in The InTESTine

samples were measured on a Tri-Carb 3100TR Liquid Scintillation
counter (LSC, Perkin Elmer, Boston, Massachusetts, United States) after
adding scintillation liquid (Ultima Gold, Perkin Elmer Inc., Boston,
Massachusetts, United States) to samples of the InTESTine experiments.

2.6.5. Fluorescence spectrophotometry (InTESTine)
FD4 levels in media samples from both the apical and basolateral

compartments of the InTESTine system were determined using a
FLUOstar OPTIMA fluorescence spectrometer (BMG Labtech,
Ortenberg, Germany) at excitation wavelength 490 nm and emission
wavelength 520 nm.

2.7. Data analysis

2.7.1. Bioaccessibility
The amount of acyclovir in each sample collected during the TIM-1

experiment was calculated by multiplying the measured concentration
by the total volume of the individual samples collected in the time
periods. The bioaccessibility of acyclovir is given as percentage of the
intake dose of acyclovir and expressed as the mean and range of du-
plicate TIM-1 experiments. The mass balance (recovery) was calculated
as the sum of the bioaccessible fraction (ileum and jejunum), the ileum
effluent and the residues in the system after ending the experiments.
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2.7.2. Apparent permeability
The apparent permeability coefficient (Papp) was calculated based

on the linear part of the curves according to the following equation:

= ∗ ∗P dQ dt A C/ 1/app 0

where Q is the amount of drug appearing in the acceptor compartment
as a function of time (t), A is the surface area of the Transwell mem-
brane (1.13 cm2) or the exposed surface of the intestinal segment in the
Ussing-type chamber (0.67 cm2), or InTESTine system (0.79 cm2), and
C0 is the initial drug concentration in the donor (apical) compartment.

2.8. Statistical analysis

The TIM-1-results for cumulative bioaccessibility were compared
using unpaired t-tests at each time point. Differences were considered
statistically significant when p < 0.05.

Statistical analysis of the permeation studies was performed using
GraphPad Prism 6.03. The mean Papp values obtained from the Caco-2
study, Ussing-type chamber and InTESTine experiments were compared
with the references using one-way ANOVA and Dunnett’s multiple
comparison test. P-values below 0.05 were considered significant at a
confidence level of 95%.

3. Results

3.1. Bioaccessibility in TIM-1

Fig. 1 shows the jejunal, ileal and total bioaccessible fractions of
acyclovir tested in absence (reference) and presence of chitosan (1.6 g/l
and 4.0 g/l). The total bioaccessibility of the high solubility compound
acyclovir tested under fasted state conditions in TIM-1 was found to be
high, as values above 90% were measured. No effect of chitosan on the

bioaccessibility of acyclovir was observed. Equal bioaccessible fractions
were measured in the TIM-1 runs in absence of chitosan
(93.6% ± 0.9%, mean ± range expressed as % of intake, n= 2); in
presence of 1.6 g/l chitosan (90.6% ± 6%, mean ± range, n= 2) and
in presence of 4.0 g/l chitosan (93.2% ± 3.2%, mean ± range,
n=2), respectively. Overall recovery of acyclovir in the six TIM-1 runs
was 108.6% ± 5.1% (mean ± rsd; n=6).

Values above 100% could be related to possible overestimation of
the acyclovir content at low concentrations as observed in the analysis
of the low QC samples (in contrast to the mid and high levels).

3.2. Intestinal permeability

Table 1 shows an overview of the results of the intestinal perme-
ability of acyclovir measured in results of the five different models. The
mean relative effect on the absorption is reflected by the ratio of test
versus reference condition. The p-values indicate the statistical sig-
nificance of the observed effect compared to the reference.

3.3. Caco-2 cell permeation studies

Monolayer integrity was measured through the TEER values, see
Table 2. In absence of chitosan, the monolayer integrity was well pre-
served in both absence and presence of a mucus layer. In the un-
modified model, the addition of 1.6 g/l and 4 g/l chitosan resulted in a
complete loss of monolayer integrity after 120min of incubation. Due
to this loss of barrier function, the transport of acyclovir from apical to
the basolateral compartment increased at these conditions. This effect
was confirmed in a second study at the University of Mainz with the
same test substances at the same concentrations following the same
study protocol (data not shown): a reduction of TEER values to 2–3% of
the original value was found in presence of chitosan, accompanied by a

Fig. 1. Bioaccessibility of acyclovir in absence (reference) or presence of chitosan (1.6 and 4.0 g/l) as measured in TIM-1 in hourly time intervals. a. jejunal
bioaccessibility (% of intake, mean ± range, n= 2); b. ileal bioaccessibility (% of intake, mean ± range, n= 2); c. total bioaccessibility (=sum of jejunum and
ileum; % of intake, mean ± range, n= 2); d. cumulative total bioaccessibility (% of intake, mean ± range, n= 2).
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30- to 40-fold increase in acyclovir’s permeability.
In absence of chitosan, Papp values of acyclovir in the Caco-2 system

in absence and presence of mucus were comparable. This indicates that
the mucus layer had no influence on the permeation of acyclovir. When
1.6 g/l chitosan was added in the apical compartment of the Caco-2
model in presence of a mucus layer, the monolayer integrity was
maintained during the experiment. Addition of 4 g/l chitosan showed
that the monolayer integrity was partly compromised after 120min,
which was accompanied by increased variation in TEER results
(Table 2). In presence of mucus, 1.6 g/l chitosan resulted in a Papp value
(i.e. 0.13 * 10−6 cm/s) similar to the reference value (i.e.
0.12 * 10−6 cm/s). Increasing the concentration of chitosan to 4 g/l led
to an elevated Papp value (i.e. 0.28 * 10−6 cm/s) compared to the re-
ference conditions, although this difference was not statistically sig-
nificant.

3.4. Rat jejunal tissue mounted in the Ussing-type chamber

Two concentrations of chitosan hydrochloride (1.6 g/l and 4 g/l)
were applied in the Ussing type chamber with rat intestinal segments to
test their effect on the permeability of acyclovir (0.8 g/l). The results
were compared with acyclovir alone (reference). At the end of all in-
cubations, the transsegmental electrical resistance (Rf) values de-
creased during the experiment as presented in Table 3. The Rf de-
creased by 20% in absence of chitosan, however this effect was
attenuated by the co-incubation with chitosan either at 1.6 or 4.0 g/l
(Table 3). A relatively high Papp value for the permeability of acyclovir
in absence of chitosan was found (i.e. 7.4 * 10−6 cm/s) in the Ussing
type chamber with rat intestinal segments. This mean Papp was reduced
by both concentrations of chitosan, which was statistically significant
only for 1.6 g/l chitosan in the donor solution.

3.5. Porcine intestinal tissue

The permeability of acyclovir, atenolol and antipyrine was mea-
sured across jejunal porcine tissue mounted in the InTESTine system.
The tissue was subjected to the same test concentrations with respect to
chitosan used in the rat tissue Ussing-type chamber experiments.
Recovery of all compounds based upon media alone were>95%. FD4

leakage remained below 1% indicating no effect of the test solutions on
intestinal integrity. The Papp values of acyclovir, atenolol, and anti-
pyrine in the absence of chitosan were 0.54 * 10−6, 0.46 * 10−6, and
6.58 * 10−6 cm/s, respectively. Low concentrations of chitosan (1.6 and
4 g/l) showed a negative trend on the absorption of acyclovir across
porcine jejunal segments mounted in the InTESTine system, although
not statistically significantly different from the control incubations. The
permeability of the paracellular transport marker atenolol enhanced
with higher concentrations of chitosan from 0.46 * 10−6 cm/s up to>
1 * 10−6 cm/s at 30 and 50 g/l (data not shown). No effect of chitosan
was observed on the permeability of the transcellular transport marker
antipyrine, which varied in the range of 6–9 * 10−6 cm/s (data not
shown).

4. Discussion

Excipients such as chitosan may exert their effect on oral bioavail-
ability through modulation of different elements of the absorption
process including the dissolution of the active substance from the do-
sage form, the gastrointestinal transit process and interactions in the
intraluminal compartment or at the permeation site. In this study, two
of these individual processes were investigated using different in vitro
techniques that could provide a mechanistic understanding of pre-
viously obtained in vivo observations [16]. Chitosan decreased both
acyclovir’s mean area under the plasma concentration-time curve
(AUC0–12 and AUC0–∞) and maximal plasma concentration (Cmax) fol-
lowing concomitant oral intake of 400 and 1000mg chitosan (ad-
ministered as 1.6 and 4.0 g/l in water) in humans (Table 4). Meanwhile,
the Tmax of acyclovir increased significantly for the treatment combi-
nations with chitosan; however, the effect was statistically significant
for the 1000mg of chitosan co-administration only. Overall, the nega-
tive effect of chitosan on acyclovir’s absorption was variable between
the human subjects but statistically significant [16].

In the human study, the test products were dissolved prior to use
and as such, an effect of chitosan on dissolution of acyclovir from the
dosage form can be ruled out [16]. In the present study, various in vitro
intestinal models were used to investigate whether chitosan has an ef-
fect on the bioaccessibility and intestinal permeability of acyclovir at
the same dose levels as applied in the human study. The selected
models have previously been described as tools to study the individual
processes underlying oral bioavailability and identify the critical pro-
cess(es) hampering the oral bioavailability of a specific compound.
Based on its physico-chemical properties and available data, acyclovir
was previously classified as a BCS III compound indicating that in-
testinal permeability, not solubility, is the rate limiting process in oral
bioavailability [17].

Table 2
Effect of acyclovir and the addition of chitosan on monolayer integrity of Caco-
2 cells as measured in the absence and presence of mucus.

Concentration chitosan
hydrochloride (g/l)

TEER
(0min) (%)

TEER (120min)
(%)

SD (%) RSD (%)

Caco-2
0 100 115.0 6.0 5.3
1.6 100 4.1 0.2 5.9
4 100 2.8 0.5 18.4

Caco-2+mucus
0 100 124.5 2.4 1.9
1.6 100 132.4 1.6 1.2
4 100 55.7 27.8 49.9

Table 3
Effect of acyclovir and the addition of chitosan on monolayer integrity of rat
intestinal tissue as mounted in Ussing-type chamber.

Concentration chitosan
hydrochloride (g/l)

Rf (0 min)
(%)

Rf (120min)
(%)

SD (%) RSD (%)

0 100 79.7 6.6 8.3
1.6 100 97.3 5.6 5.8
4 100 88.2 6.6 7.5
10 100 128.5 13.0 10.1
30 100 45.9 15.0 32.7
50 100 8.4 3.6 43.3

Table 4
Oral bioavailability data of acyclovir as measured in humans [16].

Cmax (mg/ml) Ratio#

Reference Zovirax 200 0.37 ± 0.21
Ref+400mg chitosan 0.21 ± 0.09* 0.56
Ref+1000mg chitosan 0.24 ± 0.26* 0.63

AUC0–∞ (mg·h/ml)

Reference Zovirax 200 1.53 ± 0.63
Ref+400mg chitosan 1.13 ± 0.42 0.74
Ref+1000mg chitosan 1.07 ± 0.05* 0.70

Tmax (h)

Reference Zovirax 200 1.2 ± 0.4
Ref+400mg chitosan 1.5 ± 0.9 1.25
Ref+1000mg chitosan 1.8 ± 0.9* 1.50

# Ratio of absolute values of test vs reference.
* p < 0.05 comparing 90% confidence intervals of the ratio of test and re-

ference product.
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The TIM-1 system simulating the human physiological conditions in
the stomach and the three parts of the small intestine is an in vitro tool
mainly used to study biorelevant dissolution. Since acyclovir tablets
were dissolved before the administration, this tool was applied to in-
vestigate the effect of chitosan rather on the bioaccessibility of acy-
clovir than on its dissolution (Fig. 1). A high bioaccessibility of acy-
clovir was measured (> 90%) in absence and presence of chitosan
which indicates a large fraction of the acyclovir dose added to the
gastric compartment appears to be available for absorption irrespective
of the presence of chitosan. These observations are in line with acy-
clovir’s high solubility, 2.33mg/ml at biorelevant pH [17,24]. Luminal
interactions affecting both acyclovir and chitosan might possibly ex-
plain the in vivo results. For instance, an interaction of chitosan with
bile acids in the gut lumen, reducing the solubility of acyclovir was
hypothesized [15,16]. Nevertheless, no effect of chitosan on the
bioaccessibility of acyclovir was observed in this study, suggesting that
it is highly unlikely that luminal interactions may affect the oral bioa-
vailability of acyclovir.

The current set-up of the TIM-1 experiments simulated the average
human adult fasted state conditions concerning enzyme levels, pH va-
lues, transit times, etc. Gastric emptying time was fixed and identical in
the TIM-1 runs testing the three applied experimental conditions. Even
though the computer-controlled TIM-1 system allows changes in gastric
emptying time to study the effect of chitosan on this specific parameter,
it was not tested in the current study. In fact, 5 mg/kg of chitosan,
corresponding to 1.4 g/l, did not delay gastric emptying of several
drugs with different absorption/physicochemical characteristics.
Furthermore, even higher chitosan amounts (7 g/l) had also no effect on
residence time of the low permeability cephalexin [11]. The recently
performed human study showed an increased Tmax value at 4 g/l chit-
osan, however associated with high interindividual variability.

Chitosan is thought to act as a potential permeability modulator
through interaction with the tight junctions between the epithelial cells,
resulting in redistribution of cytoskeletal F-actin and translocation of
tight junction proteins ZO-1 and occludin from the membrane to the
cytoskeleton [8,25]. Smith et al. showed activation of PKC-dependent
signal transduction pathways using a Caco-2 model [12]. Although, the
mucus layer was also reported to play a role in the access of chitosan to
the epithelial membrane and the subsequent effect on the paracellular
permeation route [14]. Therefore, the effect of chitosan causing a
change in permeation of acyclovir was tested in four different perme-
ability models with and without a mucus layer. As described in
methods, the chitosan effect was assessed in buffered solutions
(pH=6.0) preventing that the polymer precipitates. Selection of this
pH also resembles the proximal small intestinal pH (5.9–6.3) [26] and
also because this allows the comparison with previous studies
(pH=5.5–6.2) [4,6,9,10].

In the unmodified human intestinal Caco-2 cell model, chitosan
concentrations enhanced the permeability of acyclovir 124- and 143-
fold, respectively (Table 1). This was caused by the disruption of the
monolayer integrity by the reduction of the TEER values as it is shown
in Table 2 and several other studies [7,9,10,27]. Although the reference
Caco-2 Papp in this study was slightly lower than some previously re-
ported values [9,10,28], this does not fully explain the relatively large
increase in presence of chitosan. For instance, Merzlikine et al. showed
an enhancement on acyclovir Caco-2 permeability of only approx. 10-
fold by co-administrating even much higher chitosan concentrations
(10–30 g/l) than those used in the present work [9]. However, the
chitosan tested in that study had a lower degree of deacetylation
(DD=75–90%) compared to the one used in the present study
(DD=93.05%). It has been proposed that chitosan positive charges are
critical for binding to membrane proteins and to exert its subsequent
permeability enhancer effect [5,8]. Considering that chitosan exhibits a
pKa around 6.3–6.5 [29,30], the charge density of polymer molecules
will mainly depend on DD at the studied pH (=6.0). Therefore, dis-
crepancies regarding to the magnitude of the enhancing effect could be

related to the physicochemical characteristics of chitosan. In fact, Shah
et al. showed that similar concentrations (1–5 g/l) of chitosan
(DD=85%) only enhanced acyclovir Caco-2 Papp 5.8–10.2-fold, ac-
companied by a TEER reduction of 46.6–58.5% [10]. Consistently,
chitosan displayed a much greater TEER reduction in this study
(Table 2), which could be also due to the high deacetylation degree.
Finally, both the low pH of the current study, applied to overcome
precipitation of chitosan, and the general interlaboratory variability of
the Caco-2 system [31,32], may also contribute to explain the differ-
ences found.

The modified Caco-2 model with mucus demonstrated that the
disruptive effect of chitosan on the integrity of the epithelial cells is
much lower in presence of mucus [14,33]. Both TEER values and acy-
clovir’s permeation were less affected than in the unmodified model
when 1.6 g/l chitosan was added, suggesting that the mucus layer
prevented damage to cell monolayer integrity and consequential in-
creased permeation of acyclovir. The higher concentration of chitosan
(4 g/l) caused reduced monolayer integrity accompanied by an elevated
permeation of acyclovir, although this was not statistically significant.
Likewise, such reduction of monolayer integrity was not accompanied
by an increase in acyclovir Papp. Therefore, in the presence of mucus, no
effect of chitosan (1.6 and 4.0 g/l) on the absorption of acyclovir was
detected in this modified Caco-2 cell model.

Rat intestine mounted in an Ussing chamber has shown to be a
useful model in predicting human intestinal absorption too, although
differences in transporter expression and metabolic characteristics
apply as well [34–36]. Even though apparently larger permeability
values were observed in this model (Table 1), they were comparable
with Papp of other low permeability compounds across rat jejunum
mounted in this same experimental set-up [36]. Permeability of acy-
clovir was statistically significantly reduced in presence of a con-
centration of 1.6 g/l chitosan, while the reduction remained a non-
significant trend at 4.0 g/l. The Rf values decreased during the ex-
periment and the limited reduction in presence of chitosan suggested a
stabilizing effect (Table 3). Interactions of chitosan with mucus may
again explain these observations. The mucus production of intestinal
tissue segments in the Ussing-type chamber is enhanced by the ex-
perimental conditions [22], as was also observed in the present study.
Charge interactions of chitosan in the mucus-producing model may
neutralize the reactivity of chitosan and prevent an absorption enhan-
cing effect.

Acyclovir permeability through porcine intestine was slightly lower
than previously reported for other low permeability compounds by
using this same system [23], consistent with its classification as BCS
class III [17]. The results of same concentrations of chitosan (1.6 and
4 g/l) suggested a negative effect on the absorption of acyclovir across
porcine jejunal segments mounted in the InTESTine system (Table 1).
However, neither the negative nor the positive effect were statistically
significantly different from the reference. The effect of chitosan on
paracellular transport marker compound atenolol was in line with that
for acyclovir, which confirmed an effect of chitosan on the paracellular
absorption route. The absence of an effect of chitosan on transport of
antipyrine confirmed the absence of an effect on the transcellular route
and of a non-specific effect on the mucus barrier (data not shown).

Despite of the chitosan effect has been already studied in diverse in
vitro systems, they do not necessarily resemble the true anatomic in-
testinal lining due to the lack of a mucus layer. Especially the differ-
ences in protective mucus layer and tight junctions are of relevance, as
the modulation of membrane transport by cationic chitosan is postu-
lated to occur through an interaction with negative charges in the
cavity of the tight junctions [8]. In this line, Schipper et al. studied the
permeability of the well-known permeability marker mannitol through
HT29-H mucus-secretory cells in presence of chitosan. As expected,
chitosan co-administration increased mannitol Papp when the mucus
layer was removed. However, the presence of a mucus layer prevented
such enhancement through unwashed cells [14]. In the present study,
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three out of four permeability experiments were performed in mucus
containing set-ups. Consistently, the expected enhancing effect of
chitosan on acyclovir Papp in all mucus containing models was at least
prevented. Furthermore, acyclovir permeability across rat and pig in-
testinal tissues was decreased when co-incubated, being statistically
significant in rat at 1.6 g/l of chitosan, in good agreement with the in
vivo situation. The protective effect of mucus on barrier integrity was
also observed in electrical resistance measurements, where mucus-
containing models maintained TEER and Rf values in presence of
chitosan (Tables 2 and 3). Fluorescence microscopy experiments
showed that highly deacetylated chitosan did not reach the membrane
of mucus-secreting cells [14]. Although mucus displayed similar mag-
nitudes of protective effect for different types of chitosan (DD and MW),
it is still possible that the interaction depends on those physicochemical
features. A key factor of this present work is that the same chitosan
from the clinical trial was used. Therefore, the chitosan mucus inter-
action could provide an explanation for controversial bioavailability
estimates obtained from different in vitro models for the human situa-
tion.

Being a polycation, chitosan might bind to any other polyanion
present in the system studied. For example, the enhancing chitosan
effect observed in Caco-2 cells was reverted by addition of heparin,
demonstrating the un-specificity of such ionic interaction [8]. Acyclovir
tablets studied here declare the presence of sodium starch glycolate, a
polyanion with pKa 4.8, likely charged at biorelevant pHs. Hence, a
possible excipient-excipient interaction can be speculated. Never-
theless, clear solutions were observed when tablets were dissolved in
water, regardless of the presence of chitosan [16]. Moreover, acyclovir
mass balance>90% after TIM-1 experiment (Fig. 1), suggests that even
when an excipient-excipient interaction occurred, it would not affect
the amount of acyclovir available for absorption. On the other hand, the
chitosan effect could be also attenuated by slightly alkaline media be-
cause of its low solubility above its pKa [30]. However, experimental
media were well-buffered 0.5 units below the chitosan pKa, which was
enough to achieve the needed solutions before running permeability
experiments. In contrast, precipitation was observed after sample ad-
dition to Caco-2 cells supplemented with mucus, suggesting a direct
interaction of chitosan with the mucus, rather than other possible
causes, thus reducing the available concentration of the modulator in
solution. Taken together, the results presented here provide additional
evidence supporting the protective role of mucus, and suggest that its
presence in the in vivo GI tract might have prevented chitosan to exert
an overall enhancing effect on the bioavailability of acyclovir. The
presence of a mucus layer thus seems an important factor in de-
termining the biorelevance of permeation models and might also be
considered for other excipients effects on intestinal permeability, in
particular when they are positively charged.

Our human study showed a relatively high intra-individual and
interindividual variability of the absorption of acyclovir itself, which
augmented in presence of chitosan. Both increased and decreased AUC
and Cmax values were observed when acyclovir was co-administered
with chitosan. Moreover, four out of twelve volunteers showed a higher
AUC in presence of one of the two doses of chitosan and a lowered AUC
in presence of the other dose [16]. Further evaluation of potential intra-
and interindividual differences in physiological processes in the ab-
sorption of acyclovir and the potential effect of chitosan on these pro-
cesses, may thus be relevant. Integration of different in vitro datasets in
a PBPK model can also be helpful in this perspective and will be the
subject of a follow-up study.

The observed results on bioaccessibility and intestinal permeability
could also be important in the context of biowaiving. Based on human
studies with acyclovir and cimetidine, Vaithianathan et al. recently
proposed widened biowaiver possibilities for changes in the content of
12 common excipients combined with BCS class III substances [37]. In
the current case of potential excipient chitosan, the contrary can be
concluded. The unmodified Caco-2 cell model showed a loss of

membrane integrity, which has no correlation to the in vivo human si-
tuation. The mucus-containing Caco-2 model showed a non-significant
positive trend, which is not line with the in vivo data. These models thus
seem unsuitable to replace in vivo testing. The trends observed for the
tissue segment models (rat and porcine intestine) were negative. Among
the models explored in the present study, the Ussing type chamber
showed to be the most biopredictive as it did point to an overall sta-
tistically significantly reduced absorption of acyclovir. This model thus
seems most appropriate for pharmaceutical development purposes.
However, it is not considered suitable to fully exempt from in vivo
testing e.g. for biowaiver purposes. An in vivo pharmacokinetic study is
needed to determine the magnitude of the clinical effect on AUC and
Cmax and its consequential relevance for drug absorption.

5. Conclusion

This study presents for the first time a comparison of various pre-
clinical intestinal permeability models run under comparative condi-
tions with the aim of testing the predictive power of each model. The
overall in vivo effects of chitosan pointed to a reduced rate and extent of
the absorption of acyclovir. Acyclovir’s bioaccessibility in TIM-1 was
not affected by chitosan; this model thus confirmed absence of in-
traluminal interactions hampering the solubility and availability for
absorption of acyclovir. Chitosan’s influence on intestinal permeability
of acyclovir differed per model. The results obtained with the Caco-2
models were not in line with the in vivo data. The tissue segment models
(rat and porcine intestine) showed a negative trend of acyclovir’s per-
meation in presence of chitosan. The Ussing type chamber showed to be
the most biopredictive of models studied, as it did point to an overall
statistically significantly reduced absorption of acyclovir. This model
thus seems most appropriate for pharmaceutical development purposes.
As a follow-up, PBPK modelling is currently applied to more specifically
correlate the outcome of the models to the in vivo data. In absence of an
established correlation, in vivo pharmacokinetic studies remain neces-
sary to determine the actual clinical effect of chitosan on the absorption
of acyclovir.
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A B S T R A C T

Highly variable disposition after oral ingestion of acyclovir has been reported, although little is known
regarding the underlying mechanisms. Different studies using the same reference product (Zovirax �)
showed that Cmax and AUC were respectively 44 and 35% lower in Saudi Arabians than Europeans, consistent
with higher frequencies of reduced-activity polymorphs of the organic cation transporter (OCT1) in Euro-
peans. In this study, the contribution of physiology (i.e., OCT1 activity) to the oral disposition of acyclovir
immediate release (IR) tablets was hypothesized to be greater than dissolution. The potential role of OCT1
was studied in a validated physiologically-based biopharmaceutics model (PBBM), while dissolution of two
Chilean generics (with demonstrated bioequivalence) and the reference product was assessed in vitro. The
PBBM suggested that OCT1 activity could partially explain population-related pharmacokinetic differences.
Further, dissolution of generics was slower than the regulatory criterion for BCS III IR products. Remarkably,
virtual bioequivalence (incorporating in vitro dissolution into the PBBM) correctly and robustly predicted the
bioequivalence of these products, showcasing its value in support of failed BCS biowaivers. These findings
suggest that very-rapid dissolution for acyclovir IR products may not be critical for BCS biowaiver. They also
endorse the relevance of cross-over designs in bioequivalence trials.

© 2021 American Pharmacists Association. Published by Elsevier Inc. All rights reserved.
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Introduction

The pharmaceutical industry and regulators share the quest of
reducing the cost, time and number of in vivo trials in the

development/approval of generic drug products around the
world. The biopharmaceutics classification system (BCS) was a
major breakthrough, because it allowed the introduction of bio-
waivers for highly soluble active pharmaceutical ingredients
(APIs) formulated as rapidly dissolving immediate release (IR)
solid oral dosage forms. Physiologically based pharmacokinetic
(PBPK) models have further broadened the opportunities of utiliz-
ing additional methodologies to understand and predict drug dis-
position and bioequivalence of drug products. Recently, the
concept of physiologically based biopharmaceutics modeling
(PBBM) was introduced to account for the interaction between
physiology and formulations. This framework is particularly
important to understand subject-to-subject and formulation vari-
ability in oral bioavailability and its impact on the clinical expo-
sure of a given drug product.1 While parameters like
gastrointestinal fluid volumes and luminal contents are of con-
cern for poorly soluble drugs (e.g. BCS II), the passive and carrier
mediated permeability across biological membranes are rather
more critical for poorly permeable drugs (e.g. BCS III).

Acyclovir is a poorly permeable drug with variable oral bio-
availability (F) between 10−30%.2 It has aqueous solubility of
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Active Pharmaceutical Ingredient; AUC, Area under the curve; BCS, Biopharmaceutics
classification system; BMI, Body mass index; BWt, Body weight; CI, confidence inver-
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polymorphism; SpecPStc, Specific permeability surface area product; Vmax, Maximum
rate.
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2.3 mg/ml at pH = 5.8 and exhibits linear oral pharmacokinetics
in the dose range 200−400 mg3. In fact, its absorption is not
expected to be solubility-limited at these doses (Do < 1).2 How-
ever, large within-study coefficients of variability (CVs) of 30
−40% have been reported at these lower doses.4,5 The variability
does not appear to be necessarily related to the dosage form,
because both the Cmax and AUC after an oral solution were
reportedly not different from acyclovir IR capsules at 200 mg in a
single-dose cross-over study.3 In addition, its variable bioavail-
ability is accentuated between different populations. For instance,
the Cmax and the AUC of the reference product (Zovirax� IR tab-
lets 400 mg) were respectively 44 and 35% lower in Saudi Ara-
bians,6 compared to Europeans.5 Other studies conducted in
different populations showed Cmax and AUC values lying between
those above mentioned.7 Interestingly, the generic products
tested in those publications were found to be bioequivalent to
the reference in the respective populations.

Even though the variable oral bioavailability of acyclovir is well-
known, there is a paucity of evidence in identifying the physiological
mechanisms underlying this observation. Acyclovir absorption seems
to be governed by passive processes,8 with significant contribution of
paracellular absorption.9,10 Nonetheless, both transporters and
enzymes play a major role in its distribution, metabolism and elimi-
nation. After an intravenous (IV) infusion, acyclovir is rapidly distrib-
uted in more than one compartment and eliminated mainly through
the urine.5,11,12 In fact, acyclovir was identified as a substrate of the
organic anion transporter (OATs),13,14 and the multidrug and toxin
compound extrusion (MATE) transporter,15 respectively located in
the basolateral and apical membrane of the renal epithelium. Further,
acyclovir is metabolized into 9-carboxymethoxymethylguanine
(CMMG),16,17 due to the action of the alcohol/aldehyde dehydroge-
nase (ALDH/ADH) system.2,17,18 Moreover, acyclovir is also trans-
ported by the human organic cation transporter (OCT1),14 which
mediates its hepatic uptake prior to biotransformation. This latter
transporter has also shown a large extent of polymorphism, espe-
cially in European ethnicity.19 For example, the frequencies of the
non-synonymous single nucleotide polymorphs (SNPs) R61C, G401S
and G465R are the highest in Europeans, while they are completely
absent in Asians, Africans, and other ethnicities.19−22 The activity of
the aforementioned polymorphs was impaired compared to wild-
type in in vitro cation uptake assays.19 Moreover, their impact on
pharmacokinetics was also demonstrated in humans, where the Cmax

and AUC of metformin (another BCS III, OCT1-substrate) were 20
−50% higher in subjects expressing those SNPs.23 Therefore, the role
of OCT1 polymorphism in explaining acyclovir variable bioavailability
cannot be ruled out.

The aim of this study was to use the PBBM framework to identify
the contributions of physiological (i.e. OCT1 activity) and formulation
(i.e. product dissolution) factors to acyclovir’s variable disposition fol-
lowing oral administration and assess their potential biopharmaceu-
tic implications. Gastroplus� software was used to develop a
complete PBPK model for acyclovir that included the main mecha-
nisms underlying its pharmacokinetics. The OCT1 Vmax was varied to
account for differences between ethnicity of populations. In addition,
the in vitro dissolution of two Chilean acyclovir 200 mg IR generics
(with in vivo bioequivalence demonstrated) and the reference
(Zovirax� 200 mg IR) was studied at biorelevant pHs.24,25 Finally, the
validated PBBM was used to assess the bioequivalence decision on
virtual populations with different physiologies. The model robustly
predicted the bioequivalence of the products, even though they did
not meet the approved dissolution acceptance criterion. Instead, the
clinical performance of BCS class III drug products seems to be more
critically impacted by variations on physiological factors rather than
small variations beyond the threshold for rapidly dissolving criterion
(i.e., 15 min).26

Experimental Section

Materials and Software

Acyclovir powder (purity < 99%) was purchased from Sigma-
Aldrich (Merck KGaA, Germany). Hydrochloric acid 37% v/v was
bought from VWR International (LLC, PA, US). Sodium chloride, potas-
sium dihydrogen phosphate and all supplies for dissolution experi-
ments (syringes and 80 mm-filters) from Carl Roth (Carl Roth & Co.
KG, Germany). Two Chilean generics IR oral tablets containing acyclo-
vir 200 mg from Laboratorio Chile S.A. (Generic A) and Mintlab Co. S.
A. (Generic B),25,27 plus Zovirax� 200 mg IR tablets (Reference) were
acquired from local pharmacies. Modeling and simulations were car-
ried out in GastroPlus� V. 9.8.1 (Simulations Plus, Inc., Lancaster, CA).
Digitalization of literature data was performed with Digit 1.0.4 (Sim-
ulations Plus, Inc., Lancaster, CA), while RNA expression data was dig-
italized with ImageJ 1.46r (National Institute of Health, Bethesda,
MD).

PBPK Model After Intravenous Administration

Data on acyclovir intravenous (IV) pharmacokinetics reported by
Laskin et al.11 was utilized to build the PBPK model. A female Ameri-
can subject, 66 years old, body weight (BWt) 64 Kg was created in
the Population Estimates for Age-Related (PEARTM) physiology mod-
ule to match the body measurements reported in the study for Amer-
ican malignancy patients that received a one-hour infusion of 10 mg/
Kg. Acyclovir physicochemical parameters were mostly taken from
the available literature, otherwise predicted by ADMET Predictor
10.0 (Table 1). The Poulin extracellular method was used to calculate
the extracellular fluid/plasma concentration ratio (Kp) for all perme-
ability-limited tissues.28 All tissues were treated as permeability-lim-
ited with a specific PStc = 9.9 £ 10�5 ml/s/ml tissue resulting in liver
PStc = 0.082 ml/s for a 74 kg male subject. Other physiological consid-
erations when building the model are briefly described below:

a) Acyclovir’s low permeability through biological membranes sug-
gests that slow passive diffusion may limit its tissue
distribution,8,29 hence all tissues were treated as permeability-
limited. As previously described, one single permeability surface
area product (PStc), also called specific PStc (SpecPStc, with units
of ml/s/ml of tissue), was assumed in order to decrease the num-
ber of estimations.30 The PStc for each tissue was, thereafter, cal-
culated from the SpecPStc and cellular volumes of the respective
tissue.

b) Organic anion transporters (OATs) share a similar tissue distribu-
tion, mainly in the basolateral membrane of tissue epithelia medi-
ating the uptake of substrates into cells.31,32 Therefore, the
isoform with the highest affinity for acyclovir (hOAT2) was chosen
to account for OATs-mediated transport from blood into the kid-
ney.13 Likewise, the hOCT1 mediates the basolateral uptake into
hepatocytes.14 Lastly, hMATE1 effluxes substrates into both the
renal lumen and the bile, through the apical membrane of tubule
cells and the canicular membrane of hepatocytes, respectively.
Given that acyclovir is a substrate of these transporters,13−15 they
were all taken into account to model acyclovir disposition. In vitro
Km previously reported for humans isoforms were used as
input,13−15 while the in vivo Vmax values were optimized against
clinical observations (see below).11

c) The fraction metabolized (Fm) of acyclovir following an IV infu-
sion was found to vary between 8 and 15%,17 although values up
to 19% have been reported,16 as well. The main metabolite is 9-
carboxymethoxymethylguanine (CMMG),2,17 which is formed
after a two-step oxidation where both the alcohol (ADH) and alde-
hyde dehydrogenase (ALDH) are involved 0.33 Acyclovir
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metabolism was assumed to be a consequence of only the ADH1
isoform, as this showed the highest expression in the human
liver.34 Given the lack of information on acyclovir affinity for these
enzymes, the affinity of a chemically similar compound
(Km=155 mM) was used and assumed to be the same for acyclo-
vir.35 Quantitative ADH1 liver expression (9.62 mg of ADH1/g of
liver)34 was converted into enzyme expression amounts (pmol/
mg cytosolic protein) by using both the enzyme molecular weight
and the scaling factor= 80 mg of cytosolic protein per gram of liver
included in the software. Renal expression was set to 0.32 mg of
ADH1/g of kidney based on published findings.18 The ADH1 Vmax

was optimized to match observed clinical data, as described
below.11,17

d) The fraction of acyclovir eliminated urinary unchanged (Fel,u)
after 72 h seems to be dose-independent and was found to vary
from 30 to 69%, with a mean of 60%.12 Most of the parent drug
was excreted in urine during the first eight hours.12 Acyclovir was
found to be accumulated in the kidney, with approximately ten-
fold higher concentration than the plasma, as determined in post-
mortem patients that received acyclovir therapy before passing
away.33,36

The permeability-limited model created was used to optimize the
uncertain parameters: SpecPstc, OAT2 Vmax, OCT1 Vmax, MATE1 Vmax

and ADH1 Vmax (Hooke & Jeeves method, weighting to 1/ŷ2). The ini-
tial estimates were 2 £ 10�4 ml/s/ml, 0.1 mg/s/mg transporter
(OAT2), 0.03 mg/s/mg transporter (OCT1), 0.03 mg/s/mg transporter
(MATE1) and 8 £ 10�7 mg/s/mg enzyme (ADH1), respectively. The
sum of squared deviation between the simulated and observed
plasma concentration vs. time profile after the IV infusion of 10 mg/
Kg reported by Laskin et al.11 was used as the objective function in fit-
ting the parameters. As additional objective constraints, the kidney
concentrations were assumed to be ten-fold higher than the
plasma,36 and the cumulative unchanged urinary fraction assumed to
be 60%.12 The parameters were simultaneously optimized to match
the plasma concentration profile, kidney concentration profile, uri-
nary excretion, observed Cmax and AUC. After the optimization, the
ADH1 Vmax was manually increased to match the Fm to »10% as
reported in the literature.17 The model was validated by simulating
the IV plasma concentrations and hypothetical kidney profiles with
further acyclovir doses (2.5, 5.0 and 15 mg/Kg). Urinary data reported
by de Miranda et al.12 for a dose of 5.0 mg/Kg in individuals with sim-
ilar characteristics as those in the Laskin et al.11 study, was also used
for model validation. External validation was carried out on IV data

reported by Vergin et al.,5 who studied both the IV and oral pharma-
cokinetics of acyclovir (See below).

Model for Gastrointestinal Transit and Absorption

The gastrointestinal physiology was described by the Advanced
Compartmental Absorption and Transit (ACATTM) model. This was
supplemented with regional expression of ADH1 enzyme (Table S-1,
Supp. Material).

To the best of our knowledge, the effective jejunal permeability
(Peff) of acyclovir in humans has not been determined experimen-
tally. Therefore, the human Peff was estimated from in-house appar-
ent permeabilities (Papp) from two in vitro experiments, namely
Caco-2 monolayers and rat jejunum mounted on an Ussing chamber.
While the in vitro Caco-2 Papp (0.17 £ 10�6 cm/s) was translated into
human Peff with the calibration included in the software, the con-
struction of a correlation was needed for rat intestine Ussing chamber
Papp (7.4£ 10�6 cm/s). The correlation equation was built with exper-
imental Papp reported by Ungell et al.,37 and it was based on the best
fit equation (Peff (x 104) cm/s = 10(�0.3226+1.449 * log[Papp (x 10^5) cm/s]).
For instance, for a Papp value = 7.4 £ 10�6 cm/s, then the simulation
Peff = 0.31 (104, cm/s) = 10(�0.3226+1.449 * log[0.74]). The final Peff was
refined to a value in between the human Peff estimated from the
respective correlations. Acyclovir’s paracellular permeability (Ppara)
was calculated with the He, Zhimimmodel included in Gastroplus�.38

This parameter is already considered in the Peff value, such that
Peff−Ppara= Ptrans (transcellular permeability).

Physiological Differences Between Populations

Studies Selection and Population Modeling
Studies using acyclovir 200 mg are scarce, therefore three bio-

equivalence studies on healthy subjects orally administered with the
reference product (Zovirax� IR tablets 400 mg) were chosen. Since
the reference product 400 mg showed very rapid in vitro dissolution
(>85% in 15 min in HCl 0.1 N, USP type 2 apparatus at 50 rpm, data
not shown), inter-studies differences in Cmax and AUC parameters for
the reference product are most likely related to the interaction
between the API and the given population. Populations in these stud-
ies were modeled as healthy subjects using the PEAR physiology,
matching the observed mean age and body measurements, when
possible. Dosage form in each model was set to “IR Tablet”, while the
remaining parameters were the same as detailed in Table 1, unless
otherwise specified.

Table 1
Summary of input parameters used in acyclovir simulations.

Physicochemical parameter Value PBPK parameter Value

log P2 �1.57 SpecPStc (ml/s/ml)e 1.0£10�4

pKa base2 2.27 OAT2 Km (mM)13 94
pKa acid2 9.25 Vmax (mg/s/mg Trans)e 0.092
SpH=5.8 (mg/ml)47 2.33 OCT1 Km (mM)14 151
Fup (%)16 84.6 Vmax (mg/s/mg Trans)e 0.016
Blood:plasma ratioa 1.07 Vmax (mg/s/mg Trans)f 0.035
D (cm2/s, 10�6)a 8.9 MATE1 Km (mM)15 2640
Hydrodynamic radius (A

�
)a 4.74 Vmax (mg/s/mg Trans)e 0.016

Mean projected radius (A
�
)a 5.06 ADH1 Km (mM)35 155

Human Peff (cm/s, 10�4)b 0.22 Vmax PBPK (mg/s/mg Enz)e 9.34£10�8

Human Peff (cm/s, 10�4)c 0.31 MW (g/mol)54 82,000
Human Peff (cm/s, 10�4)d 0.29 Liver exp (mg Enz/g tissue)34 9.62

Kidney exp (mg Enz/g tissue)18 0.32
a Predicted (ADMET Predictor 10.0).
b Converted from Caco-2 experiments.
c Converted from rat intestine Ussing chamber experiments.
d Refined value. Utilized to run all simulations unless otherwise specified.
e Optimized with Laskin et al. IV data after a 10 mg/Kg dose (See methods).
f Increased to account for different OCT1 activities due to potential polymorphism (See methods).
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Firstly, the Vergin et al.5 paper was selected because it showed the
highest Cmax and AUC acyclovir plasma profiles among the studies
found in the literature. This pharmacokinetic behavior was expected
due to the higher frequency of lower activity OCT1 variant transport-
ers in the European population (See below). The German test prod-
ucts (Heuman� IR Tablets 200 and 400 mg, Heuman Pharma GmbH,
Germany) were compared to the reference product at the respective
doses in Europeans. Furthermore, acyclovir was administered intra-
venously in this study (10 min infusion, 250 mg IV), which served as
external validation of the disposition model (See above). The prod-
ucts were tested in two cross-over studies (study-i: test 200 mg po,
reference 250 mg IV infusion (10 min) and reference 200 mg po; and
study-ii: the test 400 mg po and the reference 400 mg po). Eight vol-
unteers in study i, participated also in study ii. Subjects gender ratio
was 50:50 female:male in both cases, mean ages were 26 and 25 year
old (in each study, respectively). A healthy 26 years old female was
used to model an average participant from study i, while a 25 years
old male was used to model a subject from study ii. Typical healthy
subjects’ body measurements (73−74 Kg and 24−28 BMI) were
assumed in both cases. Gender had no meaningful effect on the simu-
lation metrics (Table S-2).

Secondly, the Al-Yamani et al.6 work was chosen given that the
lowest acyclovir plasma profiles were found in this publication. The
test product (Clovir� IR tablets 400 mg, Saudi Pharmaceutical Indus-
tries and Medical Appliances Corp., Saudi Arabia) was compared to
the reference in a crossover design on healthy males. Subjects were
in average 36 years old, 78 Kg and 174 cm. Even though the ethnicity
was not defined, the subjects were most likely Saudi Arabians, based
on the origin of the test product, the affiliations of the authors and
the hospital that authorized the study protocol.

Finally, the Yuen et al.7 study was picked because the plasma pro-
files presented were in between the above-mentioned publications.
Male volunteers received either two tablets of the test (Avorax
200 mg, Xepa-Soul Pattinson Manufacturing, Malaysia) or the refer-
ence in a crossover design. The trial was performed on Malaysian
population with mean age 35 years old and 67 Kg. Since the height of
the subjects was not reported, the body mass index (BMI) was
assumed 21.5, as calculated by the PEAR module.

Modeling Inter-Studies Variabilities and Parameter Sensitivity
Given that abundant polymorphism has been reported for the

human OCT1, we hypothesized that discrepancies in Cmax and AUC
between studies may be mechanistically explained by differences in
OCT1 activity. Reduced-activity OCT1 polymorphs, R61C (33% activ-
ity), G401S (12% activity) and G465R (12% activity), were more fre-
quent in Europeans, while their prevalence in other populations was
negligible.19−22 To the best of our knowledge, the relative activities of
diverse OCT1 polymorphs transporting acyclovir have not been
investigated yet. Therefore, the reported relative uptakes (transport
activities) of the cationic substrate MPP+ were used to estimate the
reduction in activity in Europeans.19 The mean relative MPP+ uptake
from the seven OCT1 polymorphs found in Europeans was 59%. Con-
sidering this value as a rough estimate, the OCT1 Vmax was increased
to account for differences between the Vergin et al. and Al-Yamani
et al. studies. A final OCT1 Vmax increase of 55% was chosen on the
basis of visual matching of Al-Yamani et al.’s plasma profiles.

Acknowledging that the variation of other parameters optimized
may also simulate the lowered plasma profiles reported by Al-
Yamani et al., the sensitivity to the Vmax of OAT2 and ADH1 in match-
ing the mentioned profiles was also studied by using the optimiza-
tion module (Hooke & Jeeves method, weighting function: unity).
Sensitivity was assessed as the folds of change between the initial
and the optimized parameters, such that the lower the value, the
higher the sensitivity to that parameter (Results in Supp. Material).

Dissolution Experiments

Dissolution of acyclovir tablets was studied in USP type II appara-
tus PTW S III (Pharma Test, Germany) at 50 rpm. The tablet was
added into 900 ml of a non-containing enzymes simulated gastric
fluid (SGF, pH 1.2) or simulated intestinal fluid (SIF, pH 6.5), pre-
warmed at 37 °C (n = 3). Samples were withdrawn at 5, 10, 15, 20, 30
and 45 min, filtered and analyzed in a UV 6300 PC double beam spec-
trophotometer (VWR International, LLC, PA, US) at λabs=250 nm.
Generic products A and B were both demonstrated bioequivalent to
the reference by comparative bioavailability studies.

Virtual Bioequivalence Trials

Two virtual populations were created by the PEAR physiology
module with different OCT1 Vmax to account for variabilities on OCT1
activity due to putative polymorphism. Sample size was calculated to
n = 36,27 assuming a conservative intra-individual CV= 30%.4 A
reduced-OCT1 activity population was built on the basis of the Vergin
et al. study: female/male= 50:50 and age= 19−36 years old.5 Body
dimensions predicted by the software were assumed. On the other
hand, the creation of a population with normal-OCT1 activity was
based on the Al-Yamani et al. publication: only males, age= 21
−50 years old, BWt= 62−92 Kg and BMI= 24−26.6 Peff variability was
set to 25% to simulate the observed outcomes.5 The virtual bioequiva-
lence trial was performed on each virtual population in a fasted, sin-
gle dose, three-period (two generics plus the reference product),
cross-over design. In addition, plasma profiles obtained from the ref-
erence arm in populations with either reduced or normal-OCT1 activ-
ity were also compared to explore the effect of a parallel design. Drug
product in vitro dissolution profiles were directly incorporated into
the model.1,39 Bioequivalence between the reference and either Chil-
ean generic product was established through comparison of the ratio
of geometric means for both Cmax and AUC, such that the 90% confi-
dence interval (CI 90%) falls within the 80−125%.

Results

PBPK Development and Validation

The input parameters utilized in all simulations are depicted in
Table 1. The optimized SpectPstc was similar to the previously opti-
mized value (2 £ 10�4 ml/s/ml) for ganciclovir,30 an analog drug
which closely resembles acyclovir molecular structure. Optimized
Vmax values for all transporters were comparable and much higher
than the ADH1 Vmax, suggesting that interplay of transporters is a
greater contributor to acyclovir disposition than its metabolism. As
expected, simulated plasma and renal excretion curves matched the
observed profiles used to construct the model (Fig. 1). The model was
validated by simulating acyclovir plasma concentrations for different
doses, such that it predicted the Fel,u between 54.8 and 63.3%, consis-
tent with in vivo observations.12 Simulated Fm ranged from 7.1 to
18.3% in good agreement with values published for a single dose IV
infusion.16,17 The very same parameters predicted the plasma profiles
observed in the Vergin et al.5 study (external validation), in which
acyclovir was administered intravenously, as well (Fig. S-3 and Table
S-2). Therefore, identical values for each parameter were used to sim-
ulate the oral administration of acyclovir 200 and 400 mg IR tablets
(reference product) reported in the said study (Fig. 2).

The human Peff was estimated from acyclovir Papp across Caco-2
monolayers (0.17 £ 10�6 cm/s) and rat jejunum-Ussing chamber
(7.4 £ 10�6 cm/s), previously reported.29 After conversion into
human permeability, Peff were 0.22 and 0.31 £ 10�4 cm/s, respec-
tively (Table 1). In spite of the closeness of these estimates, oral acy-
clovir simulations showed that the model is highly sensitive to this
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parameter (Fig. 2, dashed lines), as expected for a BCS III API. Caco-2-
converted-Peff underpredicted both acyclovir strengths, while rat-
jejunum-converted-Peff overpredicted only the 400 mg strength.
Hence, Peff was refined to an in between value (0.29 £ 10�4 cm/s),

giving acceptable simulations of the mean observed data at both
strengths (Fig. 2, blue lines). Validation of Peff is depicted by the
acceptable matches between observed and simulated Cmax and AUC
at different strengths (Fig. 2 and Table 2).

Figure 1. Model validation for IV infusion (1 h) at doses 2.5 (A), 5.0 (B), 10 (C) and 15 mg/Kg (D). Observed mean plasma profiles (dots) and error bars (standard deviations) were
reported by Laskin et al..11 Urinary fraction unchanged (orange dots) was taken from de Miranda et al.,12 who administered the same dose to subjects with comparable characteris-
tics to those in the Laskin et al. study..11

Figure 2. Effect of the Peff on the simulation of acyclovir oral profiles (black dots) reported by Vergin et al. for the reference product (IR tablets) at 200 (A) and 400 mg (B). Simulated
profiles obtained with Peff converted from Caco-2 and rat jejunum-Ussing chamber are shown in dashed lines, green and red, respectively. Simulations utilizing the refined Peff are
shown in blue lines.
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The Role of OCT1

In an attempt to mechanistically explain the pharmacokinetic
inter-studies differences observed in the literature, the initial esti-
mate for OCT1 Vmax was increased to simulate the lowered profiles
reported by Al-Yamani et al. in Saudi Arabians.6 The increase of this
parameter from 0.016 to 0.035 mg/s/mg of transporter (by 2.2-fold)
was able to produce acceptable simulations of acyclovir profiles in
this population (Fig. 3, red lines). Moreover, the application of the lat-
ter value for OCT1 Vmax resulted in a reasonably good prediction for
Malaysian population (external validation),7 as well (Fig. 3, blue
lines). In addition, the effect of modifying either OAT2 or ADH1 Vmax

on matching the data reported by Al-Yamani et al. was also studied.
While OAT2 Vmax needed a 6.4-fold increase to match the observed
data, the variation of ADH1 was never able to accurately simulate the
plasma profile (Table S-4). Hence, the sensitivity to the Vmax of differ-
ent proteins ranked: OCT1>OAT2>>>ADH1. The results suggest that
OCT1 relative activities could, at least partially, explain the discrepan-
cies evidenced between populations. Thus, the Vmax value of
0.035 mg/s/mg of transporter obtained with this approach may be
interpreted as the normal activity situation, while the 0.016 mg/s/mg
as a scenario with reduced-OCT1 activity due to polymorphism (See
discussion). A similar two-fold difference in Vmax between the
reduced activity polymorph (R61C) and the reference OCT1 trans-
porter has been observed with the model substrate MPP+.19 Table 2
summarizes the validation of the oral disposition model, including
mean observed and simulated pharmacokinetic parameters for each
study and their respective statistics. All simulations met the standard
bioequivalence criteria against observed data (0.8−1.25).1

Dissolution of Multisource Acyclovir Oral Products

The in vitro dissolution of two in vivo bioequivalent multisource
acyclovir 200 mg IR tablets plus the reference (Zovirax� 200 mg) was
studied in compendial media mimicking gastrointestinal pHs (Fig. 4).
Dissolutions were overall faster in SGF (Fig. 4A) than SIF (Fig. 4B),
consistent with acyclovir weak ionization (Table 1). The reference
exhibited very fast dissolution regardless of the media, while the
generics showed slower profiles. Even though generic product B was
somehow faster than generic A in reaching complete dissolution, the
dissolution from product A seems to be faster at earlier timepoints. In
SGF, acyclovir dissolution for drug products A and B was rapid (i.e.
>85% at 30 and 20 min, respectively). On the other hand, > 85% of dis-
solution was observed at 30 min for product B in SIF, while acyclovir
dissolution from generic A did not exceed the 85% before 45 min. All
f2 values were below 50 (data not shown). Further, no critical exci-
pients with potential effect on the permeability was identified
(Table 3). Overall, the multisource generics did not fulfill the dissolu-
tion requirement to apply for a BCS-biowaiver according to both Chil-
ean and ICH current guidance.24,26

Simulating the Clinical Performance of Multisource Acyclovir Oral
Products in Virtual Populations

In vitro dissolution profiles were input directly into the validated
model to conduct virtual bioequivalence trials on two populations
with either reduced- or normal-OCT1 activity. The oral profiles
reported by Vergin et al.5 for the reference product 200 mg were
used to validate the virtual populations. Fig. 5 shows that the created
population resembles the clinical data, even if the slowest dissolution
profile for the reference (in SIF media) is used as input. In fact, phar-
macokinetic parameters from observed and simulated populations
were not statistically different after applying the bioequivalence met-
rics (Table 4). On the other hand, Chilean generics were bioequivalent
to the reference in a cross-over design, since Cmax and AUCs were
within the accepted ranges, regardless of the population (Fig. 6A, B
and C vs Fig. 6D, E and F). Even though the slower dissolutions in SIF
tended to cause geometric mean ratios slightly below 1 (Fig. 6,
squares), the 90% confidence intervals were still within the accep-
tance ranges (dashed red lines). Interestingly, the reference product
was not bioequivalent to itself when comparing two populations
with different OCT1 activities in a parallel design (Fig. 7). The differ-
ences between populations ranged, indeed, from 40 to 60% (Table 5),
consistent with the cited studies.5,6

Discussion

The variable oral bioavailability for a low permeable drug is com-
monly associated with the contribution of active processes to the
total mass transport, such as transporters and/or enzymes. Conse-
quently, alterations in the expression of these proteins, their affinities
and/or activity (e.g., polymorphism and/or patients) may play a sig-
nificant role in subject-to-subject variability. In addition, the

Figure 3. Effect of the OCT1 Vmax on simulating acyclovir plasma concentrations
reported by Vergin et al.5 (dots), Al-Yamani et al.6 (triangules) and Yuen
et al.6(squares) after the oral administration of the reference product (Zovirax�

400 mg). Error bars represent the standard deviation. Simulations were run with OCT1
Vmax = 0.016 (green) or 0.035 mg/s/mg of transporter (red and blue).

Table 2
Mean observed and simulated pharmacokinetic parameters for the reference product in subjects from different populations.

Study and dose OCT1 Vmax
a Cmax (ng/ml) AUC (mg*h/ml)

Obs Sim Sim/Obs ratio PE (%) Obs Sim Sim/Obs ratio PE (%)

Vergin et al. 200 mg 0.016 525 417 0.81 �19 2.63 2.38 0.90 �9.5
Vergin et al. 400 mg 800 755 0.95 �5.0 3.92 4.54 1.16 16
Al-Yamani et al. 400 mg 0.035 455 443 0.98 �2.2 2.54 2.99 1.18 18
Yuen et al. 400 mg 594 495 0.83 �17 3.10 3.14 1.01 1.3
a OCT1 Vmax values are given in mg/s/Trans.
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manufacture of solid oral dosage forms and drug product composi-
tion may affect its dissolution, which could be another source of vari-
ability. The PBBM framework was recently introduced to understand
these complex interactions through evidence-based simulations. In
this work, the PBBM approach was applied to acyclovir IR tablets to
evaluate the impact of the OCT1 transporter (as a physiological vari-
able) on the disposition of different multisource acyclovir products
and its biopharmaceutic implications.

Mechanistically Understanding Acyclovir Disposition

The first goal of this work was the development and validation of
a PBPK model for acyclovir. The IV studies chosen to develop the
model included subjects with well characterized body compositions,
who were administered with different doses.11 The estimation of
multiple parameters was needed, hence the Fm, Fel,u and kidney
concentration profiles were added as additional constraints. Even
though the assumptions made to set the constraints were based on
data from different studies,12,17,36 the subjects in those publications

shared comparable characteristics with the population studied in the
Laskin et al. publication (American patients with malignancy and
comparable body measurements). The development of this model
using data from healthy subjects would have been extremely diffi-
cult, as much of the information needed to set the constraints is
much scarcer in volunteers than in patients. This is not the first PBPK
model for acyclovir,40,41 although it is the first in including important
features to understand its disposition/elimination, such as a perme-
ability-limited distribution model and the role of the OCT1 in the

Figure 4. Acyclovir dissolution from generic A (blue), generic B (green) and the reference product (orange) in 900 ml of SGF (A) or SIF (B) utilizing the USP type II apparatus at
50 rpm and 37 °C (n = 3). Error bars show standard deviations.

Table 3
List of excipients declared for each acyclovir product used in this study.

Excipient Reference Generic A Generic B

Microcrystalline cellulose Yes Yes Yes
Magnesium Aluminum silicate Yes − −
Sodium starch glycolate Yes Yes Yes
Povidone Yes Yes Yes
Magnesium stearate Yes Yes Yes
Hypromellose Yesa − −
Titanium dioxide Yesa − −
Macrogol Yesa − −
a Excipient included in the film coating.

Table 4
Comparison between observed (Vergin et al.) and simulated (using dissolution profiles in either SGF or SIF media) pharmacokinetic parameters for the reference product in popula-
tion with reduced-OCT1 activity.

SGF SIF

Pharmacokinetic parameter Geometric mean ratio (sim/obs) 90% Confidence intervals Geometric mean ratio (sim/obs) 90% Confidence intervals

Cmax 0.92 0.85−1.01 0.93 0.85−1.02
AUC0-t 1.03 0.94−1.12 1.04 0.95−1.13
AUC0-inf 1.00 0.92−1.09 1.01 0.93−1.10

Figure 5. Comparison between mean observed acyclovir plasma profiles after the oral
administration of the reference product IR tablets 200 mg (black dots) and simulated
profiles using in vitro dissolution of the reference in SIF media on the virtual population
(orange line). The bioequivalence limits (0.8−1.25) are shown for the observed data
(error bars), while the lower and upper 90% confidence intervals (90% CI) for the simu-
lated population are shown in dashed lines.
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liver. Nonetheless, the disposition model was not only validated for
different IV doses (Fig. 1), but it also predicted the IV profile reported
by Vergin et al.5 in healthy subjects (Fig. S-3). It is noteworthy that
the prediction of plasma profiles of volunteers utilizing models cre-
ated with patient’s data may not necessarily work in every situation
(further discussed below). In the previously published model, acyclo-
vir metabolism was attributed to the ALDH, which handles the sec-
ond oxidation step, instead of the first oxidative step by ADH1.40 In

the present model, it was decided to include only ADH1 because acy-
clovir disappearance from the plasma was more important than the
formation of metabolites for the aims of this study. Further, the role
of ALDH on acyclovir clinical pharmacokinetics is still debatable, as
no clear relation was found between three ALDH2 polymorphs and
acyclovir pharmacokinetic parameters, Cmax and AUC0-inf.42 One
caveat of introducing ADH1-mediated metabolism was the lack of
information on acyclovir’s affinity. That is why the Km was taken

Figure 6. Results from virtual bioequivalence studies on 36 subjects with either reduced- (A, B and C) or normal-OCT1 activity (D, E and F). Each panel shows the geometric mean
(test/reference) ratio for Cmax (A and D), AUC0-t (B and E) and AUC0-inf (C and F) of the generic product A (blue) or B (green). Simulations were run with either SGF (circles) or SIF
media (squares). Error bars show the 90% CI and dashed red lines the bioequivalence limits from 0.8 to 1.25.
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from in vitro affinity studies of other substrates with alcohol func-
tions in human liver homogenates.35 MHET molecular structure was
the most similar to acyclovir among the studied compounds, hence
MHET Km was assumed. In the same study, the Km for both benzyl
alcohol and piperonyl alcohol were lower than for furfuryl alcohol
and MHET,35 suggesting that perhaps the presence of heteroatoms in
aromatic nucleus could decrease the affinity. Considering the latter, it
is possible that the Km assumption overestimates acyclovir true affin-
ity for ADH1. Another caveat was the assumption on ADH1 gut
expression, as the relative amounts were taken from studies in rat tis-
sues. Even though rat expression patterns were suggested compara-
ble to humans,43 the relevance of this caveat seems to be limited as
the model predicts negligible pre-absorptive metabolism. Even more
important, acyclovir plasma levels were practically insensitive to
changes in ADH1 Vmax in the model, due to the cytosolic location of
ADH1 and the setting of a permeability-limited distribution model
(Fig. S-4).

The estimates of Peff using in vitro Papp from Caco-2 and Ussing
chamber experiments resulted in relatively close predictions of acy-
clovir oral profiles (Fig. 2). Thus, further refinement was needed to
obtain a Peff that predicts across doses. One possible explanation for
these mispredictions could be the use of non-in-house data in devel-
oping calibrations. Still, there was only little difference between the
Peff calculated from Ussing chamber and from Caco-2 (1.4-fold,
Table 1), suggesting that mispredictions were a consequence of the
high sensitivity to Peff rather than the Papp-to-Peff conversion method.
By using the refined Peff, the model was able to accurately predict the
oral F (obs. and pred., 32.3 and 31.5%, respectively) and Fel,u after an
oral dose (obs. and pred. 17.6 and 21.8%, respectively).5 The accuracy
in these predictions highlights the relevance of setting several con-
straints (based on clinical evidence) when fitting key physiological
parameters, such as transporters Vmax. As expected for a BCS III drug,

the model predicted an incomplete fraction absorbed (Fa) of 37%,
with a significant paracellular contribution (10% of the total adminis-
tered mass) and passive transcellular (27%), pointing out the impor-
tance of taking into account both absorption mechanisms for
molecules like acyclovir. In fact, the refined Peff was closer to Ussing
chamber than Caco-2 calculated Peff (Table 1). This might be
explained by the leakier paracellular transport in rat jejunum Ussing
chamber set-up compared to Caco-2 cells,44 resembling better the
paracellular route in the upper gastrointestinal absorption site.
Therefore, these results emphasize the value of considering diverse
sources of in vitro evidence (i.e., Caco-2 and rat intestine-Ussing
chamber experiments)29 when dealing with uncertain parameters in
PBBM/PBPK modeling, such as permeability.

OCT1 Polymorphism as a Source of Variability on Acyclovir Oral
Bioavailability

In single-dose bioequivalence studies, both Vergin et al. and Al-
Yamani et al. administered the reference product (Zovirax� 400 mg
IR tablet) to fasted healthy subjects. Interestingly, acyclovir Cmax and
AUC were respectively 44 and 35% lower in Saudi Arabians (Al-
Yamani et al.) than in Europeans (Vergin et al.) (Table 2 and Fig. 3).5,6

In order to account for this discrepancy, the model was used to test
the hypothesis of OCT1 polymorphism being one of the causes for
inter-studies discrepancies. The frequencies of the reduced-activity
variants R61C, G401S and G465R are the highest in Europeans com-
pared to other ethnicities,19 while they have not been found in Saudi
Arabians.20,22 The clinical importance of these polymorphs has been
previously reported for another BCS III API with similar characteris-
tics to acyclovir, i.e. metformin. Among others, these drugs share an
incomplete gastrointestinal absorption (Fa= 40−60% for metformin),
the usage of the paracellular pathway and the affinity for the OCT1
transporter. Shu et al. found that metformin Cmax and AUC were 20
−50% higher in Caucasian subjects expressing the OCT1 polymorphs
R61C, G401S and G465R than in volunteers expressing the wild-type
transporter.23 In the present work, it was found that an increase of
55% in the OCT1 Vmax used to simulate Vergin et al. profiles was able
to simulate the lower plasma concentrations observed in Saudi Ara-
bians (the contributions of other possible mechanisms are discussed
below). Likewise, the plasma curves reported in Malaysians were also
predicted by the incremented OCT1 Vmax (0.035 mg/s/mg of trans-
porter) value, consistent with the very low frequency of reduced-
OCT1 activity polymorphs in South Asians.20,21 Interestingly, the
OCT1 Vmax used to predict plasma concentrations in Europeans,
0.016 mg/s/mg of transporter, was obtained from the model devel-
oped with American patients with malignancy (Fig. 1). The reduction
on OCT1 activity may also be associated with pathological conditions.
In fact, hepatocellular cancer decreased the expression and, conse-
quently, the activity of the OCT1 carrier in the liver.45 This may pro-
vide an explanation on why the Vmax for reduced-OCT1 activity
resulted in good simulations for these two cases. In contrast, the nor-
mal-OCT1 activity caused lower plasma concentrations of acyclovir
(Fig. 2), due to its greater liver uptake after oral absorption. Notewor-
thy, the rise of the OCT1 Vmax resulted in an increase of the biliary

Figure 7. Simulated plasma profiles in a population with reduced-OCT1 activity
(green) and normal-OCT1 activity (red) after administering the reference product
200 mg, using SGF dissolution data. Error bars represent the 90% confidence intervals
(90% CI).

Table 5
Comparison of simulated pharmacokinetic parameters for the reference product between a population with reduced-activity (RA) for OCT1 and another with normal-OCT1 activity
(NA), using dissolution profiles in either SGF or SIF media.

SGF SIF

Pharmacokinetic parameter Geometric mean ratio (RA/NA) 90% confidence intervals Geometric mean ratio (RA/NA) 90% confidence intervals

Cmax 1.62 1.44−1.83 1.61 1.43−1.81
AUC0-t 1.43 1.27−1.63 1.42 1.25−1.61
AUC0-inf 1.42 1.25−1.61 1.41 1.24−1.60
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excretion rather than metabolism, due to the higher contribution of
MATE1-mediated transport compared to ADH1-mediated metabo-
lism (Table 1). The involvement of hepatic extraction as a source of
variability is further supported by classic pharmacokinetic analysis.
For instance, acyclovir total clearance (Cltot) of 16.7 L/h can be calcu-
lated from the de Miranda et al. publication, where the mean
observed Fel,u was 60%.12 Assuming the mean Fel,u and a hepatic
plasma flow around 25 L/h (acyclovir blood:plasma ratio »1), the cal-
culated hepatic extraction is 27%. Nevertheless, if the highest (85%)
and lowest (30%) Fel,u reported in literature are considered,12,17 the
calculated hepatic extraction ranges from 10 to 47%, respectively.
This calculation supports that OCT1-mediated hepatic extraction may
be a major contributor to acyclovir variability, accounting for up to
37% of population differences. Even though this latter number might
be even higher when dealing with different ethnicities, other con-
comitant mechanisms cannot be ruled out to explain the inter-stud-
ies discrepancy. Acyclovir tubular active secretion was suggested to
occur mainly through the hOAT2 transporter, due to the highest
affinity and capacity of this isoform.13 However, acyclovir is also a
substrate of the kidney basolateral isoforms hOAT1 and hOAT3.13,14

The OATs transporters are thought to be critical in eliminating meta-
bolic products, hence the low frequency of polymorphs reported for
OAT2 and the overlapped substrate specificity among OATs iso-
forms.46 Therefore, the active tubular secretion is unlikely to explain
inter-population differences. Instead, the high sensitivity to perme-
ability (Fig. 2) and transit time (Fig. S-5) suggests these factors are
more likely explanations for the unaccounted inter-subject variabil-
ity. Yet, further research is needed to understand the population-
related variables that affect Peff and how to account for them in
mechanistic modeling.

Limited Relevance of Very Rapid Dissolution on Clinical Performance of
Multisource Acyclovir Oral Products

In order to assess the role of formulation variants, the dissolution
of two acyclovir generics with Chilean bioequivalence certification to
the reference product was studied in two pharmacopeial media
resembling extreme cases for acyclovir. On the one hand, SGF pH 1.2
media does not only simulate the gastric environment, but also pro-
motes acyclovir dissolution, as its solubility rises to over 3.5 mg/ml
below pH 2.047. On the other hand, SIF was chosen to resemble upper
small intestinal conditions were acyclovir absorption takes place. A
pH 6.5 was preferred over 6.8 because this minor reduction leads to
solubility values closer to the minimum solubility of 2.33 mg/ml,2,47

while still mimicking the intestinal luminal pH. As anticipated, disso-
lution profiles were slightly faster in gastric conditions (SGF), regard-
less of the drug product. It is possible that acyclovir dissolution from
the reference was aided by the disintegrant agent, magnesium alumi-
num silicate, which was absent in both generics. Interestingly, the
initial dissolution of generic A was consistently faster than generic B
at both pHs, although the latter product reached complete dissolu-
tion at earlier times. This behavior suggests differences in the dissolu-
tion mechanisms between the generic products. The slower initial
dissolution from generic B may be associated with a slower dosage
form disintegration, while the shorter time to reach complete drug
release may relate to a faster dissolution of solid particles in this for-
mulation. Differences in tablet porosity and particle size distribution
of raw materials between the generics may underlie this observation.

Gastrointestinal dissolution of tablets is expected to be slower
than in typical in vitro dissolution set-ups, since both the volume of
luminal fluids and concentrations of buffering species are lower
under in vivo conditions.48 Therefore, a method to convert in vitro
into hypothetical in vivo dissolution is often required to incorporate
dissolution data in PBPK models. The development of an IVIVC for
highly soluble drugs is theoretically possible, if the dissolution rate is

slower than its permeation.49 However, the scarcity of examples sug-
gest that dissolution rate must be very slow to become the rate limit-
ing step (e.g. extended release dosage forms). In fact, Davanço et al.
recently reviewed systematically up to 50 IVIVC studies, finding no
examples of successful correlation for BCS III IR dosage forms.50 Alter-
natively, the Z-factor has been successfully utilized to incorporate the
pH-dependent dissolution of the BCS II, ibuprofen.39 However, this
method accelerated acyclovir dissolution profiles to a point where
complete dissolution was achieved before 10 min (not shown), such
that all simulations overlapped. Therefore, in vitro dissolutions were
used as direct input in simulations, as it has been previously sug-
gested for BCS III APIs.39 Both acyclovir weak ionization (pKa=2.27)
and the strength studied (Do=0.34) further supported this decision.2

Remarkably, the PBBM robustly predicted the bioequivalence deci-
sion made by the Chilean authority (Fig. 6), even though the generic
products did not meet the BCS-biowaiver criteria for dissolution. The
irrelevance of rapid dissolution was recently reported using a similar
in silico PBBM approach for the BCS I, bisoprolol.51 It is noteworthy
that generic A resulted bioequivalent to the reference even when
using the dissolution in SIF media as input (Fig. 6), where >85% of the
dose was dissolved only after 45 min (Fig. 4). This finding was in
good agreement with previous in vitro and in vivo evidence reported
for ranitidine IR tablets, another BCS III API. In that work, the raniti-
dine formulation with the slowest dissolution displayed an in vitro
profile comparable to acyclovir generic A (>85% after 45 min), much
slower than the fastest ranitidine formulation (>85% in 15 min). Simi-
lar to the present study, both ranitidine formulations showed over-
lapping plasma curves and similar pharmacokinetic parameters after
a single dose bioequivalence study in volunteers.49,52 Hence, the dis-
solution safe space for BCS III IR oral solid dosage forms seems to be
wider than biowaiver specifications, as long as dissolution is
completely achieved within the absorption window. The model here
presented was further used in an attempt to suggest the range of dis-
solution for acyclovir IR oral products, in which bioequivalence is
expected (See supp. Materials for details). The reference dissolution
profile in SIF was able to be stretched without significantly altering
neither Cmax nor AUC. From experimental data, it was clear that dis-
solution of 85% of the labeled amount in 45 min did not impact the
bioequivalence decision. This was in good agreement with conclu-
sions from the approach combining time-scaled theoretical profiles
together with the validated PBPK (85% of the labeled amount in
46 min, Supp. Material). Thus, a low risk of bio-inequivalence is sug-
gested for acyclovir IR oral products provided more than 85% of the
dose is dissolved in 45 min. The findings presented in this study are
consistent with the conservative spirit of regulatory guidances. Fur-
thermore, they showcase the potential of the PBBM approach in early
development, as formulations may be erroneously discarded after
not meeting the in vitro dissolution expectations.

Being acyclovir a poorly permeable drug, this study did not con-
sider Peff alterations because the mechanisms underlying subject-to-
subject variability are not fully understood yet. It is true that exci-
pients can alter the intestinal permeability and/or transit time, which
may be crucial for drugs like acyclovir.53 However, both the qualita-
tively similar composition and the lack of potential critical excipients
in the three formulations studied do not justify any alterations of Peff
in the present model (Table 3). Nonetheless, this factor may be more
decisive than very rapid dissolution in bio-inequivalence of BCS III and
further research in combining acyclovir in vitro permeability from
these formulations and PBPK modeling to assess the effect of exci-
pients is encouraged. Instead, we explored physiological variability by
altering theOCT1 activity to account for potential inter-population dif-
ferences in polymorphism. Results showed that the bioequivalence
decision robustly stands regardless of the population, as acyclovir
generics were bioequivalent to the reference product in both reduced-
(Fig. 6A, B and C) and normal-OCT1 activity populations (Fig. 6D, E and
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F). By contrast, the pharmacokinetics between populations were sig-
nificantly different, although they were administered with the same
drug product (Fig. 7). Therefore, careful attention should be paid when
making conclusions in terms of the clinical impact of formulation
effects for drug products containing BCS class III drug substances
meeting the criterion for rapidly dissolving. As such, whenever in vivo
bioequivalence studies are required for this kind of drug products, ran-
domized cross-over studies must be considered to avoid wrong inter-
pretations which may be confounded by carrier-mediated variability.
Furthermore, the findings presented here do not only endorse the
cross-over study design, but also throw some warnings about poten-
tial over-discriminations associated with the parallel study design,
especially for drug products containing BCS III APIs (as neededwhen e.g.,
dissolution criterion is not met). Current debates on PBBM development
favor the simplicity of modeling due to their higher interpretability.
Nonetheless, our model allowed to unveil inter-population differences
by accounting for acyclovir transporters, while still being able to predict
bioequivalence of the products. The population-related differences
would have been invisible otherwise.

Conclusion

The development and validation of a PBBM for acyclovir was car-
ried out in this work, which allowed the modeling of population vari-
ability by considering different OCT1 activities. The multisource
acyclovir products studied did not meet the very-rapid dissolution
criterion as per BCS class III framework. However, the PBBM robustly
predicted their bioequivalence, regardless of the virtual population
used. The results showed the limited relevance of very rapid dissolu-
tion for IR dosage forms containing BCS III APIs like acyclovir and
emphasized the importance of a cross-over design. Overall, this man-
uscript demonstrated the power of the PBBM approach in predicting
the clinical performance of multisource acyclovir products and show-
cased the potential of simulations in saving time and gaining confi-
dence moving towards in vivo studies, provided the model is
correctly constructed.
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