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Introduction

Therapeutic antibodies are used to treat a wide variety of condi-
tions and their value to the pharmaceutical industry is increas-
ing.1 When administered via low volume subcutaneous injection, 
there is a general requirement for high concentration liquid for-
mulation to achieve the therapeutic dose. Proteins formulated 
as high concentration liquids are susceptible to aggregation 
through a number of destabilization mechanisms,2 one includ-
ing surface adsorption-desorption, which has been the subject of 
review.3 Misfolded protein may reveal hydrophobic residues that 
facilitate protein aggregation through hydrophobic interactions. 
These interactions may lead to formation of soluble aggregates 
(oligomers), which in turn may nucleate further protein aggre-
gation, ultimately generating visible particles in solution.4,5 The 
pharmacopeias state that particles > 10 μm and 25 μm should 
remain below 6000 and 600 particles/container, respectively, 
and that measurement can be made by light obscuration (USP 
< 788 > and EP 2.9.19). There is considerable discussion in the 
industry around the characterization of protein aggregation and 
particulates and how this information can be used with regard 
to understanding the potential capacity of particulates to elicit 
immunogenic responses.6-8

one aspiration for the formulation of human monoclonal antibodies (mAb) is to reach high solution concentrations 
without compromising stability. protein surface activity leading to instability is well known, but our understanding 
of mAb adsorption to the solid-liquid interface in relevant pH and surfactant conditions is incomplete. to investigate 
these conditions, we used total internal reflection fluorescence (tIRF) and neutron reflectometry (NR). the mAb tested 
(“mAb-1”) showed highest surface loading to silica at pH 7.4 (~12 mg/m2), with lower surface loading at pH 5.5 (~5.5 
mg/m2, further from its pI of 8.99) and to hydrophobized silica (~2 mg/m2). the extent of desorption of mAb-1 from 
silica or hydrophobized silica was related to the relative affinity of polysorbate 20 or 80 for the same surface. mAb-1 
adsorbed to silica on co-injection with polysorbate (above its critical micelle concentration) and also to silica pre-coated 
with polysorbate. A bilayer model was developed from NR data for mAb-1 at concentrations of 50–5000 mg/L, pH 5.5, 
and 50–2000 mg/L, pH 7.4. the inner mAb-1 layer was adsorbed to the Sio2 surface at near saturation with an “end-on” 
orientation, while the outer mAb-1 layer was sparse and molecules had a “side-on” orientation. A non-uniform triple layer 
was observed at 5000 mg/L, pH 7.4, suggesting mAb-1 adsorbed to the Sio2 surface as oligomers at this concentration 
and pH. mAb-1 adsorbed as a sparse monolayer to hydrophobized silica, with a layer thickness increasing with bulk 
concentration - suggesting a near end-on orientation without observable relaxation-unfolding.
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Excipients are often included in protein formulations to sta-
bilize the monomeric form and reduce aggregation and surface 
adsorption.9 Many examples can be drawn on to illustrate the 
utility of polysorbates in protein bioprocessing, formulation and 
delivery. In general, polysorbates compete with the protein for 
an interface and adsorb to exposed hydrophobic patches on the 
protein surface. Non-ionic surfactants such as polysorbate 20 
and 80 (Tween® 20 and 80) and the polyethylene glycol-poly-
propylene glycol-polyethylene glycol (PEO-PPO-PEO) triblock 
co-polymers (Pluronics®) are commonly used excipients for this 
reason.10,11 Tweens around 0.02–0.05% are often found to mini-
mize particulate formation during shaking/stirring formulation 
studies designed to expose the protein to air/liquid interfaces and 
accelerate aggregation through surface adsorption/desorption. 
However, while aggregates ≥ 10 μm and ≥ 25 μm in size may be 
attenuated, particles toward the subvisible may still be present.12 
Low concentrations of Tween 20 (0.0025%, below the critical 
micelle concentration (CMC) of ca. 0.01% w/v) may also confer 
some prevention of IgG1 aggregation when shaken.12 Tween 20 
has also been shown to displace β-lactoglobulin from the air/
water interface by preferential adsorption,13 and aggregation of 
recombinant human factor XIII by competition for interfacial 
binding sites.14
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excites fluorophores within ca. 100 
nm of the surface (dependent on the 
wavelength), i.e., the emission signal 
is generated by excitation of (fluores-
cently labeled) protein adsorbed at the 
solid/liquid interface and not from 
protein in solution.25 For transport 
limited adsorption, as described by the 
Leveque equation, the raw fluorescent 
signal can be converted to a quanti-
tative measure of mass per unit area. 
In this manner TIRF is a relatively 
straightforward bench-top technique 
allowing determination of adsorption/
desorption kinetics for a fluorescently 
labeled protein at the solid/liquid 
interface; however, transport limited 
kinetics are only maintained for low 
protein concentrations and TIRF does 
not provide molecular-level informa-
tion of the nature of the adsorbed pro-
tein layer, such as orientation of the 
protein molecules at the surface, and 
the build-up of multiple protein layers. 
To ascertain this information for pro-
tein adsorbed from relatively high con-
centration solutions, we characterized 

the adsorbed protein layers using neutron reflectometry (NR, a 
general technique described elsewhere26) NR has been used to 
define the orientation of antibodies non-specifically adsorbed at 
the solid/liquid interface19 and antibodies non-covalently bound 
at surfaces engineered to harbor specific capture ligands.27 By ana-
lyzing data generated by TIRF and NR experiments, we describe 
the differential adsorption/desorption of a human monoclonal 
antibody at silica and alkyl-silanized silica surfaces from aqueous 
solution of varying pH in the presence and absence of polysorbate 
20/80 above and below their CMC.

Results

Confirmation of transport limited surface adsorption for mAb-
1. For the TIRF experiments, it was important to establish that 
transport to the surface was not driven by the fluorophore or in 
the case of pre-injection with Tween, direct binding of mAb-1 
to the surfactant. No fluorescence signal above the background 
for buffer alone was observed upon injection of fluorescein iso-
thiocyanate (FITC) or Alexa Fluor 488 5-SDP (null data not 
shown). Isothermal titration calorimetric (ITC) data demon-
strated that there was no specific binding between mAb-1 and 
either Tween 20 or 80, in contrast to the positive control, which 
was bovine serum albumin (BSA) binding to Tween 20 with a K

a
 

of 4.02 × 103 ± 565 M-1 for a one-site binding model (Fig. 1) and 
to Tween 80 with a K

a
 of 1.32 × 102 ± 78.9 M-1 (data very similar 

to Tween 20). These calorimetry results are consistent with previ-
ous reports for titration of polysorbate against three other mAbs 
and albumin in solution.28

Loss of protein at the solid/liquid interface is also an impor-
tant consideration and may be particularly relevant during dilu-
tion and administration that involve use of plastic bags and 
intravenous lines.15 Adsorption of mAbs to glass vials has been 
shown to be due predominantly to electrostatic interactions.16 
Protein relaxation at the solid/liquid interface generally refers 
to an unfolding event for the adsorbed protein and concomitant 
increase in its footprint. One report has shown that the protein 
footprint may increase 5-fold during relaxation on hydrophobic 
surfaces, though much less so on hydrophilic surfaces and with 
longer time scales.17 It is not always the case, however, that pro-
teins unfold on hydrophobic surfaces. This may be related to the 
conformational stability of the protein and, for mAbs at least, 
there are recent reports that adsorption to hydrophobic surfaces 
is not necessarily followed by unfolding.18,19 The influence of 
polysorbate on adsorbed protein is by conventional wisdom one 
where surfactant desorbs protein from an interface in a process 
sometimes referred to as orogenic displacement.20,21 Polysorbates, 
however, may be co-added to a liquid protein formulation or used 
to pre-coat a glass vial before filling; both scenarios are very dif-
ferent to displacement studies. In these scenarios, polysorbate has 
been shown to have no effect on protein adsorption, particularly 
at glass surfaces where the polysorbate-silica interaction is rela-
tively weak.22

Here, we report results of our investigation of the adsorption 
and desorption of a human monoclonal antibody at the solid/
water interface, initially using total internal reflection fluores-
cence (TIRF).23,24 TIRF is dependent on the generation of an 
evanescent wave at the point of total internal reflection that 

Figure 1. enthalpograms for the titration of 10 mM tween 80 into 14.4 mg/mL (0.24 mM) BSA (A), and 
10 mM tween 80 into 14.4 mg/mL mAb-1 (B). top panels show power flow signals for each injection of 
polysorbate into the protein solution. Bottom panels show the reaction enthalpies as determined by 
peak integration.
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adsorption to a similar degree – when measured at the plateau 
near steady-state conditions (~25–30 mg/m2) and relative to 
mAb-1 in the absence of polysorbate (~12 mg/m2). There was 
no discernible change in the rate of adsorption from the point of 

The fluorescein-labeled mAb-1 was diluted in phosphate buff-
ered saline (PBS), pH 7.4, when carrying out the TIRF experi-
ments since fluorescein fluorescence is attenuated in mildly acidic 
conditions.29 For the same reason we used Alexa Fluor 488 label 
when carrying out TIRF experiments at pH 5.5. The Leveque 
equation (Eq. 1) was used to establish that mAb-1 surface adsorp-
tion was transport limited (below), such that the raw fluorescence 
data were fitted to the equation to calculate the protein surface 
fraction in units of mg/m2.

d
dt L

D CG
= ·

Ł ł
· ·0 538

1

3
2

3.
g

where, dΓ/dt = adsorption rate; γ = shear rate; L = distance from 
point of entry to measurement point (cm); D = diffusion coef-
ficient (calculated as 1.99 × 10-10 for a measured hydrodynamic 
diameter of 12.17 nm) and; C = concentration (mg/mL).30

The two parameters in the Leveque equation that could be 
varied in these experiments were shear rate (γ) and concentra-
tion (C), the other parameters remaining constant. To establish 
transport limited adsorption, we therefore calculated the change 
in the rate of adsorption (i.e., the linear slope of fluorescence vs 
time) for increasing concentrations of mAb-1 (maintaining shear 
at 6 sec-1), and increasing shear (for L = 1 cm and a mAb-1 con-
centration of 0.01 mg/mL). Plots in Figure 2 showed that the 
change in the rate of adsorption was directly proportional to the 
mAb-1 concentration and also proportional to the cube root of 
shear (as predicted by the Leveque equation), and therefore dem-
onstrating that transport limited conditions were maintained up 
to a maximum concentration of 250 mg/L and maximum shear 
rate of 42 sec-1.

Polysorbate-induced desorption of mAb-1 from silica sur-
faces. Desorption of mAb-1 from the silica surface at pH 7.4 
by both Tween 20 and 80 at concentrations below and above 
their CMC was observed (Fig. 3). Good reproducibility for the 
TIRF technique in measuring mAb-1 behavior at the surface was 
demonstrated by overlap of the profiles representing the adsorp-
tion phase (i.e., to the point of polysorbate injection), although 
the profile for 1 mM Tween 80 appeared to be slightly displaced 
upward. Displacement of mAb-1 from the surface was rapid and 
near complete for injection of Tween 20 both below and above 
its CMC: ~1 mg/m2 mAb-1 remaining compared with ~12 mg/
m2 for mAb-1 under equilibrium conditions (at the plateau in 
the absence of surfactant). In contrast, much less mAb-1 was 
desorbed from the surface by Tween 80 below and above its CMC 
(ca. 7 and 2 mg/m2 remaining adsorbed, respectively). The kinet-
ics of mAb-1 desorption were also very slow for Tween 80 below 
its CMC. With respect to the extent of mAb-1 desorption, the 
affinity of Tween 20 for the silica surface was therefore greater 
than that for Tween 80.

Co-injection of polysorbate and mAb-1 to the silica sur-
face. The concentration of Tween co-injected with mAb-1 into 
the sample chamber had a distinct influence on mAb-1 sur-
face adsorption (Fig. 4). When co-dissolved at concentrations 
above their CMCs both polysorbates increased mAb-1 surface 

Figure 2. tIRF data showing linear relationships for the rate of adsorp-
tion of mAb-1 to the glass surface vs. its concentration for a constant 
shear of 6 sec-1 (A), and the cube root of the shear rate for a mAb-1 
concentration of 0.01 mg/mL (B), according to the Leveque equation.

Figure 3. Adsorption of a 0.01 mg/mL solution of mAb-1 to a glass 
surface (black line), investigated using tIRF, followed by introduction 
of polysorbate (arrow) in pBS pH 7.4 as follows: tween 20, 0.05 mM (red 
line) and 1 mM (gray line); tween 80, 5 μM (blue line) and 1 mM (green 
line).
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established. The transient peak for mAb-1 co-injection with 
5 μM Tween 80 was larger than for co-injection with 50 μM 
Tween 20. This can most likely be attributed to the 10-fold lower 
concentration (compare Tween 20) or the lower affinity of Tween 
80 for the silica surface compared with Tween 20, consistent with 
the observations made for desorption of mAb-1 by the two poly-
sorbates below their CMCs.

Adsorption of mAb-1 to silica surfaces pre-coated with poly-
sorbate. To further investigate the apparent competition between 
the mAb-1 and polysorbate for the silica surface, we pre-injected 
Tween 20 and 80 onto the surface for 1800 sec without mAb-1. 
The expectation was that the surface would become coated with 
either Tween 20 or 80 to a saturation dependent on the poly-
sorbate’s affinity for the silica surface. mAb-1 solution without 
polysorbate was then injected into the sample chamber as normal 
(Fig. 5). For Tween 80, the extent of adsorption of mAb-1 at near 
plateau was approximately equivalent to that for mAb-1 at the 
bare silica surface (ca. 12–14 mg/m2 for Tween 80 coated sur-
faces). For pre-coating with Tween 20, a much higher subsequent 
adsorption of mAb-1 was observed (~20 mg/m2). This suggests 
that Tween 80 adsorbed poorly to the surface, while the affinity 
of Tween 20 for the surface was greater, which is consistent with 
interpretations above. The data suggest that mAb-1 does not dis-
place Tween 20 from the silica surface, else the profiles would 
have tended to that for adsorption to silica. There was no signifi-
cant difference between mAb-1 adsorbed to surfaces pre-coated 
with polysorbate above or below its CMC because the surfactants 
were injected over a sustained period of time (i.e., to saturation), 
with the remaining bulk solution then washed out on injection 
of mAb-1.

The effect of solution pH on mAb-1 adsorption. The pI of 
mAb-1 was given as 8.99 and its adsorption to the silica surface 
from solutions at pH 5.5 and pH 7.4 were investigated because 
electrostatic interaction between a protein and the surface is 
known to play a central role in driving adsorption.31 Figure 6 
shows that mAb-1 surface adsorption at pH 7.4 was approxi-
mately three times that at pH 5.5 (ca. 12 mg/m2 compared with 
ca. 5.5 mg/m2, respectively). At both pH values, mAb-1 would 
be expected to carry a net positive charge facilitating electrostatic 
attraction with the net negatively charged silica surface. The 
difference in surface adsorption may therefore arise from subtle 
changes in the charged state of local patches of acidic/basic resi-
dues; this was further investigated by neutron reflectivity mea-
surements as described below. The acid sensitivity of Alexa Fluor 
488, however, cannot be discounted (though it is much more sta-
ble than fluorescein). The manufacturer states a stable pH range 
of 4–10 but recommends a useable pH range of 6.5 to 8.5, which 
is outside the pH studied here. Explaining the apparent fall in 
surface adsorption is thus complicated by a possible decrease in 
fluorescence sensitivity at pH 5.5.

mAb-1 adsorption and desorption from hydrophobic sur-
faces. To mimic hydrophobic plastic surfaces, we silanized sil-
ica with octadecyltrichlorosilane (OTS) to generate octadecyl 
monolayer.32 The water contact angle of the OTS-coated silica 
surface was 107.1°, which indicated a poorly wettable (i.e., hydro-
phobic) surface. This compared against a water contact angle of 

injection of sample. It is also noticeable that the TIRF signals for 
mAb-1 co-dissolved with Tween 20/80 above their CMCs were 
relatively noisy. It is not entirely clear why this should be, but 
may point to a large degree of change of mAb-1 approaching and 
leaving a surface. That is, the surface is not to be assumed to be a 
static layer but one that is under a degree of flux consistent with 
competition for the surface between surfactant and protein. In 
contrast, co-injection of mAb-1 with Tween 20 or 80 below their 
CMCs resulted in a marked decrease in surface adsorption (Fig. 
4). This suggests that saturation by polysorbate of non-specific 
binding sites on mAb-1, and polysorbate directed adsorption 
under these specific conditions, is important in understanding 
the observed switch from increased mAb-1 adsorption to desorp-
tion. The transient peak indicates that mAb-1 initially absorbed 
to the silica surface but was then competed off the surface by 
both Tween 20 and Tween 80 as equilibrium conditions became 

Figure 4. Adsorption of a 0.01 mg/mL solution of mAb-1 co-dissolved 
with polysorbate to a glass surface in pBS pH 7.4, investigated using 
tIRF, as follows: tween 20, 0.05 mM (red line) and 1 mM (gray line); 
tween 80, 5 μM (blue line) and 1 mM (green line). Reference was to the 
adsorption of a 0.01 mg/mL solution of mAb-1 to a glass surface (black 
line).

Figure 5. Adsorption of a 0.01 mg/mL solution of mAb-1 to a glass 
surface pre-coated with polysorbate in pBS buffer pH 7.4, investigated 
using tIRF, as follows: tween 20, 0.05 mM (red line) and 1 mM (gray line); 
tween 80, 5 μM (blue line) and 1 mM (green line). Reference was to the 
adsorption of a 0.01 mg/mL solution of mAb-1 to a glass surface (black 
line).
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51.2° for the bare silica surface (i.e., hydrophilic). The amount 
of mAb-1 adsorbed to the OTS-coated surface was around half 
that adsorbed to bare silica and was reduced compared with the 
hydrophilic silica surface (Fig. 6). This would imply a reduced 
number of molecules bound per unit area to the OTS-coated 
surface, though the TIRF data does not inform us of layer thick-
ness. We therefore characterized the nature of the adsorbed layer 
using neutron reflectivity. Injection of Tween 20 or 80 caused an 
initial period of rapid desorption of mAb-1 from the OTS-coated 
surface whether the concentrations of polysorbate were above and 
below their CMC values (Fig. 7). Desorption of mAb-1 by Tween 
80 rapidly reached a nadir with little or no further desorption, 
leaving around 40% of the mAb-1 originally adsorbed. In con-
trast, desorption by Tween 20 was not complete at the end of 
the data collection period. This result is opposite to that seen 
for mAb-1 desorption from bare silica, where Tween 20 caused 
greater, more rapid desorption than Tween 80. This supports the 
same interpretation that the relative affinity of the polysorbate 
determines the extent to which mAb-1 is desorbed.

It should be noted that there appeared to be a greater vari-
ability in the extent of adsorption of mAb-1 to the OTS-coated 
surface in Figure 7. This probably reflects subtle differences in 
the quality of the octadecyl surface for the different coated sub-
strates. It is well known that imperfections in alkyl self-assem-
bled monolayers are largely eliminated when the silanization is 
allowed to proceed for extended periods (e.g., overnight), but sur-
face consistency for the OTS-coated glass slides would naturally 
be expected to be lesser compared with the bare, cleaned glass 
slides. A further consideration is the change in scale of the y-axis, 
given that much smaller amounts of mAb-1 adsorb to the OTS-
coated surface compared with bare silica.

For hydrophobic silica surfaces pre-coated with polysor-
bate, mAb-1 adsorption appeared to be dependent on the prior 
concentration of polysorbate used to coat the surface (Fig. 8). 
However, it should be noted that the absolute change in surface 
loading remained small for all pre-coating conditions tested, as 
discussed further below.

Characterization of the protein surface fraction and anti-
body orientation within adsorbed layer(s). It became apparent 
during the course of the TIRF experiments that interpretation of 
the data would be aided by a better understanding of the nature 
of the adsorbed mAb-1 layer(s) to silica and OTS-coated silica. 
Neutron reflectivity experiments were therefore used to generate 
a model of how mAb-1 may adsorb to the various surfaces during 
change in concentration and pH. On fitting parameters to the 
data for the protein in D

2
O, it was found that the best agree-

ment (as measured by χ2) was only achievable when the scattering 
length density (SLD) for the protein layer was allowed to become 
less than the theoretical value calculated for 70% hydrogen/deu-
terium (H/D) exchange. This would infer a protein layer with 
a surface fraction of > 1.0, which is unphysical. Since the data 
fitting appeared to point toward a saturated layer (i.e., mAb-1 
surface fraction of 1.0) we therefore calculated the theoretical 
SLD against the data fitting that was equivalent to an assumed 
H/D exchange of 50%. This gave a revised theoretical SLD of 
2.57 × 10-6 Å-2 against which all other protein surface fractions 

Figure 6. Adsorption of a 0.01 mg/mL solution of mAb-1 histidine buf-
fer pH 5.5 to a glass surface (gray line) and to an otS-coated (hydropho-
bized) glass surface (black line), investigated using tIRF.

Figure 7. Adsorption of a 0.01 mg/mL solution of mAb-1 to an otS-
coated glass surface (black line), investigated using tIRF, followed by 
introduction polysorbate (arrow) in histidine buffer pH 5.5 as follows: 
tween 20, 0.05 mM (red line) and 1 mM (gray line); tween 80, 5 μM (blue 
line) and 1 mM (green line).

Figure 8. Adsorption of a 0.01 mg/mL solution of mAb-1 to an otS-
coated glass surface pre-coated with polysorbate in histidine buffer 
pH 5.5, investigated using tIRF, as follows: tween 20, 0.05 mM (red line) 
and 1 mM (gray line); tween 80, 5 μM (blue line) and 1 mM (green line). 
Referenced to the adsorption of a 0.01 mg/mL solution of mAb-1 to a 
otS-coated glass surface (black line).
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which monoclonal antibodies are commonly concentrated to for 
subcutaneous injection (ca. 50–150 mg/mL). Nevertheless, over 
all concentrations tested, the adsorption of mAb-1 to hydrophilic 
surfaces (SiO

2
—equivalent to the bare silica slides used in TIRF 

experiments) and hydrophobic surfaces (OTS-coated SiO
2
) was 

clearly distinguished. The reflectivity profiles for mAb-1 adsorbed 
to SiO

2
 from pH 5.5 buffer (Fig. 9A) show a clear fringe at Q of 

0.09 Å-1 with neighboring fringes at higher and lower Q values 
(the latter being rather shallow). In contrast, reflectivity profiles 
for mAb-1 adsorbed to OTS-coated SiO

2
 from pH 5.5 buffer 

show only a single, broad fringe at Q of 0.1 Å-1 (Fig. 9B). This 
pattern of fringes was repeated for all concentrations tested and 
suggests the formation of additional layers for mAb-1 absorbed to 
SiO

2
. On fitting the SLD profiles to these data sets (Fig. 10), the 

OTS-coating was observed as a 17 Å layer with a negative SLD 
of ~0.76 × 10-6 Å-2, which is very similar to parameters previ-
ously fitted by others for an OTS layer to SiO

2
 (thickness of 16 Å 

and SLD -0.5 ± 0.3 × 10-6 Å-2).34 Progressing from concentrations 
of 50 mg/L to 5000 mg/L saw a transition in the SLD profile 
to higher protein surface fraction with a concomitant increase 
in the layer thickness (Table 1). Together, these transitions sug-
gest a reorientation of a single mAb-1 layer at the hydrophobic 
surface as the absorbed population increases. N-sigma analysis35 
for 1-layer and 2-layer protein models at the OTS-coated surface 
statistically favored the protein monolayer, and this is consistent 
with the smaller χ2 values.

Fitting of the SLD profile of the bare SiO
2
 layers benefitted (in 

terms of χ2 values) from the addition of a very thin layer, 1.5 to 
3.5 Å with SLD 0.35 to 0.61 × 10-6 Å-2, suggestive of a very sparse 
hydrogenous layer that presumably remained following the 
cleaning process. This sparse hydrogenous layer did not appear 
to subsequently direct mAb-1 adsorption since distinct profiles 
were observed from bulk solutions of differing pH. At both pH 
5.5 and 7.4 for concentrations up to 2000 mg/L, the fitted SLD 
profiles showed a mAb-1 bilayer (Fig. 10), with N-sigma analysis 
for bilayer and trilayer models also being statistically in favor of a 
bilayer. The SLD profiles further showed that the orientation and 
surface fraction of both mAb-1 layers was strongly dependent 
on both pH and concentration. At pH 7.4, the thickness of the 
layer immediately adsorbed to the SiO

2
 layer (the “inner layer”) 

progressively increased from ~130 to 150 Å with increasing bulk 
concentration (Table 1). Most dramatic, however, was the reori-
entation of the mAb-1 molecules within the “outer layer” (mAb-1 
adsorbed to the inner layer) at pH 7.4. At bulk concentrations 
of 5000 mg/l, a sparse additional outer layer emerges, with the 
mAb-1 molecules adsorbed end-on in all three layers at this con-
centration. The strong propensity for mAb-1 to be oriented end-
on at pH 7.4 is expected to decrease the protein surface fraction 
(for the same number of molecules per unit area) since the foot-
print is smaller end-on than side-on. Conversely, a small increase 
in the protein surface fraction of the inner and outer layers is 
observed on increasing the concentration from 2000 to 5000 
mg/L, pH 7.4. This implies that a significant number of addi-
tional mAb-1 molecules adsorbed during transition from bilayer 
to trilayer over these concentrations. Adsorption of mAb-1 from 
pH 5.5 buffer was distinct from adsorption from pH 7.4 buffer in 

were calculated (using Equation 3 in Materials and Methods). 
Although the percentage H/D exchange is lower than values 
typically assumed, this may not in fact be unreasonable. Given 
a saturated surface with a fully packed protein layer, neighbor-
ing mAb-1 molecules would minimize exposure of the molecular 
surface exposed to the solvent and consequently H/D exchange. 
This would be consistent with the known reduction in the rate of 
H/D exchange for lysozyme adsorbed to the silica surface com-
pared with lysozyme in bulk solution.33

While TIRF necessarily required very low concentrations to 
obey Leveque conditions, there is no such requirement for analy-
sis of steady-state adsorption by NR; since the NR experiments 
were intended to capture the molecular nature of the adsorbed 
layers after ~30 min equilibration. The range of concentrations 
under which mAb-1 was adsorbed to surfaces represented con-
centrations that may reasonably be encountered during early 
formulation development. Practicality of available mAb-1 vs. the 
required sample size did, however, limit the bulk concentration 
to a maximum of 5 mg/mL, less than the highest concentrations 

Figure 9. Neutron reflectivity profiles for mAb-1 adsorbed to a Sio2 (A) 
and otS-coated Sio2 (B) surface at bulk concentrations of 50 (black), 200 
(gray), 500 (red), 2000 (green) and 5000 (blue) mg/ml in histidine buffer 
pH 5.5. Data points are shown as empty circles, with the fitted reflectiv-
ity profiles shown as solid lines in the same color. For clarity, reflectivity 
profiles for increasing bulk concentrations are sequentially offset in the 
ordinate by a factor of log100.5.
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and negligible loading to bare silica in the presence of Tween 
80, for the hydrophilic and hydrophobic mAb, respectively.39 
Interestingly, they were able to correlate differential adsorption 
behavior as a function of concentration up to 50 mg/mL, which 
is not possible to repeat by TIRF given the requirement to main-
tain transport limited diffusion. The presence of multiple layers 
of adsorbed mAb-1 to silica from pH 7.4 buffer is highly likely 
from consideration of the surface loading. Theoretical calcula-
tions of a packed antibody monolayer range from 1.3–2.7 mg/
m2 for dimensions of 146 × 135 × 69 Å, to 3.9 mg/m2 for a 
sphere of 80 Å;39 for both models these values are less than ca. 
10 mg/m2 measured for mAb-1 adsorbed to bare silica in these 
experiments. The expectation then is that a bilayer at least exists 

three keys areas: (1) the protein surface fraction of the inner layer 
was slightly higher and did not show a clear, progressive increase 
with increasing bulk concentration; (2) the thickness of the inner 
layer at concentrations to 200 mg/L suggested a greater propen-
sity for side-on orientation; and (3) no dramatic reorientation 
was observed for the outer layer for adsorption from 5000 mg/L 
concentrations. Similar to adsorption from pH 7.4, the surface 
fraction of the outer mAb-1 layer remained sparse (SLD around 
5.5 × 10-6 Å-2), which was also equivalent to the surface fraction 
of mAb-1 adsorbed to OTS-coated silica.

Discussion

The influence of polysorbate on mAb-1 adsorption to silica. 
Three conditions were tested: pre-, co- and post-injection of 
polysorbate with respect to the point of mAb-1 injection to the 
surface. Both Tween 20 and 80 caused desorption of mAb-1 
from the silica surface dependent on their relative affinities 
for the surface and concentration. The longer C18 alkyl-chain 
of Tween 80 would be expected to reduce its affinity for the 
hydrophilic silica surface compared with the C12 alkyl-chain of 
Tween 20, with the opposite being the case for the OTS-coated 
silica surface, as supported by the TIRF data. Displacement of 
protein from an interface is a well studied phenomenon noted in 
several studies, and termed orogenic displacement by Mackie et 
al. (1999),36 to describe compression of an adsorbed protein layer 
via surfactant adsorption at nucleation sites until a critical point 
in the surface pressure is reached, causing protein desorption. 
Since mAb-1 desorption appeared to be immediate on injec-
tion of polysorbate, the kinetics of polysorbate adsorption and 
displacement must be very rapid. The only case of slow mAb-1 
desorption was for Tween 80 below its CMC, which could sim-
ply be a consequence of the concentration being 10-fold less 
than that for Tween 20 (compare the CMCs of Tween and 20 
and 80). Under the dynamic condition of flow, polysorbate 
molecules can be envisaged to be continually “arriving” at the 
surface (since free surfactant molecules in bulk solution are ther-
modynamically unfavorable); therefore absolute concentration 
appears to be more relevant that concentration with respect to 
the CMC. Although polysorbate molecules self-assembled as 
a micelle above the CMC are thermodynamically stable, the 
micelle is a dynamic structure requiring consideration of lateral 
diffusion and exchange between free/assembled surfactant mol-
ecules. Evidence for the dynamic nature of a Tween 80 micelle 
has recently been provided by in silico modeling data.37 Not all 
mAb-1 was washed off the surface following injection of Tween 
20/80 above/below the CMC, which would suggest heterogene-
ity in the adsorbed protein population.

Residual adsorbed antibody has been observed following 
surfactant-induced displacement previously for both hydro-
philic38 and hydrophobic surfaces,39 with the suggestion that 
protein adsorbed to the surface is irreversibly bound while sub-
sequent adsorbed layers are reversibly bound. Oom et al. studied 
the adsorption of a hydrophilic and hydrophobic mAb, acquir-
ing data showing surface loadings very similar to the results 
acquired here: ~5 and 10 mg/m2 to bare silica, and ~2 mg/m2 

Figure 10. Fitted SLD profiles for neutron reflectivity data for mAb-1 
adsorbed to Sio2 from solutions in histidine pH 5.5 (A) or pBS pH 7.4 (B), 
and to otS-coated Sio2 from solutions in histidine pH 5.5 (C). profiles 
are shown as the distance from the silicon-Sio2 interface and labels are 
used as a guide for the SLD of each layer, corresponding to table 1.
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CMC, the 2-fold increase in mAb-1 surface coverage observed 
(Fig. 4) may initially be surprising since a higher concentration 
of surfactant would be expected to compete more strongly for the 
surface. The explanation for this may be that, upon co-injection 
of mAb-1 with Tween 20 above its CMC, the surfactant satu-
rates both the surface and non-specific binding sites on mAb-1, 

and further discussion of the suitability of such a model for the 
experiments here is made against interpretation of neutron reflec-
tivity data, below.

TIRF data for co-injection of polysorbate and mAb-1 to the 
surface also point to the importance of considering the dynamic 
of polysorbate micelles under conditions of flow. Above the 

Figure 11. Cartoon of the change in surface fraction and molecular orientation (layer thickness) for the adsorption mAb-1 to Sio2 and otS-coated Sio2 
with increasing bulk concentration at pH 7.4 and 5.5.

Table 1. Fitted layer parameters for one-, two- and three-layer models of mAb-1 adsorbed to the Sio2 and otS-coated Sio2 surface

Buffer and surface mAb-1 conc. (mg/L) d, inner layer* (Å) d, outer layer§ (Å) Protein fraction, inner layer
Protein fraction, outer 

layer§

pH 5.5,  
Sio2 surface

50 95 60 0.99 0.22

200 102 62 1.00 0.24

500 115 63 1.00 0.27

2000 117 66 1.01 0.29

5000 130 70 1.01 0.31

pH 5.5, otS-coated 
Sio2 surface

50 99 n/a 0.12 n/a

200 107 n/a 0.15 n/a

500 113 n/a 0.19 n/a

2000 119 n/a 0.21 n/a

5000 125 n/a 0.23 n/a

pH 7.4,  
Sio2 surface

50 131 68 0.89 0.17

200 133 68 0.88 0.16

500 141 67 0.84 0.15

2000 160 69 0.81 0.14

5000 207
145 
178§ 0.94

0.25 
0.15§

d, layer thickness reported to the nearest whole number; *, the mAb-1 inner layer is in direct contact with the substrate; §, italicized numbers refer to 
the two outer layers seen for mAb-1 adsorbed to Sio2 from 5000 mg/L solution, pH 7.4 only (trilayer model). the number of layers generated in each 
model was statistically verified by N-Sigma analysis.
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The reduction in adsorption to hydrophilic surfaces is consistent 
with previous data for antibody adsorption to a wide range of 
surfaces of different wettabilities, including the observation of no 
antibody adsorption to polyvinylchloride surfaces.45 The surface 
loading of 2 mg/m2 seen in these TIRF studies is the same as the 
loading seen for lysozyme to hydrophobic silica surfaces, despite 
the obvious difference in the proteins’ size and architecture.22 
Tween 20 and particularly Tween 80 showed strong adsorption 
to the OTS-coated silica, displacing ~50% of pre-adsorbed mAb-
1, with the kinetics of desorption being much faster for Tween 80 
than for Tween 20. Hydrophobic interaction between the alkyl 
tail of the polysorbate and the octadecyl monolayer would be 
expected to drive polysorbate adsorption, leaving the PEG chains 
exposed to buffer. Faster desorption of mAb-1 by Tween 80 could 
therefore be ascribed to the stronger affinity of the longer alkyl 
chain of Tween 80 for the octadecyl monolayer, since both Tweens 
would have very similar diffusion coefficients. Partial desorption 
of lysozyme from hydrophobic silica by increasing concentrations 
of Tween 80 has also been reported, with the authors’ concluding 
that a “strong Tween-surface association is necessary to inhibit 
protein adsorption.”22

For OTS-coated silica surfaces pre-coated with Tween 20/80 
(Fig. 8), the increase in mAb-1 adsorption for pre-coating with 
Tween concentrations above the CMC indicated that the surface 
was likely more hydrophilic. This is consistent with a polysor-
bate-coated octadecyl monolayer. (mAb-1 association with PEG 
groups being entirely consistent with the TIRF data for pre-
coated bare silica and the data of others,42 as discussed above.) 
Since the surface loadings remained well below 10 mg/m2, it is 
unlikely that a saturated PEG surface can be envisaged and it is 
also possible that mAb-1 desorbed bound polysorbate to regener-
ate the hydrophobic surface, an observation previously noted by 
others for lysozyme adsorption to silica pre-coated with Tween 
80.22 The slightly reduced mAb-1 adsorption for pre-coating 
concentrations below the CMC indicates a less favorable bind-
ing interaction. This probably represents several underlying fac-
tors, including a heterogeneous surface, desorption of Tween by 
mAb-1 and differential mAb-1 binding affinities to polysorbate-
free vs. -coated surface sites. A final consideration explaining 
the lower surface loadings on the OTS-coated silica following 
surface adsorption is protein relaxation. This has been suggested 
to involve a two-step process, first, interaction of the protein sur-
face with the interface with rapid kinetics (seconds) and, second, 
exposure of the protein hydrophobic core to the interface with 
much slower kinetics dependent on the nature of the interface 
and protein.46 Thus, where relaxation is extensive and significant 
tertiary structure is lost, a much thinner adsorbed protein layer 
will result, which effectively reduces the surface loading via an 
increase in the adsorbed footprint.

Characterizing mAb-1 adsorption to surfaces at the molecu-
lar level. Adsorption of mAb-1 from mildly acidic buffer pH 5.5 
was less than that observed by TIRF at pH 7.4, to ~5.5 mg/m2. A 
higher surface adsorption from pH nearer the protein pI is con-
sistent with other reports.47,48 For example, Wang et al. showed 
maximal adsorption for a mAb at a pH equivalent to its pI of 6 
(> 3 mg/m2), with a fall in adsorption to ~2.5 mg/m2 at pH 4 and 

which remains natively folded. The retention of the native fold 
of mAb-1 is also predicted by calorimetry data for polysorbate 
interaction with a recombinant human IgG1.40 In this scenario, 
the mAb-1/polysorbate complex approaches a surface also satu-
rated with polysorbate. Resultant self-assembly of polysorbate 
chains at the silica and mAb-1 surfaces may therefore be driv-
ing the observed increase in mAb-1 surface coverage through 
either a change in protein packing or multiple protein layers; 
both models being observed by TIRF as simply an increase in 
the surface fraction of adsorbed protein. In contrast, TIRF data 
for co-injection of mAb-1 with polysorbate below the CMC sug-
gest that the polysorbate molecules have a greater affinity for the 
silica surface than mAb-1 and ultimately attenuate adsorption. 
The affinity of the polysorbate molecules for the silica surface is 
therefore greater than their affinity for the mAb-1 surface and 
may reflect the interaction of the silica surface hydroxyl groups 
with the hydrophilic polysorbate polyethylene glycol (PEG) head 
groups. The transient peaks seen at the point of co-injection (Fig. 
4) point to competition for the silica surface between free mAb-1 
and free polysorbate molecules. The latter clearly out compete 
the mAb-1 molecules, most likely as a consequence of the smaller 
diffusion coefficient, which is five-orders of magnitude different 
(1.8 × 10-6 cm2/s calculated for Tween 80,37 vs. 1.99 × 10-11 cm2/s 
for mAb-1 calculated by the Stokes-Einstein equation for a par-
ticle with measured hydrodynamic radius of 12.17 nm).

Pre-coating of the silica surface with polysorbate is expected 
to result in a change in surface functional groups exposed to the 
mAb-1 solution. Non-specific adsorption of Tween 20/80 to the 
silica surface is not expected to form a well defined PEGylated 
“brush border,” as observed for self-assembled monolayers of very 
short chain PEGs for example.41 The exposed surface function-
ality is, however, expected to be dominated by PEG, given the 
size of the Tween 20/80 head group (four PEG chains of n = 
20) vs. the aliphatic tail of C12 (Tween 20) or C18

(9 = 9)
 (Tween 

80). Therefore, is it difficult to compare the surfaces in these 
experiments with densely packed tri(ethylene glycol) brush bor-
ders, which have been shown to repel protein.41 It should not be 
assumed then that the surfaces pre-coated with Tween will rebuff 
mAb-1 adsorption. Rather, the increase of mAb-1 adsorption to 
pre-coated surfaces over the bare silica surfaces is consistent with 
work showing that surfaces of PEG of similar size (2000 MW) 
facilitate protein adsorption via structural rearrangements in the 
PEG backbone,42 also observed by others.43 Sheth and Leckband42 
proposed that protein interacts with the ethylene oxide units bur-
ied within long chained PEG monolayer, which could equally be 
applied as an explanation of the data acquired here.

mAb-1 adsorption to hydrophobic surfaces and the effect of 
polysorbate. The adsorption of mAb-1 to hydrophobic (OTS-
coated silica) surfaces was intended to mimic adsorption to plas-
tics such as polypropylene/polystyrene, as may be encountered. 
It is well established that the driving force in protein adsorption 
to hydrophobic surfaces includes entropic effects through dehy-
dration of the surface.44 It was immediately clear from TIRF 
data that mAb-1 adsorption to hydrophobic surfaces was much 
reduced compared with (hydrophilic) silica surfaces: approach-
ing 2 mg/m2 compared with 5.5–12 mg/m2, respectively (Fig. 6). 
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that mAb-1 unfolded on increasing bulk surface concentration. 
Unfolded protein would not be well hydrated, nor extend into the 
aqueous buffer, instead forming a thin, spread layer as observed 
for denatured lysozyme at a hydrophobic surface.34 Unfolding as 
a consequence of protein relaxation at the surface would also be 
envisaged to have the same outcome.

The model proposed here is one in which mAb-1 begins to 
adsorb from solution in oligomers, explaining the formation of a 
sparse third layer above an intermediate layer also of low surface 
fraction. The NR contrast between three protein layers where the 
outer two layers suggest the presence of sparse clusters is natu-
rally relatively poor and for this reason it is likely that the fit to 
the data are less certain. For this reason, it is possible that the 
model-incorporated layers that appear to be thicker than would 
be envisaged for a mAb adsorbed end-on. It is important to note 
that there is good precedent for the observed behavior of mAb 
adsorption in discrete clusters, first from the general understand-
ing that mAbs have a tendency to form oligomers (soluble aggre-
gates) at higher concentrations52 and second from atomic force 
microscopy images showing heterogeneous surface aggregates 
for a murine mAb at the silica surface.19 Xu et al. also used NR 
to demonstrate that the murine mAb adsorbed to silica was not 
unfolded and tilted away from side-on orientations in a three-
layer model at higher concentrations, consistent with this work. It 
is interesting that over the concentration range tested, we did not 
observe an adsorption process analogous to the surface pressure 
area isotherm of surfactants, as has previously been proposed for 
a IgG-like domain pair.53 Even at the lowest concentration of 50 
mg/L, the inner mAb layer had already approached saturation. 
Given that the protein surface fraction approached saturation, at 
least for the inner mAb-1 layer, it is inevitable that intermolecular 
interactions will have played a role in the packing density and 
orientation adopted.

mAb-1 adsorbed to hydrophobic (OTS-coated silica) sur-
faces as a sparse monolayer with a layer thickness indicating an 
orientation toward side-on at the lower concentrations tested, 
but tending toward fully end-on as the protein surface fraction 
increased. The absence of a thin, adsorbed layer with high sur-
face fraction against the surface, as observed for lysozyme unfold-
ing at an OTS-coated silica surface,34 argues against unfolding 
of mAb-1. Maintenance of the native mAb-1 structure would 
predict minimal interaction between the hydrophilic/charged 
mAb-1 surface and octadecyl monolayer, consistent with the 
sparse layer observed. The non-uniformity of the layer may also 
point to the adsorption of oligomers, as discussed above. Recent 
quartz crystal microbalance data for a monoclonal human IgG1 
adsorbed to a hydrophobic (dodecyl) self-assembled monolayer 
also showed side-on antibody orientation at low surface fractions, 
with transition to end-on orientation at higher surface fractions.18 
An end-on orientation wherein the Fc domains interact with the 
hydrophobic surface has been postulated following papain diges-
tion of human IgG adsorbed to a hydrophobic surface with con-
sequent release of the F

ab
.54 However, extrapolating such a model 

to mAb-1 would require further in-depth understanding of the 
role of local surface charge and exposed hydrophobic surface 
patches. For this reason, the adsorbed mAb-1 molecules in the 

< 1mg/m2 at pH 8.48 Although the negative potential of silica is 
known to vary with pH,49 we assumed these changes to be small 
(from pH 7 to 12 the zeta potential of silica varies between -60 
and -70 mV), i.e., electrostatic interactions between mAb-1 at 
pH 7.4 and 5.5 and SiO

2
 (silica) surface are expected to predomi-

nate.31 The NR experiments, however, suggested more complex 
behavior for mAb-1 adsorption as a function of pH and concen-
tration. For concentrations below 2000 mg/L, the bilayers (Table 
1) fitted to the NR data showed that both inner and outer mAb-1 
layers were noticeably thicker for adsorption to SiO

2
 from pH 7.4, 

but the surface fractions were slightly less.
The differences in the SLD and layer thickness profiles (Fig. 

10) can be explained by modeling two different orientations of 
adsorbed mAb-1 from pH 7.4 and 5.5. While no 3-D structure 
of mAb-1 exists, X-ray crystallography structures for other mAbs 
suggest the dimensions for a human IgG1 lie between 142 × 85 × 
38 Å50 and 146 × 135 × 69 Å.51 At pH 5.5 and a bulk concentra-
tion of 50 mg/L, mAb-1 can therefore be assumed to be adsorbed 
to the SiO

2
 surface (the inner layer) with an orientation lying 

between “side-on” (the smallest dimensions in the crystal struc-
tures) and “end-on” (the largest dimensions). As bulk concentra-
tion increases and the protein surface fraction remained very near 
saturation, adsorbed mAb-1 molecules at the SiO

2
 surface tilted 

to an end-on position to accommodate further adsorbed mol-
ecules. In contrast, in pH 7.4 buffer, the orientation of mAb-1 
adsorbed to the SiO

2
 surface was near end-on for all concentra-

tions below 2000 mg/L. This would suggest localized repulsion 
from the silica surface as regions rich in acidic residues gained 
negative potential as the buffer pH moved further from the pK

a
 

of Asp/Glu side chains (pK
a
 3.9–4.3). The positive potential 

of regions rich in basic residues would unlikely have changed 
much given that both buffer pH values are > 2 units from the 
pK

a
 of Lys/Arg side chains (pK

a
 11.1–12.0). Therefore, the shift 

toward the pI of mAb-1 may be expected to reduce net electro-
static interaction with the silica surface, which was observed as 
a small decrease in the protein surface fraction. There is then 
an apparent disparity between the protein surface fractions cal-
culated from NR data at pH 7.4 and 5.5, and the decrease in 
mAb-1 adsorption seen by TIRF at pH 7.4 and 5.5. This may be 
explained by an acid sensitivity of the Alex Fluor 488 dye during 
TIRF experiments at pH 5.5 as mentioned above, or consider-
ation that end-on oriented mAbs have a smaller footprint such 
that the number of molecules adsorbed per unit area at both pH 
may not be that dissimilar.

For both pH values and concentrations up to 2000 mg/L, the 
adsorbed outer layer showed very little change, remaining tilted 
close toward a fully side-end orientation and with a much lower 
(sparse) protein surface fraction. The outer layer at the maximal 
concentration tested (5000 mg/L) at pH 7.4 showed a distinct 
behavior, whereas the change in moving from 2000 to 5000 
mg/L at pH 5.5 continued the general trend of increasing layer 
thickness and protein surface fraction. At pH 7.4 the formation 
of a second outer layer and marked increase in the thickness of all 
three mAb-1 layers was observed. The thickness of the inner layer 
(mAb-1 adsorbed to the SiO

2
 surface) was greater than should 

be possible from crystal structure coordinates, but it is unlikely 
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saline pH 7.4 (PBS), and left stirring in the dark for 2 h at room 
temperature. Unbound FITC was removed through extensive 
dialysis against PBS and the labeling ratio and protein concen-
tration calculated using absorbance values at 280 and 495 nm. 
mAb-1 was labeled with Alexa Fluor 488 by addition of 1 mg 
Alexa Fluor 488 5-SDP ester to 1.5 mL mAb-1 dissolved in PBS 
to 50 mg/mL, and rotated at room temperature for 1 h to ensure 
thorough mixing. Unbound Alexa Fluor 488 5-SDP ester was 
removed through dialysis against l-histidine pH 5.5 at 4°C in 
the dark. The concentration of mAb-1 and the label:protein 
ratio were calculated using absorbance values at 280 and 494 nm 
according to the manufacturer’s instructions.

Calculation of the diffusion coefficient of the mAb-1.  
The hydrodynamic diameter of mAb-1 at a concentration of  
1 mg/mL in PBS was determined using dynamic light scattering 
(NanoZS). From the measured hydrodynamic diameter of mAb-
1, the corresponding diffusion coefficient was calculated using 
the Stokes-Einstein Equation 2:

D kT
r

=
6p h

where D = diffusion coefficient; k = Boltzmann constant (1.381 × 
10-23 m2 kg s-2 K-1); T = absolute temperature (Kelvin); r = hydro-
dynamic diameter (nm) and; η = viscosity of water at 25°C (0.89 
centipoise).

Isothermal Calorimetry (ITC). BSA and mAb-1 were dia-
lyzed using a Slide-a-Lyzer® dialysis cassette, 10,000 Dalton 
molecular weight cut-off, (Pierce, Thermo Scientific) overnight 
in 10 mM phosphate buffer pH 7.4. To ensure an exact buffer 
match, the dialyzed buffer was then used to prepare the Tween® 
20 and Tween® 80 solutions. A VP-ITC (MicroCal™ Inc.) was 
used to carry out the calorimetric titration experiments. The 
titration experiments were undertaken at 25°C. Prior to each 
experiment, the sample cell and syringe were washed with 10% 
Decon 90 followed by distilled water and then 10 mM phosphate 
buffer. The reference cell was filled with degassed buffer. The 
reaction cell (volume 1.4 mL) was filled with the protein solution 
at a concentration of 14.4 mg/mL. The injection syringe, with a 
volume of 300 μL, was filled with surfactant solution in 10 mM 
phosphate buffer. The time delay prior to the first injection was 
60 sec and the reference power was set to 10 μcal/s and the filter 
to 2 sec. Each titration experiment consisted of one injection of 1 
μL followed by 25 injections with a volume of 10 μL. An injec-
tion speed of 0.5 μL/s was used for all injections with spacings 
of 300 sec between each injection. The time spacing between 
injections was set to a duration sufficient to allow the heat signal 
to return to the baseline. The paddle at the tip of the syringe 
was rotated at 300 rpm throughout the experiments. Titration 
experiments of surfactant into protein solution and control exper-
iments of surfactant into buffer were performed using the same 
parameters. The titration curves were analyzed using Microcal’s 
ORIGIN® software. The control titration experiments of sur-
factant into buffer were subtracted from surfactant into protein 
solution prior to fitting of the binding model. A one-site binding 
model was used to fit the data. The first injection, of 1 μL, was 
discarded from the data analysis.

cartoon summarizing the NR data (Fig. 11) have been shown in 
various random orientations.

To conclude, the adsorption of a human IgG to hydrophilic 
silica from pH 7.4 and 5.5 buffer and to hydrophobic OTS-coated 
silica from pH 5.5 was studied and interpreted through changes 
in surface loading of the adsorbed layer(s) and antibody orienta-
tion. We show that the relative abilities of Tween 20 and Tween 
80 to desorb mAb from a hydrophilic or hydrophobic surface 
were dependent on the affinity of the polysorbate for the same 
surface. Following injection of polysorbate, a fraction of adsorbed 
mAb remained irreversibly bound to the surface and may repre-
sent multilayer systems with irreversibly and reversibly adsorbed 
layers. The polysorbate concentration and point at which it was 
introduced into the system was also critical. Conditions involv-
ing pre-coating of the glass surface with polysorbate above its 
CMC or simultaneous addition of polysorbate and mAb did not 
attenuate subsequent mAb adsorption to glass. Although the 
main criteria for addition of polysorbate to mAb formulation 
buffers is the stabilization of the monomeric state (i.e., preven-
tion of aggregates, particularly under shear conditions), our data 
highlight the secondary effect of control of surface adsorption. 
mAb-1 clearly adsorbed less to hydrophobic surfaces than hydro-
philic surfaces, and did not show evidence of unfolding over the 
time of the experiments. While a reduction in surface loading 
was observed for mAb-1 at pH 5.5 (further away from the pI 
of 8.99) by TIRF, the NR data suggested that the underlying 
molecular arrangement was more complex. Extensive reorienta-
tion of mAb-1 in contact with the silica surface occurred with 
change in pH. At pH 7.4, a fully end-on orientation was favored, 
with adsorption of mAb-1 at the highest concentration tested 
appearing to occur via soluble oligomers to generate the observed 
non-uniform triple layer.

Materials and Methods

Materials. Polysorbate 20 (Tween® 20), polysorbate 80 (Tween® 
80), concentrated sulfuric acid (96–98%), dimethylsulfox-
ide (DMSO), toluene, N,N-dimethylformamide, OTS, potas-
sium dichromate, sodium chloride, potassium chloride, sodium 
phosphate monobasic, potassium phosphate monobasic, sodium 
hydroxide, fluorescein isothiocyanate I (FITC), l-histidine 
monohydrochloride, sodium acetate, acetic acid, diiodometh-
ane, 1,2-ethanediol (ethylene glycol), BSA and deuterium oxide 
(D

2
O) were obtained from Sigma Aldrich at analytical grade or 

equivalent. Decon 90 was obtained from Decon Laboratories 
Limited, Hove, UK. Water was purified to > 14 MΩ.cm with 
a BioSelect (Purite, Oxon, UK). Alexa Fluor® 488 5-SDP ester 
(Alexa Fluor 488 sulfodichlorophenol ester) was purchased from 
Life Technologies Ltd (Invitrogen, Paisley, UK). The human 
monoclonal antibody (termed mAb-1) was kindly provided by 
MedImmune Ltd.

Fluorescent labeling of the mAb-1. Fluorescein isothiocyan-
tate I (FITC) labeled mAb-1 was prepared following the man-
ufacturer’s instructions with minor modifications. FITC was 
dissolved in DMSO at 1 mg/mL and 100 μL slowly added under 
stirring to 3 mL of 20 mg/mL mAb-1 in phosphate buffered 
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was thoroughly rinsed with dichloromethane, ethanol and water, 
sequentially. The cleaned silicon substrate was then clamped to a 
silicon trough with a void volume of ca. 3 mL. The experiments 
were performed at mAb-1 concentrations from 50 to 5000 mg/L 
in acetate buffer pH 5.5 and phosphate buffer 7.4 for the silicon 
surface, and at pH 5.5 for the OTS-coated silicon surface. The 
neutron reflectometry experiments were undertaken using the 
INTER instrument at ISIS (Rutherford Appleton Laboratory). 
The sample was analyzed at fixed incident angles of 0.7 and 2.3°, 
with the data reduced to yield a single reflectivity profile with Q 
values up to 0.3 Å-1. The wavelength of the neutrons used ranged 
from 1.0 to 15.0 Å. A flat background, determined by extrapola-
tion to high values of momentum transfer Q (Q = 4πsinθ/λ, 
where θ is the glancing angle of incidence and λ the wavelength) 
was subtracted. All the experiments were conducted at 25°C. 
Blank substrate/buffer measurements were performed for sub-
strate characterization. Following adsorption of protein to the 
SiO

2
/OTS-coated SiO

2
 surface for 30 min, surfaces were rinsed 

by flushing the trough with five (trough) volumes of buffer-H
2
O 

or buffer-D
2
O as appropriate to investigate the extent of protein 

desorption.
Fitting of the experimental data required a theoretical calcula-

tion of the SLD of mAb-1 in H
2
O at pH 7. We used a spreadsheet 

method of Dr. R. May, Institut Laue-Langevin, which involved 
summing the scattering lengths for each amino acid. To calcu-
late the SLD of mAb-1 in D

2
O, an assumption of the fraction 

exchange of non-hydrogen bonded N-H protons must be made. 
We initially assumed a 70% exchange, in accordance with time 
course data for lysozyme adsorbed to silica (SiO

2
) particles.33 No 

calculation of H/D exchange based on a known hydrogen bond-
ing pattern could be made since the 3-dimensional structure for 
mAb-1 has not been determined. Equation 3 was used to calculate 
the protein fraction of the layer covering a surface (a) from the 
fitted SLD (ρ) made up from contributions of the protein and 
subphase.

r r rfitted D O calca a= - +( ). .1
2

NR data were fitted using a Global MOTOFIT analysis.57 
First, parameters for the cleaned surfaces measured against D

2
O 

were obtained. These parameters were kept fixed for subsequent 
fits of the adsorbed protein layers. This ensured that changes 
between subsequent protein adsorption steps were recorded in 
the protein layers only. Layer thicknesses are reported to the 
nearest whole number. The SLD value for the silicon substrate 
was constrained to 2.07 × 10-6 Å-2. The SLDs for H

2
O and D

2
O 

were allowed to migrate 5% from nominal values of -0.56 and 
6.36 (× 10-6 Å-2), respectively. Backgrounds ranged between  
5.0–6.0 × 10-6 Å-2 for bare SiO

2
 and ~3.0 × 10-6 Å-2 for OTS-

coated SiO
2
, and were included as a fitting parameter. The thick-

ness for the SiO
2
 layer for the two bare substrates was 3 and 7 Å, 

with the SLDs constrained to 3.47 × 10-6 Å-2. For the OTS-coated 
substrate, the SiO

2
 layer was 17 Å with a SLD of 3.55 × 10-6 Å-2, 

reflecting a thicker and more porous oxide layer. Surface rough-
nesses against silicon and SiO

2
 ranged between 2–11 Å, with 

higher roughnesses fitted for layers interfaced against a protein 
layer (generally 4–7 Å). To test the validity of the models fitted to 

Total internal reflection fluorescence (TIRF). Quartz 
(silica) slides were cleaned by immersion in chromic acid (80 
g K

2
Cr

2
O

7
 per liter 96–98% sulfuric acid) for 1 h, followed 

by thorough rinsing with deionized water. Slides were left in 
deionized water overnight and then dried. Hydrophobized silica 
slides were prepared by immersion in a solution of 0.14 g octa-
decyltrichlorosilane (OTS) in 180 mL of n-hexadecane for 2 
h under stirring at room temperature, as described by Pereira 
et al.55 The width of the flow chamber, 1.6 cm, and the gasket 
thickness, 0.01 cm, of the TIRF cell were maintained through-
out (TIRF Flow System, TIRF Technologies Inc.), and fluores-
cence measured using a Varian Cary Eclipse spectrofluorometer 
(Agilent Technologies). Blank runs of FITC in PBS, Alexa 
Fluor 488 5-SDP in l-histidine pH 5.5, and unlabeled mAb-1 
in PBS were performed to verify that their contribution to the 
fluorescence signal was negligible. Calibration of the raw fluo-
rescence data was acquired previously for an immunoglobulin 
domain pair known to adsorb almost irreversibly to bare silica 
at surface saturation55 and characterized against neutron reflec-
tivity data for the same protein.53 That is, for a series of bulk 
concentrations of the domain pair introduced into the TIRF 
cell, the fluorescence signal at steady-state following adsorption 
and buffer rinse was calibrated against the fitted neutron reflec-
tivity data for the adsorbed domain pair following the same 
concentration range and buffer rinse of the cell. With the same 
TIRF set-up in these experiments, fluorescence units were con-
verted to surface coverage, albeit for a non-identical but related 
immunoglobulin protein.

Confirmation of transport-limited adsorption of mAb-1 to the 
surface was made by changing the shear rate and concentration of 
mAb-1 while measuring the change in fluorescence. Shear rates 
from 6 to 84 sec-1 were controlled using a syringe pump driver 
(KD Scientific). A shear rate of 6 sec-1 was found to produce 
reproducible adsorption profiles for mAb-1 over concentrations 
from 5 to 50 mg/L in PBS. The effect of surfactant on mAb-1 
surface adsorption to silica was investigated at both pH 5.5, using 
the largely acid-insensitive Alexa Fluor 488 label (λ

ex
 495 nm, λ

em
 

519 nm), and pH 7.4 using the fluorescein label (λ
ex

 450 nm, λ
em

 
520 nm). The effects of Tween 20 at concentrations of 0.05 and 
1 mM (CMC in water ~80 μM), and Tween 80 at concentration 
of 5 μM and 1 mM (CMC in water ~12 μM) were studied under 
three conditions: 1) co-dissolved with mAb-1; 2) injection into 
the flow chamber (over 1800 sec) before mAb-1 injection (over 
3600 sec); and 3) injection into the flow chamber (over 1800 sec) 
after mAb-1 injection (over 1800 sec). The same set of experi-
ments was undertaken at pH 5.5 using an OTS-coated silica sur-
face to investigate mAb-1 surface adsorption to a hydrophobic 
surface. In all cases, the adsorption/desorption profiles shown in 
the figures are each an average from five individual experiments 
run under the same conditions.

Neutron reflectometry. Silicon < 111 > substrates 10 cm in 
diameter and with a thickness of 1 cm were washed with Decon 
90, thoroughly rinsed with deionized water and dried under a 
nitrogen stream. The hydrophobic silicon wafer was prepared by 
immersion in a 1 mM solution of OTS in n-hexadecane for 2 
h to allow self-assembly of the silane monolayer.56 The surface 
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and Tween coated OTS substrates using a goniometer (Krüss 
DSA30B, Hamburg, Germany). Surface energies of the substrates 
(γ

s
) were calculated from the contact angles and interfacial ener-

gies of the three probe liquids using an in-house Visual Basic 
program.58,59
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the data, particularly where two models with differing layer num-
bers could be plausibly proposed, we undertook N-Sigma analysis 
to weight the χ2 value for each model against the number of data 
points and number of parameters.35 When comparing two mod-
els, the parameters for the Si/SiO

2
 layers were fixed for both, such 

that the number of free parameters was three for a one-layer model 
and six for a two-layer model.

Contact angle goniometry (CAG) and surface energy deter-
mination. Microscope coverslips 13 mm in diameter were coated 
with 1 mM OTS using a previously established method.58 The 
liquid-surface interactions were investigated by determination of 
the contact angles of small drops (5 per liquid) of filtered water, 
diiodomethane and 1,2-ethanediol on silica, OTS-coated silica 
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