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ABSTRACT

This review considers basic aspects of the interfacial adsorption of polymers and
surfactants, with particular reference to the relevance of these processes for the
formulation of pharmaceutical disperse systems. First, we discuss different ap-
proaches to the interpretation of adsorption isotherms, paying particular attention
to systems containing more than one adsorbate. Second, we consider the implica-
tions of adsorption for the properties of suspensions, emulsions, and colloidal sys-
tems, particularly as regards the use of polymers and surfactants for stabilizing
disperse systems, for controlling flocculation, and for modifying the biopharmaceuti-
cal behavior of colloidal drug carriers. Finally, we present a number of representa-
tive examples of the importance of adsorption of macromolecules in pharmaceutical
systems.

INTRODUCTION

Polymers and surfactants are very commonly included
in emulsion, suspension, and colloidal system dosage
forms (1–3), generally with the aim of obtaining thick-
ening or wetting effects. However, these components
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may have other effects, whether independently or as a
consequence of interactions with other components (4,5),
these effects being mostly due to electrostatic, steric,
electrosteric, or depletion mechanisms. The tendency of
polymers and surfactants to adsorb at interfaces is of
great importance to these mechanisms (6) and to the in
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vivo properties of colloidal pharmaceutical systems (7).
As a result, the characterization of adsorption processes
and adsorption films merits special attention. In what fol-
lows, we review basic aspects of interfacial adsorption
in aqueous media, with particular regard to additives of
this type and to implications for the properties of suspen-
sions, colloidal dispersions, and emulsions of pharmaceu-
tical interest. We stress the importance of taking these
phenomena into account when optimizing dosage forms
of these types.

INTERFACIAL ADSORPTION

General Considerations

Adsorption from solution can be seen as the result of
competition between solvent and solute molecules for
binding sites at an adsorbent surface. Such binding may
be due to chemical or, more frequently, physical interac-
tions. In general, adsorption involves London dispersion
forces and forces due to specific interactions, mostly elec-
trostatic (8).

Qualitative predictions about the adsorption of mole-
cules in solution to solid surfaces are usually based on
the following simple rules (9):

1. The quantity adsorbed is inversely proportional to
the solubility of the adsorbate in the liquid phase
(Lundelius rule).

2. In the absence of specific interactions between ad-
sorbent and adsorbate, adsorption is poor.

3. The quantity adsorbed is proportional to the
strength of the adsorbent-solute interaction and
inversely proportional to the strength of the sol-
vent-solute interaction.

4. In accordance with rules (2) and (3), and consider-
ing otherwise homologous systems, the amount
adsorbed will vary in predictable fashion.

Adsorption of an adsorbate is typically a slower pro-
cess than diffusion of that adsorbate in its solvent; this
is due to cracks and pores in the adsorbing solid and to
desorption and electrostatic repulsion. Furthermore, in-
terfacial adsorption requires reordering of the molecules
of adsorbate, which is of particular relevance when the
adsorbate is a polymer. The affinity of the solvent for the
adsorbate likewise influences the rate of adsorption, so
that variables like pH, temperature, and the concentration
of ions or other solutes may have an effect (6).

The characterization of adsorption processes, and the
identification of the nature of the interactions involved,
is usually based on the analysis of the corresponding ad-

Figure 1. Giles et al.’s classification of adsorption iso-
therms (10).

sorption isotherms. Figure 1 illustrates the classification
of adsorption isotherms proposed by Giles et al. (10).
Type L isotherms indicate the existence of nonspecific
interactions between solute molecules and the adsorbent
interface. Within this group, the most characteristic are
L2-type isotherms, in which the flat region corresponds
to the formation of a monolayer (i.e., adsorption reaches
a saturation level). Nevertheless, adsorbate-adsorbate in-
teractions may permit the formation of a multilayer film,
giving L3-type isotherms.

Type L2 isotherms are typically described (11) by the
Langmuir equation

Γ 5 Γ∞ ⋅ c
c 1 (1/a)

or by the Freundlich equation

Γ 5 k ⋅ c1/n

where Γ is the amount of solute adsorbed per unit surface
at equilibrium concentration c of the solute in the solvent,
Γ∞ is the amount of solute necessary to form a complete
monolayer, and a (adsorption activity), k, and n are con-
stants.

The theoretical model underlying the Langmuir equa-
tion assumes that the solute is absorbed on a uniform sur-
face, and that solute-solvent interactions (both at the adsorp-
tion interface and in the liquid phase) are negligible. By
contrast, the Freundlich equation assumes that the adsor-
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bent interface comprises a series of binding sites with
exponentially distributed adsorption potentials (12): The
values of the constants k and n depend on this distribution
and provide information about (a) the amounts of solute
necessary to saturate the adsorption monolayer and (b)
the affinity of the solute by the adsorbent (13). It should
be stressed that both equations are applicable only to di-
lute solutions and only describe monolayer adsorption.

Type S isotherms are sigmoid in shape. The most fre-
quent are S2 isotherms, which indicate that adsorption
occurs by two mechanisms until saturation (i.e., the flat
region) is reached (14,15). These isotherms are not well
described by the Langmuir or Freundlich equations. Ta-
mamushi and Tamaki (16) proposed the use of a Brun-
nauer-Emmett-Teller (BET) type expression:

Γ 5
Γ∞

(c∞ 2 c){1 1 (k 2 1) ⋅ c/c∞}

where c is the concentration of the solute at equilibrium,
c∞ is the concentration of the solute at saturation, and k
is a constant.

By comparison with type L isotherms, type H iso-
therms (see Fig. 1) reflect higher affinity of the solute
molecules for the adsorbent surface, generally as a result
of chemical interactions (13).

Finally, a type G isotherm indicates that the solute dis-
tributes in constant proportion between the solution phase
and the adsorbent surface.

Adsorption of Surfactants

The interpretation of surfactant adsorption is particu-
larly complex since surfactant molecules may adopt vari-
ous conformations in solution and may form various
types of aggregate (15,17,18). In aqueous medium, the
situation is made even more complex by the possibilities
of ions being adsorbed to the interface (thus altering in-
terface charge) and of ionization of the surfactant itself.
The pH and ionic strength of aqueous media are thus of
key importance, as has been demonstrated in numerous
studies with various surfactants and adsorbents (19–24).

The nature of the adsorbent is likewise a key determi-
nant of the adsorption process and of the characteristics
of the adsorption film (25,26). If the adsorbent is apolar,
adsorption is generally due to nonspecific interactions be-
tween surfactant hydrophobic groups and the adsorbent,
giving rise to an adsorbate monolayer. In such cases, type
L isotherms well fitted by the Langmuir equation are ob-
tained (27–32). If the adsorbent is hydrophilic and the
surfactant is ionic, adsorption is generally due to specific
electrostatic interactions (33). If the adsorbent is hydro-

philic and the surfactant is nonionic, a key role is typi-
cally played by donor-acceptor interactions between sur-
factant polar groups and the adsorbent surface, with
hydrogen bonding being particularly frequent (34,35). In
such cases, the formation of a monolayer film of surfac-
tant molecules will make the adsorbent surface hy-
drophobic in character. If surfactant concentration in-
creases sufficiently, an adsorption bilayer will form as a
result of hydrophobic interactions between the nonpolar
portions of adsorbed and nonadsorbed surfactant mole-
cules, so that the surface recovers its hydrophilic char-
acter (36–38). Systems of this type give rise to type S
isotherms (15,39). These considerations explain why ad-
sorption processes involving surfactants are strongly de-
pendent on their hydrophile-lipophile balance (40–42).

The role played in the adsorption of surfactants by
ionic groups of the adsorbent has been detailed by Con-
nor and Ottewill (43) in a study of the adsorption of hexa-
decyltrimethylammonium bromide by polystyrene parti-
cles (uncharged) and polystyrene latex particles (which
bear carboxyl and hydroxyl groups at their surface). Ad-
sorption to polystyrene was fitted by the Langmuir equa-
tion, whereas adsorption to polystyrene latex showed S-
type isotherms as a result of electrostatic interactions and
the consequent formation of an adsorption bilayer. De-
noyel and Rouquerol (15) obtained similar results in a
study of the adsorption of sodium octylbenzenesulfonate
by alumina particles with different surface charges: A re-
duction in pH reduced the surface charge of the adsor-
bents and led to clear changes in the shape of the ad-
sorption isotherms. Finally, Tiberg (44) observed the
formation of bilayer films in a study of the adsorption by
hydrophilic silica surfaces of various polyethyleneglycol
monoalkyl ethers, all of which gave monolayer films
when the adsorbent surface was hydrophobic.

The addition of electrolytes may have a marked influ-
ence on adsorption due to effects on the charge of the
adsorbent surface (20,23). Furthermore, since the critical
micelle concentration (CMC) of the surfactant generally
declines as electrolyte concentration increases (15), and
since the CMC typically coincides with the adsorption–
film saturation concentration, the addition of electrolytes
can be expected to lead to a reduction in saturation con-
centration (20).

Zhu and Gu (45) proposed the use of the following
equation for interpreting adsorption isotherms (including
type L and type S isotherms) when the adsorbate is a
surfactant:

Γ 5 Γ∞ ⋅

k1c ⋅ 11
n

1 k2cn212
1 1 k1c ⋅ (1 1 k2cn21)
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where k1 and k2 are the equilibrium constants for the first
and second steps of the adsorption process, respectively,
and n is the aggregation number of surface aggregates.

Adsorption of Polymers

Adsorption of polymers is typically due largely to hy-
drophobic interactions, though electrostatic interactions
may be very important in cases in which the polymer
and the adsorbent bear groups with opposite charge
(3,6,26,46,47). In general terms, the adsorption of poly-
mers accords with the rules previously outlined; how-
ever, the polymeric nature of these substances means that
a number of other considerations must be taken into ac-
count (6).

First, the adsorption of a large linear polymer mole-
cule is due to binding of particular sites; the remainder
of the chain projects into the aqueous phase as tails or
loops. The structure of the adsorption film varies as a
function of the inherent variability in the conformation
of the polymer molecules themselves and is dependent
on the quantity of polymer adsorbed. At low coverage,
the adsorbed layer is thin, and the polymer chains form
‘‘trains’’ at the surface; at high coverage, the more hydro-
philic groups of the chain project into the aqueous phase
to form tails and/or loops, and the adsorbed layer is
thicker as a result of steric repulsion between these
groups (48,49).

Second, the energies of the individual interactions be-
tween sites on the chain and the adsorbent surface are
small, typically about 1 kT (5); since numerous sites on
the chain are typically involved, however, the process
tends to be irreversible (50).

Third, molecules of the same polymer but of different
molecular weights may desorb at different rates. Thus,
although lower molecular weight molecules tend to ad-
sorb more rapidly, they tend to be replaced by higher
molecular weight molecules, which desorb less rap-
idly (6).

Fourth, the characteristics of the medium and/or the
polymer may occasionally be such as to encourage the
formation of multilayer adsorption films. Such behavior
has been reported in the adsorption of polyvinyl alcohol
to various substrates (51,52) and of cellulose ethers to
polystyrene latex and ibuprofen (53) and to pyrantel
pamoate (32). In all cases, the formation of multimolec-
ular films was inferred in view of deviations from the
Langmuir model at high adsorbate concentrations.

Fifth, the adsorption of polymers is typically slow be-
cause of their high molecular weight and consequent
slow rate of diffusion in the solvent. In view of this effect,

Hsia, Shively, and Kildsig (54) have proposed an equa-
tion for predicting the rate of adsorption of polymers:

V 5 Kc ⋅ (1 2 θ)

where K is the adsorption constant, c is the concentration
of polymer in the medium, and θ is the proportion of
adsorption sites occupied. In practice, interpretation of
adsorption kinetics tends to be difficult since individual
polymer molecules often adsorb to more than one site
and since adsorbed molecules often interfere with access
to unoccupied adsorption sites (48).

Recently, Kislenko et al. (55) developed a mathemati-
cal model of the kinetics of adsorption of polymeric sub-
stances to porous surfaces. Such surfaces are a source of
additional complications. Equilibrium adsorption con-
stants and adsorption and desorption rate constants de-
rived from this model reflect the tendency of smaller
molecules to be replaced by larger molecules at the ad-
sorption surface. Furthermore, the model allows predic-
tion of the maximum quantity of polymer that can be
adsorbed per unit surface area.

The adsorption of macromolecules from dilute solu-
tions can also be analyzed with the aid of the SFE model
developed by Simha, Frisch, and Eirich (56):

θ
1 2 θ

exp(2K1θ) 5 (Kc)1/v

where θ is the proportion of the surface covered by ad-
sorbed segments at concentration c, v is the mean number
of segments adsorbed per polymer molecule, and K and
K1 are constants. This model allows the proportion of the
surface covered to be related to an index of chain flexi-
bility f, thus providing information on the configuration
adopted by the adsorbed molecules by means of the ex-
pression

v 5 f (0.5nv2)

where n is the total number of segments in the chain.
The influence of chain structure on adsorption has

been investigated in a number of experimental studies.
Vaslin-Reiman, Lafuma, and Audebert (46) evaluated the
relationship between the amount of an acrylamine/vinyl-
imidazol copolymer adsorbed to silica particles and the
proportion of vinylimidazol segments (i.e., the segments
responsible for adsorption) in the chain. Van der Linden,
Leermakers, and Fleer (57) found a clear relationship be-
tween the adsorption of different copolymers and the ri-
gidity of their chains.

Duro et al. (32) compared the adsorption to pyrantel
pamoate of two varieties of hydroxypropylmethylcellu-
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lose and two varieties of sodium carboxymethylcellulose
and found considerable differences in amount adsorbed
and in the structure of the adsorbed layer. The differences
in adsorption are partially attributable to the high aqueous
solubility, and thus low affinity for solid surfaces, of so-
dium carboxymethylcellulose. This polymer attaches to
particle surfaces via one end of its chain, so that the thick-
ness of the adsorption film is approximately the same as
the length of a free molecule in solution. On the basis of
the application of the SFE model to experimental data,
this behavior has been attributed to the marked rigidity
of carboxymethylcellulose molecules in medium of low
ionic strength (56). In contrast, hydroxypropylmethylcel-
lulose has more flexible chains and binds to solid surfaces
at various points, giving rise to tails and loops that extend
into the medium.

The following equation, derived from the model of
Perkell and Ullman (58), is very useful for predicting
(within a homologous series of polymers) the maximum
amount of polymer adsorbed on the basis of its molecular
weight M:

log(Γmax) 5 log K 1 α ⋅ log M

where K and α are constants related to the conforma-
tion adopted by the polymers at the adsorption inter-
face. Experimental results obtained with cellulose ethers
and polyvinylpyrrolidone meet the predictions of this
model (32,53,56).

Finally, studies performed with various types of poly-
mer have demonstrated the influence of pH on adsorp-
tion. This is attributable to the effects of this variable
on the charge of both polymers and adsorption sur-
faces (59,60).

Adsorption in Complex Systems

In view of the above discussion, the interpretation of
adsorption processes requires consideration of solute-
adsorbent interactions, solute-solvent interactions, and
solute-solute interactions. The effects of the introduction
of a new component into the system will thus depend on
effects on these interactions.

A number of studies have shown that the adsorption
of a given surfactant may be affected by the presence of
another surfactant (61). In some cases, the adsorption of
the surfactant may be reduced by addition of a second
surfactant of similar characteristics (62,63). In other
cases, a surfactant that otherwise shows negligible ad-
sorption may be induced to adsorb by the addition of a
second surfactant (33,64). Of particular interest are the
results obtained by Somasundaran and Huang (65) in a

study of the adsorption to alumina of binary mixtures of
ionic and nonionic surfactants. The adsorption behavior
of surfactants in these mixtures was dependent on their
concentration ratio; in some cases, the same two surfac-
tants showed competitive or synergistic adsorption de-
pending on their absolute and relative concentrations.

Polymer-surfactant interactions are particularly rele-
vant since pharmaceutical disperse systems often contain
components of both types. Many studies have demon-
strated association between polymer chains and molecu-
lar aggregates of surfactants, often giving rise to marked
changes in system properties (5,66,67).

A number of theoretical models have been proposed
for the characterization of polymer-surfactant interac-
tions in aqueous solution (see Ref. 5). Smith and Muller’s
(68) model considers each polymer molecule in the sys-
tem to be comprised of a certain number of independent
segments, each with mass Ms. Each segment may interact
with n anions derived from the ionization of surfactant
molecules. For the polyoxyethylene-(sodium dodecyl
sulfate) system considered by these authors in the devel-
opment of their model, they found n to be about 15; this
is considerably lower than the about 100 molecules typi-
cally present in surfactant micelles, and the authors con-
sequently denominated these aggregates hemimicelles.

Shirahama’s (69) model permits estimation of the de-
gree of association between a polymer and a surfactant
using the following Langmuir-type expression:

θ 5
Kcn

1 1 cn

where n is the number of surfactant molecules forming
part of the complex, c is the concentration of the surfac-
tant, and K is a constant.

Finally, Nagarajan (70) has developed a more com-
plex model that considers surfactant present as free mole-
cules, as micelles, and as part of polymer-surfactant com-
plexes. On the basis of kinetic analysis of the competitive
processes of complexation and micelle formation, this
model permits prediction of whether or not complexation
will occur.

The degree of interaction is dependent on the nature
and structure of the surfactant and the polymer (5,21,
67,71,72). In the case of polymers, the results of a num-
ber of studies have indicated that molecular weight is of
key importance, and that—in the absence of ionization—
interactions occur through their hydrophobic segments.
Polymers typically interact most strongly with anionic
surfactants, and the propensity with which an anionic sur-
factant interacts with polymers is related to the length of
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its alkyl chains (5,71). Cationic and nonionic surfactants
tend to interact less strongly with polymers (73,74). Fi-
nally, if the two members of the pair are both ionic, ag-
gregation may be impeded or facilitated by mutually re-
pulsive or attractive electrostatic interactions (5,6,75).

The presence of polymers thus often has marked ef-
fects on the adsorption of surfactants, and vice versa, as
a result of interactions in solution and of the typically
reduced adsorption of polymer-surfactant aggregates.
The most common outcome is that polymer adsorption is
reduced (67,76–80). Sometimes, however, the surfactant
may cause marked increases in the amount of polymer
adsorbed as a result of the formation of polymer-surfac-
tant aggregates at the adsorption surface (81).

Otsuka et al. (82) studied the adsorption of poly(vinyl-
pyrrolidone) to silica particles of different hydrophilici-
ties in the presence of various anionic surfactants. At low
surfactant concentrations, they found that adsorption of
the polymer was enhanced, particularly when the ad-
sorbate was highly hydrophilic. At high surfactant con-
centrations, in contrast, adsorption was clearly impeded.

PHARMACEUTICAL IMPLICATIONS
OF INTERFACIAL ADSORPTION

The effects of inclusion of polymers and surfac-
tants (particularly polymeric surfactants) on the physical
stability of disperse systems are very closely related
to the adsorption processes these components undergo.
Whether or not a given adsorption process will provoke
stabilization or flocculation depends on the nature, struc-
ture, and concentration of the additive(s), together with
the characteristics of the adsorbent and the liquid phase.
In addition, the modification of the surface properties of
colloidal particles by polymer or surfactant adsorption
can change their biopharmaceutical behavior, which is a
very interesting application of these phenomena. Detailed
aspects related to these are discussed below.

Interfacial Adsorption and Steric
Stabilization

Steric stabilization of a suspension is due to the forma-
tion of a film of adsorbed polymer molecules at the sur-
face of the suspended particles; the nonadsorbed chains
of these molecules extend into the liquid phase, hindering
the approach of other particles and thus impeding aggre-
gate formation (4).

For steric stabilization to be effective, adsorption thus
must occur in such a way as to cover most of the adsorp-
tion surface with polymer, creating an adsorption film

that is thick enough to counteract the forces of attraction
between particles. Table 1 summarizes some studies of
steric stabilization of suspensions, emulsions, and col-
loidal systems.

Suitable polymers thus must have sufficiently low wa-
ter solubility to ensure effectively irreversible adsorption.
At the same time, the nonadsorbed part of the chain must
be sufficiently hydrophilic to extend into the liquid phase
(99). As a result, amphipatic block copolymers (formed
from homopolymers of different hydrosolubilities) are
particularly effective (3,86,100,101). Other polymers
(such as cellulose ethers, which have both hydrophilic
and hydrophobic sections) interact with binding sites on
the adsorption surface and at the same time show accept-
able hydrosolubility (3,32,53,84,85,87,102). Finally, cer-
tain polymeric nonionic surfactants have also been re-
ported to induce steric stabilization (31,83,88).

Flocculation can be induced in sterically stabilized
systems by altering the affinity of the polymer for the
liquid phase, which can be done by changing the tempera-
ture, pressure, or composition of the liquid phase (4). The
level of the modified variable at which flocculation oc-
curs is called the critical flocculation point. When two
particles collide as a result of Brownian movement, a
change occurs in the Gibbs free energy ∆GF, the magni-
tude of this change being equivalent to the energy associ-
ated with the flocculation process, which is in turn the
difference between the enthalpy component ∆HF and the
entropy component T∆SF:

∆GF 5 ∆HF 2 T∆SF

If the system is to remain stable, ∆GF therefore must
be positive. This can be achieved by modifying the en-
tropy component, the enthalpy component, or both com-
ponents, giving rise to a three-way classification of steric
stabilization processes (entropic, enthalpic, and com-
bined entropic-enthalpic). The three types of process can
be distinguished on the basis of the system’s response to
changes in temperature (4).

Steric stabilization due to the inclusion of more than
one polymer in the system, known as heterosteric stabili-
zation, is often particularly effective.

Stabilization is sometimes achieved by a combination
of steric stabilization effects and electrostatic effects. The
latter arise as a result of a net charge on the adsorbent
surface that is not masked by the adsorption film and/or
as the charge on the adsorbate molecules themselves
(when these are ionic in nature). Stabilization of this type
is referred to as electrosteric stabilization (4,103). The
underlying mechanisms are complex as a result of effects
of the charges on the conformation adopted by the macro-
molecules at the interface and in view of the effects of
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Table 1

Studies of the Use of Interfacial Adsorption of Polymers and Surfactants for the Steric Stabilization
of Suspensions, Emulsions, and Colloidal Systems

System Type Adsorbent Adsorbate Ref. No.

Suspension Aluminum hydroxide Hydroxypropyl cellulose 85
Polyvinyl alcohol–polyvinyl acetate copolymer 85

Carbon black Ethylene oxide surfactants 88
Diloxanide furoate Polyvinylalcohol 52
Ibuprofen Hydroxypropylcellulose 53, 84

Hydroxypropylmethylcellulose 53, 84
Mebendazol Hydroxypropylmethylcellulose 1 polysorbate 80 87

Sodium carboxymethyl cellulose 1 polysorbate 80 87
Mica Polymethyl methacrylate-polyethylene oxide copolymers 86
Polystyrene latex Hydroxypropylcellulose 53, 84

Hydroxypropylmethylcellulose 53, 84
Polymethyl methacrylate–polyethylene oxide copolymers 86
Polyoxyethylenic surfactants 83
Polyvinylalcohol 52

Pyrantel pamoate Hydroxypropylmethylcellulose 32
Hydroxypropylmethylcellulose 1 polysorbate 80 67
Polysorbate 80 31
Sodium carboxymethylcellulose 32
Sodium carboxymethylcellulose 1 polysorbate 80 67

Emulsion Isoparaffinic oil Polymethyl methacrylate–polyethylene oxide copolymer 90
Polymethyl methacrylate–polyethylene oxide copolymer 1 90

sodium dodecyl sulfate
Sodium dedecyl sulfate 90

Linoleic acid Cholesteryl-bearing pullulan 89
Trioctanoylglycerol Cholesteryl-bearing pullulan 89

Liposomes Dipalmitoylphosphatidylcholine Chondroitin sulfate 95
Methacryloyloxyalkyl phosphorylcholine 94

Monopalmitin Polyvinylpyrrolidone 93
Phosphatidylcholine Chitosan 92

Polyethylene oxide–polypropylene oxide copolymers 91
Nanoparticles Poly(ε-caprolactone) Poloxamer 96

Polyethyleneglycol 2000 96
Polyvinyl alcohol 96

Poly-2-iso-bucyanoacrylate, Poloxamer 96
poly(lactic acid) Polyethyleneglycol 2000 96

Polyvinyl alcohol 96
Poly(lactic acid-co-glycolic Poloxamer 96

acid) Polyethyleneglycol 2000 96
Polyethyleneglycol-dextran conjugates 98
Polyvinylalcohol 96

Polyorganophosphazenes Polyethylene oxide derivates of polyorganophosphazenes 97
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Table 2

Studies of the Use of Interfacial Adsorption or Polymers and Surfactants for the Bridging Flocculation
of Suspensions and Emulsions

System Type Adsorbent Adsorbate Ref. No.

Suspension Apatite Polyacrylic acid 107
Polyethylene oxide 108

Cellulose (fibers) Cationic polyacrylamide 109
Poly(dialyldimethyl-ammonium chloride) 109

Cellulose (microcrystalline) Cationic polyacrylamide 109
Poly(dialyldimethyl-ammonium chloride) 109

Polystyrene Bovine serum albumin 110
Polystyrene latex Polyacrylamide 111

Polyelectrolytes 112
Trimethylaminoethyl methacrylate 113

Silica Amylopectin 113
Amylose 113
Octylphenol polyoxyethylene 114
Polyacrylamide 115
Polyethylene oxide 116

Emulsion Peanut oil Sodium caseinate 117
n-Tetradecane-bovine serum albumin Carrageenan 118

Dextran sulfate 119

the adsorption film on the characteristics of the double
layer (104). The effects of polyelectrolytes on the stabil-
ity of disperse systems must generally be explained in
terms of both types of mechanism; in certain extreme sit-
uations, however, one may clearly predominate. Specifi-
cally, if ionic strength is low and the electrolyte is
strongly ionized, electrostatic effects predominate, while
when ionic strength is high and the electrolyte is weakly
ionized, steric effects are more important (4,105).

Generally, steric stabilization is very useful for im-
proving the physical stability of pharmaceutical suspen-
sions and emulsions (31,32,53,106). Electrostatic stabili-
zation is less commonly useful because its efficacy is
relatively sensitive to electrolytes (4), which are com-
monly present in preparations of this type.

Interfacial Adsorption and Bridging
Flocculation

One approach to the preparation of pharmaceutical
disperse systems, as discussed in the previous section,
is to prevent flocculation. Alternatively, it may be more
practical to induce flocculation in such a way that the
sediment can subsequently be resuspended by shaking
(i.e., caking is avoided). One way of achieving such con-
trolled flocculation is by the addition of polymers; once

again, interfacial adsorption has important implications
(Table 2).

Flocculation can be induced by the addition of low
concentrations of certain polymers, generally of high mo-
lecular weight (4,116,120). When the particle concentra-
tion is high and the system is subjected to shaking, the
polymer concentration range over which flocculation oc-
curs is considerably extended (112,121). In such systems,
flocculation is induced by the binding of different seg-
ments of the same polymer molecule to more than one
particle, a phenomenon known as bridging (122). For a
polymer to act in this way, it is necessary for the nonad-
sorbed chains or loops to extend into the medium for a
distance greater than the minimum approach distance be-
tween particles (i.e., the distance beyond which electro-
static repulsion is negligible) (4).

The structure of the floccules formed in this way de-
pends on numerous factors, including the energy of the
polymer-particle interaction (123), the relationship be-
tween polymer concentration and particle concentration
(124,125), the intensity of agitation (111,126), and the
surface charge of the particles (110). However, the most
important factor is the relationship between particle size
and the molecular weight of the polymer; indeed, the
length of the trailing polymer chains is largely dependent
on this relationship (116). In this regard, three situations
may arise (127):
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Table 3

Studies of the Use of the Steric Effects of Interfacial Adsorption of Polymers and Surfactants to Change Biopharmaceutical
Behavior of Colloidal Drug Carriers

System Type Adsorbent Adsorbate Ref. No.

Microspheres Polyethylene oxide–polystyrene copolymer Methoxy polyethylene oxide 131
Polyethylene oxide–polypropylene oxide 131

copolymer
Polystyrene Methoxy polyethylene oxide 131

Perfluoroalkylated phosphocholine 132
Poloxamer 133, 134
Poloxamine 133, 134
Polyethylene glycol phosphates 132
Polyethylene oxide–polypropylene oxide 131

copolymer
Polystyrene latex Poloxamer 135

Poloxamine 135
Liposomes Bovine hemoglobin-loaded liposomes Carboxymethyl chitin 136

Liposomally encapsulated bactericides Positively charged stearylamine 137
Phosphatidylinositol hemoglobin-loaded Polyethylene glycol phosphatidylethanolamine 138

liposomes
Nanoparticles Polymethylmethacrylate Antarox DM 970 139

Klucel EF 139
Poloxamer 140
Poloxamine 139, 140
Polysorbate 140

Polystyrene Poloxamer 141
Polystyrene latex Pluronic 142

Poloxamer 143
Tetronic 142

Polyorganophosphazenes Polyethylene oxide derivates of polyorgano- 97
phosphazenes

1. The particles are much larger than the polymer
molecules so that each polymer molecule adsorbs
to only one particle.

2. The polymer chains are much larger than the par-
ticles so that several particles adsorb to each
chain, forming multiparticle aggregates.

3. The particles and the polymer molecules are of
similar size so that either of the above outcomes
may result.

As a result, and in view of the characteristic size of
polymer chains, flocculation is most readily achieved in
systems with particles smaller than 50 µm in diameter.
Flocculation of larger particles is hindered by the lower
particle-polymer collision velocities, so that polymers do
not adsorb. Furthermore, and since the interparticle bonds
are weak, the floccules break up easily. In systems of this
type, however, it is possible to induce bridging floccula-
tion using high molecular weight polymers. Moudgil,

Behl, and Prakash (107), for example, obtained floccula-
tion of suspensions of apatite particles with diameter in
excess of 100 µm using polyacrylic acid. If the polymer
behaves like a surfactant, the micellar structures that form
at the particle surface may play an important role in floc-
cule formation (114).

Of the numerous polymers useful as flocculating
agents, the most effective are typically high molecular
weight polyelectrolytes, in view of the high charge den-
sity of their chains, which means that they tend to extend
into the medium (4). If the polyelectrolyte molecules and
the particle surface have opposite charges, flocculation
may also be favored by charge neutralization; indeed,
this may sometimes be the most important mechanism
(113,128). The presence of ions in the medium has im-
portant effects on polyelectrolyte-induced flocculation.
The compression of the double layer occurring as a result
of the high ionic strength means that the molecular
weight that the polymer must have in order to be an effec-
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tive flocculating agent is reduced, even if its chains do not
extend as far into the medium under such conditions (4).

Finally, as with steric stabilization, the efficacy of
bridging flocculation may be improved by using more
than one polymer (109,113,129).

Modification of the Surface and
Biopharmaceutical Properties of Colloidal
Drug Carriers

In recent years, the growing importance of liposomes
and nanoparticle systems has created a further interest
in so-called steric effects, not only for stabilization (91–
97,130), but also as a means of controlling biophar-
maceutical behavior (7) Table 3 lists some studies in
this area. Specifically, interfacial adsorption of surfac-
tants or polymers has been reported to be effective for
(a) targeting and improving the efficacy of liposomes
as carriers of drugs (144–146), (b) improving interac-
tion between vaccines included in poly(dl-lactide-co-
glycolide)-based microparticles and the corresponding
binding sites in the target tissue (98), and (c) modifying
interaction with blood components and organ distribution
and reducing destruction by the mononuclear phagocyte
system of liposomes and nanoparticles. In this field, the
study of the phagocytosis of polystyrene latex particles,
modified by the adsorption of poloxamer block copoly-
mers, by human granulocytes (143) suggested that the
hydrophilicity of the coating film is very important in
determining the protective effect. So, this effect was
found to increase with increasing length of the polyeth-
ylene oxide or polypropylene oxide chains. Other studies
made with various nanoparticle systems coated with dif-
ferent surfactants and polymers are in accordance with
this fact and conclude that it is possible to obtain informa-
tion about the distribution of the drug carriers in the body
by means of the study of the physicochemical properties,
especially hydrophilicity, of the surface-modified parti-
cles (139–141).
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Pacheco, A. Concheiro, and C. Souto, Eur. J. Pharm.
Biopharm., 45, 181–188 (1998).

33. L. Huang and P. Somasundaran, Colloids Surf., A, 117,
235–244 (1996).

34. B. Li and E. Ruckenstein, Langmuir, 12, 5052–5063
(1996).

35. A. Fan, P. Somasundaran, and N. J. Turro, Langmuir,
13, 506–510 (1997).

36. H. Rupprecht, Prog. Colloid Polym. Sci., 65, 29–44
(1978).

37. T. Nakamura and J. K. Thomas, Langmuir, 3, 234–239
(1987).

38. K. Meguro, T. Adachi, R. Fukunishi, and K. Esumi,
Langmuir, 4, 1160–1162 (1988).
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