7.6    EXPERIMENTAL MODELS FOR THE EVALUATION OF DRUG PERMEATION
The need to screen drugs for their absorption characteristics has increased signifi -cantly in recent years due to use of techniques like combinatorial chemistry. An ideal screening tool should be fast and easy to use, require small amounts of the compound, be relatively inexpensive, and give reliable predictions. In practice, such ideal testing methods are not easy to develop. While evaluating the usefulness of these different methods in drug discovery, it is important to know exactly what each technique measures and how this can help identify potentially successful or unsuccessful compounds. In the following section, we look at key techniques for evaluating and predicting the drug permeability and critically assess their advantages and limitations in drug discovery and development.
7.6.1    Predicting Drug Permeability from Physicochemical Parameters
During drug development, laboratories might use computational approaches to predict the absorption potential of new chemical entities. These computational methods are based on lipophilicity, hydrogen bonding, and molecular size. It has long been recognized that these physicochemical descriptors are related to membrane permeability [22] , although this relationship is often obscured when structurally different compounds are studied [23] .
Lipophilicity: log P and log D Drug lipophilicity is commonly used as a predictor of membrane permeability because transcellular permeation is dependent on the lipophilicity of the compound. The molecule requires a certain affi nity for the phos-pholipid structure in order to enter the cell membrane [24] . Fick ’ s fi rst law of diffusion describes the passive transport of the drug across the membrane as being
TABLE 7.1    Computer Programs for Log P Calculations
	Computer Program
	Software Package/Vendor

	PrologP and Prolog P
	PALLAS/CompuDrug Chemistry Ltd.

	ACD/logP and logD
	Version 3.0/Advanced Chemistry Development Inc.

	ALOGP
	Tsar 3.1/Oxford Molecular Group

	CLIP/logP
	University of Lausanne

	CLOGP
	Pcmodels/Daylight CIS, CLOGP/Biobyte

	HINT/logP
	Edusoft

	KLOGP
	Multicase Inc.

	LISP
	O. Raevsky

	LOGKOW
	Syracuse Research Corp.

	SCILOGP
	SCILOGP/Scivision

	TLOGP
	TLOGP 1.0/Upstream Solutions

	XLOGP
	XLOGP V 2.0/Institute of Physical Chemistry, Peking University

	ALOGPS
	ALOGPS 2.1/Virtual Computational Chemistry Laboratory

	MLOGP
	DRAGON 3.0


proportional to the membrane – water partition coeffi cient. These coeffi cients are conventionally expressed as the n-octanol–water partition coeffi cient (log P), which is the concentration ratio of the compound between n-octanol and aqueous phase at equilibrium. The distribution coeffi cient D (log D ) is pH dependent in the case of ionizable compounds.
The log P and log D are traditionally determined by the shake fl ask method using an n - octanol – water biphasic system. This has been one of the most suitable models of the lipidic biological membranes, due to the resemblance of n -octanol to lipids— with its long alkyl chain and the polar hydroxyl group. However, the log P and log D values for a single compound can vary as a result of different experimental conditions [25] . Both log P and log D are used for prediction of drug absorption, which can subsequently be measured by more sophisticated and standardized techniques like potentiometer titration of the compound in the biphasic system [26] .
In the drug development program, an early estimate of log P and log D values can be determined by computational approaches. Many computational approaches have been developed to estimate log P [27, 28] , including the popular C log P [29] and A log P [30] algorithms (Table 7.1 ). These approaches can calculate log P values using software programs and are based on data for either atomic contributions or molecular fragments, or on molecular properties such as the molecular lipophilicity potential (MLP) [31] , molar volume, and hydrogen bonding.
Liposomal Partitioning Liposomes are lipid bilayer vesicles that can be used as membrane models in partition studies [32] with the potentiometric titration method [33] . The phosphatidylcholine liposomes seem to provide a more accurate partition system for absorption prediction than the n -octanol–buffer system. Beigi et al. [34] demonstrated a chromatographic technique for partition studies in liposomal systems. Liposomes of different lipid composition were immobilized in small agarose – dextran gel beads and packed into chromatography columns. The capacity factor of 12 compounds related well to their fraction absorbed in humans.
Chromatographic Methods The elution times in chromatography represent the partitioning behavior of the compound between stationary and mobile phases. Chong et al. [35] introduced immobilized artifi cial membrane (IAM) columns containing phosphatidylcholine or similar lipid - like ligands covalently bonded to silica particles. This lipid monolayer is similar to the lipid membrane in partition studies. This high performance liquid chromatography (HPLC) technique can be used to study the partition of a solute. In spite of the end capping, the solutes also interact with uncapped silanol groups, in addition to the lipid ligands. Once this problem is solved, IAM columns are likely to provide a good tool for absorption prediction.
Hydrogen Bonding Hydrogen bonding can be measured experimentally by allowing a compound to distribute between two solvents, of which only one can form hydrogen bonds. This is expressed as Δ logP , which is the difference between the n-octanol-water logP and an alkane - water log P [36], where n-octanol is the solvent that permits hydrogen bonding. Δ logP has shown good correlation with membrane permeability in numerous studies. El Tayar et al. [37] found correlation of Δ logP with skin absorption. Δ logP was also compared with brain permeability. Optimal permeability was predicted for log D between 0 and 3 and Δ logP < 2 [38] . The main shortcoming of the Δ logP method is that it requires two experimental determinations for each compound, since n - octanol is miscible with alkane and it is not possible to measure Δ logP directly.
For reasonable prediction of membrane permeability, the hydrogen bonding capacity is calculated by counting the number of hydrogen bond donor atoms (hydrogens) attached to oxygen and nitrogen and hydrogen bond acceptor atoms (oxygens and nitrogens) [10] , or counting the number of lone pair electrons [39] . Recently, more accurate methods of calculating hydrogen bonding capacity have been introduced. These include MolSurf [40] , which calculates hydrogen bonding properties based on quantum mechanics, and Hybot [41] , which is based on experimental results for the formation of complexes between hydrogen bond donors and acceptors.
Molecular Size As a molecular size descriptor, often the molecular weight is used in predicting the drug permeability. The paracellular permeability of drug compounds was successfully modeled based on MW as discussed earlier. Molecular size is not only a component of lipophilicity, but also of the diffusion coeffi cient (log D) in physiological membranes. A rather strong dependence on molecular size has been observed for transcellular diffusion in physiological membranes. Camenisch et al. [42] reported that the physiological membrane permeability of high MW compounds is overestimated when using log D as a predictor. This effect is important for compounds with MW > 500. For compounds that have similar log D values, Caco - 2 permeabilities were lower for high MW compounds as compared with compounds of lower MW. Camenisch et al. [2] reviewed suggestions for the correction of partition coeffi cients with MW functions that were made by several authors. In the case of BBB penetration, a correlation between logarithm of the BBB permeation and logarithm of MW also existed [43] .
Polar Surface Area ( PSA) The polar surface area (PSA) is the molecular surface area associated with hydrogen bonding acceptor atoms (i.e., oxygen and nitrogen)
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FIGURE 7.4 Relationship between dynamic polar surface area and drug permeability in

perfused human jejunum (X) and in Caco-2 cell monolayers (A). (From Ref. 46, with permis-
sion from Elsevier.)




plus the area of the hydrogen atoms attached to these heteroatoms — which are known as hydrogen donors. This model has been introduced to account for the neglected intramolecular hydrogen bond formation [44] . The dynamic polar surface area (PSAd) is the statistical average of the PSA of the low energy conformations of a molecule. The areas were calculated for an aqueous environment using atomic van der Waals radii. The smaller the PSAd of a compound, the better it permeates the biological barrier. Good inverse linear correlation was observed between the permeability across a Caco - 2 model and the water - accessible PSA of six β-blockers and their ester prodrugs. Figure 7.4 shows the PSAd correlated to permeability in the human jejunum for 13 structurally different drugs investigated by Winiwarter et al. [45] . A comparison is also seen from the Caco - 2 cell monolayer permeabilities for 14 model compounds presented by Stenberg et al. [46] .
The long calculation time for the low energy conformations of large and fl exible molecules is a limitation with this model. Stenberg et al. [46] noted that the relationship may break if the data for drugs that undergo intestinal metabolism or active transport, or have solubility problems, is included in the calculations. Therefore, integration of all these events into a computational model is vital.
Lipinski ’ s Rule of Five Approach In a common computational approach for absorption and permeability, Lipinski et al. [10] introduced the simple “ rule of five” approach for the quick evaluation of new chemical entities. This model states that absorption or permeation of a compound is more likely to be poor when the calculated MW > 500, log P > 5, hydrogen bond donors > 5, and hydrogen bond acceptors > 10. The numbers of hydrogen bond donors and acceptors are simply calculated by the counting method described. If any two of these criteria are met, poor absorption or permeability is to be anticipated. This rule is based on a variety of calculated properties among several thousand drugs belonging to different therapeutic
categories; therefore, certain drugs falling outside the rule, for example, orally active drugs like antibiotics, antifungals, vitamins, and cardiac glycosides, violate the rule of fi ve. These drugs have structural similarities that allow them to act as substrates for biological transporters; therefore, they are outside the rule of five approach.
7.6.2    Cell Culture Based Models for Permeability Study
Caco - 2 Cell Model The Caco - 2 cell model is a well characterized and widely used in vitro model in the fi eld of drug permeability studies [6, 47] . It has been considered the gold standard technique and has been used to standardize other absorption assessment methods [48, 49] . Caco - 2 cells are grown on a fi lter support in a multiple well format and permeability is measured by the movement of molecules from one side of the cell monolayer to the other (Fig. 7.5 ).
Caco - 2 cells derived from a human colon adenocarcinoma exhibit many in vivo intestinal cell characteristics by having tight intercellular junctions and microvilli and expressing intestinal enzymes and transporters (e.g., P - gp). Due to these similarities, the permeation characteristics of drugs across Caco - 2 cell lines correlate with their human intestinal permeation characteristics; therefore, it has been recommended that the Caco - 2 model can be used to predict the absorption of drugs in humans. An essential component of studies using Caco - 2 cells is the culture of intact monolayer on permeable supports and the assessment of their integrity or cell damage either by measuring transepithelial electrical resistance or by using a para-cellular fl ux marker such as mannitol [49] . Since this model is quicker to use, more convenient, and produces more reproducible data than animal studies, its use in the early stages of drug development can lead to savings in time and money and avoid the unnecessary use of experimental animals. Moreover, Caco - 2 assays are relatively accessible and easier for higher throughput than the excised tissue assays.
Many drugs are absorbed by passive diffusion; therefore, physiochemical descriptors of the drugs are expected to play a vital role in this process. Caco - 2 cell permeability data have frequently been plotted against log P or log D , molecular weight, or some descriptor for H bonding [44] . The sigmoidal relationship has been identi-fi ed between the hydrogen bonding properties of the solutes and permeability coef-fi cients through Caco - 2 cell monolayers [50] .
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FIGURE 7.5 Caco-2 cell line model.




Although, Caco - 2 cells can give evidence that a compound will be well absorbed, it is diffi cult to predict the compounds showing low or modest permeability. Other complications with Caco - 2 cells include (1) variable expression of P - gp, metabolizing enzymes, and active transport systems [35, 51] ; (2) interexperimental and inter-laboratory variability, such as genetic change and sensitivity to differing culture conditions and protocols [49] ; and (3) Caco - 2 culture is laborious and costly — around 3 – 21 days are required to generate a confl uent layer of cells [52] .
Madin–Darby Canine Kidney ( MDCK) Cell Model Apart from Caco-2 cells, the other models that are most frequently used for permeability studies are MDCK and LLC - PK1 cells. When the MDCK cells are cultured under standard conditions, they differentiate into polarized columnar epithelial cells and form tight cellular junctions. The main advantage of MDCK cells is shorter culture times, which can be equal to 24 hours. A good correlation was reported between permeation of passively absorbed drugs in Caco - 2 and MDCK cells [53] . The permeability coeffi cients of hydrophilic compounds are usually lower in Caco - 2 cells than in MDCK cells. Whereas Caco - 2 cells originate from human colon adenocarcinoma cells, MDCK cells are from dog kidney cells, and thus the expression levels of intestinal transporters would be different in these two cell lines [54] . Hence, the MDCK model has to be extensively characterized to confi rm the correlation of transport mediated drug permeability to human absorption.
Lewis Lung Carcinoma –Porcine Kidney ( LLC-PK1) Cell Model LLC-PK1 cells are derived from normal pig kidneys. When cultured, these cells rapidly develop into a well formed monolayer with bush boarders and microvilli on their apical cell surface [55] . Several investigators have reported the use of these cells in passive cellular diffusion [56, 57] . As with MDCK cells, these cells also possess different transporters on their surface. A study has shown that uracil was transported by sodium - dependent and - independent pathways in LLC - PK1 cells; on the other hand, in Caco - 2 cells uracil was transported independently of sodium pathway [18] . These differences in the transport mechanism can be attributed to differences in the origin of the cells types and the transporters that are expressed on these cells. Thus, further studies are warranted to determine the correlation between the LLC - PK1 cells and in vivo human absorption.
HT29 Cell Model The role of mucus on drug permeability is largely ignored, since Caco - 2 cells are a widely used model in permeability studies and they are devoid of this property. Certain clones of HT29 cells produce mucus. The wild - type HT29 cells grown on media containing galactose lead to the selection of a subclone of HT29 cells that form polarized cell monolayers and secrete mucus. A study has shown that the presence of the mucus layer in HT29 - H resulted in lower permeability coeffi cients than Caco - 2 monolayers in a testosterone permeability study. This indicates that the mucus layer accounts for most of the permeability resistance to testosterone. An attempt has been made to coculture the Caco - 2 cells with HT29 -MTX or HT29 - H cells [58] in order to provide representative characteristics of intestinal mucosa.
The major application of the cell culture based model is screening of chemical libraries for compounds that have favorable permeability characteristics. Caco - 2
TABLE 7.2    Cell Culture Models Used for Permeability Assessment
	Cells
	Origin
	Special Characteristics

	Caco-2
	Human colon adenocarcinoma
	Well characterized and widely used Express some relevant effl ux transporters; expression of infl ux transporters is variable

	MDCK
	Dog kidney epithelial cells
	Polarized cells with low expression of ABC transporters, ideal for transfection

	LLC - PK1
	Pig kidney epithelial cells
	Polarized cells with low intrinsic transport expression, ideal for transfection

	HT-29
	Human colon
	Contains mucus-producing goblet cells

	TC-7
	Caco-2 subclone
	Similar to Caco-2

	IEC - 18
	Rat small intestine cells
	Provides a size selective barrier for paracellularly transported compounds


cells grow very slowly in 3 – 21 days; this time is too long for the drug discovery industry. Other cell models (MDCK and LLC - PK1) can grow much faster and be available for studies in 5 – 7 days. However, recent improvements in culture media like the addition of 10% fetal bovine serum, manipulation of the seeding density, and use of BIOCOT ® transwell plates can reduce the time required for cell growth. Various cell culture models used for permeability assessment are described in Table 7.2.
Data Analysis from the Cell Cultured Models The permeability coeffi cients ( Peff) through the cell monolayers are calculated from the following equation [48, 59] :
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where
•
dCA/dt (mg/s · mL) is the increase of drug concentration in the receiver chamber
over the time period considered.
A (cm2 ) is the membrane surface area exposed to the compound.
•
· VA (mL) is the solvent volume in the acceptor chamber.

· CA and CD (mg/mL) are the initial drug concentrations in the receiver and donor chambers, respectively.

Permeability rate ( dCA/dt ) is calculated by plotting the amounts of drug measured over the linear diffusion range and determining the slope of the plot. Peff from the equation is only valid under the experimental conditions, where a constant concentration gradient exists, so that backdiffusion is avoided. Under that condition, CD is almost constant and CA is negligible compared to CD . In several fi ndings, experimental conditions are usually accepted as suffi ciently accurate for Peff calculation, if the concentration difference between the donor and acceptor compartments does not diverge by more than 10% in the time interval studied [55] .
7.6.3
Parallel Artifi cial Membrane Permeability Assay ( PAMPA )
An alternative to the cell cultured models is the parallel artifi cial membrane permeability assay (PAMPA), which is a method for predicting passive permeability [60] . Recently, it has been suggested that artifi cial membrane methods such as PAMPA could soon replace high throughput screening Caco - 2 assays [61] , because PAMPA is an excellent biomimetic model, in terms of high throughput, reproducibility, and especially cost.
PAMPA is performed in a 96 micotiter well plate containing two parts. All the wells at the bottom part are fi lled with buffer solution. The top part contains a series of filter-immobilized artifi cial membranes composed of lipids, which match with the wells in the lower part. One - half of the fi lters on the top part are treated with an organic solvent, which supposedly acts as the cell membrane, and the other half are wetted with methanol/buffer. The test compound under investigation is applied to the top fi lters and the rate of appearance of the compound in the bottom wells should refl ect the diffusion across the lipid layer. In a recent study by Lipinski et al. [62] , a good correlation was found between diffusion in the PAMPA system and percentage absorption in humans for a selected series of compounds.
The fi lter immobilized artifi cial membranes are prepared by dispersing a phos-pholipid with the help of an organic solvent on a fi lter [60] . The various PAMPA models reported in the literature are presented in Table 7.3 .
The problem of precipitation with low solubility compounds — when working at clinically relevant doses in cellular assays — is prevented in recent PAMPA models [63] . The limitations of the system include the lack of infl ux and effl ux transporters, enzymes, and paracellular pathways.
7.6.4
Tissue Based Models for Permeability Study
Excised intestinal segments have been used to study intestinal drug absorption. The compound under investigation in a solution is applied to one side (mucosa or serosa) of the mucosa and the rate of drug absorption is determined by estimating
TABLE 7.3    Membrane Compositions of PAMPA Models
	Assay
	Model
	Phospholipid Constituentsa
	Organic Solvent

	Egg-PAMPA
	Lecithin
	10% Egg lecithin, cholesterol
	n-Dodecane

	BM - PAMPA
	Biomimetic
	0.8% PC, 0.8% PE, 0.2% PS, 0.2% PI, 1% cholesterol
	1,7-Octadiene

	HDM-PAMPA
	Hexadecane
	100% n-Hexadecane
	n-hexadecane

	DOPC-PAMPA
	Synthetic phospholipid
	2% Dioleylphosphatidyl choline
	n-Dodecane

	BBB-PAMPA
	Blood–brain barrier
	2% Porcine brain lipid extract (PC, PE, PS, PI, PA, cerebrosides)
	n-Dodecane

	DS-PAMPA
	Double sink
	20% Phospholipid mixture (PC, PE, PI, PA, triglycerides)
	n-Dodecane


a PC, phosphatidyl choline; PE, phosphatidyl ethanolamine; PS, phosphatidyl serine; PI, phosphatidylino-sitol; PA, phosphatidic acid.
either the disappearance of drug from the drug solution or appearance of drug on the serosal side. These models preserve the characteristics of the biological membranes and also help in determining absorption across different gastrointestinal segments. Limited viability and versatility are the limitations with this type of preparation.
Everted Intestinal Segments Isolated intestinal segment is a simple technique used to measure the intestinal transport of a drug. In this model, the permeability assessment is carried out through a segment of the intestine, with the musculature intact. Commonly, rat intestine is used, although absorption in other animal models, such as monkey, also correlate well with human absorption [64] . To prepare the rings, a selected segment of the intestine is isolated immediately after euthanizing the animal, washed in ice - cold buffer to remove debris and digestive products, and tied at one end with a piece of suture. The closed end is carefully pushed through the intestine using a glass rod, resulting in eversion of the intestine, which is then cut into small rings, typically 2 – 4 mm wide [65] . Next, the rings are incubated in buffer at 37 ° C containing the compound under investigation, and shaken well in a water bath. After a set time, the drug uptake is suppressed by rinsing the rings with ice -cold saline or buffer. The rings are then blotted dry, weighed, and then dissolved or processed for assay. Any segment of the intestine can be used to prepare a large number of rings. This model can be used to study both active and passive transport pathways especially that of amino acids and peptides [66] . A major disadvantage associated with this model is the lack of maintenance of viability in the isolated rings, due to absence of blood supply and nerves. Some other factors like drug metabolism and accumulation in the mucosa could lead to an overestimation of true drug absorption. For example, one such early study found that, for several beta -lactam antibiotics, absorption based on luminal disappearance was roughly twice the true amount transported across the tissue [67] .
Everted Intestinal Sacs In this method, a 2 – 4 cm section of the intestine is tied off at one end and everted similar to the intestinal ring method. The sac is fi lled with buffer, tied off at the other end, and placed in a fl ask with oxygenated (95% O 2/5% CO2 ) buffer solution as a test compound. Drug absorption is measured by sampling the solution inside and outside the sac. Unlike the in vivo situation, everted intestinal sacs only include the mucosa plus underlying muscle layers, which could lead to biased absorption values. Although this method is relatively simple and allows several experiments to be performed using tissue from just one intestine, it differs from the in vivo situation and drug accumulation in the muscle layer can lead to poor recovery of the drug.
Diffusion Cells Diffusion cells have been used to determine the transport of compound in living tissues, one of the fi rst approaches being the so - called Ussing chamber. In this method, the long intestinal mucosal sheets are cut into mucosal strips of adequate size ( ∼ 2 cm) and are clamped between two glass chambers fi lled with buffer. The compound under study is added to the donor compartment, and the accumulation of the compound at the other side of the membrane (acceptor side) is measured as a function of time. The permeability of the compound is calculated from the following equation:
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where dc/dt is the change in concentration in the receptor compartment per unit time, V is the receptor volume, and A is the area available for diffusion. Peff is usually expressed in centimeters per second (cm/s). This method has been used to evaluate in vitro permeability with varying degrees of success. For example, intestinal mucosa of rat mounted in an Ussing chamber was useful in describing the regional variability in GIT absorption of a mixed series of compounds [68] .
7.6.5    In Situ Model of Intestinal Drug Permeability
Single - Pass Perfusion Model Several different models of the single - pass perfusion system have been used [69 – 71] . In these in situ models the viability of the tissue is maintained, as the whole animal is used and the blood vessels and lymphatics are intact. This technique has been widely used to study both active and passive transport pathways [69, 71, 72] . In addition, the effect of various factors such as drug concentration, intestinal region, and fl ow rate can be studied. In the closed loop model, a solution containing the diluted drug is added to a segment of the intestine, and the intestine is closed. After a set time the intestine is excised and the drug content is analyzed [73] . Conversely, in the open loop model, the proximal and the distal end of a segment of the intestine are canulated with a glass tube. The drug is then pumped through the intestine and the ratio of drug in and out is measured.
The steady - state effective intestinal permeability coeffi cient ( Peff ) is calculated according to the parallel - tube model [74] :
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where Qin is the perfusion fl ow rate through the intestine segment (mL/s), and Cin and Cout correspond to the inlet and outlet concentrations ( μ g/mL), respectively. r is the radius of the intestinal loop (cm) and L is the length of the loop (cm). From the equation, it can be seen that by varying the length of the intestinal segment, the effect of transit time on drug absorption can also be studied [55, 66] . Even with these advantages, use of the single - pass perfusion model is limited because in this model the disappearance of the drug from the intestine is used to predict permeability. However, the rate of decrease in drug concentration does not always equal the rate of drug absorption; for example, drugs can interact with the lipid membrane [75] . Furthermore, the proximal and distal content of the lumen can enter the test segment of the intestine, making it diffi cult to control conditions such as fl ow rate [76] .
Prediction of oral absorption in human beings is important in the early stage of the drug discovery process. In vitro assays in Caco - 2 and MDCK models are frequently used for that purpose. However, an in situ technique might be more accurate in estimation of absorption. One such study [77] found that effective permeability coeffi cients determined in rats by single - pass intestinal perfusion for 14 compounds were correlated to the values obtained from humans.
Single - Pass Perfusion of the Dog Intestine (Loc - I - Gut) The Loc-I-Gut is a very effective model for investigating regional jejunum permeability. It is a perfusion instrument consisting of six channels and two infl atable latex balloons, which are set 10 cm apart [78] . The purpose of the balloons is to isolate the segment of the intestine that is being studied and to prevent the leakage of the proximal and distal luminal content into the selected area. It has been reported that less than 2% of the luminal content leaked into the jejunum when the balloons were inflated [76]. The tube is inserted into the proximal jejunum by using fl uoroscopic techniques. Air is then pumped into the balloons, infl ating them and creating a 10 cm separated jejunal segment. Insertion and setting up of the tube usually takes about an hour and the infusion rate is about 2 – 3 mL/min. A nonabsorbable marker such as 14C-PEG 4000 is used in the perfusion solution to check the integrity of the balloons during the experiment [79] . In the dog model the drug permeability was calculated using the well - stirred model because it is assumed that the hydrodynamics are similar to the corresponding model in the human intestine. The Peff can be calculated as [76]
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where Qin is the perfusion fl ow rate, r is the radius of the tube, L is the length of the tube, Cin is the infused drug concentration entering the tube, and Cout is the dif-fusate concentration leaving the tube. The Loc - I - Gut model is also used for perfu-sion of suspended drug particles in human jejunum. In this model, the in vivo dissolution of the drug can be directly estimated by measuring the concentration of drug either in dissolved or in solid - state form [80] . The major limitation to this model is that it is invasive. Intubation may affect the normal physiology and function of the GI tract. Furthermore, the fl uid that is used to fl ush out the drug from the tube may affect the absorption of the drug [81] .
7.6.6    Whole Animal Models
InteliSite Capsule The InteliSite® capsule (Innovative Devices LLC, Raleight, NC) is a rapid and noninvasive technique for measuring site - specifi c permeability of a drug [82] . The permeability is assessed through measurement of the drug in the systematic circulation. When the capsule reaches the target site it is activated. Activation is accomplished by placing the magnetic fi eld generator next to the subject ’ s abdomen. This magnetic fi eld is sensed by a receiver and is converted to heat. The heat will cause the shape memory alloys to straighten. This in turn results in the rotation of the interior sleeve in relation to the outer sleeve and the drug is released. Gamma scintigraphy and pharmacokinetics analysis are used to evaluate and measure drug absorption [81] . Pithavala et al. [81] evaluated the pharmacokinetic properties of ranitidine in eight volunteer subjects using the InteliSite capsule [81] . The result of the study correlated well with data available in the literature. Thus, it can be concluded that these capsules are a valuable tool for studying regional drug absorption.
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7.7
IN VITRO AND IN VIVO CORRELATION (IVIV)
In order to use any experimental model for human permeability prediction, the drug permeability from the model has to correlate well with human absorption. To validate a permeability model, compounds with known absorption in humans are used and Peff is calculated. Figure 7.6 [83] shows the general shape of the curve of fraction absorbed in human versus the in vitro Peff . Any small change (such as the pH of the buffer or the intubation time) in the way that the techniques are carried out can effect the Peff of the drug, and the curve may shift to left or right or alter its steepness. Therefore, well designed and validated techniques are to be used within laboratories to correlate the data collected.
Furthermore, in the case of animal models, there needs to be a correlation between the animal ’ s Peff and the fraction absorbed in human. It has been shown that rat and human jejunum Peff of passively absorbed drugs correlate well [84] . Once the correlation is demonstrated for a series of compounds, then the experimental results can be used to make intelligent decisions about those compounds that can be further studied in animals.
7.8
CONCLUSION
Identifying appropriate models for permeation study of a new molecule is a very challenging task, but there are several options available to the pharmaceutical scientist. Careful review and selection of appropriate methods is crucial to a successful drug development program. The key feature that governs the process is in vitro and in vivo correlation in permeability studies. There is a potential to develop models that can provide good correlation.
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