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ABSTRACT: Cell lines are the invitro models used for the drug permeability studies in 
the preclinical and clinical phases of the drug discovery. Cell line models are simple 
and quick to use and avoids the usage of animal models for pharmacological and 
toxicological studies and hence cost effective, produce reliable and reproducible re-
sults for understanding and evaluating the permeability characteristics of the potential 
lead drug candidates. Different cell line models used in the drug permeability studies, 
their characteristics has been summarized emphasizing on CACO-2. By virtue of its 
merits, CACO-2 cell line development, transport experiments, automated assays, opti-
mization of experimental conditions and mechanistic uses of CACO-2 cell lines dealt 
comprehensively in the following context.
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INTRODUCTION 

Development of lead drug candidates (having 
potential pharmacological eff ect) derived 
from combinatorial synthesis has accelerat-

ed the drug discovery process. Th ey have emerged as 
a quick and easy methods provides data on biologi-
cal parameters like Potency, Absorption, Distribu-
tion, Metabolism, Excretion, Toxicity  (ADMET) 
properties of large number of candidates can be de-
termined simultaneously(1). However limiting fac-
tors for the successful therapeutic application of new 
drugs is their ability to transport in biological sys-
tems namely, over the gastro intestinal tract (GIT), 
towards the target receptor, or across the blood 
brain barrier (BBB). Highly standardized invitro 
models are therefore required for screening of large 
number of molecules that gives predictive values for 
these transport processes. But however, absorption 
process is infl uenced by number of factors such as 
solubility, membrane partitioning, metabolism and 
transporters (2),(3),(4) . In contrast to less accurate 
experimentally based insilico predictions of intestinal 
permeability, done based on their molecular struc-
ture, behaviour of molecule with in a biological test 

system, mechanistic cell lines which gives better data 
is preferred. Th erefore cell lines have evolved as a tool 
for understanding and evaluating the permeability 
characteristics of potential lead drug candidates.

PERMEABILITY SCREENING IN DIFFERENT 
PHASES OF DISCOVERY
Screening of permeability of lead drugs in lead dis-
covery phase (LD) results from High Th roughput 
Screening (HTS) which provide data and basis for 
the further modifi cations of the structure of the mol-
ecule in lead optimization phase (LO) which ends 
with the selection of drug candidate (DC).Hence cell 
culture models provides a platform for preclinical 
screening, biopharmaceutical assessments & evalua-
tion of mechanistic purposes (5).

CELL CULTURES FOR ASSESSMENT OF 
 INTESTINAL PERMEABILITY
Cell culture based models are mainly used for stud-
ies of partitioning into membrane, mechanisms of 
drug absorption and interaction with epithelial 
proteins (such as transporters and enzymes).Th ese 
are simple and quick to use, and they refl ect dif-
ferent mechanisms involved in absorption proc-
ess. Paracellular permeability is determined with 
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 hydrophobic marker molecules, that do not parti-
tion into cell membranes (6). Th e functional char-
acteristics of diff erent cell lines currently used in 
drug discovery are summarized in Table-1.

CACO-2 CELL LINE/CELL CULTURE 
AND TRANSPORT EXPERIMENTS
By virtue of the merits stated in the Table-1 
 CACO-2 cell line is most widely used to screen in-
testinal  permeability, to know drug absorption, and 
to study passive and active diff usion transport of 
drug  molecules.

METHODOLOGY (7),(8)
Cell lines used for screening are should be preculti-
vated. Th e generalized culturing and experimental 
setup for CACO-2 cell model is as follows:

Th e cells are maintained on the fi lter inserts 
or culture fl asks at 37⁰C in Dulbecco’s modifi ed 
Eagle’s medium, 1% non-essential amino acid, 
1.5% L-glutamine solution (200mM) and 9% 
fetal bovine serum and antibiotics under an 
atmosphere of 5% CO2.[Antibiotics- penicillin 
and streptomycin are used when cells grown on 
fi lter inserts]. Cultures are checked routinely for 
mycoplasma contamination. Cells are harvested 
from cell culture fl asks by trypsinization - with a 
trypsin (0.25%) + EDTA (0.2%).

For transport studies CACO-2 cells are seeded 
on to specially designed culture inserts or fi lter in-
serts. Filter inserts of diff erent membrane material 
and pore diameter are available. Some commercially 
available examples are Transwell inserts (Polysorb-
ate; Corning Life sciences (9) and  BD Falcon inserts 
(Polyethylene terepthalate (PET); BD Bioscience 
(10). CACO-2 cells are directly grown on the fi lter 
inserts without extracellular collagen coating ,which 
is required for other cell lines for proper cell attach-
ment and diff erentiation. Cell membrane inserts 
with narrow pore diameter (0.4μm) are generally 
used. Large pores results in monolayers growing on 
both sides of the membrane, resulting in depolarised 
cells and shall mislead the results. Seeding density 
should be between 0.5 and 5×105 cells/cm2. Cells 
are attached to the fi lters and are grown for 2 to 3 
weeks (11), at this stage well diff erentiated monol-
ayer intestinal epithelial cells having morphological 
and  biochemical properties that resemble those 
of normal intestinal (absorptive) enterocytes are 
formed.

In drug absorption studies, drug is added to apical 
(mucosal site) and drug appearance on the basolater-
al side (serosal) is studied by time .Th ese model also 
permit experiments carried out in reverse direction 
(basolateral to apical). Drug absorption experiments 
are performed at 37⁰C under sink conditions in or-
der to avoid back diff usion. Trans epithelial electrical 
resistance (TEER) should be measured prior to and 
after experiment to verify monolayer integrity.

Apparent permeability coeffi  cient (Papp) is calcu-
lated by equation:

Papp = (dq/dt)/(A x Cdo)
dq/dt - rate of appearance of drug on the receiver 
side,
Cdo - initial drug concentration on the donor side,
A - surface area of the fi lter membrane.

Th is equation is improved by taking in to account 
the change of donar concentration (Cd),which aff ects 
driving force for passive diff usion and concentration 
gradient.
Th us the modifi ed equation Papp = k x Vr/A.
k - change in drug concentration in the receiver 
chamber (Cr-ti/Cd-t) per unit time,
Cr-ti - concentration on the receiver side at the end of 
each time interval,
Cd-ti - average of the donor concentration deter-
mined at the beginning and at the end of each time 
interval,
Vr - volume of the receiver chamber, and
A - surface area of the fi lter membrane.

AUTOMATED CACO-2 ASSAY
Automated CACO-2 permeability assay is per-
formed using semi or fully automated procedures. 
Using this system it is possible to obtain a through-
put of approximately 400–500 compounds per 
week. Automated CACO-2 assay systems are 
commercially available through Tecan (12), BD 
Bioscience and Bohdan, Mettler Toledo (13). In 
addition, automated systems for maintenance of 
cell cultures are commercially available, while totally 
automated systems for both maintenance and cul-
turing of cells grown on permeable fi lter supports 
are under development by companies such as Th e 
Automation Partnership (14).

Solubility of test compounds measured to make 
correct determination of the permeability coeffi  -
cient.Test compounds are fi rst prepared in dime-
thyl  sulfoxide (DMSO) solution (1mM) on parent 
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Table 1: Functional advantages of CACO-2 cell lines vis-a-vis others

CACO-2 (30),(31),
(32),(33), (34)

MDCK 
(35), (36)

2/4/A1 
(37)

HT29
(38), (39)

T-84
(40), (41)

IEC-18 
(42)

Origin

Human intestinal 
cell line;
from human colon 
Adrenocarcinoma 
(43)

Dog kidney cell 
line

Fetal rat 
intestine 
immortalized 
with Oncogene 
Simian Virus 40 
mutant.

Human colon 
carcinoma
Cell line

Human colon 
cancer cell 
line

Rat intestinal 
cell line

Morphology

a) High degree 
 differentiation

b)Polyclonal cell 
line
c) Heterogeneous 

population
d)Tight junctions
e)   Brush border 

enzymes 
(hydrolases) 
present in small 
intestine.

d) Cyp450 & phase 
2 enzymes 
present

a) Full differentia-
tion

b) Monolayer of 
cells

c) Low inherent 
transporters

d) Low level of Pgp 
uptake  trans-
porters present

a) Poorly differ-
entiated cells

b) Enzyme sys-
tems absent

c) Lack of trans-
porters

a) Multi layer of 
undifferenti-
ated cells

b) Lack  tight 
junction & 
functional 
polarity

c) Permeability 
of drugs by 
paracellular 
route

Not well 
differentiated 
cells

a) Poor cell dif-
ferentiation

b) Leakier 
paracellular 
pathway

Perme-
ability 
Coeffi cient 
of Mannitol

0.3-0.5 x 10 -6cm/s
(relatively low)

< 0.5 x10-6cm/s 
(low)

15.5 x10- 6 cm/s
(65 fold high 

than CACO-2)
– – 8 x10-6 cm/s

Trans 
epithe-
lial electric 
resistance 
(TEER)**

300 Ω cm -2

Strain1: 
4000 Ω cm-2 

(high resistance)
Strain 2: 

200-300 Ω cm-2

(low resistance)

25 Ω cm-2

Low TEER
(than CACO-2)

100 Ω cm-2

(For Atenolol)

High TEER
1000 Ω cm-2 50 Ω cm-2

Applica-
tions 

a) Active trans-
port system 
(like amino 
acids, Glucose, 
Vitamins,) 
characterised 
&studied.

b) Effl ux transport
studies

Passive epithelial 
transport studies

Investigation of 
passive trans-
port properties 
of drugs

Paracellular 
drug transport 
studies.

Epithelial ion 
transport 
studies

Study small 
intestinal 
epithelial 
permeability 
of hydrophilic 
molecules

Advantages

a) Most popular 
(pharmaceutical 
Industry)

b)Easy to maintain
c) Good reproduci-

bility, robustness 
and functional 
property of 
human intestinal 
cells.

Frequently used

Alternative to 
tighter CACO-2 
monolayers 
mimics human 
intestine.

Contain mucous 
secreting goblet 
cells like in 
epithelium of 
intestine.

Resemble 
Colonic crypt 
cell phenotype

Better model 
for
Epithe-
lial perme-
ability study 
of hydrophilic 
molecules 
than CACO-2.

Limitations

Mucous secreting 
goblet cells like 
in epithelium of 
 intestine absent.

Not for mechanis-
tic studies. 
Not for active and 
effl ux studies.

Lack enzyme 
systems, trans-
porters found 
in CACO-2 and 
small intestine.
Less pharma-
ceutical use

–

Not adequate 
for drug 
 studies and
Carrier medi-
ated process

Not for cell 
mediated 
transport 
studies.

*Paracellular permeability through tight junction determined with Hydrophilic markers molecules that do not partition in to cell membranes called as Permeability coeffi cient. 
Eg: Poly ethylene glycol, Mannitol are commonly used .
** TEER - Trans Epithelial Electrical Resistance - Another way to asses Monolayer integrity
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plate and diluted in transport buff er to give fi nal 
drug  concentration (10μM) and is added to the cell 
 monolayers. In automated assay, incubation, shak-
ing, pippeting performed by a robotic microplate 
processor. Preparation of drug donor solution and 
standard carried out on multiple probe, 14 to 18 day 
old CACO-2 monolayers on polycarbonate fi lters are 
used fot this purpose and TEER also measured. Th e 
assay is developed to handle 4 × 24 (96) well plates 
with monolayers. Duplicate transport measurements 
for each substance and mixture of three reference 
standards are included to capture variabilities of  assay 
that arise by time or passage across the cell line.

In the robotic systems the basolateral chamber 
is fi lled with transport buff er, after which donor 
drug solution is added to apical side of CACO-2 
monolayer. Samples are taken immediately from 
the  donor side to determine the initial donor 
concentration. Th e appearance of compound on 
the receiver is measured by taking samples from 
the receiver side at 45 and 120 min. At the end 
of the experiment, samples are also taken from 
the donor side in order to measure the change in 
donor concentration and calculate mass balance 
(recovery) of the transport process. In general, the 
samples are collected in deep well 96-well plates, 
diluted in acetonitrile and then analyzed for drug 
content by LC/MS. Th e  recovery should be kept 
within limited ranges in order to  assure high-
quality and accurate Papp values. Limits for recovery 
are between 80 and 120%.
Recovery % is calculated by

Recovery (%) = (Mr-120 + Md-120/Md-o) × 100
Mr-120 - cumulative amount of drug transported 
to the receiver side at the end of the experiment 
 (including amount removed in sampling),
Md-120 - amount of drug remaining on the donor side 
at the end of the experiment, and
Md-0 - amount of drug on the donor side at the start 
of the experiment (determined from the initial donor 
concentration sample).

QUALITY CONTROL AND 
STANDARDIZATION OF 
CACO-2 ASSAY
For reproducible and high-quality results, a rou-
tine characterization should be performed on each 
new batch of cell monolayers by measuring TEER 
and permeability to a paracellular marker such as 

14C-mannitol.Th e morphology and integrity of the 
monolayers should be examined using Transmission 
Electron Microscopy (TEM) and Fluorescence mi-
croscopy.

Th e following parameters should be standardised 
(15)

Filter supports and growth media.• 
  Culturing protocols, seeding density and trypsini-• 
zation procedures.
 Microscopic verifi cation of monolayer morphology.• 
 Reproducibility of the relationship between  fraction• 
absorbed Fa (%) and Papp for a defi ned set of refer-
ence drugs.
 Internal standards or markers and acceptance• 
 criteria
 Specifi ed experimental conditions (e.g., pH, stir-• 
ring, drug concentration, Papp calculation).
 Characterization of expression and function of• 
 important enzyme and transport systems.

Th ese suggested factors for standardization of the 
CACO-2 model might also be reasons for the varia-
bility in published permeability values obtained from 
diff erent laboratories. Th e CACO-2 cells are used 
at various passage numbers between 20 and 110. 
CACO-2 cells obtained from American type culture 
collection (ATCC) and European collection of cell 
cultures (ECACC) are usually at passage number 
20–40. Cells of diff erent passage number can have 
very diff erent properties with respect to paracellular 
permeability and functional expression of transport-
ers. It is recommended that the cells are used within 
a relatively limited range of passages for which the 
cells properties have been well characterized.

OPTIMIZATION OF EXPERIMEN-
TAL CONDITIONS (16), (17)
a) pH
Th e pH in the gastro intestinal tract (GIT) is a
very important factor aff ecting drug absorption
for ionisable drugs. pH has two main eff ects on
drugs: one is to determine the degree of ionization
(dissociation) of weak electrolytes and thereby
aff ect the passive diff usion of the compound; and
the other is to establish a proton gradient as a
driving force for some transporters.

Th e pH in the lumen of the human GIT is vari-
able; typically it is pH 1–2 in the stomach, 5–6.5 in 
the duodenum and proximal jejunum, 6.5–7.5 in 
the mid jejunum, and almost up to 8 in the terminal 
 ileum. In the large bowel the pH varies between 6.5 
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and 8 from the colon ascendens to the sigmoideum. 
Th is bulk pH will aff ect mainly the solubility of the 
compound and is also thought to eff ect the ioniza-
tion that provides a driving force for the regional 
diff erence in uptake of mainly the uncharged form. 
Actual transport across the epithelial membrane is 
aff ected by another pH, the so called microclimate or 
surface pH(pH=5.5) in the upper small intestine. 

Th e pH of the apical solution has a direct impact 
on the transport experiments using monolayers, since 
the solution is in direct contact with the membrane 
and should therefore mimic the microclimate pH. 
Th e pH on the basolateral side should in all cases re-
fl ect the pH of the extracellular fl uid within the sub-
mucosa, which is under direct infl uence of the pH in 
the blood. Suggested examples for quick evaluation 
of the pH eff ect (apical/basolateral) on transport in 
diff erent regions of the intestine include:

For jejunal transport = 6.0/7.4• 
For ileal transport = 7.4/7.4• 
For colon transport = 7.4/7.4• 

For weak acids, e.g., salicylic acid, the dependency
on a pH gradient becomes complex since both the 
passive diff usion and the active transport process 
will be dependent on the proton concentration in the 
apical solution and a lowering of the pH from 7.4 
to 6.5 will increase the apical to basolateral transport 
more than 20-fold. Similarly, for weak bases such as 
alfentanil or cimetidine, a lowering of the pH to 6.5 
will decrease the passive transport towards the baso-
lateral side. Th e transport of the ionisable compound 
will, due to the pH partition hypothesis, follow the 
pKa curve. In an early screening situation when the 
transport process is unknown, it can be diffi  cult to 
distinguish a passive asymmetric uptake or effl  ux due 
to the pH eff ect on ionization from a true carrier-
mediated uptake or effl  ux. Th e following assays are 
therefore suggested:

 If screening for general intestinal absorption is equal • 
to pH gradient system, only report to projects Api-
cal to Basolateral direction
 If screening for carrier-mediated transport in any• 
direction is equal to both a nongradient and a pH
gradient system should be used and bidirectional
transport data should be reported.

b) Solubility and Bovine Serum Albumin (BSA)
Solubility data are vital in order to improve the
quality from the biological assays. Optimizing the
permeability measurements to avoid adsorption

to plastic, fi lters or accumulation within the cell 
monolayer seems highly relevant for increasing the 
predictivity of the screening model in early screening 
in the determination of permeability values. To 
perform high-quality permeability measurements, 
using a cell culture-based model, a limit for low 
solubility has to be drawn. If the drug is not soluble 
within the experimental system then the data will be 
of low quality and aff ect the recovery estimates from 
the permeability assay. Th e solubility limit to be set 
is dependent upon several factors, e.g., analytical, 
enzymatic and whether (or not) transporters are 
involved. Th erefore, a balance between solubility, 
analytical and permeability issues must be considered 
before conducting a large number of assays with 
lipophilic drugs.

Th e eff ect of the presence of BSA will be deter-
mined by both the protein binding capacity of the 
drug to be tested and its intrinsic permeability, i.e., 
high protein binding and high permeability values 
will increase the response to the presence of BSA in 
the basolateral chamber BSA used to increase sink 
conditions and to reduce the adsorption phenom-
enon. However, there seems to be a concentration-
dependent eff ect of BSA, which has been tested 
 between 0 to 4 %.

MECHANISTIC USE OF CELL 
 MODELS
For the evaluation of a possible relationship between 
the molecular structure of a potential candidate and 
its transport abilities to cross the epithelial mem-
brane of the gut, the mechanism or route of trans-
port must be known. During the lead optimization 
phase – when many mechanistically based studies 
are performed – the cell culture-based models can 
also be used with great confi dence (18). 

PARACELLULAR PATHWAY (19)
Compounds are not effi  ciently absorbed due to the 
small available absorptive area and the restriction by 
tight junctions. CACO-2cells possess lower perme-
ability towards polar molecules than does the small 
intestine invivo because the monolayer has a much 
smaller eff ective surface area than the small intestine 
villi, due to the tight junctional resistance (20) . Th e 
paracellular pathway, between the epithelial cells, is 
both size- (molecular weight, volume) and charge-
dependent. Th e molecular weight cut-off  seems to 
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be around 300 g mol-1 for the CACO-2 cell mon-
olayer, which shows the more colonic nature of the 
CACO-2 monolayer model.

TRANSCELLULAR PATHWAY (20)
Molecules with a large molecular weight or size are 
confi ned to the transcellular route and its require-
ments related to the hydrophobicity of the molecule. 
Th e transcellular pathway has been evaluated for 
many years and is thought to be the main route of ab-
sorption of many drugs, both with respect to carrier-
mediated transport and passive diff usion. Molecules 
with a large molecular weight or size are confi ned to 
the transcellular route, transcellular pathway sug-
gested for proteins and peptides is the transcytotic 
pathway, which involves a receptor-mediated endo-
cytosis in CACO-2 cells.

CARRIER-MEDIATED TRANSPORT 
(21), (22), (23)
Transporters like aminoacid and oligopeptide-car-
riers (peptide transporters PepT1 and PepT2) are 
involved in the absorption process of pharmaceutical 
drugs. Th e organic anion transporters (OAT) and 
PepT1 is expressed in the cell lines of CACO-2 and 
HT-29.Cell lines, such as the CACO-2 and MDCK 
cells have been used frequently to study diff erent 
transporters in the GI tract. Th ese cell lines have 
been evaluated for transport both in absorptive and 
secretory direction, and in addition also been trans-
fected with specifi ed transporter systems of interests 
to yield new clones or co-cultures.

APPLICATION OF CELL 
 MONOLAYERS AND INTEGRITY 
MEASUREMENTS
I.  Evaluation of Metabolism During Transport

(25)

 Cell culture models can be used to evaluate the im-• 
portance of metabolism in gut membranes, both
with respect to oxidative metabolism via the Cyto-
chrome P450system and Phase-2 reactions
 CACO-2 model can in fact serve as an excellent• 
model to investigate both permeation and fi rst-pass
metabolism.

II. Evaluate the toxicity of compounds;
III.  Evaluate the toxicity of excipients in formula-

tions;
IV.  Establish test solutions for optimal screening;

and

V.  Evaluate formulations containing enhancers of
intestinal permeability (26).

COMPUTATIONAL MODELS FOR 
PREDICTION OF INTESTINAL PER-
MEABILITY (27)

 Reduce the time and cost to select potential candi-• 
dates as well as to complement the biological screen-
ing and optimization processes because there is no
need to synthesize compounds.
 Several commercially available tools/software using• 
CACO-2 cells as a model for intestinal permeabil-
ity have also been established, e.g., VolSurf (Tripos
Inc.) (28) and LION’s iDEA (LION Bioscience,
Inc.) (29)

CONCLUSION
Cell lines are well suited as high capacity screening 
models, biopharmaceutical assessments (like AD-
MET, potency properties), and for mechanistic eval-
uation of transport mechanisms useful in pre clinical 
and clinical phases of the drug discovery. Cell lines 
with emphasizing on the CACO-2 models form 
cost eff ective, less time consuming, quick and easy  
invitro methods generates high throughout, reliable 
and reproducible data. Several computational and 
mechanistic models are commercially available for 
prediction of intestinal permeability by which, one 
can predict absorption of drugs in human GIT.
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