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Introduction: In the area of peptide and protein drug products, interfaces are
present as part of the basic liquid formulation, when freeze-dried formula-
tions are reconstituted and when particulate delivery systems are prepared.
Proteins are known to interact with these interfaces, and the effects seen
are often irreversible adsorption and structural changes.

Areas covered: This review focuses on the ways in which peptides and pro-
teins interact with surfaces and interfaces, and the effect these interactions
have on the stability and safety of the active protein in pharmaceutical
formulations. It illustrates, through examples, what can be determined by
an adsorption study, and what can change when either the protein or the
interfaces are modified. Last but not least, it addresses the value of these
studies. The reader will gain an update on the basics of protein adsorption,
with a focus on pharmaceutically relevant interfaces and recent advances in
the field.

Expert opinion: Protein adsorption is widely studied; however, a more unified
approach is still needed, especially on the adsorption of pharmaceutically
relevant proteins, modified proteins and surfaces.
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1. Introduction

The area of protein adsorption is widely studied, and a vast amount of material on
the subject has been published. The wide variety of focus points range from chro-
matographic purification, pharmaceutical drug products and biotechnological
design of surfaces to the study of basic physical interactions occurring at the inter-
face. The common ground is interest in the behavior of proteins at interfaces and
the effect that interactions with interfaces may have on protein physical stability,
biological activity and immunogenicity.

A basic understanding of protein behavior at interfaces has been covered in
several research and review papers [1-19]. For a pharmaceutical drug product it is
important to consider why the protein molecules prefer to associate with the inter-
face, as the interfacial accumulation driving forces may then be counteracted
through formulation. To understand and prevent protein adsorption, information
on the type of surface, characteristics of the protein and a thorough understanding
of the underlying forces that govern protein adsorption along with an understanding
of the relationship between protein adsorption and the overall protein stability
are necessary.
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A protein encounters different types of interface, namely
hydrophilic, hydrophobic, hard and flexible interfaces, during
its lifetime, and these could all affect its stability and not least
its biological activity [20-24]. The characteristics of the interfa-
ces, such as hydrophilicity/hydrophobicity [25], morphology/
topology [26], roughness [27], flexibility and charge (28], are
some of the many parameters that affect protein stability by
adsorption (Table 1). Effects from modifications of an inter-
face, for example, changing from hydrophilic to hydrophobic
interfaces, can cause the formation of more rigid adsorbed
protein layers [25], reduce protein biological activity [22], or
result in the development of a difference adsorption pat-
tern [29]. Typically, modifications of the interface are intro-
duced to decrease protein adsorption, which can play a part
in making surfaces more biocompatible. Interfaces can be sub-
divided into gas, solid and liquid interfaces, but other more
complex interfaces occur in the many emerging delivery sys-
tems, particulates, implants and devices [30-321. The air-water
and dissolved gas-water interface is encountered in all liquid
formulations, and in this paper it will be referred to as the
air-water interface. The characteristics of the protein are also
important when adsorption is addressed (Table 1), and para-
meters such as size, surface charge, hydrophobicity, Gibbs
free energy of unfolding and shape are important.

The forces driving adsorption of proteins to interfaces are
best characterized for adsorption of proteins from aqueous
solutions to solid surfaces, but the same forces will apply to
other interfaces with the restrictions on flexibility given by
the interface in question. The most important driving forces
are hydrophobic interactions, electrostatic interactions and
protein restructuring, but changes in hydrogen bonding and
van de Waals forces should also be considered [23,33-34]. In
1990, Arai and Norde introduced a division of proteins into
‘hard” or ‘soft’ proteins depending on the proteins’ internal
stability, which subsequently affects their ability to adsorb to
hydrophilic and hydrophobic solid surfaces [4]. ‘Soft’ proteins
have low internal stability and tend to adsorb well on both
hydrophilic and hydrophobic surfaces. Adsorption may lead
to a gain in entropy resulting from a loss of secondary struc-
ture, thereby counteracting the unfavorable effects of hydro-
philic dehydration of the sorbent surface and protein, and
electrostatic interactions. More hydrophobic surfaces induce
larger perturbations in the conformation of an absorbing pro-
tein molecule [4). The adsorption behavior of protein with a
high internal stability (‘hard’ protein) is governed by hydro-
phobic and electrostatic interactions between protein and sor-
bent surfaces. ‘Hard’ proteins adsorb on hydrophobic surfaces
and do not always undergo structural changes on adsorption.
On hydrophilic surfaces, ‘hard’ proteins adsorb only if there
are sufficient favorable electrostatic interactions [4,18,33,35].

Protein adsorption to interfaces is addressed in many
different contexts, and depending on the interface of interest
many different techniques can be used to study protein
adsorption (Table 2). The information obtained in such
studies can be secondary or tertiary structure of the adsorbed

protein, amount adsorbed to the interface, flexibility of the
adsorbed layer, and packing and activity of the adsorbed
protein [22,232529,36-78]. Some resent examples of studies of
protein adsorption in pharmaceutically relevant systems
include the destabilization of lysozyme after exposure to a sil-
icone oil emulsion [31], aggregation of monoclonal antibodies
in the presence of stainless steel (47,791, loss of biological activ-
ity and structure resulting from unfolding at the ice-water
interface created during freeze-drying (80,81] and fibrillation
of insulin induced by micro- or nanoparticulate delivery
systems [32,82].

Understanding of the reversibility of structural changes on
adsorption and desorption is considered to be of primary
interest to determining the significance of adsorption within
a formulation and the potential impact on product shelf-life,
efficacy and safety.

2. Interfaces in pharmaceutical formulations
and delivery systems

2.1 Air-water interfaces

In liquid formulations, a protein will encounter an air-water
interface during storage, and this interface will typically be
greatly influenced by agitation and movement during trans-
port of the pharmaceutical drug products. This exposure to
the air-water interface or the dissolved gas-water interface
may have a detrimental influence on the physical stability of
dissolved protein, and the exposure is intensified with agita-
tion [8384]. An example is fibrillation of insulin, which
increases with extended exposure to the air-water interface
through increased agitation [85,86. Adsorption of a protein
to the air-water interface can be detected by changes in
stability in bulk protein, for example fibrillation or
aggregation (85.86], or properties of the interface, for example
changes in surface tension [57,5887]. Apart from changes in
surface tension, the layer of protein adsorbed at the interface
can be characterized by its packing and physical appearance
and by its rheological properties [57,59-60]. The layer formed
at the air-water interface can also be accompanied by
structural changes of the adsorbed protein. A structural rear-
rangement of lysozyme has been shown with increasing pro-
tein adsorption, from an inidally flat unfolded lysozyme
(mainly containing B-sheet) to a looser second layer (mainly
containing random coil) at an air-water interface (88]. Protein
adsorption also changes the surface pressure, and it is
possible to detect differences between the surface activities of
proteins. For example, it takes longer to reach a surface pres-
sure plateau for lysozyme than for P-lactoglobulin and
bovine serum albumin (BSA) at the air-water interface [58],
which indicates that B-lactoglobulin and BSA are more
surface active than lysozyme.

2.2 Solid-liquid interfaces
Protein and peptide drugs may be exposed to a diversity
of solid-liquid interfaces during purification, production,
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Table 1. Factors that affect protein adsorption.

Protein Size, shape, charge, pl, Gibbs free energy
of unfolding

Solution pH, ionic strength, specific interaction
with excipients

Surface Charge, hydrophobicity, morphology,

roughness, flexibility

Common Temperature, polarity, shear

storage and use, therefore knowledge about the adsorption
behavior of proteins and peptides is crucial in the develop-
ment of stable protein drugs. Since the 1970s, several papers
have described the driving forces for the adsorption and why
proteins adsorb to solid-liquid interfaces [2,3,5-9,11-14,16,17,89].
The behavior of proteins at solid-liquid interfaces will depend
on the entire system, that is, the solution, the surface and the
protein, and numerous studies have addressed the influence of
solution, surface and proteins on adsorption. Some general
features have been established, namely that most proteins
adsorb to hydrophobic surfaces to some extent and that
increased hydrophobicity of either the protein or the surface
will generally increase the amount adsorbed. The extent of
spreading of a protein on a surface is determined by the rate
of protein relaxation relative to its rate of arrival at the sur-
face (8] and is therefore inevitably related to the bulk concen-
tration of protein in solution. It has been proposed that the
surface becomes covered more quickly at higher protein con-
centrations, allowing less time for the molecules to relax at the
surface (8]. However, the understanding of adsorption is not
comprehensive enough to predict the amount of protein
adsorbing at different surfaces, and a unified predictive theory
is still missing, even though the adsorption of proteins
from aqueous solution onto solid surfaces has been studied
extensively for 40 years.

2.2.1 Adsorbed amount at solid surfaces

Several techniques, such as total internal reflection fluores-
cence (TIRF) [38,39.71,90-91], ellipsometry [62.66,921, dual polari-
zation interferometry (DPI) [74], quartz crystal microbalance
(QCM) [27.42.46.621, reflectometry [22,72], surface plasmon reso-
nance (SPR) [55,71,74] and neutron reflection [61], have proved
useful for determining the amount of protein adsorbing per
unit surface area to solid surfaces (Table 2). Some authors
also estimate the number of protein molecules absorbing per
unit surface area from isothermal titration calorimetry (ITC)
measurements by fitting reversible isotherm equations. How-
ever, as pointed out previously by other authors [2], fitting
these models, which assume equilibrium reversible binding,
to experimental data obtained from irreversibly adsorbed pro-
teins does not yield a meaningful result. The estimated
amount of protein adsorbed per unit surface area tends to
depend on the experimental set up, and this should be consid-
ered when adsorbed amounts determined with different
techniques are compared.
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The coverage of a surface may change over time if the pro-
tein is able to move across a surface, or if the protein reorien-
tates at the surface [29,93-94]. Both symmetric and asymmetric
proteins can adsorb with different orientations towards the
surface. However, the amount of an asymmetric protein
absorbing per unit surface area may be affected much more
by changes in the orientation towards the surface than a sym-
metric protein (Figure 1) [29. This reorientation may also
affect the conformation of the adsorbed protein and thereby
the amount of protein adsorbing per unit surface area [10].

The random sequential adsorption (RSA) model for adsorp-
tion describes the irreversible adsorption of objects to a solid
surface, and it assumes that the objects do not overlap and
once adsorbed the objects are immobilized on the surface [9s).
Computer simulations performed to establish the maximum
coverage of a surface using the RSA model for disks in two
dimensions found that the maximum coverage of any flat sur-
face is ~ 55% [96-98]. Experimental determination of surface
coverage is usually based on measurements of the amount
adsorbed form a solution phase, and subsequently correlated
to the total surface area and the molecular dimension of the
protein. The surface coverage also typically changes if the surfa-
ces are rinsed, as this will potentially remove part of the loosely
or reversibly bound protein. The amount of protein adsorbing
to most solid surfaces has been found to correspond to values
around or below monolayer coverage [14,33]. However, adsorp-
tion of protein multilayers has also been reported [68.70,99]. In
one study, the adsorption of six proteins with sizes ranging
from 15 to 341 kDa from aqueous-buffer solution to solid sur-
faces was studied using the solution depletion method. It was
observed that the proteins with a molecular mass < 100 kDa
occupied a single layer at surface saturation corresponding
to ~ 55% surface coverage, whereas the proteins with a molec-
ular mass > 100 kDa adsorbed as multilayers [68]. In another
studied where adsorption of proteins with sizes up to
1000 kDa were studied with the solution depletion method,
it was reported that moles of proteins adsorbing per unit surface
area increased with protein molecular mass in a manner that is
quantitatively inconsistent with the idea that proteins adsorb as
a monolayer covering 55% of the surface. In this paper,
the results indicate that proteins with molecular masses
> 200 kDa adsorbs in multilayers. It should be noted that the
authors in these two papers have looked at protein adsorption
in the bulk phase and they have studied adsorption by the
depletion method in order to avoid removing the bulk solution.
Therefore, data obtained with this technique will differ from
data obtained with techniques such as TIRF, ellipsometry,
SPR, reflectometry and QCM, where the bulk layer is normally
removed after a certain adsorption period in order to remove
what is often called loosely adsorbed proteins. An interesting
question is whether these high adsorbed amounts correspond-
ing to multilayers are related to aggregation. Stainless steel has
been found to induce aggregation of humanized IgG1 anti-
streptavidin [79]. Moreover, it was shown that no exchange
occurred between the adsorbed protein molecules and the
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Table 2. Methods for studying protein adsorption, structure and stability in the presence of interfaces.

Method Information obtained Type of surface Examples can be
found in Ref.

Atomic force microscopy Morphology, displacement Solid, lipid layer [44,66]

Differential scanning calorimetry Stability, unfolding Liquid, particles* [51,54,68]

Dual polarization interferometry Thickness, kinetics Solid, lipid layer [77]

Ellipsometry
Fluorescence spectroscopy

Fourier transform infrared spectroscopy,
circular dichroism, Fourier transform
infrared attenuated total reflectance

Amount, thickness, kinetics, displacement
Tertiary structural changes, possibility of

determining orientation (whether protein is

adsorbed to a solid surface and contains
few Trps)

Secondary structure and in part tertiary
structure

Solid, liquid, lipid layer
Liquid, particles*

Solid, liquid, particles*

[43,46,55,57,65,69]
[50,74]

[26,68,74,78,81]

Isothermal titration calorimetry Amount, kinetics Liquid, particles* [75]
Langmuir trough Packing Air, lipid layer [56,60,76]
Micropipettes Adsorption Liquid, air [52]
Neutron reflection Amount Solid [64]

QCM, QCM with dissipation monitoring ~ Amount, kinetics Solid, lipid layer [45,49,65,72]
Reflectometry Amount, thickness Solid, lipid layer [25,48,75]
Rheology Flexibility of the adsorbed layer, kinetics Liquid, air [39,59,62-63]
SDS-PAGE Amount Solid, particles* [40,70,71,73]
Surface capacitance using electroanalysis  kinetics Liquid, solid [79]

Surface plasmon resonance spectroscopy ~ Amount Solid, lipid layers [47,58,74,77]
Surface tension Adsorption, exchange, kinetics Liquid, air [39,61]

TIRF and TIRF microscopy

Amount, orientation, kinetics, displacement

Solid, lipid layers [41,42,53,67,74,80]

*Particles can be solid, liposomes, polymeric particles, and so on, and there may be some size limitations for the various methods due to scattering

or sedimentation.
QCM: Quartz crystal microbalance; TIRF: Total internal reflection fluorescence.

Figure 1. Schematic of protein adsorption of symmetric and
asymmetric proteins [29]. Both symmetric and asymmetric
proteins can adsorb with different orientations towards the
surface. However, the amount of asymmetric protein
absorbing per unit surface area may be affected much more
by changes in the orientation towards the surface than a
symmetric protein.

Adapted in part with permission from [29].

protein molecules in the bulk solution (79, indicating that
aggregation occurs at subsequent adsorbed protein layers. In
another study, IgG1 was shown to form multilayers at a stain-
less steel surface until large nucleated particles were formed or
until smaller protein-coated particles coagulated [100].

2.2.2 Structural changes in adsorbed proteins and
reversibility of adsorption

An important issue related to protein adsorption at solid-li-
quid interfaces is how the adsorption affects the stability of
the protein. Is the secondary and tertiary structure affected
on adsorption and will this lead to aggregation in the bulk
solution and/or at the surface? Is the adsorption irreversible
when the system is diluted with buffer? Can exchanges occur
between absorbed protein and protein in bulk solution? If
structural changes occur on adsorption, are these structural
changes then reversible on desorption? These are very impor-
tant issues to cover when studying protein adsorption because
they will determine how the physical stability of a protein
solution is affected by adsorption. At the same time, it is an
experimental challenge to address these questions. The effect
of adsorption on secondary and/or tertiary structure and the
overall physical stability of the protein can be studied using
several techniques, such as Fourier transform infrared spec-
troscopy (FTIR), circular dichroism (CD), fluorescence spec-
troscopy, nuclear magnetic resonance (NMR) and differential
scanning calorimetry (DSC) (Table 2).

2.2.2.1 Structural changes on adsorption

After attachment to a surface, a protein molecule will rear-
range to optimize its interaction with the surface. During
this optimization, also called relaxation of the protein, the
protein may expose an increasing number of segments to the
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surface [101], which usually leads to some degree of spreading
of the protein. It is generally accepted that when proteins
adsorb they do so tenaciously, because of the large number
of contact segments. Conformational changes in the protein
are thought to be the cause of the increasing number of con-
tact points, which also leads to protein adsorption models
that do not allow for conformationally changed proteins to
desorb spontaneously [102,103). Surface coverage seems to be
important for the extent of structural change induced on
adsorption. Several CD studies have shown that the extent
of structural change is higher at a low percentage of surface
coverage [89,104-105], where the lower coverage gives the protein
the opportunity for structural changes owing to fewer struc-
tural constraints. In general, proteins undergo more structural
changes on adsorption to hydrophobic surfaces than to hydro-
philic surfaces. The inherent stability of the adsorbed protein
will also influence the extent of structural changes. For exam-
ple, studies on adsorption of the wild type and two synthetic
stability mutants of lysozyme at a hydrophobic silanized silica
surface suggest that a protein of lower structural stability
would more readily undergo a structural change at the inter-
face, all else being equal [106]. Adsorption of recombinant fac-
tor VIII to a hydrophobic silanized silica surface has been
shown to cause changes in tertiary structure, whereas less
structural change was observed on adsorption to negatively
charged hydrophilic surfaces [107]. Conformational changes
in the three proteins BSA, B-lactoglobulin and lysozyme on
adsorption to the hydrophobic chromatographic material
butyl sepharose 4 FF have been studied with total reflectance
Fourier transform infrared (ATR FTIR) spectroscopy. Con-
formational changes occurred in the secondary structure of
BSA and the tertiary structure of B-lactoglobulin, whereas
no changes occurred in lysozyme [108]. The reversible
adsorption of recombinant human platelet-activating factor
acetylhydrolase (thPAF-AH) (pl = 6.7) to hydrophilic silica
particles induced no detectable change in protein secondary/
tertiary structures, but resulted in rapid and extensive aggrega-
tion of thPAF-AH at pH 6.5 [109]. In addition to conforma-
tional changes and aggregation at the surface, adsorption of
proteins to surfaces can induce protein aggregation in bulk,
for example, fibrillation of insulin or myoglobin after expo-
sure to nanoparticles [24,78,82,110], aggregation of antibodies
after exposure to stainless steel, as mentioned above (79, or
changes in the stability of the protein by decreasing AH and
changing T ., [65.78.111].

2.2.2.2 Reversibility of adsorption to solid surfaces

Reversibility of protein adsorption can be subdivided into
reversibility on dilution, changes in solution properties such
as pH and ionic strength and reversibility with regard to
exchange with other proteins in solution. Most proteins
adsorb irreversibly to hydrophobic surfaces with regard to
dilution, whereas proteins adsorb to hydrophilic surfaces,
where the primary driving forces for the adsorption often
are electrostatic interaction, and desorption may occur on
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changes in the ionic strength or pH of the solution [9]. In
pharmaceutical drug products, adsorbed proteins may
undergo homomolecular exchange with proteins from the
bulk solution. Such exchange may occur because the release
can occur gradually, with the newly arrived protein competing
for the sites at the surface [101]. Homomolecular exchange can
be detected indirectly by measuring structural changes in the
protein in the bulk after exposure to sorbent material, whereas
labeling of the protein is needed in order to determine
the exchange directly. A disadvantage with labeling is that
the label itself may influence adsorption and thereby not
represent the actual reversibility of adsorption.

Homomolecular exchange has been observed for BSA
adsorbed to silica, polystyrene or Agl and IL-2 adsorbed to
an infusion pump/catheter tubing system made of borosilicate
glass and silicon rubber (820111, whereas humanized
IgG1 antistreptavidin adsorbed to stainless steel has been
shown not to undergo homomolecular exchange with
protein from the bulk [79. Human albumin and human
fibrinogen have both been shown to undergo homomolecular
exchange after adsorption to glass, whereas no homomole-
cular exchange could be observed after adsorption to polysty-
rene [112]. Furthermore, collagen has been shown to undergo
homomolecular exchange after adsorption to polystyrene,
whereas collagen did not undergo homomolecular exchange
after adsorption to plasma-oxidized polystyrene [113]. These
examples show that homomolecular exchange, like the
adsorption of a protein, depends on both the protein and
the surface. Moreover, homomolecular exchange depends on
the solution.

An interesting question related to the stability of pharma-
ceutical drug products is whether adsorption-induced struc-
tural changes are reversible on homomolecular exchanges.
This question has been addressed in a few studies. Not sur-
prisingly, the reversibility of the structural changes in BSA
has been shown to depend on the surface to which BSA
adsorbed, that is, structural changes induced by a hydrophilic
silica surface were found to be reversible, whereas adsorption
to polystyrene and subsequent desorption caused irreversible
changes in the structure of BSA [8]. The reversibility of struc-
tural changes induced in BSA after adsorption to Agl particles
has been shown to depend on the degree of spreading. At
higher surface coverage the homomolecular exchanged BSA
molecules refolded into the native structure, whereas at
lower surface coverage the homomolecular exchanged BSA
molecules evolved to aggregate through surface-induced

hydrophobic patches [111].

2.3 Liquid-liquid interfaces

Liquid-liquid interfaces are most commonly encountered as
surfaces between oil or organic solvent solutions and water,
for example, in formulations of emulsions and microemul-
sions [114] and in the preparation of drug delivery systems in
which the proteins are entrapped in particles [115-117). Usually,
in the latter case, a water-in-oil emulsion is initially created
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containing the protein in the aqueous phase, as seen in com-
mon methods of preparing liposomes [118], solid lipid [30]
and polymeric [115119-120) micro- and nanoparticles.
Oil-water interfaces are also found in syringes for parenteral
drug delivery, where silicone oil is used as a lubricant, creating
an unintended interface between the oil and the aqueous
formulation [31].

The forces governing adsorption at liquid-liquid interfaces
are similar to those already discussed for solid-liquid interfa-
ces. Consequently, it is not surprising that many proteins
are surface active at liquid-liquid interfaces. This property
has long been exploited in their use as emulsifiers in both
pharmaceutical and food sciences [121]. However, studies on
emulsification properties rarely consider the structural physi-
cal stability of the protein, whereas stability is critical in
protein drug formulation, for example in the preparation of
particulate systems, where the liquid-liquid interface is that
between an aqueous protein solution and a volatile organic
solvent, such as dichloromethane, chloroform or ethyl
acetate [117,122-124]. This liquid-liquid interface might be the
main site of protein destabilization in the preparation of par-
ticulate systems [117,124-127]. In the case of emulsions used as
drug delivery systems, the oil phase is a non-volatile sub-
stance, typically vegetable oil. However, the issue of protein
stability at such interfaces is equally relevant and should still
be assessed.

2.3.1 Structural changes
It is suggested that proteins are more prone to destabilization
at solid hydrophobic surfaces, as compared with solid
hydrophilic surfaces, because of the driving force to expose
hydrophobic amino acids from the protein interior to
the interface (3]. This tendency is also acknowledged for
liquid-liquid interfaces, where it has been observed that
recombinant human growth hormone, ovalbumin, tetanus
toxoid and urease are destabilized more when emulsification
is carried out with the more hydrophobic dichloromethane
compared with the less hydrophobic ethyl acetate [122,128-130].
Moreover, thorough studies using a range of oil substances
found that the stability of Pa-hydroxynitrile lyase and chymo-
trypsin at interfaces decreased as the hydrophobicity of the oil
phase increased [131,132]. However, increased hydrophobicity
of the interface does not necessarily correspond to an increase
of destabilization, sometimes the opposite is in fact the case.
For example, protein C was denatured to a greater extent on
exposure to a water-cthylene acetate interface compared
with water-dichloromethane [133]. On the interface of six dif-
ferent oils, urease and ribonuclease showed no general trend
of destabilization with increase in hydrophobicity, whereas
lipase was destabilized at the most hydrophilic interfaces [132].
Thus, protein adsorption is to be expected at all types of
liquid-liquid interface, and the effect on the native protein
structure must be evaluated in each case.

There is a consensus that the native structure and thus the
biological activity can be retained using the right preparation

parameters [130,134-135]. One approach is to prepare particulate
drug delivery systems with the intention of avoiding oil-water
interfaces, for example to utilize an aqueous dextran solution
containing protein and dispersed in water to form an emul-
sion with water-water interfaces [136,137]. Another approach
is to alter the hydrophobicity of the surface, for example by
using a more polar solvent [130]. However, it remains to be
demonstrated whether a water-water interface generally leads
to less denaturation and, as discussed, less hydrophobic inter-
faces do not always equal higher stability against interfacial
denaturation [132,133]. Other approaches, such as the use of
excipients to modify protein adsorption, are discussed later.

2.3.2 Measurement of protein adsorption and
stability at liquid-liquid interfaces
Adsorption has an effect on the macroscopic properties of
the liquid-liquid interface, such as surface tension, interfacial
theology and surface charge. Such properties are most easily
studied at simple liquid-liquid interfaces, for example, the
horizontal interface between two bulk phases of water and
oil. The advantages of such systems are ease of measurement
and the fact that both the extent and kinetics of adsorption
can be quantified at a well-characterized surface. Protein
adsorption kinetics has, for example, been obtained by follow-
ing the change in surface tension at a pendant drop [36,138], the
complex viscosity using De Noiiy ring method [36] and the
surface capacitance using electroanalysis [76] (Table 2). At sim-
ple liquid-liquid interfaces a clearly visible film at the inter-
face can often be observed when protein adsorption has
occurred. Such a film must therefore also exist at the interface
in an emulsion, influencing the emulsion properties, and this
film can be studied using a micropipette technique [49). It is
also possible to detect directly interactions between the pro-
tein and compounds dissolved in the oil phase using mass
spectrometry [139]. The main disadvantages of studying such
simple interfaces is that only a relatively small total surface
area is examined compared with that present in an emulsion
system, making it unfeasible for concentration depletion
methods and common spectroscopic techniques to be applied.
Physically, the conformational changes in proteins are
much more subtle than macroscopic phenomena, and conse-
quently the measurement techniques required to measure
possible conformational changes are more advanced. The
advantage of a direct measurement in emulsions lies in the
possibility of studying the physical stability of adsorbed pro-
teins 7z situ at the interface. However, the light scattering
properties of emulsions have a strong limiting effect on the
usefulness of spectroscopic techniques in such systems, and
all methods must be evaluated with great care with respect
to this effect. As an example, CD, a popular technique for
evaluating protein conformational changes in solutions, is
not directly applicable in emulsions without proper prepara-
tion of the sample to obtain comparable refractive index
values of the two phases [140]. Manipulation of the refractive
index has been obtained by addition of glycerol or
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polyethylene glycol to the water phase [140]. Another study
measured the adsorption-induced destabilization indirectly
by monitoring the turbidity of the aqueous phase, as it
changes owing to the formation of aggregates [123].
A procedure that circumvents the problems of directly analyz-
ing emulsions is first to generate the emulsion, incorporating
the protein, and subsequently to separate the liquid phases
before measurement of protein structure. However, the phase
separation procedure may itself compromise the protein sta-
bility so that, after separation, the protein is not necessarily
identical to the protein in intact emulsion.

2.4 Biological activity and immunogenicity

Adsorption will lead to loss of proteins from a solution, and
adsorption from solutions of low concentration may lead to
a considerable quantitative loss of the protein and thus
reduced therapeutic effect. One of the often discussed issues
of protein adsorption is whether the protein is active on
adsorption or not. Lipases and enzymes are some of the pro-
teins where this can easily be determined. Reis ez 2/. have dem-
onstrated that lipase activity as a function of interfacial
composition is attributed more to substrate inaccessibility
than to enzyme denaturation or inactivation, as is often
hypothesized [141]. The impact of protein adsorption on the
conformation is strongly related to the reversibility of protein
adsorption and the reversibility of the structural changes.
Desorption of proteins that have undergone irreversible struc-
tural changes or aggregation may lead to considerable loss
of therapeutic effect 1201, and the altered protein may be
immunogenic [142-144].

2.5 Particulate delivery systems for protein drugs
Proteins are exposed to several interfaces during the prepara-
tion of particulate delivery systems. As with other surfaces,
adsorption at these interfaces can have a detrimental effect
on the stability, and may also affect the release of protein
from the delivery system. The choice of materials and exci-
pients and the production method used have a huge influence
on the incorporation efficiency and the stability of the pro-
tein. The physical properties of the particles, for example,
charge, hydrophobicity, morphology, surface roughness, cur-
vature and flexibility, also influence the nature and extent of
protein adsorption (Table 1) [23,145].

2.5.1 Changes in adsorption due to curvature

Changes in curvature (i.e., size of nanoparticles) can influence
the amount of protein adsorbed, the structure of the adsorbed
protein and also the activity of the released protein. For exam-
ple, when lysozyme was adsorbed to silica nanoparticles, a
monolayer was adsorbed on particles with sizes between
20 and 100 nm. The structure of adsorbed lysozyme con-
tained more O-helix compared with lysozyme in solution,
and the content of o-helix was higher for lysozyme adsorbed
to the larger particles [23. On gold particles (used for
diagnostic or drug delivery purposes), the binding constants
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of blood proteins have been reported to increase progressively
with increasing particle size (5 - 60 nm), but no major pertur-
bation of secondary structure was observed [145]. The size of
the protein as well as its flexibility and shape can influence
the adsorbed amount and the structural changes that occur
on adsorption to curved surfaces. For example, the adsorp-
tions of BSA and fibrinogen were compared at silica particles
ranging from 15 to 165 nm [26]. The adsorption trends, that
is, adsorbed amount, were the same for the two proteins;
but whereas BSA became increasingly less ordered on the sur-
faces with low curvature, fibrinogen lost secondary structure
to a greater extent when adsorbed onto particles with a high
surface curvature [26]. At surfaces with a high curvature, small
proteins may be able to interact more with the particle
and thereby induce large structural perturbations, whereas
for larger particles with a lower surface curvature, that is,
more closely resembling a flat surface, the structure that
adsorbs can be more restricted and thus allow for less
structural rearrangement.

2.5.2 Changes in adsorption and physical stability due
to preparation of particles

In the preparation of solid lipid nanoparticles (SLN), poly-
meric particles, lipid microparticles or lipospheres, consider-
able mechanical and thermal stress occurs, in addition to the
generation of numerous interfaces [30,51,115,119]. However, the
structural changes in incorporated proteins differ depending
on the type of particle or incorporation procedure, for exam-
ple, depending on whether protein is incorporated into poly
(lactic-co-glycolic acid) (PLGA) particles, SLN or alginate/
chitosan particles [51,119,146]. When the structure of lysozyme
was compared on incorporation into a water-in-oil emulsion
and SLN, it was shown that although the structure changed
after incorporation into both systems, the changes were not
the same. For lysozyme the same structural changes can be
observed after incorporation in SLN as after mixing of SLN
with protein, which indicates that the thermal stress of
producing SLN did not cause additional structural changes [51].

Interaction between proteins and particulate surfaces may
not only alter the release, but also influence characteristics of
the particle itself, for example, surface charge and morphol-
ogy. Adsorption and incomplete release of an incorporated
protein may not pose a safety issue, as long as the same
amount is adsorbed to the polymer each time and no structur-
ally altered and non-reversible structural changes are induced.
In the case of PLGA microparticles, many have reported
incomplete protein release and an initial burst release due to
surface adsorption. However, by modifying the interaction
between protein and surface, through PEGylation of the pro-
tein [147], this retention of protein in the polymeric particles
could be avoided.

Interaction between phospholipids (e.g., in liposomes) and
proteins is a normal event in the lipid membrane of
cells, therefore these interactions do not necessarily lead to
instability, loss of function or irreversible structural changes.
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However, most cellular or membrane proteins have a different
structure from pharmaceutical proteins. The interaction is
guided by the same forces as for other interfaces, and Zhdanov
and Kasemo have introduced a model to describe the interac-
tion between lipid layers and proteins and provide guidelines
as to when adsorption and desorption can occur [148,149]. The
interaction is based mainly on electrostatic forces, which is
also illustrated through the interaction between BSA and a
lecithin layer [75], where more is bound in the presence of
NaCl than CaCl,.

An example of an alternative preparation procedure that
does not cause structural changes of the incorporated protein
is the preparation of alginate/chitosan particles using non-
organic solvents and gelation for their formation [146].
Another alternative preparation procedure for polymeric
particle is interfacial polymerization, where the particles are
formed to include the protein. An example is poly(alkylcya-
noacrylate) (PACA) particles, where insulin can be incorpo-
rated and released, and which can show in wivo activity
after oral administration [116,150). The activity of protein in
these particles can be compromised by crosslinking the
protein with the polymer monomer, as has been shown for
D-Lys6-GnRH 1511

2.5.3 Adsorption as a mechanism to control protein
release or activity

Adsorption of proteins can be utilized in vaccine delivery as a
way of controlling the release and modifying the antigens’
immunogenicity. For example, 80% adsorption to adjuvants
such as Adju-Phos® or Alhydrogel® is required for approval
according to EMA guidelines, and this adsorption can be
maximized by controlling the phosphate content of the adju-
vant [152]. This adsorption renders proteins such as lysozyme,
ovalbumin and BSA less physically stable, which is expected to
constitute part of the induction of the immune response [153].
For recombinant botulinum neurotoxin (BoNT), the ten-
dency to adsorb to Alhydrogel and aluminum hydroxide
adjuvant salts changes during storage of the formulation, but
with unknown effects on the efficacy of the vaccine [154].
The adsorption of antigen to adjuvants would be expected
to influence the strength of an immune response. Although
most often adsorption of therapeutic protein is not wanted
and constructs are designed to minimize protein adsorption,
it can also be beneficial, for example, for immobilization of
antibodies as part of an ELISA assay, where orientation is
important [155].

The challenge for preparing particulates lies in devising
methods of preparation that do not cause structural changes
(i.e., adsorption or other types of stress), but also in under-
standing what occurs at the interface and adjusting the prepa-
ration procedure and excipients accordingly to minimize
interfacially induced structural changes in the protein. If
problems from protein adsorption are identified, an alterna-
tive method of preparation should be devised, either by
changing the solvents or by altering excipients; or it should

be accepted that adsorption and structural changes occur
and safety actions should be taken accordingly.

3. Effects from modifications of protein,
addition of excipients or modification of the
surfaces

Protein adsorption can be modified by changes in protein
structure, interface characteristics or the addition of a more
surface-active excipient.

3.1 Effects of modification of proteins
Most of the early protein drugs that were approved were
murine monoclonal antibodies or replacements proteins
with amino acid sequences identical to those of native pro-
teins [156]. However, over the last 15 years a second generation
of protein therapeutics, modified by genetic engineering, has
been marketed. These are typically first-generation proteins
with an altered amino acid sequence, or proteins to which
oligosaccharides (glycosylated), polyethylene glycol chains
(PEGylated) or fatty acid (acylated) chains have been
covalently attached. The primary rationale for the second-
generation protein drugs was to improve the proteins’ phar-
macokinetic profile, for example by prolonging the plasma
half-life. Such modifications alter the overall characteristics
of the protein and are therefore likely to affect their adsorp-
tion behavior by steric alteration of their interaction with sur-
faces (Figure 2). As adsorption may alter the overall stability of
the proteins, it is important to establish the influence of
modifications in the structure on protein adsorption behavior.
When the primary structure in a protein is altered, the
Gibbs free energy of unfolding and/or the hydrophobicity
and thus the surface activity may change. Kato and Yutani
illustrated that less physically stable mutants were also the
most surface active, that is, they were rapidly adsorbed
and/or more readily unfolded or otherwise rearranged at
hydrophobic interfaces [157]. In another study, insertions of
Trp-repeats were introduced, and an increased adsorption
was observed as more Trp residues were introduced [158].
These Trp-repeats were also modified to include changes in
charge, where negatively charged repeats did not show adsorp-
tion, whereas extensive adsorption was observed for positively
charged repeats at a hydrophilic surface. At hydrophobic (and
negatively charged) surfaces, the adsorption correlated with
peptide stretch charge, where adsorption was lowest from
the protein with the more negative insert, as shown in the fol-
lowing sequence: (AlaTrpTrpAspPro), < (AlaTrpTrpPro), <
(AlaTrpTrpLysPro), 1159. These examples illustrate that
through alternations in charge and hydrophobicity adsorption
can be manipulated at any surface. Also, special constructs
such as tethered proteins force the protein through their struc-
ture, to orientate at the interface in a predetermined man-
ner [160]. This introduces new knowledge; by identifying
these tethered constructs and potentially incorporating them
into protein structures, adsorbed protein could be forced
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Figure 2. Schematic of protein adsorption. A. Adsorption of
protein modified by attachment of a PEG chain or an acyl
chain may affect the interaction between the protein and
the surface [183]. B. Modification of the surface may affect
the interaction between the protein and the surface and
thereby influence the adsorption.

Adapted in part with permission from [183].

into a predetermined orientation at interfaces [160). This
would indicate that certain kinds of adsorption behavior can
be introduced into proteins. In reality, however, the modifica-
tions introduced into protein structure are for purposes other
than to affect the proteins’ adsorption behavior, as in the case
of the modification of insulin introduced to modify the asso-
ciation behavior and circulation time. When dealing with
these modified proteins it is important to remember that
physical properties, such as adsorption behavior, are likely to
have been altered from the parent protein. The adsorption
pattern of monomeric and hexameric insulin has been studied
at hydrophilic and hydrophobic surfaces. At hydrophobic
surfaces adsorption behavior was the same for both forms,
whereas the monomeric insulin did not adsorb to the hydro-
philic surface and hexameric insulin adsorbed only at high
solution concentrations [161]. The differences in adsorption
of insulin variants were based on association degree [92,161],
that is, changes in hydrophobicity. It would be tempting to
correlate this change in hydrophobicity to the overall stability,
as the hexamer is considered more physically stable than the
monomer, and thereby also correlates increased stability to
decreased adsorption. This may be the case for some proteins,
but not for all. For example, in lipases the polypeptide chain
flexibility appears to influence surface adsorption more
greatly. The more flexible, less stable and less charged lipase
variants adsorb more readily with changes in structure occur-
ring on adsorption to a solid surface, whereas other less flexi-
ble and more stable lipases do not adsorb as readily [69). This
indicates that flexibility and charge in parts of the protein can
influence adsorption more than the overall structural stability.

Examples of the effect that modifications such as glycosyla-
tion, PEGylation and acylation can have on adsorption are
included below. Modifications such as glycosylation also
alter the charge and hydrophobicity of proteins. The effects
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on adsorption to solid surfaces have been compared for a
glycosylated lipase (with zero, one (the wild type) and five
added glycans), and the adsorption to hydrophilic surfaces
depended on the number of glycosylations whereas the
adsorption to hydrophobic surfaces did not (71, meaning
that adsorption depends more on the structure of the inherent
protein and surface than on glycosylation. Glycosylation can
increase the thickness of the adsorbed layer by altering the
packing of the protein at the surface [162], and thereby
alter the possibility of structural changes and reversibility
of adsorption.

One of the modifications in several marketed protein drug
products is PEGylation [163], where a polyethylene glycol
chain is covalently attached to the protein. This attachment
of PEG to a protein alters the overall size and hydrophobicity
of the protein and PEGylation has been shown to decrease
the amount of a given protein that adsorbs to hydrophobic
surfaces (39,72,90]. PEGylation has also been shown to alter
the desorption pattern of lysozyme. For PEGylated lysozyme
it has been shown that addition of the PEG allowed desorp-
tion to occur more readily from solid surfaces than for the
parent non-PEGylated lysozyme [39.90. For glucagon, a
smaller peptide, the introduction of linear or branched PEG
chains was compared. From this study it was shown that a
difference in adsorbed amount between PEGylated glucagon
and non-PEGylated glucagon occurred, but there was no
difference between linear or branched PEG [72].

Another more recent modification used in pharmaceutical
products is acylation, where a fatty acid chain is added result-
ing in a more hydrophobic protein. For acylated insulin, the
association behavior (ability to form hexamer structures) and
the adsorption to hydrophobic surfaces was modified. When
insulin was mainly monomers and dimers, more of the
acylated insulin adsorbed to the surface, but when insulin
and acylated insulin was a mixture of monomer, dimer and
hexamer, no differences were observed [164]. Altering the
hydrophobicity of a protein can also change its surface activ-
ity; the surface activity of IgG increased when it was modified
by covalently binding a C8-C16 fatty acid (87, which will also
influence its adsorption behavior.

These examples of altered adsorption of chemically modi-
fied proteins to surfaces clearly indicate that when changes
are made to a protein structure it is important to consider
the impact on physical properties such as interactions with
interfaces and solid surfaces. The chemical modifications
affect protein surface charge, hydrophobicity and polypeptide
chain flexibility, and these properties have been shown to be
important in the driving forces underlying protein’s physical
interactions with interfaces.

3.2 Use of excipients

Excipients used to prevent or reduce protein adsorption are
either more surface active than the active protein itself (i.e.,
surfactants), which preferentially adsorbs at the interface, or
other proteins are added in excess concentrations to act as
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competitive inhibitors of adsorption, for example, serum
albumin [165,166).

The conventional surfactants used in pharmaceutical prepa-
rations are typically small non-ionic surfactants, and they act
by forming surface-active complexes that occupy the interface
or compete for space at the interface with already adsorbed
protein [19,40,167-170]. It is rarely discussed what mechanism is
desired for preventing protein adsorption to interfaces. The
issues that should be addressed are: whether the surfactant
can displace protein from the interface; whether adsorption
can be prevented; whether surfactant-—protein complexes
are formed in the bulk or at the interface; whether the surfac-
tant-protein complex adsorbs to the interface; and last but
not least whether the protein refolds after displacement. Hence,
experiments are typically set up in different ways depending on
the overall objective of the study. Engel ef 2/ have shown that
bovine ot-lactalbumin can be removed (up to 90%) from a
solid polystyrene surface by addition of CHAPS (3-[(3-chola-
midopropyl)dimethylammonio]-1-propanesulfonate),  and
that desorbed protein refolded to its native form (171].

Displacement of protein from interfaces has been termed
orogenic displacement and it is shown to occur through
nucleation and growth of surfactant-rich domains in the
adsorbed protein layer. This displacement alters the mechan-
ical properties of the protein layer and is found to be indepen-
dent of the type of surfactant, which indicates that binding
between surfactant and protein does not necessarily influence
displacement. For example, non-ionic surfactants (e.g.,
Tweens) are found to displace protein (B-lactoglobulin and
[-casein) at an air-water interface through orogenic displace-
ment, whereas the ionic surfactants appear to influence
protein adsorption through mechanisms dependent on elec-
trostatics [172]. Joshi and co-workers and Mollmann and
co-workers have studied the efficiency of Tween 80 in displac-
ing lysozyme, Factor VIII and insulin from solid or air-water
interfaces, and they all show that Tween 80 was effective
below its critical micelle concentration (CMC), but its effec-
tiveness in preventing/removing adsorbed protein increased
above the CMC [52,64,107,173]. When Tween 80 was added in
high concentration to insulin before adsorption, adsorption
was prevented, which could indicate that Tween 80 either
adsorbs to the surface to sterically inhibit protein adsorption
or that a complex was formed between Tween 80 and the pro-
tein in the bulk solution that is less surface active and remains
in solution [64].

At the oil-water or organic-water interface generated dur-
ing the formation of particulate systems, surfactants are used
either to displace protein or even to prevent it from adsorbing.
For example, adding bulky surface-active excipients to the
aqueous phase, which strongly adsorb to the interface and ste-
rically block access to the interface, has been shown to dimin-
ish structural changes of the incorporated protein [40,48,174-175].
Also, in the preparation of PLGA particulate systems,
surfactant concentration and type can be optimized to
increase encapsulation and insulin release [176,177), most

probably through modification of the adsorption to the inter-
face. Another strategy to prevent interfacial protein adsorp-
tion during PLGA particle preparation is to make it more
favorable for the protein to stay in the solution by changing
the internal aqueous solution solvent properties, for example,
by addition of cyclodextrins [125,134), Tweens or other
excipients, such as trehalose, sucrose and mannitol [122,130].
Often, the detergency of surfactants is compared based on
their concentration, that is, critical micelle concentration.
However, this comparison may not be directly correlated to
its efficacy in preventing adsorption unless the CMC is deter-
mined in the exact system as the presence of protein will alter
the CMC [178]. The results still show a dependency of concen-
tration, with concentrations below CMC rarely being very
efficient at displacing proteins from interfaces; but in con-
junction with free protein or complex formation it can be
enough to prevent adsorption, even below the CMC.

3.3 Modification of the surface

A sorbent surface (and especially the solid) can be modified to
make it more biocompatible, anti-fouling or non-fouling, or
merely to decrease its potential for protein adsorption. Exam-
ples of modified surfaces that are less prone to protein adsorp-
tion are surfaces coated with a thin layer of hydrophilic
polymers or modified by PEGylation [179-181]. These surface
modifications alter the interaction between the surface and
the protein by sterically hindering or altering the interaction
(Figure 2) [181-183]. Some surfaces are specifically designed as
anti-fouling surfaces, where the surface is able to resist protein
adsorption [182,184]. The biocompatibility of surfaces is often
tested by determining the competitive adsorption between
plasma proteins, for example, ubiquitin, human serum albu-
min, prothrombin, IgG and fibrinogen at solid interfaces [37),
where a well-designed biocompatible surface controls
adsorption of protein [185].

4. Expert opinion

Protein drugs encounter interfaces during purification of the
protein drug, preparation of the drug product, processing
into delivery systems, storage and use. As protein adsorption
is related to the stability, efficacy and safety of the drug prod-
uct, protein adsorption must be evaluated during formulation
of a drug product. It is especially important to study whether
the secondary and tertiary structures are affected on adsorp-
tion, whether the adsorption is irreversible, whether exchange
can occur between absorbed protein and protein in bulk solu-
tion, whether structural changes occur on adsorption and, if
they do, whether these structural changes are then reversible
on desorption, and finally whether aggregation can be
initiated at the surface.

Protein adsorption has been studied comprehensively
over recent years and a lot of new information has been
obtained. However, it is difficult to link the knowledge
obtained about adsorption of individual proteins to
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general knowledge about pharmaceutically relevant protein
adsorption. It is desirable to be able to predict the adsorption
of a protein in a given system, but also to be able to predict
the impact protein adsorption in a certain system would
have on protein stability, efficacy and immunogenicity. More-
over, as more antibodies are entering clinical trials [186], it
would be desirable to be able to predict these effects for large
proteins as well.

Meanwhile, a comprehensive protein adsorption theory is
still missing; the complexity of proteins, interfaces and deliv-
ery systems keeps increasing. In the pharmaceutical field, the
focus for future protein adsorption studies should be on
effects of modification of the protein backbone and attach-
ment of PEG, acyl chains or glycan moieties, and on the com-
position of the variety of delivery systems where effects from
adsorption is one of the issues that is often not addressed.
Also, the effect of modifications of substrates with the aim
of reducing adsorption and minimizing structural changes
on adsorption or biocompatibility of implantable devices
should be in focus. An example of recent advances of interest
is the design of bio-inspired surfaces in nanodevices, where
the activity of a protein is retained even after immobilization
on a surface [187). This could be especially interesting in the
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