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Abstract: Monoclonal antibodies (mAbs) are an important class of biotherapeutics; as of 2020,
dozens are commercialized medicines, over a hundred are in clinical trials, and many more are in
preclinical developmental stages. Therapeutic mAbs are sequence modified from the wild type
IgG isoforms to varying extents and can have different intrinsic structural stability. For chronic
treatments in particular, high concentration (≥ 100 mg/mL) aqueous formulations are often preferred
for at-home administration with a syringe-based device. MAbs, like any globular protein, are
amphiphilic and readily adsorb to interfaces, potentially causing structural deformation and even
unfolding. Desorption of structurally perturbed mAbs is often hypothesized to promote aggregation,
potentially leading to the formation of subvisible particles and visible precipitates. Since mAbs
are exposed to numerous interfaces during biomanufacturing, storage and administration, many
studies have examined mAb adsorption to different interfaces under various mitigation strategies.
This review examines recent published literature focusing on adsorption of bioengineered mAbs
under well-defined solution and surface conditions. The focus of this review is on understanding
adsorption features driven by distinct antibody domains and on recent advances in establishing model
interfaces suitable for high resolution surface measurements. Our summary highlights the need to
further understand the relationship between mAb interfacial adsorption and desorption, solution
aggregation, and product instability during fill-finish, transport, storage and administration.

Keywords: mAbs; surface adsorption; co-adsorption; antibody; structural unfolding; self-assembly;
surfactant; neutron reflection

1. Why is Studying Monoclonal Antibody Adsorption Important?

Biopharmaceuticals are highly versatile and over the past ten years or so, bioengineered proteins,
especially monoclonal antibodies (mAbs), have emerged as important drugs in treating several
major disease areas, including immune checkpoint inhibitors (immuno-oncology) and treatments for
chronic diseases [1]. The industrial process to produce therapeutic mAbs can remove aggregation
and other impurities during the downstream process but problems can be encountered when there
are incompatibilities with interfaces during fill-finish, transportation, storage and administration.
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Interactions with interfaces can result in denaturation of the antibody and potential sub-visible particle
formation [2–6]. The design of mAbs rarely involves considerations for the effects of interfacial
adsorption, to this end, products can sometimes face delays when incompatibilities between mAb and
interfaces result in internal specification failures. Such failures can result in product batches being
discarded, which is expensive and can delay important treatments to market. Studying mAb adsorption
at interfaces where incompatibilities are detrimental to production could provide an insight in what is
triggering unwanted aggregation, and this knowledge could be used to guide how therapeutics are
formulated/designed to help prevent batch failures caused by material incompatibilities and related
project delays.

The therapeutic protein market has been steadily gaining traction [7] and in 2017 the global
therapeutic monoclonal antibody (mAb) market was worth approximately USD 108 billion with an
expected generated revenue by the end of 2023 around USD 219 billion [8]. The majority of current
mAb therapeutics are derived from natural IgG1 proteins, with sequence modifications in Fab or Fc or
both. In spite of extensive efforts made in their development, there is no assurance about their stability
under different stages of production and application. Lack of structural stability can cause a range of
issues as mAbs at high concentrations (> 100 mg/mL) tend to aggregate, triggering the growth of larger
aggregates and possible precipitates. Protein adsorption and desorption constitutes a crucial step that
may induce structural instability and promote aggregate nucleation and growth mechanisms. Given
the fast expansion in the development of protein drugs, a good way to reduce risk when developing
products is by considering adsorption before challenges emerge in late stage development. Following
the strict rules imposed by regulatory filing and review, a protein drug must remain stable over its
stated lifetime, contain no more than 6000 sub-visible particles ≥ 10 µm, 600 sub-visible particles
≥25 µm per container, as well as harbour practically no visible particulates [9].

This review aims to inform the reader about how mAb adsorption occurs and how this process
may be relevant to therapeutic mAb production based on recent studies. A general introduction to
the topic will be provided, followed by a description of key spectroscopic and imaging techniques
used to examine protein adsorption. The impact of different interfacial adsorption processes will
be discussed in the context of industrial bioprocessing and exemplified by recent studies of mAb
adsorption at air/water, solid/water and oil/water interfaces. With regard to high resolution interfacial
measurement, the focus will be on neutron reflection, a technique that can provide accurate depth and
composition measurements at Ångstrom level, thereby allowing inference about the physical states of
the adsorbed mAb molecules. An outlook to future developments in interfacial science as applied to
proteins will finally be provided.

2. Biopharmaceutical Production

This section will introduce the stages in producing biopharmaceuticals and highlight when
interfacial adsorption can become problematic.

2.1. Upstream Process

Initially, in biopharmaceutical production, a stock culture is prepared with cells able to produce
recombinant mAb. After optimizing parameters such as temperature, pH and the type of process,
large scale bioreactors are used to acquire large quantities of the desired mAb. Separation of mAbs as
target proteins from the rest of cell masses can be achieved by precipitation, centrifugation and porous
membrane filtration. Most porous membranes used in different types of filtration are fabricated from
polymeric materials, with pore sizes ranging from micro to nanometre range. Separation is largely
based on effective pore sizes. Interactions between mAb and pore surface via entropic, hydrophobic
and electrostatic effects influence how a given mAb adsorbs and how adsorbed mAb layer inside
the pore surface mediates mAb permeation and subsequent blockage or filter fouling [10].
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2.2. Downstream Process

At the present stage, mAb purification is often carried out by different forms of liquid
chromatography wherein the clarified cell media is first passed through a packed porous resin
derivatized by protein A to capture the Fc, followed by orthogonal purification processes utilizing
different protein surface charge (mAbs typically have a pI > 7.5) to further remove host cell protein
and a final polishing step [11–14]. Like porous membrane separation, these column based separations
also expose the mAb to very high surface areas that are potentially destabilizing as a consequence
of adsorption/desorption. Viral clearance is required to reduce the risk of known, or unknown, viral
contaminants. There are several methods used to achieve this including low pH treatments, detergent
inactivation viral filtration as well as viral clearance steps such as protein A chromatography [10,15].

Highly purified proteins are often unstable in solution because they have been removed from
their native environments (e.g., serum or cytosol) which supported their native structures. In addition,
many mAbs are engineered, containing large segments of artificially designed sequences (e.g., scFv)
that may not form well folded structures. Formulation is a process that improves mAb stability by
adding buffer/salt ions, amino acids, polyols and non-ionic surfactants [16]. The mAb drug substance
will be filled into bulk plastic containers and may be frozen for long term storage.

2.3. Fill/Finish

The drug substance is shipped to the fill site and thawed if it was frozen. The drug substance is
generally temperature equilibrated, pooled, mixed and sterile-filtered before being filled into glass
vials, pre-filled syringes or related devices with a target shelf-life of greater than 18 months. Adsorption
and desorption at solid/water and air/water interface can negatively impact product quality.

Shaking and shearing of a liquid product in transit are inevitable and will cause the mAb to
be adsorbed/desorbed at the expanding/contracting air/liquid interface, respectively, also potentially
leading to aggregation in solution [17]. Thus, apart from adsorption and desorption onto different
substrate surfaces, the process at the air/water interface can also underline mAb stability.

Finally, it is useful to comment on primary containers. As parenteral administration is often
necessary, tremendous effort has been put on improving administrative efficiency, reliability and
convenience. The development of prefilled syringes helps overcome the lack of convenience, accuracy
and some safety concerns that come with traditional parenteral administration. The interfaces present
in prefilled syringes are presented in Figure 1. There can also be residual tungsten from the tip forming
process. The syringe needle is generally stainless steel and many syringe barrels are made of glass
or plastics (polyolefins). To ensure suitable break loose and glide forces, prefilled syringe plunger
heads and the syringe barrel are often coated in silicone oil for lubrication. This approach has been
incorporated into the formal surface preparation protocols for vial stoppers and syringes used for mAb
storage and administration.
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Figure 1. An illustration of a basic syringe system with a stainless steel needle, a glass barrel and
lubricated rubber plunger.

For products administered in the clinic, closed system transfer devices and IV bags can pose
further challenges with regards to product-surface incompatibilities. Correct formulation of the final
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mAb product in aqueous solution is important to prevent-product adsorption and sub-visible or visible
particle formation [18–20].

3. Introduction to Proteins, Monoclonal Antibodies and Adsorption

Proteins are polymers of amino acids that fold into well-defined local constructs such as helical
strands, sheets and turns and three-dimensional (3D) structures. Structural folds are complex but
proteins in their native states usually have well-defined 3D, or tertiary, structures with hydrophobic
amino acids buried inside and polar and charged amino acids projected outside. Because of
the anisotropic distribution of charged, polar, and apolar groups, some parts of a protein’s surface are
more hydrophobic than other parts. These amphiphilic molecules spontaneously adsorb when exposed
to interfaces. Fouling of surgical equipment, spoiling of contact lenses and contamination in food
process plants [21–27] represent examples where protein adsorption imposes burden to technological
processes. On the other hand, protein adsorption can be beneficial as well as hindering. For example,
fabrication of functional proteins onto detection surfaces of sensors and surfaces of implants is crucial
in ensuring product reliability. Various technical processes must be deployed to either promote
protein adsorption where desired or inhibit protein adsorption where undesired, but in all cases,
the instability of proteins, often induced by adsorption/desorption processes, causes complications and
adds uncertainty in either removing fouled proteins in the former or sustaining in protein bioactivities
in the latter. IgG antibodies are proteins that provide the body immunity agaist pathogens. They are
comprised of 4 peptide chains and come in 4 sub classes with differences lying in their location and
number of interchain-disulphide bonds and their main role in the body is to initiate phagocytosis.
Initiated mechanisms include complement-dependant cytotoxicity (CDC), antibody-dependent cellular
cytoxicity (ADCC) and receptor blocking. CDC can spontaneously identify pathogens, the classical
pathway is initiated by the binding of the antibody Fc to C1q protein. This results in a membrane
attack complex and target cell lysis [28]. ADCC is a cell mediated immune respose whereby a target
cell is activly lysed. Antibodies bind to antigens on the target cell surface, then most commonly
a natrual killer cell’s Fc receptor (CD16) will bind to the Fc region of the antibody resulting in lysing
of the unwanted cell [29]. Blocking antibodies prevents other antibodies from binding to an antigen.
One such mAb, Ipilimumab, works by reducing the down regulation of the immune sytsem, thereby
activating the immune system [30].

3.1. Structure of Bioengineered IgG mAbs

Development of bioengineered mAbs has enabled a biotherapeutic market to emerge, here will be
discussed the structure of an example IgG1 commonly studied. It is important to note that protein
crystalline structure is significant to the study of protein behaviour and can be acquired by X-Ray
Diffraction (XRD) [31], cryo-electron microscopy (cyro-EM) [32] and nuclear magnetic resonance
(NMR) [33].

A model bioengineered mAb that has been extensively studied is designated as COE-3. It is
very similar to the humanized IgG1k 1HZH whose crystalline structure has been determined with
high resolution [34] and the side view, front view and bottom view are shown in Figure 2a, with
the approximate dimensions of 45 × 90 × 180 Å. The full-length human IgG1κ has the molecular weight
of 145,560 Da (assuming average glycans) and an isoelectric point (pI) of 8.44. The molecule contains
several regions: Two Fab (fragment antigen-binding) and one Fc (fragment crystallizable), linked
together by a disulphide hinge, as schematically shown in Figure 2b. The Fc of COE-3 has the same
sequence as IgG1κ but its Fab region has only ≈75% sequence identity to the wild type [35]. One Fc and
two Fab fragments can be obtained from one COE-3 molecule through papain digestion (enzymatic
cleavage) by cutting the hinge as illustrated in Figure 2b; this enables us to examine the adsorption
behaviour of the individual domains. The free Fc and Fab segments can be separated and purified
from the digestion product by chromatography (protein A affinity capture followed by ion exchange)
and then buffer exchanged and concentrated by ultrafiltration. Bioengineered mAbs do not have to be
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confined to the same domain architecture and therefore their molecular weights deviate from wild
type antibodies. Depending on design principles, mAbs may be engineered with additional single
chain variable fragment (scFv) to impart bispecific functionality [36]. In the context of this review, we
will focus on mAbs with molecular weights close to the wild type IgG1.
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Figure 2. (a) Molecular model of COE-3 taking after the native human IgG1κ. Side view, front view and
bottom view projected from the space filled IgG1κ model. (b) The schematic depiction of the molecule,
its key domains and the cleavage of the hinge to produce Fab and Fc fragments via papain digestion.

3.2. Main Techniques Used for Studying mAb Adsorption

The underpinning molecular events involved in mAb adsorption and desorption are complex and
not yet fully predictable. A number of physical and analytical techniques have been developed to gain
information about different interactions related to adsorption processes directly and indirectly [37].
Imaging techniques such as scanning electron microscopy (SEM) and atomic force microscopy (AFM)
are used to study the patterns of adsorbed mAb molecules at the solid/liquid interface. A series
of spectroscopic techniques, based on both optical and neutrons as well as X-rays, have been well
developed to probe the adsorbed mAb layer, investigating the layer thickness, layer structure and
the secondary structure of the adsorbed mAb within the layer. For the adsorption at the air-water
interface, surface pressure measurements have also been used to monitor changes in surface tension
with time, pressure and influence from any other additives in solution [17]. Studies have aimed to
investigate fundamental driving forces of protein adsorption with many also trying to link experiments
with molecular dynamics simulations [38–40].

In addition to the assessment of adsorption and desorption of proteins, there have also been
studies into methods that reduce or control mAb adsorption, e.g., by adding excipients into solution
or changing the chemistry or morphology of the substrate interface, with some to be covered in this
review. This section aims to provide an overview of several key techniques that are used to study
protein adsorption.

3.2.1. Spectroscopic Techniques

Fourier transfer infrared spectroscopy (FTIR) is an important tool to investigate the secondary
structures and secondary structural changes of proteins to help understand how its instability occurs.
Most FTIR instruments use a Michelson interferometer setup to gather information about the absorption
of infrared light at multiple wavelengths. A region in the infrared band known as the amide I region
(1600–1700 cm−1) is governed by the stretching of C=O and C-N, i.e., the protein backbone conformation
and hydrogen bond pattern. Hence, it contains the information of the secondary structure of a protein
sample. The shape of the absorption in the amide I region can be deconvoluted to provide the fraction
of the proteins in different secondary structures, including α-helices, β-sheets and random coils. Special
auxiliary parts are fitted to various FTIR systems to obtain measurements at the air/water, air/solid
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and liquid/solid interfaces, making the IR information complementary to interfacial data obtained
from other techniques. Observations over time can illustrate protein’s ‘relaxing’ at the interface from
the changes in the secondary structure.

Spectroscopic ellipsometry (SE) exploits the polarized nature of light to measure the dielectric
properties of thin films, which can in turn be used to measure the adsorbed mass of protein on reflective
surfaces. A standard SE setup configuration is as follows: a multiple wavelength light source(s) is
polarized and reflected off the sample at either single or multiple angles; an optional compensator can
enhance measurement accuracy; after passing through a birefringent material to polarize the light it is
finally detected. When light, of a known polarized nature, is reflected from a surface with a deposited
sample film, changes in amplitude and phase measured by a CCD array and near infrared detector can
be used to investigate the nature of the film over a range of wavelengths. For a schematic diagram of
a SE, see Figure 3.

Molecules 2020, 25, x 6 of 22 

 

measurements at the air/water, air/solid and liquid/solid interfaces, making the IR information 

complementary to interfacial data obtained from other techniques. Observations over time can 

illustrate protein’s ‘relaxing’ at the interface from the changes in the secondary structure. 

Spectroscopic ellipsometry (SE) exploits the polarized nature of light to measure the dielectric 

properties of thin films, which can in turn be used to measure the adsorbed mass of protein on 

reflective surfaces. A standard SE setup configuration is as follows: a multiple wavelength light 

source(s) is polarized and reflected off the sample at either single or multiple angles; an optional 

compensator can enhance measurement accuracy; after passing through a birefringent material to 

polarize the light it is finally detected. When light, of a known polarized nature, is reflected from a 

surface with a deposited sample film, changes in amplitude and phase measured by a CCD array and 

near infrared detector can be used to investigate the nature of the film over a range of wavelengths. 

For a schematic diagram of a SE, see Figure 3. 

Using known constants and dispersion relationships and probing the surface or interface with 

multiple wavelengths of electromagnetic radiation (spectroscopic ellipsometry) the adsorbed amount 

of a protein can be determined at a given interface. Common parameters used to study non-

birefringent systems are Ψ and Δ. These are defined by the wavelength dependent measurement of 

the complex reflectance ratio 

𝜌 =
𝑟𝑝

𝑟𝑠
= tan(Ψ)𝑒𝑖Δ 

where 𝑟𝑝 is the complex reflectivity of the p polarized light and 𝑟𝑠 is the complex reflectivity of the 

s polarized light. The result is that the amplitudinal component is related to Ψ and the phase 

information is captured in Δ. Figure 4 shows a simulation of a silicon wafer with a native oxide layer 

followed by mAb adsorption over a range of typical adsorbed amounts. One can see a subtle shift in 

the Ψ parameter and a larger shift in Δ. 

 

Figure 3. Simple schematic of J.A. Woollam 2000 M spectroscopic ellipsometer, including (from left 

to right) a QTH deuterium light source and a 75W xenon light source, followed by a fixed calcite Glan-

Taylor polarizer. Next is a continuously rotating compensator then a fixed calcite Glan-Taylor 

polarizer analyser. Finally, a back-thinned silicon CCD array detector is used to measure UV and 

visible light and an InGaAs photodiode array detector is used to measure near infrared. 

A limitation of this technique is that a priori knowledge of the system is required as data analysis 

is indirect, therefore system modelling is required to extract dielectric properties. This can be done 

using software such as CompleteEASE (as was used for the data in Figure 4). A great strength of 

spectroscopic ellipsometry is that an accurate acquisition takes only seconds. This means that it is an 

ideal technique for dynamic in-situ measurements of the adsorbed amount of protein on reflective 

interfaces. 

Figure 3. Simple schematic of J.A. Woollam 2000 M spectroscopic ellipsometer, including (from left
to right) a QTH deuterium light source and a 75W xenon light source, followed by a fixed calcite
Glan-Taylor polarizer. Next is a continuously rotating compensator then a fixed calcite Glan-Taylor
polarizer analyser. Finally, a back-thinned silicon CCD array detector is used to measure UV and visible
light and an InGaAs photodiode array detector is used to measure near infrared.

Using known constants and dispersion relationships and probing the surface or interface with
multiple wavelengths of electromagnetic radiation (spectroscopic ellipsometry) the adsorbed amount
of a protein can be determined at a given interface. Common parameters used to study non-birefringent
systems are Ψ and ∆. These are defined by the wavelength dependent measurement of the complex
reflectance ratio

ρ =
rp

rs
= tan(Ψ)ei∆

where rp is the complex reflectivity of the p polarized light and rs is the complex reflectivity of the s
polarized light. The result is that the amplitudinal component is related to Ψ and the phase information
is captured in ∆. Figure 4 shows a simulation of a silicon wafer with a native oxide layer followed
by mAb adsorption over a range of typical adsorbed amounts. One can see a subtle shift in the Ψ
parameter and a larger shift in ∆.
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Figure 4. Simulated data showing increasing adsorbed amounts at the SiO2/water interface. There is
sensitivity to the adsorbed amount in the phase information, ∆, as well as a subtle but distinct shift in
the Ψ data set. The simulation used a silicon substrate with a native oxide layer of 13Å and a Cauchy
protein model in H2O.

A limitation of this technique is that a priori knowledge of the system is required as data analysis is
indirect, therefore system modelling is required to extract dielectric properties. This can be done using
software such as CompleteEASE (as was used for the data in Figure 4). A great strength of spectroscopic
ellipsometry is that an accurate acquisition takes only seconds. This means that it is an ideal technique
for dynamic in-situ measurements of the adsorbed amount of protein on reflective interfaces.

Neutron reflection is a versatile technique that can be used to characterise the thickness and
hydration of protein films at air/water, solid/water and liquid/water interfaces. It is a non-destructive
and powerful technique that can be used to probe thin layers on different interfaces. Neutrons, which
are uncharged, can often penetrate matter because they only interact with the nucleus, which only
occupies a tiny volume of atoms. As the neutron scattering power for atoms appears to vary rather
randomly, neutrons can be used to distinguish neighbouring elements in the periodic table easily. Also,
the scattering power of different isotopes can vary drastically. A particularly useful case is the different
scattering power between H and D in amplitude and phase. As neutrons have a non-zero spin they
have a response to external magnetic fields. This can be exploited for protein adsorption on magnetic
metal surface such as stainless steel, adding additional information from parallel polarized neutron
measurements. This improves model fitting and model constraints as there is a requirement that
a single structural model fits both data sets.

In a typical neutron reflection experiment, a highly collimated beam of neutrons (polarized or
non-polarized) is incident at a grazing angle θ and reflected at the same angle. The ratio of incoming
and reflected beam intensities is termed neutron reflectivity (R) that changes with the incident angle and
the wavelength of the neutron (i.e., how fast it is traveling). The momentum transfer (Q), a measure of
change in momentum between reflected and incident neutrons, is defined as Q = 4π sinθ

λ , showing that
a range of Q can be measured by varying θ (incidence angle) and/or λ (wavelength). Pre-characterizing
the interface in the absence of protein can then be used as a foundation to determine the structural
details of the adsorbed protein. The thickness, volume fraction and roughness of the adsorbed protein
layer can then be extracted from model fitting. It is therefore important to use a stable interface.

A major advantage from neutron reflection is the use of isotopic substitution of H by D due to
their different scattering properties (D has a positive scattering amplitude or scattering length of 6.67 ×
10−5 Å and H has a negative scattering length of −3.74 × 10−5 Å). Scattering length densities for C, O, N
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are 6.65 × 10−5 Å, 5.80 × 10−5 Å and 9.40 × 10−5 Å, respectively. Scattering lengths are additive, which
means that the scattering length for H2O is −1.68 × 10−5 Å and that for D2O is 19.1 × 10−5 Å. Because
a water molecule is about 30 Å3, the scattering length density (SLD) for H2O is −0.56 × 10−6 Å−2 and
that for D2O is 6.35 × 10−6 Å−2. When 8.1% of D2O is mixed with H2O, the mixed water has zero
scattering length density and is called null reflecting water (NRW). If neutron reflectivity is measured
at the air/NRW interface, its value would be close to zero. On the other hand, if a surfactant or a protein
adsorbs, the reflectivity arises from the adsorbed layer. Because there is no other component that
contributes to the signal, reflectivity in this case can be converted to layer thickness and area per
molecule directly when a uniform layer model is applied. Table 1 has the SLD of common materials
used in studying protein adsorption using neutron reflection.

Table 1. Useful neutron scattering length densities of common substances used in neutron reflectivity.
The scattering length density (SLD) of COE-3 changes (as with all proteins) depending on the ratio
of D2O/H2O in solution. Labile hydrogen/deuterium exchange results in higher SLD when a larger
proportion of solution is D2O.

Material D2O H2O Silicon SiO2 Sapphire Quartz NRW COE-3
(CMCOE-3)

SLD (Å−2
× 106) 6.35 −0.56 2.07 3.47 5.75 4.17 0.00 2.56

Parallel measurements in D2O and a 1:1 mixture of D2O and H2O are commonly used in protein
adsorption at the air/water interface as it provides information about the protein layer volume fraction
and surface penetration. The isotopic contrasts created by varying D2O and H2O are schematically
shown in Figure 5. Another practical use of isotopic contrasts in neutron reflection is the ability to
measure mAb adsorption at the oil/water interface. Often a silicon block is used as a substrate but
sapphire is preferred in this case due to its greater SLD (5.75 × 10−6 Å−2) enabling a better contrast
between it and the protein, schematically depicted in Figure 6.
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Figure 5. Schematic depictions of monoclonal antibodies (mAb) adsorption on surface of water: (a) null
reflecting water (NRW) (determining the whole layer thickness), (b) H2O:D2O = 1:1 (close to the SLD
of mAb, determining the thickness of the region above water) and (c) D2O (determining the extent of
immersion in water).
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Figure 6. Schematic representation of mAb adsorption at the oil/water interface using (a) silicon as
the substrate for the oil (excluding the silicon oxide layer for simplicity). There is very low contrast
between the protein and other silicon matched components. (b) Sapphire is used as the substrate.
The oil and other components are contrast matched to the substrate, this results in a much larger signal
from the protein than from the silicon system.

Stable hexadecane oil films can be formed on hydrophobic sapphire substrates, via spin coating.
A layer with a thickness around 1 µm can be produced to mimic bulk oil. For NR there is only a modest
loss of neutron beam intensity as a result of attenuation from the oil layer due to its finite thickness.
After the film is formed, it is frozen before it is assembled with the liquid trough and filled with buffer
or solution under appropriate contrasts. To avoid the complication from reflection at the solid/oil
interface, the SLD of the oil is also brought to 5.75 × 10−6 Å−2, the same as that of the sapphire. If
the SLD of the buffer solution is kept the same as well, the only signal will be from the mAb layer
adsorbed at the oil/water interface, as seen in Figure 7c. As the solvent is invisible, this contrast doesn’t
contain information about the mixing of the mAb with oil or water, only the amount of adsorption.
A parallel run in the buffer solution contrast matched to the mAb (SLD = 2.56 × 10−6 Å−2, close to
that from 1:1 ratio of H2O and D2O) enables us to determine the extent of mixing of the mAb into
the oil, Figure 7b. Finally, a further measurement in H2O contains all structural information about
the interface, shown in Figure 7a. The combined resolution of neutron reflection with all three contrasts
leads to the information about the mixing of the mAb in the aqueous side of the interface, resulting in
a comprehensive description of adsorption at the oil/water interface.

Molecules 2020, 25, x 9 of 22 

 

 

Figure 6. Schematic representation of mAb adsorption at the oil/water interface using (a) silicon as 

the substrate for the oil (excluding the silicon oxide layer for simplicity). There is very low contrast 

between the protein and other silicon matched components. (b) Sapphire is used as the substrate. The 

oil and other components are contrast matched to the substrate, this results in a much larger signal 

from the protein than from the silicon system. 

Stable hexadecane oil films can be formed on hydrophobic sapphire substrates, via spin coating. 

A layer with a thickness around 1 µm can be produced to mimic bulk oil. For NR there is only a 

modest loss of neutron beam intensity as a result of attenuation from the oil layer due to its finite 

thickness. After the film is formed, it is frozen before it is assembled with the liquid trough and filled 

with buffer or solution under appropriate contrasts. To avoid the complication from reflection at the 

solid/oil interface, the SLD of the oil is also brought to 5.75 × 10−6 Å −2, the same as that of the sapphire. 

If the SLD of the buffer solution is kept the same as well, the only signal will be from the mAb layer 

adsorbed at the oil/water interface, as seen in Figure 7c. As the solvent is invisible, this contrast 

doesn’t contain information about the mixing of the mAb with oil or water, only the amount of 

adsorption. A parallel run in the buffer solution contrast matched to the mAb (SLD = 2.56 × 10−6 Å −2, 

close to that from 1:1 ratio of H2O and D2O) enables us to determine the extent of mixing of the mAb 

into the oil, Figure 7b. Finally, a further measurement in H2O contains all structural information about 

the interface, shown in Figure 7a. The combined resolution of neutron reflection with all three 

contrasts leads to the information about the mixing of the mAb in the aqueous side of the interface, 

resulting in a comprehensive description of adsorption at the oil/water interface. 

 

Figure 7. Schematic diagram of protein adsorbed to the oil/water interface using a sapphire substrate. 

(a) H2O water phase for information about the entire interface. (b) D2O:H2O 1:1 highlights mixing 

between the protein and the oil. (c) All the systems components (except the protein) contrast matched 

to sapphire to extract the adsorbed amount of protein at the interface. 

3.2.2. Imaging Techniques. 

Figure 7. Schematic diagram of protein adsorbed to the oil/water interface using a sapphire substrate.
(a) H2O water phase for information about the entire interface. (b) D2O:H2O 1:1 highlights mixing
between the protein and the oil. (c) All the systems components (except the protein) contrast matched
to sapphire to extract the adsorbed amount of protein at the interface.
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3.2.2. Imaging Techniques

SEM and AFM are scanning probe microscopic techniques, which can obtain images of surfaces
by scanning the surface with a probe. The probe of SEM is a focused beam of electrons. The intensity
of the interaction between the electrons and a given surface can be collected to produce an image.
However, special sample preparation is needed for most biomaterials to increase their electrical
conductivity. AFM is more straightforward and applicable in the study of mAb adsorption, which
gathers the surface information by “touching” it with a mechanical probe [41]. AFM can be used to
measure the thickness of adsorbed protein films as well as some resolution in the X-Y plane.

In addition to high-resolution imaging, AFM also can provide mechanical measurements via
different choices of tips and modes of contact, e.g., tapping mode or non-contact mode. A non-contact
mode is often selected to avoid damaging protein molecules, but the resolution of the images to be
obtained is limited. In general, a sharp tip is used for imaging and a flattened tip for force measurement.
The tip is mounted on a cantilever and is brought close to the surface of interest. The interactive force
between the tip and the surface deflects the cantilever. From the deflection, an image of the surface can
be built up as the tip scans across the surface [41].

In tapping mode, the cantilever is driven to oscillate at its resonant frequency with variations
between the driving oscillation and the resulting oscillation, indicating changes in the surface properties,
i.e., changes in height and adhesion. When the oscillating tip is brought close to the surface, the forces
acting on the tip (van der Waals force, electrostatic interaction and so on) attenuate it from the constant
amplitude. Vilhena et al. have used AFM in liquid and molecular dynamic simulations to investigate
antibody adsorption to graphene. They found that some of the IgG antibody molecules adsorbed
vertically, offering an increased number of Fab domains to solution [42].

Quartz crystal microbalance with dissipation (QCM-D) has been used to study the reversibility of
the primary layer of protein adsorption as well as the more diffuse secondary protein layer of therapeutic
antibodies on stainless steel [43]. Others have used it to investigate the influence polysorbate 80
(PS80) has on the adsorption of two different mAbs [44]. It was observed that the antibodies readily
adsorbed to the hydrophobic surfaces but PS80 could help prevent adsorption if pre-adsorbed. This
study aimed to investigate conditions similar to those in infusion bags. QCM-D works by exploiting
the piezoelectric nature of quartz. A sensor made out of quartz is forced to oscillate by applying
an AC electric field. When the field is removed the resulting decay frequency can be used to infer
the mass on the sensor (including hydrodynamically coupled water) and the change in dissipation
can be used to infer the viscoelastic properties of the bound material [45]. This is ideal for studying
the absorption/desorption dynamics of protein as well as its interaction with other excipients.

3.3. Studies of Adsorption of Natural Model Proteins

Many studies have examined adsorption of naturally occurring proteins at the air/water
interface [46,47] and the silicon oxide(SiO2)/water interface [48–50]. These studies investigate how
adsorbed protein layers at model interfaces evolve with time and with varying mAb solution
concentration using spectroscopic ellipsometry and neutron reflection. The impact of protein surface
charges is widely demonstrated by changes of solution pH with respect to the pI of the protein.
Changes in the hydrophobicity of the substrate surface have been examined using self-assembled
monolayer (SAM) anchored onto silica via silane chemistry. Proteins such as lysozyme and albumins
tend to adsorb similar amount at the bare SiO2/water and OTS (octadecyltrimethoxysilane) modified
SiO2/water interfaces, but the hydrophobic surface tends to cause structural unfolding [51]. In contrast,
a SAM bearing terminal hydroxyl groups affords intermediate hydrophobicity, but such surfaces
can substantially reduce protein adsorption [52]. Surface coatings bearing phosphorylcholine (PC)
groups in the form of a SAM or grafted polymeric film can also reduce protein adsorption substantially
due to the strong hydration of the PC [53–56]. These studies are highly informative with regards to
the reduction of surface and interfacial adsorption of proteins and control of their structural stability.
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A number of studies have also examined the co-adsorption of surfactant and protein, as these
studies can inform us about possible competitive processes and structural impact to proteins [56].
Nonionic surfactants such as C12E5 (pentaethylene glycol monododecyl ether) can prevent lysozyme
adsorption at the air/water interface because of its greater surface activity [57]. Generally, nonionic
surfactants do not cause structural deformation of protein. However, the co-adsorption of lysozyme with
ionic surfactants such as sodium dodecylsulphate (SDS) is far more complex because protein-surfactant
interactions can be driven by favourable electrostatic interactions [58]. With increasing surfactant
concentration, the number of ionic surfactant molecules associated with each lysozyme increases which
facilitates unfolding. As the net charge on lysozyme molecules decreases, precipitation occurs. Bound
molecules become saturated with SDS and the concentration of monomer surfactant molecules starts to
rise at the surface overtaking and ultimately replacing the surface active surfactant-protein complexes.
At the SiO2/water interface, SDS binding can help remove pre-adsorbed lysozyme [59], but also unfolds
protein. In contrast, nonionic C12E5 does not co-adsorb at the solid/water interface and did not remove
pre-adsorbed lysozyme or albumins [60]. These studies thus demonstrate very different effects of
nonionic and ionic surfactants to the structural stability of proteins and competitive adsorption.

3.4. Adsorption of IgG Proteins

Adsorption characteristics of humanized IgG1 or its close homologues with small sequence
modifications have been extensively investigated by both spectroscopic techniques and imaging
techniques. Xu et al. have examined how a pair of variable domain modified mAbs adsorb at
the SiO2/water interface [61–63]. From AFM imaging, they observed some dimerization of the adsorbed
mAb molecules. Neutron reflection revealed the flat-on adsorption with the thickness of the adsorbed
layers around 40 Å. Increased concentration led to increased interfacial adsorption as the volume
fraction of the adsorbed protein increased. Although the total adsorbed amount increased the total
thickness only increased slightly (to 45–50 Å). This implies that the orientation of adsorption was not
impacted drastically, only how the protein packed at the surface. Further work by Zhao et al. on
the adsorption of prostate antigen binding mAbs showed rather similar adsorption behaviour [64,65].
These studies demonstrate similar adsorption dynamics, adsorbed amount, adsorbed layer thickness
and secondary structure changes over a range of proteins at interfaces such as air/water, glass/water,
and oil/water interfaces.

Using neutron reflection, structural features of adsorbed protein molecules, including deformation
and hydration within the protein layer can be determined through accurate measurements of layer
thickness and composition [12,38,39,64]. Neutron reflection is particularly sensitive to inhomogeneity
perpendicular to the surface. Therefore, it can be an effective tool for detecting unfolding of the adsorbed
molecules. Other techniques such as surface Fourier transform infrared spectroscopy have been used to
determine secondary structure changes in adsorbed protein molecules. Most studies tend to implement
several techniques to acquire different properties of a given protein.

4. Recent Advances in Adsorption Studies of Bioengineered mAbs at Different Interfaces

With mAbs now established as important therapeutic drugs there is an imperative to understand
how to control their adsorption during manufacture to ensure a stable drug product [66]. As discussed,
it is hypothesized that mAbs, exposed to siliconized glass or plastic surfaces of a primary container,
may adsorb/desorb and so aggregate through structural change. There is a lack of understanding of
the adsorption, desorption, layer formation and induced aggregation at interfaces and subsequently
the means to mediate them and control their adverse influences.

4.1. The Air/Water Interface

An interface commonly encountered in biopharmaceutical production and storage, so it is
important to study interfacial adsorption and desorption of mAbs. Unfortunately, it is difficult to gain
basic information such as the changes of adsorbed amount and layer thickness with time. We have
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studied the adsorption of COE-3 at the air/liquid interface using neutron reflection and surface tension
experiments under different buffer conditions (mAb concentrations, pH and ionic strengths) [67]. We
have also isolated and investigated the adsorption of the Fc and Fab segments of COE-3 [35]. The results
implied that Fc and Fab have different interfacial properties, as shown in Figure 8a,b. Fab dominated
the concentration-dependent mAb adsorption while both Fab and Fc contributed to the amount of
mAb adsorbed. Using multiple contrasts (NRW, Contrast-Match-Antibody water (CM2.58) and D2O),
the adsorbed layer structure and its immersion depth was revealed, as shown in Figure 8c. Our neutron
reflection study has shown that NRW and CM2.58 could offer significant benefits in emphasising
mAb and mAb fragments (e.g., Fab and Fc) at the interface by showing the entire adsorbed layer and
the region out of the water surface, respectively. The Fc layer remained constant at 40 Å while Fab
and mAb layers increased very little from 45 to 50 Å when mAb concentration increased from 5 to 50
ppm. On the other hand, the volume fraction of the adsorbed antibody increased from 40% to 56%,
this results in quite a drastic change in adsorbed amount, as can be seen in Figure 8. These studies
implied that the adsorbed mAb, Fc, and Fab all retained their globular structures and were oriented
with their short axial lengths perpendicular to the air/liquid interface. The same measurement in D2O
revealed how the adsorbed protein layers mixed with water. The results showed that for COE-3, its
Fab and Fc were predominantly immersed in water once adsorbed.
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permission from Z. Li, ACS Applied Materials & Interfaces, 2017.

The adsorption and desorption of a number of mAbs with or without nonionic surfactants
at the air/liquid interface has been studied using a variety of methods. For example, Shieh and
Patel [68] measured the surface pressure changes upon surface adsorption for 16 IgG mAbs. They
showed that their approach predicted the agitation-induced mAb aggregation. Adsorption of
the mAbs to the air/water interface can enhance agitation induced aggregation, with the initial rate
of surface pressure rise correlating with aggregation. Interestingly, the authors showed that other
factors such as mAb hydrophobicity, equilibrium surface pressure, and its adsorbed amount did
not correlate with aggregation. They further showed that mAb rearrangement and conformational
change upon surface adsorption drove attractive mAb–mAb interactions. Their work demonstrated
the relevance of kinetic surface pressures to predict the propensity of aggregation associated with
surface adsorption. Dilatational rheometer with simultaneous pressure and bubble coalescence can
help examine the stability of mAbs under interfacial ageing. Using mAb 1 (a fully humanized IgG1
from AstraZeneca, Gaithersburg, MD, pH = 6.0 and pI = 8.15), Lin et al. [69] showed that dilatational
surface deformations are more important to particle formation than shearing under the constant area
through both bulk shearing and interfacial shearing (studied via fluorescent dye detection of subvisible
particle concentration). Further work from the same group [70] examined the stability of 2 mAbs mixed
with polyethylene glycol (PEG). The mAb with greater aggregating tendency coadsorbed with PEG at
the interface while the other one was replaced by PEG from the interface. Imaging techniques like
fluorescence microscopy and AFM have been recently developed to visualise the adsorbed antibody
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layer. An example for fluorescence microscopy was shown by Leiske et al. [71]. They labelled 2
mAbs with different surface activities using Nile red. The Nile red fluorescence for the mAb with
higher surface activity increased immediately, whereas the fluorescence signal for the one with lower
surface activity evolved much slowly. This confirmed that the suface activity plays an important role
in the dynamic adsorption process. An AFM method demonstrated by Koepf et al. [72] transferred
the surface adsorbed mAb films onto mica, with the surface films characterized being under adsorption,
compression or decompression via Langmuir-Schaefer deposition, followed by underwater AFM
scanning. The images revealed that compression led to the formation of wrinkles across the scanned
areas and decompression resulted in even smoother films than the adsorbed mAb films.

An attractive approach to prevent mAb adsorption on the surface of water is to add nonionic
surfactant into the mAb solution. Nonionic surfactants do not tend to bind mAb to cause structural
unfolding, but they are more surface active than mAbs and are expected to stop mAb adsorption
by the competitive action. In our recent work [67], we mixed COE-3 with the nonionic surfactant,
polysorbate 80 (PS 80) in different ratios, as it is the most common nonionic surfactant used in
biopharmaceutical production. We undertook the neutron reflection measurements by fixing the mAb
concentration at 0.050 mg/mL while varying the surfactant concentration from well below its CMC
(critical micellar concentration) to 10 times the CMC, in both its hydrogenated and deuterated forms,
in NRW. Measurements carried out under isotropic contrasts indicated that mAbs retained globular
structure when either adsorbed alone or co-adsorbed with surfactants. But as the bulk concentration of
the surfactant increases, its amount co-adsorbed on the surface increases. Figure 9 shows the plots of
the product of τρ, where τ denotes the layer thickness and ρ denotes the total SLD of the layer, versus
surfactant concentration. At the surfactant concentrations below 1/50CMC, there is little surfactant
co-adsorption and the signals are consistent with the adsorption of the mAb.
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Figure 9. Plots of thickness × SLD (τρ/10−6 Å−2) versus the concentration of surfactant (expressed as
the fraction of CMC) for both h-Surf and d-Surf, with the concentration of COE-3 fixed at 50 ppm.
The product from the binary mixture of d-Surf and COE-3 is marked in blue diamonds ((τρ)d-Surf) and
that from the mixture of h-Surf and COE-3 in red squares ((τρ)h-Surf). The τρ data from d-Surf alone
are shown in green triangles. Reproduced with permission from Z. Li, mAbs; published by Taylor &
Francis, 2017.

However, as the surfactant concentration exceeds 1/50 CMC, the product of τρ starts to diverge,
with the hydrogenated surfactant producing a reduced signal and the deuterated surfactant producing
fast rising signal. These changes are consistent with the fast increase in the surfactant adsorption
and their eventual replacement of the adsorbed mAb molecules. For reference, the adsorption from
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deuterated surfactant alone is also shown, the difference in signal from 1/5 CMC to 1/20 CMC indicates
co-adsorption. This work shows that above 1/20 CMC, nonionic PS 80 suppresses surface adsorption
of this mAb.

Thus, the interfacial events of the competitive adsorption processes between mAb and the non-ionic
PS 80 surfactant can be schematically illustrated in Figure 10. At the start of the experiment,
the adsorption of mAb at its fixed concentration of 0.05 mg/mL forms an almost uniform layer of some
50 Å thick (Figure 10a). Upon addition of surfactant to 1/20 CMC, the surfactant co-adsorbs with mAb
(Figure 10b), but as the surfactant concentration goes above 1/20 CMC, surfactant adsorption becomes
dominant and then completely expels mAb from the surface (Figure 10c).
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Figure 10. Schematic depiction of COE-3 adsorption at 0.050 mg/mL (a) on its own with a thickness
close to 50 Å and most part of the layer being immersed in water, (b) co-adsorption with nonionic PS 80
surfactant (blue heads) when its concentration is below 1/20 CMC. (c) As the surfactant concentration
moves above 1/20 CMC, the mAb is completely expelled by the surfactant.

4.2. The SiO2/Water Interface

Native SiO2 formed on silicon makes for a good model to understand protein behaviour at
glass/water interfaces due to the similarity to a glass surface. Because many natural proteins adsorb
onto silica, it can be expected that bioengineered mAbs will adsorb as well but the difficulty lies in
predicting the exact adsorbed amount, layer structure and conformational orientation etc. With many
intertwined parameters current studies can only be limited to quite narrow measurement ranges with
a limited prediction power.

Type I borosilicate glass vials and pre-filled syringes are widely used in the storage of protein
biopharmaceuticals. It is thus useful to understand how bioengineered proteins like mAbs adsorb
at the glass/water interface to understand how adsorption can impact protein stability. Silica has
been widely used as a model for glass to facilitate many protein adsorption studies by different
techniques. Techniques such as spectroscopic ellipsometry and neutron reflection benefit greatly from
an incredibly flat and reflective surface [2,48]. It is common to deploy several different techniques
in a given study to try to obtain complementary information. While spectroscopic ellipsometry can
measure how the adsorbed amount changes with respect to bulk mAb concentration, pH, ionic strength
and time, AFM reveals the structure of adsorbed molecules and interfacial Fourier transform infrared
spectroscopy reveals the secondary structure changes at the same interface.

One area of interest is to design coatings that can manipulate protein adsorption. Couston et al.
investigated the adsorption of a mAb onto a silanized silica with octadecyltrichlorosilane (OTS) to
generate octadecyl monolayer [73]. This is a mimic of a hydrophobic plastic surface and they showed
that adsorption was greatly reduced at the hydrophobic surface with only 2 mg/m2 of mAb adsorbed,
compared to around 5.5 mg/m2 on the bare SiO2 surface It was also shown that standard PS 80 could
displace roughly 50% of the adsorbed protein on the hydrophobic surface due to an interaction between
the fatty acid tail of the polysorbate and the modified surface. Benefits from coatings need to be
compared with the risks of introducing potential leachables which if not properly handled can be
a safety concern [74].

Pan et al. have studied dynamic adsorption of COE-3 at the SiO2/water interface using
spectroscopic ellipsometry and neutron reflection. They compared their experimental data with
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simulations based on the DLVO theory [75]. The dynamic adsorption of this mAb was characterized
by an initial rapid increase followed by a plateau. They found that the initial rates of the dynamic
adsorption were strongly correlated to the bulk concentrations in the range of 0.002–0.2 mg/mL, with
the adsorbed amount reaching the plateau about 2.2 mg/m2 (pH 5.5). They showed that the simulated
results replicated the equilibrated COE-3 adsorption very accurately: this is the steady state where
desorption and adsorption fluxes of the mAb molecules within the adsorbed plane are equal. Increase
in pH from 5.5 to 9 led to an increase in the adsorbed amount to about 3 mg/m2 at 0.02 mg/mL, showing
the strong impact of lateral repulsion in the interface. On the other hand, increase in ionic strength
led to reduced adsorption, and simulations indicated the electrostatic screening by ions, apart from
mAb/SiO2 attractive binding and lateral repulsion. While neutron reflection and ellipsometry data
were well consistent in adsorbed amount, neutron studies revealed that the adsorbed layers were
close to 50 Å thick even though the adsorbed amount varied substantially. This rather constant range
of thicknesses indicated that Fab and Fc fragments are in direct contact with the substrate, forming
a uniform layer with minimal structural disruption. At pH 9, the adsorbed amount could reach
3.6 mg/m2 at 0.02 mg/mL COE-3, with a high volume fraction of 0.5.

Nonionic surfactants such as PS 80 are routinely added into mAb solutions during formulation
to mitigate against particulate formation during shake/stir stresses. But it is worth noting that
polysorbates can degrade and depending on the degradation root (hydrolysed polysorbate) can result
in an increase in particle formation during shaking stress [76]. A study by Kim et al. [77] showed that
polysorbates were able to inhibit protein adsorption but did not result in a protein/surfactant complex
with an overall lower surface activity. To add to this, Li et al. [78] have recently shown that PS 80
and C12E5 could not prevent COE-3 adsorption at the SiO2/water interface. When a polysorbate 80
analogue with 7 ethoxylates (PS80-7EO) was used, it co-adsorbed but did not affect the equilibrated
amount of adsorption from COE-3. Spectroscopic ellipsometry was very useful when following
the dynamic processes by measuring the changes in the total adsorbed amount via either co-adsorption
(both surfactant and COE-3 were added to the system simultaneously) or sequential adsorption.
The different dynamic changes could be well monitored within a time resolution of a minute by
this approach. Through the event mode, neutron reflection could also monitor the time-dependent
changes within a time resolution of 3–4 min for acceptable statistical quality. The surfactant showed
little adsorption at the initial stage. In contrast, COE-3 adsorption was influenced only slightly by
the presence of the surfactant. At the late stage of dynamic co-adsorption, COE-3 experienced structural
rearrangement with PS80-7EO, resulting in the COE-3 layer still bound on the SiO2 surface but with
a well-defined surfactant bilayer self-assembled on the top. The interfacial layer eventually consisted
of an inner COE-3 layer of 70 Å thick and an outer surfactant bilayer of a further 70 Å. There were clear
boundaries at the mAb-surfactant and surfactant-bulk water interfaces. Figure 11 shows the schematic
representations of the final interfacial layers formed via co-adsorption. The structural parameters were
obtained through simultaneous fittings to the 4 reflectivity profiles measured under 4 different isotopic
contrasts involving the 2 solvent contrasts of D2O and CMAb (water contrast-matched to COE-3 with
SLD = 2.56 × 10−6 Å−2) and hydrogenated and deuterated PS80-7EO surfactants. The self-assembled
interfacial layers were found to be robust and once formed, they could prevent further mAb adsorption,
desorption and further structural rearrangement. It was anticipated for such robust interfacial layers
to exist for formulated mAbs stored in soda lime glass, but it would be useful to further explore
the behaviour of similar layers formed in siliconized glass syringes.
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Figure 11. A schematic representation of the use of isotopic contrasts to highlight the structure of
the interfacial layers formed by self-assembly of PS80-7EO on top of a COE-3 layer at the SiO2/water
interface. Schematic (a) depicts the system in D2O solvent coupled with hydrogenated (H-PS80-7EO)
nonionic surfactants, (b) depicts the system in CMAb (contrast matched to COE-3 with SLD = 2.56 ×
10−6 Å−2) solvent coupled with hydrogenated (H-PS80-7EO) nonionic surfactants, (c) depicts the system
in D2O solvent coupled with head deuterated (D-Head PS80-7EO) nonionic surfactant and (d) depicts
the system in CMAb (contrast matched to COE-3 with SLD = 2.56× 10−6 Å−2) solvent coupled with head
deuterated (D-Head PS80-7EO) nonionic surfactants. The model schematics were based on simultaneous
fittings of 4 reflectivity profiles measured under the 4 isotopic contrasts at the SiO2/water interface.
COE-3 adsorption at 0.010 mg/mL mixed with 0.20 mg/mL protonated or deuterated PS80-7EO.

Mazzer et al. [79] investigated IgG4κ adsorption at the silica/water interface. The adsorption
resulted in a side-on orientation at pH 4.1 and a 60 Å thickness. Using 2 isotropic solvent contrasts (D2O
and H2O) enabled a higher level of confidence in the fit. Further work investigated the protein-antibody
complex used to mimic an affinity chromatography surface with results suggesting that two IgG
molecules would bind in a skewed orientation to the protein at the silica/water interface. This
highlights the power of neutron reflection to investigate the orientation of antibody adsorption in
complex systems.

4.3. The Stainless Steel/Water Interface

Interest in this interface stems from its practical relevance. It has been suggested that stainless
steel can induce structural damage to adsorbed mAbs leading to aggregates in the bulk protein solution.
Structural changes have been observed from the work of lysozyme or bovine serum albumin (BSA)
adsorbed to different types of stainless steel as well as therapeutic fusion proteins [43,80]. These studies
have also shown that adsorbed proteins could compromise the corrosion resistance of the steel surface
and enhance metal ion release (up to 40-fold increase for BSA). These phenomena could potentially be
alleviated if there were either a way to prevent protein adsorption or even make it occur in a more
controlled manner. Furthermore, stainless steel has been observed to mediate protein aggregation.
Stainless steel piston pumps we seen to produce particle formation on a novel fusion protein whereas
this was not the case when a ceramic piston pump was involved [43].

Using the NISTmAb (an IgG1 mAb reference material from the National Institute of Standard
and Technology), Kalonia et al. [81] revealed that the amount of subvisible particles (SVP) induced
by stainless steel was substantially more than from alumina. SVPs tended to form more easily
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under extreme shear stresses. These authors also found that as mAb concentration increased SVPs
were easier to produce. Intriguingly, only a small fraction of desorbed mAbs shed into solution
could induce substantial SVP production. Neutron reflection helped reveal a high amount of
the mAb deposited at the stainless steel interface over a wide concentration range. Shear stress could
remove adsorbed mAbs leading to the formation of subvisible particles. The NR and quartz crystal
microbalance studies also revealed that over a short time scale low and high mAb concentrations
led to similar adsorption. Over a long time period the adsorption at high concentrations continued
whilst adsorption at low concentrations plateaued. Other studies have highlighted similar issues with
material incompatibility [82]. Bee et al. suggest that storage of biological products over a two year
period would result in a small loss in protein mass but could still result in subvisible particles that
could compromise the safety of the biotherapeutic if not handled correctly.

Modifying steel surfaces could be one way of tackling the unwanted phenomenon associated with
protein adsorption to stainless steel surface. It has been shown that coating a polycaprolactone film
onto 316L stainless steel can effectively reduce the amount of adsorbed BSA as determined via a BCA
protein assay [83]. Surface modifications could provide an effective way of limiting adsorption and
potentially alleviate some undesirable repercussions of protein adsorption onto stainless steel. As with
any coating the risk of introducing leachables become a concerning issue [74].

4.4. The Oil/Water Interface

Relevant to the use of silicone oil as a lubricating film for pre-filled syringes as outlined
previously. Neutron reflection has been used to study protein adsorption at the oil/liquid interface [84].
The technique involves a substrate such as quartz or sapphire to be used as a vehicle to create a stable
oil/water interface. To reduce attenuation of the neutron beam the oil should be a thin layer, typically
around 1–2 µm, but the challenge lies in keeping the structure of the film stable during the entire
experiment. As explained previously, oil contrast matched to the solid substrate must be used to avoid
a large signal from the oil/solid interface. Polydimethylsilance (PDMS) oil has been widely developed
for lubricating the mAb pre-filled syringes, but hexadecane is used as a model oil at this stage to help
develop the experimental capability, as it is more stable at the interface. Changes in water contrasts help
highlight the adsorbed mAb layer differently, resulting in the information about the adsorbed amount,
mAb layer thickness, its extent of mixing with oil and water. Zarbakhsh et al. [84] demonstrated
the ability to resolve interfacial structures at the oil/water interface using neutron reflectometry with
further work by Campana et al. [85] investigating the adsorption of BSA at the water/hexadecane
interface. Results for BSA adsorption showed that the protein formed a relatively thick (75 Å) layer in
the oil phase, suggesting a hydrophobic region of the protein freely to interact with the oil resulting in
changes in secondary and tertiary structures [85]. Recently, Ruane et al. [86] investigated the adsorption
of COE-3 at the water/hexadecane interface using almost the same setup as developed by Zarbakhsh
et al. As schematically illustrated in Figure 6, the SLD of the oil was contrast matched to that of
the sapphire, thus making the sapphire/oil interface invisible to neutrons. The thickness of the oil film
was fixed at about 1 µm, to balance between having a sufficiently thick oil film and modest attenuation,
with the entire adsorbed amount of COE-3 quantified by the contrast matched oil run (Figure 7c),
the extent of mixing of the protein into oil by contrast matched to COE-3 (Figure 7b) and any extent of
mixing into water by the H2O run (Figure 7a). The results show very little to no penetration of the mAb
into the oil interface. Although a uniform protein layer modelled the main trend of the reflectivity data,
it was non-ideal. Modeling the adsorbed mAb as two-layers led to the proposition of the dominant
flat-on orientation of 45 Å thick with some minor ones being tilted forming a more sparse protruding
layer of 20 Å thick. This work paves the way for future studies using PDMS, a substance used to
lubricate syringe plungers.
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5. Conclusions and Future Prospects

With the increasing number of therapeutic mAbs, bispecific Abs, antibody drug conjugates,
and fusion proteins, there is an ever increasing need to assess and predict stability by different
means. These studies will feed information back to help alleviate various technical challenges in mAb
fill/finish, shipping and storage, and other applications such as biosensors. This review has focused
on the introduction of surface and interfacial adsorption of mAbs at industrially relevant interfaces.
The use of different model interfaces allows a systematic examination of the adsorption behaviour
from a given mAb under well-defined solution conditions. The selection of different methods enables
us to gain complementary structural information. In the cases of solid/water and oil/water interfaces,
the selection of different substrate surfaces allows us to mimic the chemical nature of the material that
is used in commercially relevant applications.

While various imaging techniques provide morphological details of substrate surfaces before
and after mAb adsorption, spectroscopic techniques such as neutron reflection have shown a strong
competitive edge for in situ characterisation. Neutron reflection will continue to contribute to this area
of development through better deployment of deuterated or partially deuterated material including
polymeric substrates and mAbs, thereby enhancing the sensitivity and resolution of neutron reflection.
For example, while the role of PDMS oil in lubricating the barrels of pre-loaded syringes is well
established, there may well be other consequences such as partial unfolding of adsorbed mAbs.
Although the impact of the PDMS oil on the structural integrity of adsorbed mAbs can be studied by
neutron reflection, deuterated PDMS should also be used to form a deuterated PDMS oil film with SLD
matching the solid substrate such as quartz or silicon to avoid reflection from the solid/oil interface.
In addition, expressing deuterated mAbs and mAb fragments could open up new opportunities for
neutron reflection measurements under different isotopic contrasts. These additional runs will enable
us to obtain more precise information about how exactly mAb molecules adopt their conformations
once adsorbed, thereby enhancing structural resolution.

Although exact structural features must still be obtained from fitting neutron reflection data,
the neutron data with enhanced resolution measured under parallel isotopic contrasts could challenge
in situ AFM imaging studies. It must be however emphasised that neutron reflection is not a bench-top
technique. Because neutron instruments are centralized, all neutron experiments must be carried out
at large user facilities such as ISIS at Rutherford-Appleton Laboratory, UK, Institut Laue-Langevin at
Grenoble, France and NIST Center for Neutron Research at Gaithersburg, USA, through competitive
grant applications and their access is limited for the time being. Facilities such as these are continuing
to increase neutron beam fluxes and developing improved experimental conditions, thus increasing
their efficiency can accommodate more experiments within limited access times available. Prior studies
from AFM, spectroscopic ellipsometry and interfacial FTIR measurements can make neutron reflection
work better defined and the results together complement each other.

An evolving obstacle in the course of complementary studies lies in the integration of the data
from different techniques. Computer modelling will play a pivotal role in harmonizing these data
structurally and dynamically providing extra supporting information about conformation of adsorption.
Molecular dynamics and Monte Carlo simulations have gained a huge momentum over the past few
years in studying protein adsorption [38–40,87]. Although the use of computer modelling in studying
mAb interfacial processes is currently limited, it is envisaged that once computer modelling becomes
better integrated with experimental studies, it will help improve protein adsorption predictions and
guide experimental plans. Their combined use over the next 5–10 years will substantially improve
our knowledge about mAb adsorption and desorption. This new level of understanding will directly
benefit mAb design and stabilisation.

Author Contributions: P.H. and J.R.L. initiated the concept of the review and P.H. drafted the manuscript. All
authors contributed to the writing including design of tables and figures, text edition and proof reading, and
agreed to the published version of the manuscript. All authors have read and agreed to the published version of
the manuscript.



Molecules 2020, 25, 2047 19 of 23

Funding: This research was funded by research grants from Biotechnology and Biological Sciences Research
Council (BB/S018492) and AstraZeneca (R122338), and studentships from Engineering and Physical Sciences
Research Council, AstraZeneca and the University of Manchester to PH, XH and SR.

Acknowledgments: We thank BBSRC, EPSRC and AstraZeneca for funding this work. We also thank the University
of Manchester for providing studentships to P.H., X.H. and S.R.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dempke, W.C.M.; Fenchel, K.; Uciechowski, P.; Dale, S.P. Second- and third-generation drugs for
immuno-oncology treatment—The more the better? Eur. J. Cancer 2017, 74, 55–72. [CrossRef] [PubMed]

2. Lu, J.R.; Zhao, X.; Yaseen, M. Protein adsorption studied by neutron reflection. Curr. Opin. Colloid Interface
Sci. 2007, 12, 9–16. [CrossRef]

3. Zhao, X.; Pan, F.; Lu, J.R. Interfacial assembly of proteins and peptides: Recent examples studied by neutron
reflection. J. R. Soc. Interface 2009, 6, S659–S670. [CrossRef] [PubMed]

4. Xu, H.; Perumal, S.; Zhao, X.; Du, N.; Liu, X.Y.; Jia, Z.; Lu, J.R. Interfacial adsorption of antifreeze proteins:
A neutron reflection study. Biophys. J. 2008, 94, 4405–4413. [CrossRef] [PubMed]

5. Yaseen, M.; Salacinski, H.J.; Seifalian, A.M.; Lu, J.R. Dynamic protein adsorption at the polyurethane
copolymer/water interface. Biomed. Mater. 2008, 3. [CrossRef]

6. Yaseen, M.; Zhao, X.; Freund, A.; Seifalian, A.M.; Lu, J.R. Surface structural conformations of fibrinogen
polypeptides for improved biocompatibility. Biomaterials 2010, 31, 3781–3792. [CrossRef]

7. Ecker, D.M.; Jones, S.D.; Levine, H.L. The therapeutic monoclonal antibody market. MAbs 2015, 7, 9–14.
[CrossRef]

8. Global Monoclonal Antibody Therapeutics Market Size, Share, Types, Analysis and Forecast 2017–2023.
Available online: https://www.zionmarketresearch.com/report/monoclonal-antibody-therapeutics-market
(accessed on 27 January 2020).

9. USP <788>, <787> and EP2.9.19 - Beckman Coulter. Available online: https://www.mybeckman.uk/resources/
industry-standards/usp-788 (accessed on 2 March 2020).

10. Patil, R.; Walther, J. Continuous manufacturing of recombinant therapeutic proteins: Upstream and
downstream technologies. In Advances in Biochemical Engineering/Biotechnology; Springer Science and Business
Media Deutschland GmbH: Houston, TX, USA, 2018; Volume 165, pp. 277–322.

11. Papachristodoulou, M.; Doutch, J.; Leung, H.S.B.; Church, A.; Charleston, T.; Clifton, L.A.; Butler, P.D.;
Roberts, C.J.; Bracewell, D.G. In situ neutron scattering of antibody adsorption during protein A
chromatography. J. Chromatogr. A 2020. [CrossRef]

12. Gjörstrup, P.; Watt, R.M. Therapeutic protein A immunoadsorption. A review. Transfus. Sci. 1990, 11,
281–302. [CrossRef]

13. Lu, B.; Smyth, M.R.; O’Kennedy, R. Oriented immobilization of antibodies and its applications in
immunoassays and immunosensors. Analyst 1996, 121.

14. Norde, W.; Lyklema, J. Interfacial behaviour of proteins, with special reference to immunoglobulins.
A physicochemical study. Adv. Colloid Interface Sci. 2012, 179–182, 5–13. [CrossRef] [PubMed]

15. Shukla, A.A.; Aranha, H. Viral clearance for biopharmaceutical downstream processes Pharmaceutical.
Pharm. Bioprocess 2015, 3, 127–138. [CrossRef]

16. Manning, M.C.; Liu, J.; Li, T.; Holcomb, R.E. Rational Design of Liquid Formulations of Proteins. Adv. Protein
Chem. Struct. Biol. 2018, 112, 1–59. [CrossRef] [PubMed]

17. Ghazvini, S.; Kalonia, C.; Volkin, D.B.; Dhar, P. Evaluating the Role of the Air-Solution Interface on
the Mechanism of Subvisible Particle Formation Caused by Mechanical Agitation for an IgG1 mAb. J. Pharm.
Sci. 2016, 105, 1643–1656. [CrossRef]

18. Yoo, J.W.; Irvine, D.J.; Discher, D.E.; Mitragotri, S. Bio-inspired, bioengineered and biomimetic drug delivery
carriers. Nat. Rev. Drug Discov. 2011, 10, 521–535. [CrossRef]

19. Vacchelli, E.; Aranda, F.; Eggermont, A.; Galon, J.; Sautès-Fridman, C.; Zitvogel, L.; Kroemer, G.; Galluzzi, L.
Trial Watch: Tumor-targeting monoclonal antibodies in cancer therapy. Oncoimmunology 2014, 3, e27048.
[CrossRef]

20. Reichert, J.M. Antibodies to watch in 2015. MAbs 2015, 7, 1–8. [CrossRef]

http://dx.doi.org/10.1016/j.ejca.2017.01.001
http://www.ncbi.nlm.nih.gov/pubmed/28335888
http://dx.doi.org/10.1016/j.cocis.2007.02.001
http://dx.doi.org/10.1098/rsif.2009.0168.focus
http://www.ncbi.nlm.nih.gov/pubmed/19656822
http://dx.doi.org/10.1529/biophysj.107.124560
http://www.ncbi.nlm.nih.gov/pubmed/18234809
http://dx.doi.org/10.1088/1748-6041/3/3/034123
http://dx.doi.org/10.1016/j.biomaterials.2010.01.107
http://dx.doi.org/10.4161/19420862.2015.989042
https://www.zionmarketresearch.com/report/monoclonal-antibody-therapeutics-market
https://www.mybeckman.uk/resources/industry-standards/usp-788
https://www.mybeckman.uk/resources/industry-standards/usp-788
http://dx.doi.org/10.1016/j.chroma.2019.460842
http://dx.doi.org/10.1016/0955-3886(90)90028-H
http://dx.doi.org/10.1016/j.cis.2012.06.011
http://www.ncbi.nlm.nih.gov/pubmed/22795486
http://dx.doi.org/10.4155/pbp.14.62
http://dx.doi.org/10.1016/bs.apcsb.2018.01.005
http://www.ncbi.nlm.nih.gov/pubmed/29680234
http://dx.doi.org/10.1016/j.xphs.2016.02.027
http://dx.doi.org/10.1038/nrd3499
http://dx.doi.org/10.4161/onci.27048
http://dx.doi.org/10.4161/19420862.2015.988944


Molecules 2020, 25, 2047 20 of 23

21. Wang, Z.; Yan, Y.; Qiao, L. Protein adsorption on implant metals with various deformed surfaces. Colloids
Surf. B Biointerfaces 2017, 156, 62–70. [CrossRef]

22. Johnston, R.L.; Spalton, D.J.; Hussain, A.; Marshall, J. In vitro protein adsorption to 2 intraocular lens
materials. J. Cataract Refract. Surg. 1999, 25, 1109–1115. [CrossRef]

23. Fukuzaki, S.; Urano, H.; Nagata, K. Adsorption of Bovine Serum Albumin onto Metal Oxide Surfaces. J.
Ferment. Bioeng. 1996, 81, 163–167. [CrossRef]

24. Bode, K.; Hooper, R.J.; Paterson, W.R.; Ian Wilson, D.; Augustin, W.; Scholl, S. Pulsed Flow Cleaning of Whey
Protein Fouling Layers. Heat Transf. Eng. 2007, 28, 202–209. [CrossRef]

25. Pavithra, D.; Doble, M. Biofilm formation, bacterial adhesion and host response on polymeric implants -
Issues and prevention. Biomed. Mater. 2008, 3. [CrossRef] [PubMed]

26. Bansal, B.; Chen, X.D. A Critical Review of Milk Fouling in Heat Exchangers. Compr. Rev. Food Sci. Food Saf.
2006, 5, 27–33. [CrossRef]

27. Talha, M.; Ma, Y.; Kumar, P.; Lin, Y.; Singh, A. Role of protein adsorption in the bio corrosion of metallic
implants—A review. Colloids Surf. B Biointerfaces 2019, 176, 494–506. [CrossRef] [PubMed]

28. Zhou, X.; Hu, W.; Qin, X. The Role of Complement in the Mechanism of Action of Rituximab for B-Cell
Lymphoma: Implications for Therapy. Oncologist 2008, 13, 954–966. [CrossRef]

29. Wang, W.; Erbe, A.K.; Hank, J.A.; Morris, Z.S.; Sondel, P.M. NK cell-mediated antibody-dependent cellular
cytotoxicity in cancer immunotherapy. Front. Immunol. 2015, 6, 368. [CrossRef]

30. Kyi, C.; Postow, M.A. Checkpoint blocking antibodies in cancer immunotherapy. Febs Lett. 2014, 588, 368–376.
[CrossRef]

31. Kendrew, J.C.; Bodo, G.; Dintzis, H.M.; Parrish, R.G.; Wyckoff, H.; Phillips, D.C. A three-dimensional model
of the myoglobin molecule obtained by x-ray analysis. Nature 1958, 181, 662–666. [CrossRef]

32. Saibil, H.R. Macromolecular structure determination by cryo-electron microscopy. Acta Cryst. Sect. D Biol.
Cryst. 2000, 56, 1215–1222. [CrossRef]

33. Tugarinov, V.; Muhandiram, R.; Ayed, A.; Kay, L.E. Four-dimensional NMR spectroscopy of a 723-residue
protein: Chemical shift assignments and secondary structure of malate synthase G. J. Am. Chem. Soc. 2002,
124, 10025–10035. [CrossRef]

34. Saphire, E.O.; Parren, P.W.H.I.; Pantophlet, R.; Zwick, M.B.; Morris, G.M.; Rudd, P.M.; Dwek, R.A.;
Stanfield, R.L.; Burton, D.R.; Wilson, I.A. Crystal structure of a neutralizing human IgG against HIV-1:
A template for vaccine design. Science 2001, 293, 1155–1159. [CrossRef] [PubMed]

35. Li, Z.; Li, R.; Smith, C.; Pan, F.; Campana, M.; Webster, J.R.P.; Van Der Walle, C.F.; Uddin, S.; Bishop, S.M.;
Narwal, R.; et al. Neutron Reflection Study of Surface Adsorption of Fc, Fab, and the Whole mAb. Acs Appl.
Mater. Interfaces 2017, 9, 23202–23211. [CrossRef] [PubMed]

36. Chames, P.; Van Regenmortel, M.; Weiss, E.; Baty, D. Therapeutic antibodies: Successes, limitations and
hopes for the future. Br. J. Pharm. 2009, 157, 220–233. [CrossRef] [PubMed]

37. Fekete, S.; Gassner, A.L.; Rudaz, S.; Schappler, J.; Guillarme, D. Analytical strategies for the characterization
of therapeutic monoclonal antibodies. Trac-Trends Anal. Chem. 2013, 42, 74–83. [CrossRef]

38. Tarasevich, B.J.; Perez-Salas, U.; Masica, D.L.; Philo, J.; Kienzle, P.; Krueger, S.; Majkrzak, C.F.; Gray, J.L.;
Shaw, W.J. Neutron reflectometry studies of the adsorbed structure of the amelogenin, LRAP. J. Phys. Chem.
B 2013, 117, 3098–3109. [CrossRef] [PubMed]

39. Zhou, J.; Chen, S.; Jiang, S. Orientation of adsorbed antibodies on charged surfaces by computer simulation
based on a united-residue model. Langmuir 2003, 19, 3472–3478. [CrossRef]

40. Zhou, J.; Tsao, H.K.; Sheng, Y.J.; Jiang, S. Monte Carlo simulations of antibody adsorption and orientation on
charged surfaces. J. Chem. Phys. 2004, 121, 1050–1057. [CrossRef]

41. Haugstad, G. Atomic Force Microscopy; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2012; ISBN 9781118360668.
42. Vilhena, J.G.; Dumitru, A.C.; Herruzo, E.T.; Mendieta-Moreno, J.I.; Garcia, R.; Serena, P.A.; Pérez, R.

Adsorption orientations and immunological recognition of antibodies on graphene. Nanoscale 2016, 8,
13463–13475. [CrossRef]

43. Defante, A.P.; Kalonia, C.K.; Keegan, E.; Bishop, S.M.; Satish, H.A.; Hudson, S.D.; Santacroce, P.V. The Impact
of the Metal Interface on the Stability and Quality of a Therapeutic Fusion Protein. Mol. Pharm. 2020.
[CrossRef]

http://dx.doi.org/10.1016/j.colsurfb.2017.05.015
http://dx.doi.org/10.1016/S0886-3350(99)00137-6
http://dx.doi.org/10.1016/0922-338X(96)87596-9
http://dx.doi.org/10.1080/01457630601064611
http://dx.doi.org/10.1088/1748-6041/3/3/034003
http://www.ncbi.nlm.nih.gov/pubmed/18689922
http://dx.doi.org/10.1111/j.1541-4337.2006.tb00080.x
http://dx.doi.org/10.1016/j.colsurfb.2019.01.038
http://www.ncbi.nlm.nih.gov/pubmed/30690385
http://dx.doi.org/10.1634/theoncologist.2008-0089
http://dx.doi.org/10.3389/fimmu.2015.00368
http://dx.doi.org/10.1016/j.febslet.2013.10.015
http://dx.doi.org/10.1038/181662a0
http://dx.doi.org/10.1107/S0907444900010787
http://dx.doi.org/10.1021/ja0205636
http://dx.doi.org/10.1126/science.1061692
http://www.ncbi.nlm.nih.gov/pubmed/11498595
http://dx.doi.org/10.1021/acsami.7b06131
http://www.ncbi.nlm.nih.gov/pubmed/28613817
http://dx.doi.org/10.1111/j.1476-5381.2009.00190.x
http://www.ncbi.nlm.nih.gov/pubmed/19459844
http://dx.doi.org/10.1016/j.trac.2012.09.012
http://dx.doi.org/10.1021/jp311936j
http://www.ncbi.nlm.nih.gov/pubmed/23477285
http://dx.doi.org/10.1021/la026871z
http://dx.doi.org/10.1063/1.1757434
http://dx.doi.org/10.1039/C5NR07612A
http://dx.doi.org/10.1021/acs.molpharmaceut.9b01000


Molecules 2020, 25, 2047 21 of 23

44. Kapp, S.J.; Larsson, I.; Van De Weert, M.; Cárdenas, M.; Jorgensen, L. Competitive adsorption of monoclonal
antibodies and nonionic surfactants at solid hydrophobic surfaces. J. Pharm. Sci. 2015, 104, 593–601.
[CrossRef]

45. Höök, F.; Rodahl, M.; Brzezinski, P.; Kasemo, B. Measurements using the quartz crystal microbalance
technique of ferritin monolayers on methyl-thiolated gold: Dependence of energy dissipation and saturation
coverage on salt concentration. J. Colloid Interface Sci. 1998, 208, 63–67. [CrossRef] [PubMed]

46. Su, T.J.; Lu, J.R.; Thomas, R.K.; Cui, Z.F.; Penfold, J. The adsorption of lysozyme at the silica-water interface:
A neutron reflection study. J. Colloid Interface Sci. 1998, 203, 419–429. [CrossRef] [PubMed]

47. Lu, J.R.; Su, T.J.; Penfold, J. Adsorption of serum albumins at the air/water interface. Langmuir 1999, 15,
6975–6983. [CrossRef]

48. Lu, J.R.; Swann, M.J.; Peel, L.L.; Freeman, N.J. Lysozyme adsorption studies at the silica/water interface using
dual polarization interferometry. Langmuir 2004, 20, 1827–1832. [CrossRef]

49. Su, T.J.; Lu, J.R.; Thomas, R.K.; Cui, Z.F. Effect of pH on the adsorption of bovine serum albumin at
the silica/water interface studied by neutron reflection. J. Phys. Chem. B 1999, 103, 3727–3736. [CrossRef]

50. Pan, F.; Zhao, X.; Waigh, T.A.; Lu, J.R.; Miano, F. Interfacial adsorption and denaturization of human milk
and recombinant rice lactoferrin. Biointerphases 2008, 3, FB36–FB43. [CrossRef] [PubMed]

51. Fragneto, G.; Su, T.J.; Lu, J.R.; Thomas, R.K.; Rennie, A.R. Adsorption of proteins from aqueous solutions on
hydrophobic surfaces studied by neutron reflection. Phys. Chem. Chem. Phys. 2000, 2, 5214–5221. [CrossRef]

52. Su, T.J.; Green, R.J.; Wang, Y.; Murphy, E.F.; Lu, J.R.; Ivkov, R.; Satija, S.K. Adsorption of Lysozyme onto
the Silicon Oxide Surface Chemically Grafted with a Monolayer of Pentadecyl-1-ol. Langmuir 2000, 16,
4999–5007. [CrossRef]

53. Wang, Y.; Su, T.J.; Green, R.; Tang, Y.; Styrkas, D.; Danks, T.N.; Bolton, R.; Lu, J.R. Covalent coupling of an
phospholipid monolayer on the surface of ceramic materials. Chem. Commun. 2000, 587–588. [CrossRef]

54. Murphy, E.F.; Lu, J.R.; Lewis, A.L.; Brewer, J.; Russell, J.; Stratford, P. Characterization of protein adsorption at
the phosphorylcholine incorporated polymer-water interface. Macromolecules 2000, 33, 4545–4554. [CrossRef]

55. Murphy, E.F.; Lu, J.R.; Brewer, J.; Russell, J.; Penfold, J. The Reduced Adsorption of Proteins at the Phosphoryl
Choline Incorporated Polymer-Water Interface. Langmuir 1999, 15, 1313–1322. [CrossRef]

56. Su, T.J.; Lu, J.R.; Thomas, R.K.; Cui, Z.F.; Penfold, J. The Conformational Structure of Bovine Serum Albumin
Layers Adsorbed at the Silica−Water Interface. J. Phys. Chem. B 1998, 102, 8100–8108. [CrossRef]

57. Green, R.J.; Su, T.J.; Lu, J.R.; Webster, J.; Penfold, J. Competitive adsorption of lysozyme and C12E5 at
the air/liquid interface. Phys. Chem. Chem. Phys. 2000, 2, 5222–5229. [CrossRef]

58. Green, R.J.; Su, T.J.; Joy, H.; Lu, J.R. Interaction of lysozyme and sodium dodecyl sulfate at the air-liquid
interface. Langmuir 2000, 16, 5797–5805. [CrossRef]

59. Green, R.J.; Su, T.J.; Lu, J.R.; Penfold, J. The Interaction between SDS and Lysozyme at the Hydrophilic
Solid−Water Interface. J. Phys. Chem. B 2001, 105, 1594–1602. [CrossRef]

60. Lu, J.R.; Su, T.J.; Thomas, R.K. Binding of Surfactants onto Preadsorbed Layers of Bovine Serum Albumin at
the Silica−Water Interface. J. Phys. Chem. B 1998, 102, 10307–10315. [CrossRef]

61. Wang, X.; Wang, Y.; Xu, H.; Shan, H.; Lu, J.R. Dynamic adsorption of monoclonal antibody layers on
hydrophilic silica surface: A combined study by spectroscopic ellipsometry and AFM. J. Colloid Interface Sci.
2008, 323, 18–25. [CrossRef]

62. Xu, H.; Zhao, X.; Grant, C.; Lu, J.R.; Williams, D.E.; Penfold, J. Orientation of a monoclonal antibody adsorbed
at the solid/solution interface: A combined study using atomic force microscopy and neutron reflectivity.
Langmuir 2006, 22, 6313–6320. [CrossRef]

63. Xu, H.; Lu, J.R.; Williams, D.E. Effect of surface packing density of interfacially adsorbed monoclonal antibody
on the binding of hormonal antigen human chorionic gonadotrophin. J. Phys. Chem. B 2006, 110, 1907–1914.
[CrossRef]

64. Zhao, X.; Pan, F.; Garcia-Gancedo, L.; Flewitt, A.J.; Ashley, G.M.; Luo, J.; Lu, J.R. Interfacial recognition of
human prostate-specific antigen by immobilized monoclonal antibody: Effects of solution conditions and
surface chemistry. J. R. Soc. Interface 2012, 9, 2457–2467. [CrossRef]

65. Zhao, X.; Pan, F.; Ashley, G.M.; Garcia-Gancedo, L.; Luo, J.; Flewitt, A.J.; Milne, W.I.; Lu, J.R. Label-free
detection of human prostate-specific antigen (hPSA) using film bulk acoustic resonators (FBARs). Sens.
Actuators B Chem. 2014, 190, 946–953. [CrossRef]

http://dx.doi.org/10.1002/jps.24265
http://dx.doi.org/10.1006/jcis.1998.5774
http://www.ncbi.nlm.nih.gov/pubmed/9820749
http://dx.doi.org/10.1006/jcis.1998.5545
http://www.ncbi.nlm.nih.gov/pubmed/9705780
http://dx.doi.org/10.1021/la990131h
http://dx.doi.org/10.1021/la0360299
http://dx.doi.org/10.1021/jp983580j
http://dx.doi.org/10.1116/1.2965135
http://www.ncbi.nlm.nih.gov/pubmed/20408681
http://dx.doi.org/10.1039/b004221h
http://dx.doi.org/10.1021/la991559j
http://dx.doi.org/10.1039/b000419g
http://dx.doi.org/10.1021/ma991642d
http://dx.doi.org/10.1021/la9813580
http://dx.doi.org/10.1021/jp981239t
http://dx.doi.org/10.1039/b004359l
http://dx.doi.org/10.1021/la000043t
http://dx.doi.org/10.1021/jp003960g
http://dx.doi.org/10.1021/jp983126f
http://dx.doi.org/10.1016/j.jcis.2008.04.024
http://dx.doi.org/10.1021/la0532454
http://dx.doi.org/10.1021/jp0538161
http://dx.doi.org/10.1098/rsif.2012.0148
http://dx.doi.org/10.1016/j.snb.2013.09.064


Molecules 2020, 25, 2047 22 of 23

66. Weiner, G.J. Building better monoclonal antibody-based therapeutics. Nat. Rev. Cancer 2015, 15, 361–370.
[CrossRef] [PubMed]

67. Smith, C.; Li, Z.; Holman, R.; Pan, F.; Campbell, R.A.; Campana, M.; Li, P.; Webster, J.R.P.; Bishop, S.;
Narwal, R.; et al. Antibody adsorption on the surface of water studied by neutron reflection. MAbs 2017, 9,
466–475. [CrossRef] [PubMed]

68. Shieh, I.C.; Patel, A.R. Predicting the Agitation-Induced Aggregation of Monoclonal Antibodies Using
Surface Tensiometry. Mol. Pharm. 2015, 12, 3184–3193. [CrossRef]

69. Lin, G.L.; Pathak, J.A.; Kim, D.H.; Carlson, M.; Riguero, V.; Kim, Y.J.; Buff, J.S.; Fuller, G.G. Interfacial
dilatational deformation accelerates particle formation in monoclonal antibody solutions. Soft Matter 2016,
12, 3293–3302. [CrossRef]

70. Kannan, A.; Shieh, I.C.; Leiske, D.L.; Fuller, G.G. Monoclonal Antibody Interfaces: Dilatation Mechanics and
Bubble Coalescence. Langmuir 2018, 34, 630–638. [CrossRef]

71. Leiske, D.L.; Shieh, I.C.; Tse, M.L. A Method to Measure Protein Unfolding at an Air-Liquid Interface.
Langmuir 2016, 32, 9930–9937. [CrossRef]

72. Koepf, E.; Richert, M.; Braunschweig, B.; Schroeder, R.; Brezesinski, G.; Friess, W. Impact of formulation
pH on physicochemical protein characteristics at the liquid-air interface. Int. J. Pharm. 2018, 541, 234–245.
[CrossRef]

73. Couston, R.G.; Skoda, M.W.; Uddin, S.; van der Walle, C.F. Adsorption behavior of a human monoclonal
antibody at hydrophilic and hydrophobic surfaces. MAbs 2013, 5, 126–139. [CrossRef]

74. Broschard, T.H.; Glowienke, S.; Bruen, U.S.; Nagao, L.M.; Teasdale, A.; Stults, C.L.M.; Li, K.L.; Iciek, L.A.;
Erexson, G.; Martin, E.A.; et al. Assessing safety of extractables from materials and leachables in
pharmaceuticals and biologics–Current challenges and approaches. Regul. Toxicol. Pharm. 2016, 81,
201–211. [CrossRef]

75. Pan, F.; Li, Z.; Leyshon, T.; Rouse, D.; Li, R.; Smith, C.; Campana, M.; Webster, J.R.P.; Bishop, S.M.; Narwal, R.;
et al. Interfacial Adsorption of Monoclonal Antibody COE-3 at the Solid/Water Interface. Acs Appl. Mater.
Interfaces 2018, 10, 1306–1316. [CrossRef] [PubMed]

76. Larson, N.R.; Wei, Y.; Prajapati, I.; Chakraborty, A.; Peters, B.; Kalonia, C.; Hudak, S.; Choudhary, S.;
Esfandiary, R.; Dhar, P.; et al. Comparison of Polysorbate 80 Hydrolysis and Oxidation on the Aggregation of
a Monoclonal Antibody. J. Pharm. Sci. 2020, 109, 633–639. [CrossRef] [PubMed]

77. Kim, H.L.; McAuley, A.; Livesay, B.; Gray, W.D.; McGuire, J. Modulation of protein adsorption by poloxamer
188 in relation to polysorbates 80 and 20 at solid surfaces. J. Pharm. Sci. 2014, 103, 1043–1049. [CrossRef]
[PubMed]

78. Li, Z.; Pan, F.; Li, R.; Pambou, E.; Hu, X.; Ruane, S.; Ciumac, D.; Li, P.; Welbourn, R.J.L.L.; Webster, J.R.P.P.;
et al. Coadsorption of a Monoclonal Antibody and Nonionic Surfactant at the SiO2/Water Interface. ACS
Appl. Mater. Interfaces 2018, 10, 44257–44266. [CrossRef]

79. Mazzer, A.R.; Clifton, L.A.; Perevozchikova, T.; Butler, P.D.; Roberts, C.J.; Bracewell, D.G. Neutron reflectivity
measurement of protein A–antibody complex at the solid-liquid interface. J. Chromatogr. A 2017, 1499,
118–131. [CrossRef] [PubMed]

80. Hedberg, Y.; Wang, X.; Hedberg, J.; Lundin, M.; Blomberg, E.; Odnevall Wallinder, I. Surface-protein
interactions on different stainless steel grades: Effects of protein adsorption, surface changes and metal
release. J. Mater. Sci. Mater. Med. 2013, 24, 1015–1033. [CrossRef]

81. Kalonia, C.K.; Heinrich, F.; Curtis, J.E.; Raman, S.; Miller, M.A.; Hudson, S.D. Protein Adsorption and Layer
Formation at the Stainless Steel-Solution Interface Mediates Shear-Induced Particle Formation for an IgG1
Monoclonal Antibody. Mol. Pharm. 2018, 15, 1319–1331. [CrossRef]

82. Bee, J.S.; Davis, M.; Freund, E.; Carpenter, J.F.; Randolph, T.W. Aggregation of a monoclonal antibody
induced by adsorption to stainless steel. Biotechnol. Bioeng. 2010, 105, 121–129. [CrossRef]

83. Chang, S.H.; Hsiao, Y.C. Surface and protein adsorption properties of 316L stainless steel modified with
polycaprolactone film. Polymer (Basel) 2017, 9, 545. [CrossRef]

84. Zarbakhsh, A.; Querol, A.; Bowers, J.; Webster, J.R.P.P. Structural studies of amphiphiles adsorbed at
liquid-liquid interfaces using neutron reflectometry. Faraday Discuss. 2005, 129, 155–167. [CrossRef]

85. Campana, M.; Hosking, S.L.; Petkov, J.T.; Tucker, I.M.; Webster, J.R.P.; Zarbakhsh, A.; Lu, J.R. Adsorption of
Bovine Serum Albumin (BSA) at the Oil/Water Interface: A Neutron Reflection Study. Langmuir 2015, 31,
5614–5622. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nrc3930
http://www.ncbi.nlm.nih.gov/pubmed/25998715
http://dx.doi.org/10.1080/19420862.2016.1276141
http://www.ncbi.nlm.nih.gov/pubmed/28353420
http://dx.doi.org/10.1021/acs.molpharmaceut.5b00089
http://dx.doi.org/10.1039/C5SM02830B
http://dx.doi.org/10.1021/acs.langmuir.7b03790
http://dx.doi.org/10.1021/acs.langmuir.6b02267
http://dx.doi.org/10.1016/j.ijpharm.2018.02.009
http://dx.doi.org/10.4161/mabs.22522
http://dx.doi.org/10.1016/j.yrtph.2016.08.011
http://dx.doi.org/10.1021/acsami.7b13332
http://www.ncbi.nlm.nih.gov/pubmed/29215260
http://dx.doi.org/10.1016/j.xphs.2019.10.069
http://www.ncbi.nlm.nih.gov/pubmed/31758949
http://dx.doi.org/10.1002/jps.23907
http://www.ncbi.nlm.nih.gov/pubmed/24532194
http://dx.doi.org/10.1021/acsami.8b16832
http://dx.doi.org/10.1016/j.chroma.2017.03.084
http://www.ncbi.nlm.nih.gov/pubmed/28410804
http://dx.doi.org/10.1007/s10856-013-4859-8
http://dx.doi.org/10.1021/acs.molpharmaceut.7b01127
http://dx.doi.org/10.1002/bit.22525
http://dx.doi.org/10.3390/polym9100545
http://dx.doi.org/10.1039/B404732J
http://dx.doi.org/10.1021/acs.langmuir.5b00646
http://www.ncbi.nlm.nih.gov/pubmed/25875917


Molecules 2020, 25, 2047 23 of 23

86. Ruane, S.; Li, Z.; Campana, M.; Hu, X.; Gong, H.; Webster, J.R.P.; Uddin, F.; Kalonia, C.; Bishop, S.M.; Van
Der Walle, C.F.; et al. Interfacial Adsorption of a Monoclonal Antibody and Its Fab and Fc Fragments at
the Oil/Water Interface. Langmuir 2019. [CrossRef] [PubMed]

87. Nejad, M.A.; Urbassek, H.M. Functionalized silica surfaces as carriers for monoclonal antibodies in targeted
drug delivery systems: Accelerated molecular dynamics study. Chem. Phys. Lett. 2020, 739. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acs.langmuir.9b02317
http://www.ncbi.nlm.nih.gov/pubmed/31510747
http://dx.doi.org/10.1016/j.cplett.2019.136988
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Why is Studying Monoclonal Antibody Adsorption Important? 
	Biopharmaceutical Production 
	Upstream Process 
	Downstream Process 
	Fill/Finish 

	Introduction to Proteins, Monoclonal Antibodies and Adsorption 
	Structure of Bioengineered IgG mAbs 
	Main Techniques Used for Studying mAb Adsorption 
	Spectroscopic Techniques 
	Imaging Techniques 

	Studies of Adsorption of Natural Model Proteins 
	Adsorption of IgG Proteins 

	Recent Advances in Adsorption Studies of Bioengineered mAbs at Different Interfaces 
	The Air/Water Interface 
	The SiO2/Water Interface 
	The Stainless Steel/Water Interface 
	The Oil/Water Interface 

	Conclusions and Future Prospects 
	References

