
Introduction 

The most preferred route of drug administration is oral
for various reasons, of which better patient compliance
and the existence of highly developed pharmaceutical
technology for production of oral dosage forms are the
most important. The entire drug content of oral dosage
forms, however, is generally not available to the patient.
This is because drug absorption by this route is a multi-
step phenomenon and at each step some quantity of drug
is lost (Fig. 1). The amount and rate at which the drug is
absorbed in its unchanged form and reaches blood circu-
lation intact is referred to as bioavailability. Table I shows
various factors which are responsible for decreased oral
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Summary

Rapid developments in biotechnology have resulted
in new challenges for pharmaceutical scientists to deliver
drugs into the systemic circulation with improved bioavail-
ability when delivered orally. This review briefly discusses
the poor permeation of drugs, anatomical and biochemi-
cal considerations of the gastrointestinal tract and various
pathways of drug absorption upon oral administration.
Detailed insight into the rationale for the concept of sorp-
tion promoters is provided, followed by definition, classifi-
cation and different mechanisms of action, as well as tox-
icological implications of sorption promoters as
pharmaceutical adjuvants. A fundamental understanding
of the biochemistry and biophysics of the membranes
constituting the epithelial cells which are exposed to the
enhancers and the mechanisms by which peptides and
proteins cross mucosal membranes is also described at
the molecular level. Finally, the available opportunities
and future challenges in this field are reviewed.
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Fig. 1. Systematic representation of different steps involved in
absorption of drugs upon oral administration along with problems
associated with each step.



tems are 2-3% (3). For most drugs (e.g., erythropoietin),
a bioavailability of 2-3% is too low. The major therapeutic
agents with poor permeation are shown in Table II. 

When bioavailability is very low (e.g., 20%), inter- and
intrasubject variabilities are increased, and incomplete
oral bioavailability can be a major concern. Low and vari-
able bioavailability makes it difficult to control the phar-
macological and toxic effects of a given dose (4). The
high costs of using large doses of biopharmaceuticals
can be curtailed by enhancing drug absorption.

Various approaches have been used to overcome
problems associated with macromolecular drug delivery.
The chemical modification of the parent compound to
yield an absorbable drug molecule is one such approach
(prodrug approach). However, alteration in structure may
lead to changes in the tertiary structure of biomolecules
with consequent partial or total loss of biological activity.
The prodrug approach is time-consuming, expensive and
may not always be successful. Transdermal drug delivery
is another feasible alternative, although it has the disad-
vantage of poor penetration of macromolecules via the
skin. The pulmonary route has the advantage of avoiding
first-pass hepatic metabolism and passage through the
adverse GI tract milieu. However, a basic problem with
this route of administration is penetration into mucus pel-
licle and the underlying epithelial lining of respiratory tract

bioavailability of drugs along with the different approach-
es to overcome these problems.

Problems occurring in the gastrointestinal (GI) tract at
various stages of drug dynamics have been successfully
resolved with the exception of poor permeation of drugs
through the absorptive epithelial surface. This last phase
of drug absorption is critical and will be more so in the
future due to the appearance of newer molecules whose
physicochemical properties do not allow good permeation
into cell membranes. Hence, the external use of excipi-
ents in oral dosage forms is required to facilitate entry into
systemic circulation.

Recent developments in biotechnology have led to an
increase in the availability of biopharmaceuticals which
include large molecular weight and polar molecules like
peptides, proteins, hormones, antibodies, vaccines, etc.
There are approximately 36 recombinant protein drugs
and over 26 peptide drugs approved by the FDA (1) and
at least 450 products under development, with more than
120 in phase III clinical trials and beyond in the U.S. (2).
These new compounds have the potential to become the
most important group in therapeutics in the future.
However, they have the disadvantage of very low
bioavailability upon oral administration because of poor
permeation through GI tract epithelia. To date, bioavail-
abilities achieved with oral peptide/protein delivery sys-
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Table I: Problems associated with oral drug delivery and approaches to overcome them.

Strategic group Reasons for poor bioavailability Absorption enchancing approach

Group 1 Poor solubility or dissolution rate Micronization
Use of solubilizing or wetting agents
Polymorphic forms
Solid solutions (solid dispersions, solvent deposition, etc.)

Group 2 Degradation/metabolism in GIT lumen Enteric coating
Encapsulation
Enzyme inhibitors
Lipid or surfactant vesicles (liposomes, microemulsion)

Group 3 Poor membrane permeation Sorption promoters/permeation enhancers
Ion-pairing
Complexation
Lipid or surfactant vesicles

Group 4 Presystemic elimination of drugs Metabolism inhibitors
Lipid or surfactant vehicles

Group 5 Low gastric retention time Novel drug delivery systems
Bioadhesive systems
Inflated systems

Note: Prodrug approach can be used to solve problems of dissolution, metabolism and permeation.

Table II: Drugs with poor permeation.

Drug class Examples

Biopharmaceuticals (proteins, peptides and analogs) Hormones, enzymes, antibodies, interferons
Antibiotics (aminoglycosides, macrolides, cephalosporins) Streptomycin, gentamicin, dirithromycin, cefoxitin, cefotaxime, aztreonam
Immunosuppressants and antineoplastics Cytarabine, cisplatin, doxorubicin, daunorubicin
Antivirals Acyclovir, ganciclovir



sified with examples, and their various mechanisms of
action are described followed by toxicological implica-
tions. Future trends in SP research are mentioned in the
conclusions.

Absorptive surface of the GI tract

Knowledge of the morphological, anatomical, bio-
chemical and physiological characteristics of the GI tract
wall is essential in understanding the underlying absorp-
tion mechanisms and consequently poor oral bioavailabil-
ities of drugs (9, 13-15). The GI tract consists of the buc-
cal cavity, esophagus, stomach, intestine and rectum.
The process of absorption of nutrients or drugs occurs
throughout the GI tract but the extent of absorption varies
greatly depending on the region. Since the greatest
extent of absorption occurs in the intestine, this region will
be used to illustrate mechanisms and barriers to absorp-
tion of biopharmaceuticals.

Anatomical considerations

On the basis of anatomical considerations and physi-
ological activities, the human intestine is divided into two
regions, the small and large intestine. These are further
subdivided into structurally distinct regions as shown in
Table III. The intestine is organized into intestinal folds,
villi and microvilli, which results in a 50,000-fold greater
absorption capacity. The highly convoluted small intestine
is invaginated, resulting in folds which are called plica cir-
culares or Kerckring�s folds. Present on the surface of
these folds are very minute finger-like projections called
macrovilli or villi. Each villi is lined with brush-bordered

(1). Similarly, delivery of macromolecules through trans-
mucosal routes (e.g., buccal and vaginal) is limited due to
the inability of hydrophilic large molecules to penetrate
biological membranes. In all cases, the basic problem is
the impermeability of macromolecular and polar com-
pounds through biomembranes. Since these compounds
do not have an intrinsic permeation profile, an external
pharmacologically inert (nontoxic) excipient can be added
to temporarily increase their permeation. Compounds
which reversibly and specifically or nonspecifically
increase the permeation of drugs via the GI tract are
called (intestinal) permeation enhancers or sorption pro-
moters (SPs). The development of safer and more effec-
tive permeation enhancers is currently an active area of
research and if successful will stimulate oral pharmaceu-
tical technology.

Other approaches for overcoming poor permeation of
orally administered drugs are particulate delivery (lipo-
somes and nanosomes) (5-7), microemulsion and multi-
ple emulsion systems (5, 8), targeting to GI lymph (9) and
receptor-mediated endocytosis systems (10) and bioad-
hesive drug carrier matrices (11). This review will focus
only on the use of SPs for enhancing the oral bioavail-
ability of biopharmaceuticals. Reviews on skin penetra-
tion enhancers have been published elsewhere (12).

This review describes the morphological, anatomical
and biochemical features of the GI tract which are impor-
tant in determining the oral absorption of drugs. Molecular
aspects of biological membranes and cytoarchitecture of
absorptive epithelia are discussed. Different physico-
chemical characteristics influencing the permeation of
drugs through the GI tract are explained with examples.
The problem of poor absorption of macromolecular thera-
peutic agents and consequently the evolution of SPs as
novel excipients is described. SPs are defined and clas-

Table III: The organizational hierarchy of the human intestine (13, 14).

Absorbing
surface area

Region of intestine (m2) Structural features Functional cell types Absorption mechanism

Small Intestine
Duodenum ~0.09 Folds of Kerckring, Absorptive, goblet, Passive diffusion, ion pore transport, active

villi, microvilli endocrine, tuft and transport, pinocytosis, facilitated transport,
M-cells ion pair transport

Jejunum ~60 Folds of Kerckring, Passive diffusion, ion pore transport,
villi, microvilli active transport, pinocytosis, facilitated

transport, ion pair transport

Ileum ~60 Passive diffusion, ion pore transport, active
transport, pinocytosis, facilitated transport,
ion pair transport

Large intestine
Cecum ~0.05 Folds of Kerckring, Absorptive and goblet Passive diffusion, ion pore transport, active

less dense villi, cells transport, pinocytosis
microvilli

Colon (transverse, ~0.25 Passive diffusion, ion pore transport,
ascending, descending) pinocytosis
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zonulae adherens) and a spot desmosome (maculae
adherens). The tight junction forms a continuous concen-
tric belt around the apical pole of epithelial cell. The per-
meation of hydrophilic and macromolecular drug via
the tight junction opening is an active area of research
(20-23).

Another type of intestinal cells important for absorp-
tion of macromolecules are the M-cells which are spe-
cialized epithelial cells of gut-associated lymphoid tissue
that transport antigens from the lumen to the cells of the
immune system. M-cells are present in Peyer�s patches of
the small intestine and are regarded as absorption win-
dows for particulate carriers and macromolecules (6),
although the extent of such absorption is very low and tar-
geting of macromolecules to M-cells for absorption
enhancement is still a controversial topic (6, 10).

Goblet cells are interspersed throughout the absorp-
tive surface of villi and produce mucus which consists of
glycoproteins, electrolytes and water along with suspend-
ed cell debris and microbes (24). For example, the dry
weight of pig intestinal mucus contains the following com-
ponents (in %w/w): mucin (5%), lipids (37%), proteins
(39%), DNA (6%) and some unidentified matter (25). The
highly viscous mucus forms a thin pellicle over the
absorptive cell layer and its primary functions are lubrica-
tion and protection of the underlying layer from harsh
extraneous conditions. Mucus, however, is a major per-
meation barrier for drugs before reaching the actual
absorptive layer due to its high viscosity, binding capabil-
ities and ability to modify the microenvironment (pH and
ionic charge) in proximity to the absorption site.

Absorption barriers 

Different absorption barriers which evolved as a
means of defense for the body against permeation of
xenobiotics upon oral ingestion include, from the mucos-
al side, the unstirred water layer (UWL), thick viscous pel-
licle of mucus, superficial enzymes on apical pole of
absorptive enterocytes, quasistatic biological membrane
and tight junctions (14, 26, 27) as shown in Figure 3.

cuboidal or columnar epithelial cells, as well as sparsely
distributed goblet cells and tuft cells. The small filamen-
tous projections on brush-bordered epithelial cells are
known as microvilli and there can be more then 600
microvilli projecting from each cell (Fig. 2). Although the
small intestine contains different types of epithelial cells,
the absorptive cells are most important in terms of nutri-
ent and drug absorption. The absorptive surface of the
small intestine consists of monolayers of nonkeratinized
brush-bordered columnar epithelial cells supported by
underlying basement membrane and then the connective
tissue lamina propria which consists of fibers scattered on
the aqueous ground matrix. Absorptive epithelial cells are
exposed to a harsh external environment at one side
(luminal) and life-sustaining substratum at the other side.
Exposure of a single cell to distinctly different environ-
mental conditions leads to the intracellular redistribution
of structural and physiological attributes. This adaptation-
al change of different intracellular milieu at two opposite
sides of the cell is called cellular polarization. Thus, the
cell membrane of the absorptive enterocyte facing the
lumen is called the apical pole, whereas the one facing
the basement membrane is called the basolateral
domain.

The apical pole consists of hydrolases (e.g.,
aminopeptidase A) and transport proteins (16). In the
context of oral delivery of macromolecules, the apical
pole acts as the degradation site for proteinaceous and
peptide drugs (17). The basolateral pole is responsible for
the normal housekeeping functions (i.e., cellular metabo-
lism). The cellular polarization of ion channels, pumps
and enzymes together with the difference in apical and
basolateral membrane composition are responsible for
the directional nature of transepithelial transport (18).

The adjoining lateral sides of neighboring absorptive
enterocytes is known as the �junctional complex�. This
structure provides an intercellular sealing zone at the lat-
eral sides of epithelial cells arranged in a monolayer, thus
acting as a major barrier between the GI tract lumen and
the subepithelial extracellular space (19). The junctional
complex is comprised of a tight junction (zonulae occlu-
dens), an intermediate junction (belt desmosomes or
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Fig. 2  Schematic diagram of intestinal epithelial cells. 



Biochemistry of absorptive membrane and tight junctions

The absorptive membrane of the GI tract is a typical
fluid mosaic model (43) and is primarily composed of
lipids and proteins. The lipids provide the basic infra-
structure into which proteins are held. The different chem-
ical constituents of biological membranes are shown in
the Table IV. Membrane lipids occur in biological mem-
branes as a bilayer and are amphiphilic, i.e., their struc-
ture constitutes a polar hydrophilic head and a nonpolar
hydrophobic tail. Due to this property, when dried phos-
pholipids are suspended in water, they produce lipid
bilayers separated by layers of water. When this mixture
is subjected to sonication, formation of lipid vesicles
known as liposomes occurs. These liposomes resemble
naturally occurring biological membranes and hence are
used as models in drug permeability studies (44-46).

The interior of biological membranes is fluid in nature
due to noncovalent hydrophobic interactions of the fatty
acyl chains and with the lipophilic amino acid moieties
of integral proteins (47). This brings a high degree of

The effect of the thickness of UWL adhered to the
mucus layer of the absorptive cell on permeation of drugs
into epithelial cell surface has been reported in in situ and
in vivo studies (28, 29). Experimental data suggest that
the thickness of UWL is not uniform throughout the GI
tract; it is maximally 25 µm at the villous tips and approx.
600 µm at the intervillous aqueous space separating the
lumen from crypts (30). Thus, the major diffusional limita-
tion of UWL is in transport through the intervillous space
(31). The second barrier is mucus which delays drug dif-
fusion but does not abolish it (32-34). In a recent study,
Bjork (25) using native pig intestinal mucus showed that
lipids, rather than mucin glycoproteins, are a major com-
ponent contributing to the reduced diffusion of lipophilic
drugs in the native intestinal mucus. Mucin and DNA pre-
sent in mucus do not react with hydrophilic and lipophilic
low molecular weight drugs. However, these gel forming
and viscosity increasing agents are more significant bar-
riers to the diffusion of macromolecular drugs such as
proteins and peptides (35). CaCo-2 cell lines obtained
from human colon adenocarcinoma, are considered
experimental models of the intestinal epithelium in drug
absorption studies (36-38). Enzymatic assays revealed
the presence of 8 cell surface peptidases on a CaCo-2
cell line (39-41), namely dipeptidyl peptidase IV,
aminopeptidase N, peptidyl dipeptidase A (angiotensin-
converting enzyme), aminopeptidase P, aminopeptidase
W, endopeptidase-24.11, γ-glutamyl transpeptidase and
membrane dipeptidase. Intestinal epithelial cells can
process Phase II metabolic reactions � sulfation and glu-
curonidation. Phenol sulfotransferase isolated from
CaCo-2 cells catalyzed the sulfation of p-nitrophenol, cat-
echolamines (e.g., dopamine) and catecholamine
metabolites (42). The following sections describe the
architecture of biological membranes and tight junctions
and discuss how these models regulate drug absorption.
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Fig. 3. Schematic diagram of different barriers to absorption from GIT. P = paracellular absorption, T = transcellular absorption.

Table IV: Chemical constituents of the biological membranes.

Lipids
Phospholipids

Phosphatidylcholine, phosphatidylethanolamine,
phosphatidylglycerol

Glycolipids
Glycosylceramide, galactocylceramide

Sterols
Cholesterol

Proteins
Intrinsic or internal
Extrinsic or peripheral



inside the membrane (48-50). The permeability of inor-
ganic ions is maximum at Tm of the membrane but
decreases at values above and below Tm (51-53).

The intestinal absorptive biomembrane is rich in gly-
colipids and cholesterol (15, 54, 55). The glycolipids have
a high Tm and hence tend to rigidify GI tract epithelium so
that it can face the harsh conditions of the GI tract.
Cholesterol, on the other hand, moderates this rigidifica-
tion so that an optimum level of fluidity is maintained and
physiological functioning of membrane components is
facilitated. The microvillus membrane is a major physical
barrier to drug absorption (56, 57). This barrier can be
disrupted transiently by SPs which can increase the fluid-
ity of membranes resulting in increased permeation of
impermeable drugs (58-60).

Various experimental techniques have been adopted
to study the motion of lipids and proteins in the membrane
which not only allows one to understand the nature of
membranes but also the influence of membrane pertur-
bants (i.e., SPs) on the membrane at the molecular level
(61, 62). These techniques include fluorescence polariza-
tion (62-66), differential scanning calorimetry (62, 67, 88),
electron spin resonance (69, 70) and nuclear magnetic
resonance (71, 72). 

Three types of junctions exist in the intestinal epitheli-
um: desmosomes (zonulae adherens), tight junctions
(zonulae occludens) and gap junctions (73) (Fig. 5). All of
these differ in structural and functional properties in that
desmosomes hold cells together, tight junctions provide
mechanical strength, cellular polarization and seal inter-
cellular zone to inhibit the passage of small molecules,
and gap junctions allow intercellular transport of low mol-
ecular weight compounds and ions. Of all these junctions,
tight junctions are a major barrier to drug permeation and
will be discussed in detail.

In electron microscopy, tight junctions appear as a
region where membranes of 2 adjoining cells come in
close contact giving rise to complementary templates fit-
ting into each other like finger-like projections (74-76). A
tight junction has a length of approximately 80 nm (77)

flexibility to the internal structure leading to three charac-
teristic types of motion within biomembranes: (i) lateral
diffusion of proteins and lipids traversing along the plane
of membrane (2-dimensional motion); (ii) movement of
individual hydrocarbon acyl chains of fatty acids pro-
duced by rotation about carbon-carbon (-C-C-) bonds (3-
dimensional) in the interior of membrane; and (iii) a shift
from one side of the bilayer to the opposite side which is
referred to as a �flip-flop� movement which occurs less
frequently due to thermodynamic hindrance. 

The lipid bilayer in vitro can exist in a gel (paracrys-
talline) or fluid state. In the case of the gel state, lipids are
packed tightly with a rigid acyl chain at the interior, where-
as, in the fluid state, the fatty acyl chains have increased
motion about their -C-C- bonds and have a more random
configuration. The state of the bilayer depends on the
chemical nature of constituent lipids, the presence of
sterols and temperature. In general, fluidity is favored by
short chain fatty acyl chains and the presence of unsatu-
rated chains with cis double bonds. Both factors reduce
the tight packing of lipid domains in the membrane allow-
ing a less rigid structure to prevail. The sterols (choles-
terol) possess a rigid steroidal nucleus. Insertion of this
rigid nucleus in lipid bilayer prevents intermolecular inter-
actions and highly ordered packing of fatty acid acyl
chains in the gel state, thus favoring the fluid state. When
present in the fluid state, the same rigid structure hinders
flexible movements of fatty acyl chains reducing fluidity of
the core bilayer. Sterols tend to buffer or moderate
extremes of solidity or fluidity in membranes.

One state of the bilayer can be converted to another
by changing the temperature and the characteristic tem-
perature at which this happens is called transition tem-
perature (Tm) of the phospholipid constituting membrane
(Fig. 4). Natural membranes are made up of a wide vari-
ety of lipids and hence, their Tm is not precise but is
spread over a broad range. At body temperature, natural
membranes are maintained above Tm so that they exist in
a fluid state, a property which is essential for physiologi-
cal functioning of carrier proteins and pumps embedded
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Fig. 4. Molecular dynamics in biomembranes. The change in temperature can convert membrane from one state to another. Increase in
membrane disorder or fluidity occurs due to incorporation of sorption promoters (e.g., oleic acid).



Physicochemical characteristics of drugs that
affect membrane permeation

The process of drug absorption is regulated by a vari-
ety of factors which include the physicochemical charac-
teristics of drugs (solubility, polymorphism, pKa), dosage
form design parameters (surface area, disintegration
time, dissolution time, manufacturing variables) and phys-
iological factors (age, gastric emptying, intestinal transit
time, disease state, GI tract contents and metabolism)
(105). In the context of drug permeation through mem-
brane together with physicochemical properties, 3 main
variables are noteworthy, molecular weight, lipophilicity
and conformation of molecule.

As the molecular weight of a drug increases, the
extent of transcellular passive diffusion decreases
because the rate of diffusion of the drug is inversely pro-
portional to the (molecular weight)1/3 and paracellular
uptake is generally limited in CaCo-2 cell monolayers to
molecular weight < 400-500 (106). Mitscher (106) ana-
lyzed the relationship between molecular weight and oral
activity of 286 marketed drugs and their findings are con-
sistent with the above facts and further advance the belief
that values between 500-750, in general, should be con-
sidered the practical upper limit of molecular weight for
orally active compounds.

Lipophilic drugs are transported mainly by the tran-
scellular route and hydrophilic drugs are absorbed
through tight junctions. In both cases, if a drug is very
lipophilic or hydrophilic it shows poor absorption. For a
drug to permeate the membrane, it must be lipophilic so
that it can diffuse through the lipoidal barrier. However, in
order for the drug to be dissolved in the GI tract, it needs
to be adequately hydrophilic. In the best case, a drug
molecule should posses an optimized hydrophilic-
lipophilic balance. The partition coefficient is a good indi-
cator of passive diffusion of drugs (90, 107). For a drug to
be passively absorbed, logP should be between �1 and
+4. However, attraction of positively charged molecules
(e.g., bases with pKa values above physiological pH or

and occludes diffusion of molecules with molecular radii
larger then 11 Angstrom (78). In the case of drugs which
are predominantly absorbed by the paracellular route, the
experimental data suggest that tight junctions at the villi
are smaller and less permeable than those present in
crypts (79). By preventing lateral diffusion of proteins and
lipids, tight junctions bring about cellular polarization and
are accountable for unidirectional absorption of nutrients
and drugs.

To define the composition of tight junctions, two theo-
ries are proposed. One suggests that the tight junction is
the result of fusion of lipid components of adjacent cell
membranes (73, 80). Another view which is more preva-
lent, advocates the multicomponent protein structure as
the building block of tight junctions. Various immunologi-
cal techniques have confirmed the presence of 4 pro-
teinaceous components in tight junctions: ZO-1 (81, 82),
ZO-2 (83, 84), cingulin (85) and 7H6 (86). Recently, two
more proteins have been identified and include a small
GTP binding protein Rab 13 (87) and an uncharacterized
130 kDa protein (ZO-3) (88). Many of the protein subunits
remain to be identified and can probably serve as target
sites for SPs to regulate paracellular channel opening for
macromolecule absorption.

Pathways of drug absorption

In general, there are 2 main routes of absorption, tran-
scellular and paracellular (see Fig. 3). When a drug or
nutrient molecule traverses through the epithelial cell and
reaches the serosal side whereby it is carried away into
the systemic circulation, it has undergone transcellular
absorption. To suit the biological needs of the human
body, diverse types of transcellular absorption have
developed, as shown in Table V. Regional variability for a
particular absorption type in different parts of the GI tract
is observed. Most of hydrophilic and small sized mole-
cules tend to migrate through tight junctions into subep-
ithelial extracelluar space and then into systemic circula-
tion. This is known as paracellular absorption.
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Fig. 5. Different types of cell junctions found in absorptive intestinal epithelial cells.



Miyazaki (113) employed electrostatic interactions
between drugs and biological membranes to predict the
passive diffusion of drugs by considering hydrogen bond
formation and charges on the drugs. Lipinsiki (114), after
studying 2500 entries from USAN and the world drug
index, formulated the popular �rule 5� which asserts that
poor absorption will be observed in agents having more
than 5 hydrogen bond donating functions, 10 hydrogen
bond acceptors, a molecular weight in excess of 500 and
a calculated logP of +5. The drugs which are absorbed by
active uptake mechanisms (polypeptides, quaternary
ammonium salts) were excluded from the study and,
hence, do not follow this rule. 

quaternary amines) towards negatively charged polar
lipids in polar membranes cannot be explained by the
partition coefficient. Similarly, the logP versus the oral
availability relationship often breaks down when structur-
al diversity is introduced (108) or when compounds have
elevated lipophilicity (109). In recent works (90, 110), the-
oretical models are constructed based on the dynamic
polar molecular surface (PSAd) properties which are
responsible for the 3-dimensional shape of the molecule
and its polarity. The major impediment in absorption of
peptides across the CaCo-2 cell monolayers (111) or
across the intestinal wall (112) are water- peptide hydro-
gen bond forming potential and desolvation energy.
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Table V: Various absorption mechanisms in GIT.

Examples of substrates/drugs
Mode of absorption Definition Characteristics absorbed by this mechanism

Transcellular Drug molecule traverses
absorption through epithelial cells and

reaches systemic circulation

Passive diffusion Transport of drug from high No energy expendidure, small mol. wt. Sodium cromolyn (89),
concentration in GIT to low and lipophilic molecules transported foscarnet, atenolol (90),
concentration in blood stream primarily by this route aminopyrine, cardiac

glycosides (91)

Carried-mediated Specialized carrier molecule Transport is structure-specific, prone to
transport complexes with solute, competitive inhibition and saturation,

traverses across the membrane absorption occurs at specific sites in GIT
to other side, dissociates and (absorption window), two subtypes are
discharges solute molecule, active transport and facilitated diffusion
carrier returns to original (92)
position

Active transport Carrier-mediated transport on Transport occurs along and against Niacin, pyridoxin, ascorbic acid,
energy expenditure concentration gradient, can be inhibited 5-fluorouracil (93), 5-bromouracil,

by metabolic poisons like fluorides and enalapril, captopril (94)
cyanides

Facilitated diffusion Carrier-mediated transport Cannot be inhibited by metabolic poisons Vitamin B1, B2, B12
without energy consumption

Ion-pair transport Formation of neutral reversible Complexation with counter-ions gives Paraquat, suxamethonium,
complexes of ionized drugs neutral molecule with high lipophilicity phenothiazines and some
with endogenous ions of GIT and acceptable aqueous solubility. quaternary ammonium
(e.g., mucin) neutral complexes are transported by compounds

passive diffusion (95, 96)

Ion/electrochemical Transport of ionized drugs down Membrane potential affects absorption of
diffusion the electrochemical gradient ions (97-99), cations need high kinetic

energy to permeate via positively 
charged outer surface of membrane

Endocytosis Transport of macromolecules Internalization of particulates Vitamin A, D, E, K, insulin
by incorporation into (phagocytosis) (100) and liquid droplets
membrane vesicles (pinocytosis) in form of vesicles

Receptor-mediated Ligands bind to cell surface Clathrin mediates receptor internalization, Calcitonin, insulin, interferon,
endocytosis and receptors and are subsequently non-clathrin mediated RME is known as prolactin, thryoid hormone,
potocytosis internalized and trafficked potocytosis (10) cholera toxin, IgE (10)

within the cell

Paracellular Absorption through tight juctions Hydrophilic and small mol. wt. (<400- Insulin, cefmetazole,
absorption of epithelial cells 500) drugs are primarily absorbed by bisphosphonates (102),

this route, major route of peptide and ddAVP (103), ranitidine (104)
protein absorption (101)



from the pharmacokinetic point of view. An ideal SP is
one that: (i) reversibly and specifically increases drug per-
meation; (ii) is nontoxic; (iii) is reproducible in absorption
enhancing activity; (iv) has a well-defined mechanism of
action; (v) possesses suitable physicochemical properties
so that it can be easily formulated; and (vi) is easy to
commercially obtain and is cheap and effective in a low to
moderate concentration. SPs are classified in Table VI on
the basis of chemical structure. Recent findings on SPs
are given in Table VII.

Mechanism of action of sorption promoters

The mechanism whereby intestinal absorption of
drugs is improved by SPs is an issue of major importance
because it can be correlated to its toxicity, thus determin-
ing its applicability, reproducibility in activity and dosage
regimen.

Absorption enhancement by the transcellular route

1) Alteration in mucus rheology

The barrier properties of the mucus coat on ab-
sorption by epithelial cells can be reduced by curtailing its
viscosity and tenacity (147). Sodium deoxycholate, sodi-
um taurodeoxycholate, sodium glycocholate and
lysophosphatidylcholine reduce viscosity and elasticity of 

It has long been recognized that conformation of bio-
macromolecules is an important determinant in passive
diffusion (115). However, the extent of and manner to
which conformational change contributes to oral protein
delivery has only been recently investigated (116).
Tertiary structure of the peptide and the protein has been
shown to play a significant role in the in vitro permeation
of various cyclic peptides across a monolayer of CaCo-2
cells (117). Proteins cannot be translocated through a
membrane in a tightly folded state. Using unfolded basic
fibroblast growth factor (bFGF), Johnston demonstrated
that the linear conformation of the macromolecules are
more favorable to absorption than their nonlinear coun-
terparts (118). Partial unfolding of proteins exposes the
hydrophobic portions to the outside making the molecule
more hydrophobic as compared to the native protein but
it can pass through the ordered fluid lipid bilayer with less
resistance (119). Unfolded proteins, however, may be
more labile substrates to enzymatic degradation than
native conformers.

Sorption promoters

SPs or permeation enhancers constitute a diverse
type of compounds that, when coadministered with
drug(s) with an intrinsic poor permeation profile, augment
their permeation and consequently increase their sys-
temic bioavailability. SPs are novel excipients, which
unlike conventional excipients, possess a definite mech-
anism of action on biological system and are important
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Table VI: Classification of sorption promoters according to chemical structure.

Category/Class Examples

Surfactants
Endogenous Bile salts (sodium cholate, sodium deoxycholate)
Exogenous Ionic surfactants (sodium lauryl sulfate, dioctyl sodium sulfosuccinate)

Nonionic surfactants (polyoxyethylene alkyl ethers, polysorbates)

Carboxylic acids and derivatives Fatty acids (sodium laurate, oleic acid, sodium  caprate, sodium caprylate, citric acid)
Salicylates (sodium salicylate, sodium methoxy salicylate)

Glycerides Phospholipids (lysophosphatidylcholine)
Natural oils (hydrogenated castor oil)
Medium chain glycerides
Polyoxyethylene glyceryl esters
Acyl carnitines and cholines (palmitoyl carnitine, lauroyl choline)

Chelating agents EDTA
Bisphosphonates (tiludronate)

Swellable polymers and derivatives N-Trimethyl chitosan, chitosan glutamate, starch, polycarbophil

Effervescent or dissolved gases CO2, NO donors (SNAP, NOR4, NOR1)

Saponins Quillaja saponins (DS-1)

Bacterial toxins Zonula occluden toxin

Cyclodextrins Hydroxypropyl β-cyclodextrin, dimethyl β-cyclodextrin
Drugs Antiinflammatory agents (indomethacin, phenylbutazone)

Immunosuppressive agents (tacrolimus)
Vitamin D and its derivatives

Alkaloids Piperine

Oxidants Hydrogen peroxide
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Table VII: Recent work on permeation enhancers.

Sorption promotor Drug Absorption model Ref.

Chitosan and its derivatives Mannitol Monolayers of CaCo-2 culture cells 120, 121

N-Trimethylchitosan chloride Mannitol, FITC-dextran, Monolayers of CaCo-2 culture cells 122
buserelin

Sodium caprate, Na2EDTA, Insulin In situ loop method in different parts of rat intestine 123
sodium glycocholate

Palmitoyl carnitine Cefoxitin In vitro study in rat intestine and stomach and bioavailability 124
study in dogs

CO2 effervescence Tetracycline, caffeine, In vivo single-pass intestinal perfusion in rabbits 125
diazepam, PEG-400,
PEG-900, mannitol,
benzoic acid

Lipid bile salt mixed micelles Amphotericin B Rat gut perfusion method 126
(sodium taurocholate, oleic
acid, monoolein)

Phospholipids Desmopressin Monolayers of CaCo-2 culture cells 127
(lysophosphatidylcholines) (DDAVP)

Surfactants Phenol red Rat single-pass intestinal perfusion 128
(sodium dodecyl sulphate,
sodium taurocholate,
polysorbate-80, etc.)

Bisphosphonates (tiludronate) Monolayers of CaCo-2 culture cells 129

Soybean phosphatidylcholine Hexarelin Intestinal single-pass perfusion method in rats 130
and medium chain
monoacyl glycerol

Hydroxypropyl β-cyclodextrin, Diphenylhydramine Single-pass perfusion and recirculating perfusion methods 131
dimethyl β-cyclodextrin in rat intestine

Sodium caprate Polysucrose In vitro studies in ileum in Ussing chamber 132

Sodium caprate, sodium Cefmetazole 101
laurate, sodium oleate and
sodium taurocholate

Sodium caprate Cyclic peptide fibrinogen In vitro intestinal perfusion in rat jejunum and 133
antagonist (DMP728) bioavailability in dogs

Semisynthetic quijalla saponin D-decapeptide and Monolayers of CaCo-2 culture cells 134
(DS-1) mannitol

Zonula occludents toxin 135

Vitamin D and derivatives Monolayers of CaCo-2 culture cells 136

Piperine Intestinal everted sacs in rats 137

Hydrogen peroxide Mannitol CaCo-2 and T84 cell monolayers 138

Nitric oxide Mast cell deficient and mast cell replete mice 139

Nitric oxide donors Insulin (suppositories) Bioavailability studies in rabbits after rectal administration 140
(SNAP, NOR1, NOR4)

Sodium salicylate Insulin Bioavailability studies in diabetic rats 141

Sodium glycocholate Insulin Bioavailability studies in rabbits after p.o. administration 142

Hydroxypropyl β-cyclodextrin Insulin zinc Bioavailability studies in rats 143
dimethyl β-cyclodextrin

EDTA, sodium caprate, Monolayers of CaCo-2 culture cells 144
decanoyl carnitine

Oleic acid and sodium oleate Captopril In vitro study in rat jejunum and colon 145

Glyceryl monooleate, Human calcitonin, horse In situ study in rat colon 146
sodium taurocholate radish peroxidase and

PEG-400



ated with the disorder in the membrane�s interior and the
interaction of the incorporated lipid with the polar head
group of phospholipid.

A recent study conducted by Turunen (65) compared
the effect of 5 penetration enhancers (azone, oleic acid,
1-dodecanol, 2-dodecyl [N,N-dimethylamino]isopropi-
onate, dodecyl N,N-dimethyl aminoacetate) on epithelial
lipid domains of the buccal membrane using the fluores-
cence polarization technique. All the enhancers exam-
ined were found to cause disorder in lipids in human buc-
cal epithelial cell membranes. Oleic acid, in particular,
strongly reduced lipid packing in both the hydrophobic
core and the polar head group region of the bilayer.

3) Solubilization of membrane components

Membrane components are liable to be solubilized by
surfactants by a mechanism of micellar solubilization
resulting in perturbation of membranes. Bile salts have a
high capacity for solubilization of phospholipids (159).
They can extract phospholipid from the brush border
membrane resulting in its disruption and loss of barrier
properties. At low concentrations (below critical micelle
concentration or CMC), bile salts penetrate and interca-
late lipid molecules in the bilayer and at high concentra-
tions (above CMC), extensive bile salt-bile salt contact
occurs in the bilayer plane, ultimately resulting in frag-
mentation of the bilayer and formation of mixed micelles.
Cholic acid and ursodeoxycholic acid increased the
release rate of the 6-carboxyfluorescein (6-CF) from egg
phosphatidylcholine liposomes in a concentration-depen-
dent manner, reaching 50% release of 6-CF near CMC
values of surfactants (45).

Swenson (128) studied absorption enhancement
using diverse kinds of surfactants � sodium dodecyl sul-
phate (SDS), sodium taurocholate (TC), sodium tau-
rodeoxycholate (TDC), polysorbate-80 (PS-80) and
nonylphenoxypolyoxyethylene (NP-POE) with an aver-
age polar group size of 10.5 POE units. Their work
demonstrated good correlation between absorption
enhancement of the model drug, phenol red and intesti-
nal wall damage in single-pass intestinal perfusion in rats.
Release of lactate dehydrogenase into the lumen of the
small intestine was observed during a 1-h coperfusion of
phenol red with TC, TDC and NP-POE-10.5. When 1%
SDS was coperfused with phenol red through rat jejunum,
and the perfusate thus obtained subjected to lipid extrac-
tion and thin layer chromatography, the presence of the
membrane lipids phosphatidylcholine, phosphatidyl-
ethanolamine, cardiolipin, cholesterol and monoglycosyl
ceramide, was confirmed in the SDS perfusate. The gly-
colipid monoglycosyl ceramide is a major component of
the apical membrane of intestinal epithelial cells and its
presence in SDS perfusate is positive evidence of disrup-
tion of brush border membrane. Similarly, Erickson (160)
reported damaged villi after perfusion of chenodeoxy-
cholic acid through intestine. Gordon (161) substantiated
evidence for the hypothesis that bile acids penetrate the

mucus in a concentration range of 0.2-20 mM (148). The
effectiveness of bile salts in causing structural breakdown
of mucus is in the order of deoxycholate > taurocholate >
glycocholate (149). Since divalent cations Ca2+ and Mg2+

are important in maintaining mucus layer structure (150),
chelating agents such as N-acyl collagen peptides (151),
bile acids (152) and saponins (151) may alter mucus vis-
cosity and hence permeability of a drug through it.
O�Hagen et al. (153) used N-acetyl-L-cysteine, a potent
mucolytic agent, to increase the nasal bioavailability of
human growth hormone from 7.5% to 12.5% in anes-
thetized rat.

2) Increase in membrane fluidity

The lattice theory of diffusion of small uncharged mol-
ecules through biological membrane states that diffusion
across the membrane can occur by movement of a mole-
cule into vacancies in the lattice structure of the lipid
bilayers. Such vacancies arise from random lateral diffu-
sion of lipid molecules in the bilayer. Conditions which
increase lateral diffusion of lipids and therefore, mem-
brane fluidity, are rises in temperature that result in an
increased rate of diffusion of permeating molecules
(Fig. 3). Muranishi (154) studied the effect of monoglyc-
erides and fatty acids on lecithin bilayers as a model
membrane using 5-nitroxide stearic acid (spin-label).
Membrane disorder was observed by interaction of fatty
acids and structure-membrane disorder relationships
were deduced. Fatty acids with lower melting points
and/or cis-unsaturated bond and short carbon chain fatty
acids were found to be more effective in inducing disorder
in membrane. Flexibility of the acyl chain of fatty acid was
found to be a main determinant of its membrane disorder-
inducing property. Similarly, Karnowsky (155) showed
through a fluorescence polarization technique that the
cis-unsaturated fatty acids disorder the lipid interior while
trans-unsaturated and saturated fatty acids do not alter
the bilayer interior.

Cullis (156) observed that the incorporation of oleic
acid into erythrocyte ghost membranes broadened the
characteristic 31P-NMR spectrum of the bilayer structure
in the absence of Ca2+. The H1-NMR showed that incor-
poration of fatty acids and monoolein into egg phos-
phatidylcholine dispersed in pD 6.5 buffer solution (D2O)
caused the peaks of the phosphate and olefine protons to
disappear and broadened the choline methyl resonance.
These findings reveal an interaction of polar lipids
(monoolein and fatty acids) with lecithin phosphate.
Phase transition temperature of the biomembrane can be
influenced by the nature of the head group (157). Any
alteration in the polar head region can change the state of
the inner hydrocarbon core of a membrane. Higaki (158)
has shown that medium chain glycerides interact with the
polar head regions of lipids in a manner similar to
monoolein as proposed by Muranishi (154). These inves-
tigations suggest that the mechanism of increase in mem-
brane permeability caused by fusogenic lipids is associ-
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effect was localized to the tight junction. Treatment of
CaCo-2 cells with sodium dodecyl sulfate, which causes
50% decrease in the activity of intracellular mitochondrial
dehydrogenase activity and therefore a reduction in ATP
production, resulted in enhancement of epithelial perme-
ability to hydrophilic marker molecules and DDAVP
(vasopressin analog) (171). Madsen (172) showed that
an approximately 50% reduction in ATP levels was
required to increase the permeability of rat ileal mucosa
in vitro.

2) Phospholipase C-mediated tight junction regulation

The cascade of intracellular events occurring with
activation of phospholipase C (PLC) are depicted in
Figure 6. Activated PLC converts phosphatidylinositol-
4,5-bisphosphate (PIP2) into two intracellular mediators,
inositol-1,4,5-triphosphate (IP3) and 1,2-diacylglycerol
(DAG). IP3 induces release of Ca2+ from intracellular
stores, thus increasing the intracellular Ca2+ concentra-
tion, which could result in increased paracellular perme-
ability across the epithelium (173). Excess intracellular
Ca2+ levels bring about the phosphorylation of regulatory
light chain myosin by Ca2+/calmodulin-activated myosin
light chain kinase (MLCK) (174, 175). This causes con-
traction of the cytoskeletal structure adjacent to the tight
junction and adherence junction, resulting in an increase
in paracellular permeability (176, 177). Contraction of this
structure is driven by ATP-dependent interactions of
myosin with actin filaments that form the core structure of
the terminal web (174, 175). Lindmark (178) has shown
that medium chain fatty acids operate by PLC-dependent
IP3/DAG pathways. 

The second product of PIP2 cleavage is DAG, which
activates protein kinase C (PKC) and the release of intra-
cellular Ca2+, which in turn modulates tight junction per-
meability (179). Activation of PKC will increase or
decrease tight junction permeability depending on the
experimental environment (179). In the case of sodium
caprate and sodium laurate, PKC activation downregu-
lates tight junction permeability (178).

3) Contraction of actinomyosin ring 

An actin myosin ring which circumscribes the cell is
present near the tight junction in the cytoplasm of epithe-
lial cells (175) (Fig. 5). This perijunctional ring is intimate-
ly associated with the plasma membrane and can con-
tract, exerting an inward force on the lateral plasma
membrane. Such contractions of the ring pull on the com-
ponents of the tight junctions, inducing separations in the
lateral walls of epithelial cells (176, 180).

4) Chelation of extracellular Ca2+ ions

The integrity of the tight junction depends on extracel-
lular calcium ions (144, 170) which indirectly control

nonpolar interior of membranes before increasing the per-
meability or dissolving the membrane into bile acid/lipid
mixed micelles. Cyclodextrins also act partly by solubi-
lization of cell membrane components (162, 163).
Dimethyl beta-cyclodextrin has multiple effects on epithe-
lium, the primary one being extraction of membrane com-
ponents (cholesterol) (164).

4) Interaction with membrane proteins

Permeation enhancers can act on protein domains
within membranes (165) causing denaturation or even
extraction of proteins. Sodium deoxycholate (0.5%) and
sodium lauryl sulphate (0.1%) increased salicylic acid flux
across rabbit buccal mucosa (166). Differential scanning
calorimetery suggests that these penetration enhancers
affect the protein domain of the tissue. It was proposed
that mode of action is tissue swelling and an increase in
the intercellular space causing uncoiling and extension of
protein helices, thereby opening up the polar pathway.
Nonprotein sulfhydryl groups (-SH) in the membrane are
other potential targets for absorption enhancers like oleic
acid and salicylate. Nishihata (167) showed a decrease in
levels of nonprotein thiols by salicylate-enhanced trans-
port of cefmetazole in the rat intestine.  

5) Ion-pair formation

Lipophilic neutral species or an ion-pair are formed as
a result of the electrostatic attraction between two oppo-
sitely charged species. Lee (147) regards ion-pair forma-
tion between enhancer and the peptide and protein drug
as a method to increase the thermodynamic activity of a
drug. Piperine is a pungent alkaloid present in Piper
nigrum and is shown to enhance the bioavailability of
structurally diverse kinds of drugs (137). It has been sug-
gested that piperine might form an apolar complex with
drugs and modulate membrane dynamics. Zhou (168)
postulated that cholate and its analogs form an ion-pair
with insulin enhancing its nasal absorption and simulta-
neously inhibiting enzymatic degradation. However, the
validity of the ion-pair concept in penetration enhance-
ment needs to be substantiated by more studies.

Absorption enhancement by the paracellular route

1) ATP depletion in absorptive epithelial cells

Several studies suggest that a decrease in intracellu-
lar ATP levels in absorptive epithelial cells increases
paracellular permeability (169, 170). Reversible ATP
depletion achieved by antimycin A treatment induced a
reversible increase in epithelial permeability in the kidney
cell line LLC-PK1. Ruthenium red, which is an electron
dense marker, penetrated the tight junction during ATP
depletion in a time-dependent manner, indicating that the
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reductionist model consisting of CaCo-2 intestinal epithe-
lial cells transfected with the intestinal Na+-glucose
cotransporter, SGLT1. They demonstrated that epithelial
cells are mediators of physiological tight junction regula-
tion subsequent to tight junction-activated SGLT1. The
close relation between tight junction regulation and phos-
phorylation of myosin light chain indicates that a crucial
step in regulation of epithelial tight junctions may be
myosin ATPase-mediated contraction of the perijunction-
al actinomyosin ring and subsequent physical tension on
the tight junction.

6) Recent mechanisms under study

Utoguchi (140) demonstrated an increase in insulin
bioavailability from rectal suppositories using nitric oxide
(NO) released from NO donors like S-nitroso-N-acetyl-DL-
penicillamine (SNAP). Salzman (184) reported the mech-
anism of tight junction dilation by NO using cultured
epithelial monolayers (CaCo-2). They also observed that
the NO donor decreased cellular ATP levels, diminished
staining of junctional actin and widened tight junctions.
Although the actual mechanism remains to be elucidated,
NO probably acts by means of a chemical mediator to
dilate tight junctions. Komatsu (139) reported a correla-
tion between NO synthetase activity in the jejunum of
mast cell-deficient mice with enhanced mucosal perme-
ability.

Robinson (125) studied the mechanistic aspects of
effervescence-induced permeability enhancement by
CO2 bubbling over ileal epithelium mounted on a modified
Ussing diffusion apparatus. CO2 bubbling results in vari-
ous effects which include (i) an alteration in tissue pH gra-
dient; (ii) a buffering effect; (iii) solvent drag due to
increased fluid flow; (iv) thinning or stripping of the mucus
layer; (v) disruption of epithelial barriers; and/or (vi)
increased membrane hydrophobicity. However, more
studies are needed to determine the mode of action of
effervescent preparations.

Toxicity studies on sorption promoters

Historically, excipients have been considered inert
additives. However, this belief is now no longer adequate
particularly with the advent of controlled release and drug
targeting systems (185). Search for nontoxic SPs which
can be used repeatedly for long-term therapy or chronic
therapy is an active area of research. Toxicity data for
SPs is still scarce and needs to be supplemented by
detailed studies on different classes of SPs. An updated
description of the toxicity studies on some of the impor-
tant class of SPs is provided below.

Bile salts

Bile salts are endogenous components of human bile
and help in the solubilization, digestion and absorption of

junctional elements through the cell adhesion molecule,
uvomorulin (L-CAM). Tomita (144) demonstrated that
EDTA depletes Ca2+ in the extracellular space including
the region of the tight junction and activates PKC result-
ing in the expansion of the paracellular route. However,
due to the nonspecificity of calcium chelators, they can
cause global changes in cells with undesirable effects.
Moreover, Ca2+ from gastric contents can bind to chela-
tors and reduce their concentrations below the minimum
required for penetration enhancement.

5) Increase in solvent drag

Glucose and amino acids were found to increase the
diffusion flux of insulin and PEG-400 (181). It was postu-
lated that active sodium transport, stimulated by addition
of glucose, generates the driving force for water absorp-
tion through the paracellular pathway. The increased con-
vective flow (solvent drag) increased the flux of 3
hydrophilic markers. It was shown by morphological and
transepithelial resistance measurements (182) that glu-
cose, alanine and leucine may be responsible for initiat-
ing contraction of the junctional actinomyosin leading to
expanded geometry of the occluding junctions and, con-
sequently, increased permeability. After activation of sodi-
um-glucose cotransport, the permeability of intestinal
tight junctions increases (183). Turner (183) developed a
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Fig. 6. Different intracellular pathways in tight junction regulation.
CaM = calmodulin; PKII = protein kinase II; MLCK = myosin light
chain kinase.



drug. A correlation between permeability enhancement
and damage to intestinal wall was found for this class of
surfactants.

NO induces permeation enhancement in CaCo-2
monolayers without loss of cell viability as confirmed by
intact ultrastructure, unaltered release of the intracellular
enzyme, lactate dehydrogenase and the ability to recover
baseline permeability (140). Takeuchi (195) reported that
unlike aspirin, the NO releasing derivative of aspirin,
NCX-4016 (nitroxybutyl ester of aspirin), had neither a
topical irritating action on the stomach nor exerted a
worsening effect on gastric ulcerogenic response to
stress. Instead it provided gastric protection against
ethanol, retaining the antiinflammatory activity of aspirin
and its cyclooxygenase inhibiting activity. It was suggest-
ed that NCX-4016, probably via NO release, exerted pro-
tective effects that counteracted the potential damaging
effects of cyclooxygenase inhibition.

The effervescent delivery system shown to enhance
absorption also causes stripping of the protective mucus
layer and alters GI physiological processes such as stom-
ach motility and the release of mucosal and gastric secre-
tions (196). The disruptive effect of CO2 could be
reversed within a short period of 20 min. The rapid tissue
restitution on effervescence discontinuation implies that
carbonated drug delivery systems can be safely used
(125) for permeation enhancement. In fact, numerous
marketed products utilizing effervescent technology are
already available (e.g., Alka-Seltzer®) and in clinical use,
implying the safety of their usage as SPs.

Conclusions

Many of the new compounds emerging from the dis-
covery processes based on combinatorial chemistry,
high-throughput screening techniques and developments
in biotechnological sciences have poor permeation pro-
files. This has prompted the search for novel excipients
which would augment drug transport across biological
membranes and aid in attaining minimum therapeutic lev-
els in blood. Many SPs have shown promising results and
many more are emerging due to the active research in
this field. The ease with which these novel excipients can
be incorporated in conventional oral dosage forms, thus
circumventing the need for sophisticated and costly drug
delivery systems of parenteral therapy, have made them
a commercially important alternative.
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