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Understanding  the adsorption  of protein  and  surfactant  molecules  on  hydrophobic  surfaces  is  very  impor-
tant for storage  stability  and  delivery  of  pharmaceutical  liquid  formulations  as  many  commonly-used
devices,  such  as  drug  containers  and  syringes,  have  hydrophobic  surfaces.  Neutron  reflectometry  is  used
here to  investigate  the structure  information  of  the  adsorption  process  of  non-ionic  surfactant  (polysor-
bate  20)  and  proteins  (monoclonal  antibody  (mAb)  and  lysozyme)  on  polystyrene  surfaces.  Thickness
of  adsorbed  polysorbate  20 thin  film  is observed  to  be ≈21  Å, comparable  to the  radius  of  gyration  of
polysorbate  20  micelles  in solution.  Although  no lysozyme  adsorption  is  observed  on  the  polystyrene
onoclonal antibody
urface adsorption
eutron reflectometry
ydrophobic surface

surface  in  low  solution  pH condition,  the  mAb  can  be  strongly  absorbed  on the polystyrene  surface  with
a layer  thickness  of  ≈145  Å.  The  mAb  concentration  near the surface  is  about  135  mg/ml  significantly
larger  than  the  bulk  protein  concentration.  The  differences  in adsorption  behavior  are  attributed  to  dif-
ferent  protein  interactions  with  a hydrophobic  surface.  Further,  both  surfactants  and  proteins  adsorbed
on  the  polystyrene  surfaces  can  not  be rinsed  off using  pure water.

©  2018  Elsevier  B.V.  All  rights  reserved.
. Introduction

Monoclonal antibodies (mAbs) based therapeutic drugs are
ow the fastest growing section of the pharmaceutical industry
ue to their excellent target selectivity with fewer side effects
ompared with traditional small-molecule drugs [1]. To maintain
ong-term stability of mAbs in solutions, stable buffers containing
accharides, surfactants, and salts, are typically used to provide
avorable physio-chemical environment for mAbs, and impede
rreversible-aggregate formation during storage and drug admin-
stration. Non-ionic surfactant polysorbate 20, also commercially

nown as TweenTM 20, has been widely used in mAbformulations
ue to its bio-compatibility, low toxicity, and stabilizing properties.

∗ Corresponding authors.
∗∗ Corresponding author at: Center for Neutron Research, National Institute of
tandards and Technology, Gaithersburg, Maryland, 20899, USA.

E-mail addresses: zarraga.isidro@gene.com (I.E. Zarraga), wagnernj@udel.edu
N.J. Wagner), yunliu@udel.edu, yunliu@nist.gov (Y. Liu).

ttps://doi.org/10.1016/j.colsurfb.2018.04.036
927-7765/© 2018 Elsevier B.V. All rights reserved.
Despite all the efforts, irreversible aggregations remain a vex-
ing problem for the industry, and may  lead to adverse biological
consequences [2–4]. Among many possible routes [5–7], irre-
versible aggregate formation can be initiated through the protein
adsorption at solid-liquid and air-liquid interfaces [8]. Therefore,
understanding the protein adsorption at different interfaces is
important for the pharmaceutical industry to prevent the adsorp-
tion from happening. At the same time, the protein adsorption
can be also very useful for some other applications since well-
controlled protein layers on surfaces can be used as a new
generation of reactor beds for biosensor as well as disease diag-
nostics [9,10]. Because of these interests from both industrial and
academic fields, the study of protein adsorption at interfaces has
attracted much research attention.

Surface adsorption of proteins and excipients has long been
studied on both hydrophilic and hydrophobic surfaces by many
methods such as microscopy [11–13], quart crystal microbal-

ance − dissipation (QCM-D) [14,15], ellipsometry [16,17], X-Ray
photoelectron spectroscopy (XPS) [13,16], and X-ray/neutron
reflectometry [18–21]. Many studies have focused on hydropho-
bic surfaces, because medical devices, such as infusion tubes or

https://doi.org/10.1016/j.colsurfb.2018.04.036
http://www.sciencedirect.com/science/journal/09277765
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refilled syringes, are typically either comprised of hydrophobic
olymeric materials or are coated with a layer of hydrophobic oil
n glass surfaces to lubricate injection process [22–24]. However,
he adsorption behavior of proteins depends on the properties of
roteins and surfaces. mAb  adsorption on hydrophilic silica sur-
ace has been studied with atomic force microscopy (AFM). At
elatively low protein concentration, mAb  proteins are observed
o take predominately a flat-on orientation on the surface [12]. In
ontrast, a different mAb  in solutions with a similar concentration
ange is believed to take a mixture of orientations including flat-
n, side-on, and end-on on 1-docecanethiol surface [15]. A recent
tudy on mAbadsorption in the presence of non-ionic surfactants
polysorbate 20 and polysorbate 80) showed that the amount of
rotein adsorption depends on the protein and surfactants expo-
ure method on (3, 3-trifluoropropyl) chloromethylsilane surface.
n this study, it is observed that the adsorbed protein can only be
artially rinsed off by the surfactants [14]. In contrast, a different
tudy showed that complete removal of proteins on the octadecyl-
richlorosilane (OTS) surface can be achieved by rinsing the surface
ith surfactant solutions [11]. The protein adsorption behavior on

he OTS surface is found to be sensitive to the relative concentra-
ion between proteins and surfactants molecule [11]. The problem
s even more complicated when proteins can penetrate the sur-
ace. Adsorption of plasma proteins on copolymer hydrogel surfaces
ave been investigated by measuring thickness changes of hydro-
el films with ellipsometry as well as changes in detected surface
lements by XPS [17]. The results indicate that absorption of plasma
roteins is due to hydrophobic interactions between plasma pro-
eins and copolymer hydrogel. In addition, adsorption is found to
e a transport limited process that depends on both the size of
roteins and pores formed by hydrophobic sections of the copoly-
er. Despite many studies of protein adsorption on liquid-solid

nterfaces, the adsorption mechanism seems still system specific
or many cases [8,25].

Amongst the many material choices available for medical
evices, polystyrene and polystyrene-coated surfaces, such as
TYRONTM 2678 MED, are also used on many devices. However,
ew studies focus on the adsorption of proteins and excipients on
olystyrene surfaces [13,26,27]. Browne et al. studied adsorption of
uman albumin on polystyrene surfaces using XPS and AFM. They

ound that human albumin can be irreversibly adsorbed on the sur-
ace [13]. Kim et al. studied the adsorption of lysozyme, fibrinogen,
nd bovine serum albumin on polystyrene surfaces and found that
rotein structure is more random on hydrophobic polystyrene sur-
aces compared with that on hydrophilic silica surfaces [28]. In this
aper, we investigate adsorption behavior of the non-ionic sur-
actant, polysorbate 20, and two proteins (mAb-X and lysozyme)
y neutron reflectometry on polystyrene surface. Structure of the
olysorbate 20 and protein adsorption layer is determined, such as

ayer thickness, the density distribution, and concentrations near
urfaces. Further, we observe large differences in the adsorption
ehavior of mAb-X compared to lysozyme. While an adsorption

ayer of mAb-X is observed on the polystyrene surface, lysozyme is
ot adsorbed on the polystyrene surface at our solution conditions.

. Materials and methods

.1. Materials

Pharmacopoeial grade polysorbate 20 (CMC = 8.04 × 10−5 mol/L
t 21 ◦C) [29] and monoclonal antibody mAb-X (pI = 6.75, MW = 150

Da) were kindly provided by Genentech Inc. Lyophilized lysozyme
as purchased from MilliPore(Catalog# 100831), and further puri-
ed at CNMS, ORNL following the previous method to remove
ost salts [30,31]. Polystyrene with molecular weight of 390 KDa
Biointerfaces 168 (2018) 94–102 95

(Mw/Mn < 1.1 Pressure Chemical Company) was  kindly provided
by Dr. Kalman Migler from Polymer and Complex Fluids Group
at National Institute of Standard and Technology. 99% grade D2O
was purchased from Cambridge Isotope Laboratory. Deionized (DI)
water was filtered through 18.2 M� before using. Reagent grade
Toluene was purchased from J.T. Baker. The substrate made of 3
inches diameter silicon wafers was  purchased from Institute of
Electronic Material TechnologyTM.

2.2. Preparation of polystyrene surface

Polystyrene was  coated on a silicon wafer by spin casting using
a solution of 0.5% mass fraction polystyrene in toluene that was
mixed with a magnet stirring bar on a hot plate at 120 rpm and
50 ◦C overnight. The silicon wafer was washed by Micro90 and DI
water three times to remove oil from the surface, and then treated
in UV/Ozone oven for 1 h to remove any remaining organic contam-
inants. The wafer was then spin washed by DI water followed by
a toluene wash before spin casting polymer solutions. After filter-
ing the solution through a PTFE filter (0.2 �m),  the casting solution
was slowly dropped onto the surface of a stationary silicon wafer
until the wafer surface was fully covered by the solution. The wet-
ted wafer was  spin cast at 2500 rmp  for 60 s, and then covered
by a clean glass petri dish at room temperature for about 30 min.
Then the coated wafer with the petri dish was  carefully moved into
a vacuum oven at 150 ◦C. Note that the glass transition tempera-
ture of polystyrene is between 100 ◦C and 107 ◦C [32]. The glass
petri dish was used during the annealing process to avoid the con-
tamination of the wafer surface [33]. After annealing the film for
2 h, the sample was cooled down to 25 ◦C while maintaining a high
vacuum of the oven. The coated wafer was  subsequently assembled
into the NR flow cell [34] and ready for neutron reflectometry mea-
surements. The contact angle of water on the polystyrene coated
surface was measured to be approximately 90◦, consistent with a
previous report [35].

2.3. Sample solutions preparation

1) 20 mM HisOAc buffer with pH = 5.5 preparation: 310.3 mg
Histidine and 106 uL Acetic acid were dissolved into 100 mL  H2O
and D2O respectively to make buffers. 2) monoclonal antibody
sample preparation: the excipient free monoclonal antibody(mAb-
X) was originally provided in liquid state with concentration of
100 mg/ml. To prepare the sample in H2O, the mAb-X solution was
directly diluted into H2O HisOAc buffer with final concentration of
5 mg/ml. To prepare mAb-X solution in D2O, 1 mL  of mAb-X solution
at 100 mg/ml in H2O buffer was injected into 15 mL  (10 K MWCO)
centrifugal filter unit and mixed with 14 mL D2O buffer. The unit
was centrifuged at 4000 rpm for 60 min, then it was topped off
with D2O buffer. After three iterations, the solution inside the unit
was collected and further diluted to 5 mg/ml with D2O buffer. 3)
lysozyme sample preparation: 5 mg/ml  of lysozyme sample in D2O
was prepared by reconstituting lyophilized lysozyme powder with
D2O. The resulting solution is at pD = 4.8. 4) polysorbate 20 sam-
ple preparation: 1% mass fraction of polysorbate 20 sample was
prepared by dissolving 250 mg  polysorbate 20 into 25 g D2O. 50 �L
and 520 �L of 1% mass fraction stock solution were pipetted into
10 mL  D2O or H2O to make solution with a final concentration of
4.075 × 10−5 M (pH = 6.71) and 4.075 × 10−4 M (pH = 6.96) respec-
tively. All solutions were degassed at 635 mm Hg pressure using a
TA Degassing Station for 20 min  before any measurements.
2.4. Neutron reflectometry measurement and data analysis

Neutron reflectometry measurements were performed at the
NG-7 horizontal reflectometer at NIST Center for Neutron Research
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NCNR) with a special liquid flow cell setup that is discussed in lit-
rature [34]. By flowing different samples into the flow cell, the
ame surface can be exposed to different solutions without chang-
ng the experiment alignment. First, the polystyrene film in each
ssembled flow cell was measured by flowing solvent with differ-
nt contrasts. This was achieved by varying the relative ratio of
2O and D2O. By simultaneously analyzing the NR patterns with
ifferent contrasts, the coated polystyrene layer on the wafer can
e determined accurately [36]. After obtaining the structure of the
ure polystyrene film, solutions with either polysorbate 20 or pro-
eins were introduced. The polysorbate 20 and lysozyme solutions
ere prepared at two contrasts: one set of samples in 100% D2O

scattering length density (SLD) is 6.3 × 10−6 Å−2) and another set in
00% H2O (SLD = −0.56 × 10−6 Å−2). NR curves were measured for
oth sets of samples. To unambiguously obtain the adsorbed mAb-

 structure, the mAb-X solution is prepared with solvents at two
ifferent D2O/H2O ratios(by volume): 100% D2O, and 88% D2O/12%
2O (solvent SLD is 5.5 × 10−6 Å−2, labeled as 5.5 M solvent). For
ach sample change, measurements were performed after waiting
0 min  to allow the system reaching the equilibrium.

NR patterns are analyzed with the DREAM algorithm [37] in
efl1D to simultaneously fit all reflectivity data with different
olvent contrasts. During data analysis, the SLD range of Si is con-
trained between 2.0 × 10−6 Å−2 to 2.08 × 10−6 Å−2 and SLD of SiOx

s constrained between 3.5 × 10−6 to 4.0 × 10−6 Å−2. Based on pre-
ious studies, change in SLD due to water penetration into porous
iOx layer is allowed [19,20]. The polystyrene film is modeled as

 two-layer structure. The inner polymer layer (adjacent to SiOx)
ay  have a slightly different SLD compared to outer layer due

o possible solvent trapping from spin coating or varied packing
f the polymer near surface during annealing. The SLD range of
he main polystyrene layer is constrained between 1.30 × 10−6 to
.42 × 10−6 Å−2 based on its theoretical value.

From the data fitting, the average SLD profile is obtained as a
unction of the distance from the Si surface along the normal direc-
ion. With the given SLD values, the volume fraction of absorbed
ample ˚(z)sample on the surface can be calculated by

(z)sample =
(

�(z)before − �(z)after

)
/(�water − �sample) (1)

here �(z)before and �(z)aftere are SLD profiles before and after the
dsorption of sample molecules on the surface. �water and �sample
re SLDs of solvents and samples respectively. SLD of mAb-X is
alculated based on amino acid sequence and its partial specific
olume(0.74 mL/g) [38,39].

Each adsorption layer on the surface is modeled with a diffuse
nterface with a Gaussian function. This makes it possible to calcu-
ate the composition of each layer starting from the Si surface using
n err function as shown in Eq. (2),

 = 1
2

[erf (
z√
2�2

L

) − erf (
z − d√

2�2
R

)] (2)

here d is the thickness of an individual layer, �L is root mean
quare (RMS) surface roughness of the layer with its left neigh-
or layer, while �R is RMS  surface roughness of the layer with its
ight neighbor layer. The sum of volume fraction of each materi-
ls on each layer is unit. Therefore, after the composition of each
ayer is calculated, the volume fraction of water can be obtained by
ollowing equation:

(z)water = 1 − ˚(z)Si − ˚(z)SiOx − ˚(z)polystyrene − ˚(z)sample (3)
The total adsorption is estimated by

surface =
∫

˚sampledz

d
× �sample (4)
 Biointerfaces 168 (2018) 94–102

where �sample is the mass density of samples. In this study, mass
densities of polysorbate 20 and mAb-X are 1.1 g/cm3 and 1.35 g/cm3

respectively according to providers.
Finally, the surface excess can be calculated by [12]

� = Csurface × d (5)

2.5. QCM-D measurement

The adsorbed sample mass on a prepared quartz crystal surface
can be measured with QCM-D by monitoring its resonant frequency
change. Viscoelasticity of absorbed samples layer can be measured
by the energy dissipated during the oscillation. An extensive dis-
cussion of QCM-D theory and adsorption modeling parameters can
be found in the literature [40–42]. Briefly, oscillation of the quartz
crystal sensor is generated by applying a radio frequency voltage
through gold electrodes on sensors. If the absorbed layer is com-
pletely rigid, the absorbed mass of a sample, �m, can be calculated
by the frequency change from its fundamental frequency using Eq.
(6).

�m = C
�fz

z
(6)

where C is the Sauerbrey mass sensitivity constant, which is
17.7ng/cm2Hzsf. And �fz is the frequency change on the zth over-
tone. The viscoelasticity of absorbed samples can be characterized
by the dissipation value D as shown in Eq. (7) as

D = 1
	f


(7)

where � is the characteristic time scale of the oscillation’s exponen-
tial decay, and f is the resonant frequency. In general, if D is on the
order of 10−6, the absorbed film can be considered viscoelastic.

To prepare our samples for the QCM-D experiments, polystyrene
solution was  spin coated on crystal sensors following the same
protocol as described for NR experiments. Coated sensors were
installed into the flow cell first to allow for oscillation in air until
the oscillation equilibrium was reached. H2O was then injected into
the flow cell by a peristaltic pump at 50 �L/min for approximately
1000 s until the baseline of the QCM-D was stable. Sample solutions
(with the concentrations at 4.075 × 10−5 M and 4.075 × 10−4 M
polysorbate 20) were introduced into the cell with a flow rate at
50 �L/min until the frequency and dissipation signals no longer
change. Then, the sample cell was rinsed with pure H2O until sig-
nals. To determine if additional polysorbate could be adsorbed
after exposure to higher concentration PS20, 4.075 × 10−4 M PS20
solution was introduced after the sensor was  first exposed to
4.075 × 10−5 M polysorbate 20. The Sauerbrey function is used to
model the signal change to extract the adsorbed mass of surfactants
on the sensor surface.

3. Results and discussions

3.1. Adsorption of polysorbate20 on the polystyrene surface

NR data for a bare polystyrene film exposed to 100% D2O (gray
squares) and 100% H2O (gray triangles) are shown in Fig. 1a. The
blue solid and dash lines in Fig. 1a are the fitting results by simulta-
neously analyzing these two NR curves. From the fitting results, the
thickness of the polystyrene film is observed to be ≈225 Å, which
agrees with the literature value [43].

NR patterns after introducing polysorbate 20 solution into
the flow cell are shown in Fig. 1b. As shown in the support-

ing information (Fig. S-1), the NR fringe spacing shows clear
shifts after polysorbate 20 is injected into the flow cell, indicat-
ing the adsorption of polysorbate 20 onto the polystyrene surface.
This observation is not surprising as polysorbate 20 has a bulky
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Fig. 1. Neutron reflectivity measurement results. (a): raw reflectivity data of
polystyrene film measured in D2O (grey square), H2O X 0.1 (grey triangle), and fit-
ting results of D2O (blue solid line), H2O X 0.1 (blue dot line). (b): raw reflectivity
data of polysorbate 20 solution with concentration of 4.075 × 10−4 M absorbed on
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olystyrene film in D2O (grey square), H2O X 0.1 (grey cross), and fitting results of
2O (red solid line), H2O X 0.1 (red dot line). (For interpretation of the references to
olour in this figure legend, the reader is referred to the web version of this article.)

ydrophilic polyoxyethylene head connected with a hydrophobic
atty acid tails [44,45]. Due to its amphiphilic nature, polysorbate
0 is expected to be adsorbed to hydrophobic surfaces. From the fit-
ing results, the quantitative structural information of the adsorbed
olysorbate 20 can be extracted. The fitting results (the red lines)
gree well with the experimental results. The results of all fitting
arameters are shown in Table 1 in supporting information.

The obtained SLD profile, starting from the silicon surface, is
hown in Fig. 2. Compared to the SLD profile of pure polystyrene
lm with D2O, there is a clear drop in the SLD near the polystyrene
urface after polysorbate 20 is introduced into the flow cell. This
ndicates the replacement of D2O (SLD = 6.33 × 10−6 Å−2) molecules
y polysorbate 20 (SLD = 0.8 × 10−6 Å −2) at the interface. The black

ine (Fig. 2) shows the change of two SLD profiles before and after
he polysorbate 20 is added. Thus, the black line represents the SLD
rofile of only adsorbed polysorbate 20 at the polystyrene surface.
hickness of this adsorbed layer is about 21 Å, which is comparable
o the radius of gyration of polysorbate 20 [46,47]. Due to the max-
mum Q achievable with the NR instrument (�/Qmax ≈ 15 Å with
wo contrasts), our results are not sensitive enough to the detailed

hape of the polysorbate layer even though it is very sensitive to
he layer thickness. The adsorption of polysorbate 20, 40, 60, and
0 on an octadecyltriethoxysilane surface was also studied by the
llipsometry [16]. It was  shown that the adsorbed layer thickness
Biointerfaces 168 (2018) 94–102 97

of polysorbate 20 is about 19 Å, consistent with the adsorption
behavior on the polystyrene surface studied here.

The volume fraction of different materials in each layer is esti-
mated using the obtained SLD information and shown in Fig. 3. The
average volume fraction of polysorbate 20 at the surface layer is
about 51%, which is estimated by averaging over the entire adsorp-
tion layer for polysorbate 20. The volume fraction may  be further
converted to the mass concentration (550 mg/ml), which is ∼1100
times higher than the bulk polysorbate 20 concentration used here.
Hence, a highly concentrated polysorbate 20 layer forms on the
polystyrene surface. Due to the bulky hydrophilic head of polysor-
bate 20, the adsorbed layer should be highly hydrated. Therefore,
a volume fraction of 51% may  suggest a monolayer coverage. How-
ever, as the surface roughness could change the surface morphology
of adsorbed surfactants, the exact structures of polysorbate 20 on
a hydrophobic surface needs further studies. The measured sur-
face excess of polysorbate 20 is around 1.16 mg/m2, from which
the estimated area per molecule is 175 Å2 on the surface.

To check if adsorbed surfactant molecules can be easily des-
orbed, pure water was  flowed over the PS20-adsorbed surface.
Interestingly, the NR curves show no change at all after flowing
pure water through the flow cell for a few hours, indicating that
once the surfactant molecules are adsorbed on this hydrophobic
surface, they cannot be easily rinsed off within the experiment time
scale (8 h) as shown in Fig. S-2 in supporting information.

Surface adsorption of polysorbate 20 can be also measured with
QCM-D. The time resolution of QCM-D allows us to retrieve the
information of adsorption kinetics. Fig. 4 shows the change of res-
onant frequency and dissipation parameter as a function of time
after the polysorbate 20 is introduced into the cell. Adsorption
occurs very rapidly. Frequency and dissipation of the QCM-D stabi-
lize after ∼500 s. For all experiments, the dissipation contribution
is relatively small with the dissipation value, D, less than 2 × 10−6.
The Sauerbrey model is used in lieu of more complex viscoelas-
tic models for this study. Resulting hydrated masses of absorbed
polysorbate 20 are 2.27 ± 0.21 mg/m2 and 2.45 ± 0.11 mg/m2 for
bulk concentrations of 4.075 × 10−5 M and 4.075 × 10−4 M respec-
tively (the surface excess measured by QCM-D is the hydrated mass,
which is expercted to be higher than the result from NR). Our results
indicate that polysorbate 20 adsorption is not very sensitive to bulk
solution concentrations, which agrees with NR data (Fig. S-3 in sup-
porting information). NR curves for different concentrations are
identical.

3.2. Adsorption of mAb-X on polystyrene surface

Compared to polysorbate 20, the radius of gyration of mAb-X in
solution is ≈ 5 nm much larger than that of polysorbate 20 [48]. Sim-
ilar to polysorbate 20, comparison of the NR data before and after
the adsorption of proteins shows an obvious change after mAb-X
solution is infused into the flow cell (as shown in supporting infor-
mation S-4). This clearly indicates that mAb-X is adsorbed on the
polystyrene surface. The best fitting of absorbed mAb-X is modeled
by two layers. And water is permitted to diffuse into each layer in
our model. Any hydrogen-deuterium exchange of labile hydrogens
in the protein is considered in the fitting, which leads to higher
protein SLD in D2O compared to H2O [49]. As mentioned, to unam-
biguously extract the structure of adsorbed mAb-X, solvent contrast
is varied by changing the D2O/H2O ratio. The data is simultaneously
fitted with results from two solvent contrasts as shown in Fig. 5.

The results with only buffer in the flow cell are shown in Fig. 5a
and the result with 5 mg/ml  mAb-X solution are shown in Fig. 5b.
The agreement is excellent between the fitting curves (lines) and
the experimental data (symbols).



98 Z. Zhang et al. / Colloids and Surfaces B: Biointerfaces 168 (2018) 94–102

Fig. 2. Scattering length density (SLD) profile in D2O before (blue line) and after (red line) 4.075 × 10−4 M polysorbate 20 adsorption on polystyrene film. Changes in the SLD
profile  after 4.075 × 10−4 M polysorbate 20 adsorption is plotted as the black line. (For interpretation of the references to colour in this figure legend, the reader is referred
to  the web version of this article.)
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ig. 3. Volume fractions of each layers after 4.075 × 10−4 M polysorbate 20 adsorp
0  (red), water (black). (For interpretation of the references to colour in this figure 

SLD profiles of polystyrene coated wafer before and after flow-
ng the protein solution through the flow cell are obtained from the
est fitting results and shown in Fig. 6. The SLD change before and
fter the mAb-X absorption is characterized by two regions (black
ine, Fig-6). The layer close to the polystyrene surface is about 66 Å
hick, while the outer layer is about 79 Å thick. The volume frac-
ion of mAb-X in the inner layer is about 14% which is exactly two
imes of that of the outer layer (7%). The distribution of the volume
raction suggested an end-on (Fab-down) orientation of the pro-
ein molecule on the surface as shown in Fig. 7b. To find the surface
oncentration of absorbed mAb-X, mAb-X volume fraction is cal-

ulated from Eq. (1). The results are plotted in Fig. 7a. The volume
raction of mAb-X after averaging both the inner and outer layers is
bout 10%. This corresponds to mAb-X concentration of 135 mg/ml
ear the polystyrene surface. All fitting parameters are provided in
 polystyrene surface: silicon (gold), SiOx (brown), polystyrene (blue), polysorbate
, the reader is referred to the web version of this article.)

Table 2 in supporting information. The surface excess of absorbed
mAb-X is estimated from Eq. (5) and is about 1.97 mg/m2. The aver-
age area per protein in the absorbed layer is around 13000 Å2. It is
noted that the study by Buijs et al., showed that the surface excess of
investigated mAbs can range from 3.7 to 5.5 mg/m2 on the charged
hydrophobic polymeric surfaces, which is larger than what we  have
[50].

3.3. Adsorption of lysozyme on polystyrene surface

Lysozyme molecule is significantly smaller than mAbs. The

radius of gyration is only about 1.4 nm [51]. It is well known
that lysozyme can form dense layers on air-water and solid-
liquid interfaces [52–55]. Because lysozyme has both hydrophilic
and hydrophobic patches on its surface, it can be adsorbed to
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Fig. 4. (a): normalized frequency changes of each overtone after 4.075 × 10−5 M
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Fig. 5. Neutron reflectivity measurement results. (a): Raw reflectivity data of
polystyrene film measured in D2O (grey square), 5.5-match water x0.01 (grey trian-
gle), and fitting results of D2O (blue solid line), 5.5-match water x0.01 (blue dash-dot
line). (b): raw reflectivity data of mAb-X solution with concentration of 5 mg/ml
absorbed on polystyrene film D2O (purple solid line), 5.5-match water x0.01 (pur-
ple dash-dot line). (For interpretation of the references to colour in this figure legend,
the  reader is referred to the web version of this article.)

Fig. 6. Scattering length density(SLD) profile in D2O before 5 mg/ml  mAb-X adsorp-
tion  on polystyrene film (blue line) and after 5 mg/ml  mAb-X adsorption on
olysorbate 20 is infused into flow cell and (b): corresponding dissipation value of
ach overtone.

ydrophilic surfaces through electrostatic attractions as well as
o hydrophobic surfaces by hydrophobic interactions. Both inter-
ctions may  induce unfolding of secondary structure and thereby
ead to loss of its globular shape [54]. Therefore, it is possible that
ysozyme could partially unfold and be adsorbed to the hydropho-
ic polystyrene surface. However, our reflectivity pattern does not
hange after 5 mg/ml  lysozyme is exposed to the polystyrene sur-
ace as shown in Fig. 8. Thus, lysozyme cannot be absorbed onto
he polystyrene surface in this case. To explain this observation, we
ypothesize that the image charge effects introduces a repulsion to
harged lysozyme so that lysozyme protein cannot access the solid
nterface [56]. In addition, the commercial lysozyme was  further
urified to remove most salts before lyophilization for our exper-

ments [30,31]. Ionic strength of the lysozyme solution should be
ery low. As its pI is 11.35, lysozyme carries large amount of posi-
ive charges on its surface in the solution(Concentration = 5 mg/ml,
D = 4.8) [57]. When lysozyme approaches a polystyrene surface,

 positive image charges may  form in polystyrene layer due to the
ignificant difference of dielectric constant between water (�w = 78)
nd polystyrene (�p = 3). The image charges can be calculated by Eq.
8) as [56,58]:
image = qlysozyme
εw − εp

εw + εp
(8)

polystyrene film (purple line). Changes in the SLD profile after 5 mg/ml  mAb-X
adsorption is plotted as the black line. (For interpretation of the references to colour
in  this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. (a): Volume fractions of each layers after 5 mg/ml mAb-X adsorption on polystyrene surface: silicon (gold), SiOx (brown), polystyrene (blue), mAb-X (purple), water
( n of th
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i
d
t
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t
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black).  (b): possible mAb-X surface morphology after adsorption. (For interpretatio
f  this article.)

It has been shown that the repulsion force generated from this
mage charge effect can be dominant among others such as van
er Waals force and electric double layer force [58]. Therefore,
he adsorption of lysozyme can be prevented under this physio-
hemical condition. We  also measured NR data for lysozyme
olutions at higher concentration such as 25 mg/ml, 50 mg/ml,
5 mg/ml  (Data are not shown here.) However, surprisingly, there

s no adsorption observed based on our neutron reflectometry
easurements. Lysozyme adsorption has been observed on some

ydrophobic surfaces, such as octadecyltrichlorosilane (OTS) sur-
ace [54]. It is noted that in Ref. [54] lysozyme solutions at similar
H values is also studied and the surface adsorption is observed
y the NR. Comparing our experiment to the experiment in Ref.
54], we note a few differences here. First, the polystyrene surface
s used in this paper instead of OTS. Secondly, the polymer film
hickness is about 225 Å instead of much thinner layer about 26 Å.
hirdly, lysozyme used in this paper has been further purified after

hey were purchased. At present, it is still not clear to us which
ne is the dominating factor that causes the different experimental
bservations, which need a future study on this topic.
e references to colour in this figure legend, the reader is referred to the web version

4. Conclusion

Quantitative understanding of proteins and excipients adsorp-
tion to hydrophobic surfaces is relevant for many practical
challenges in pharmaceutical industries. In this work, the adsorp-
tion of non-ionic surfactant polysorbate 20, mAb-X protein, and
lysozyme protein on polystyrene surface are investigated using
neutron reflectometry. Not surprisingly, when the hydrophobic
polystyrene surface is exposed to polysorbate 20 solutions, a dense
film of polysorbate 20 forms at the surface. Thickness of absorbed
polysorbate 20 layer is 21 Å, which is comparable to the radius
of polysorbate 20 micelles. Adsorption of surfactant is irreversible
and not sensitive to bulk concentration. Moreover, from QCM-D
measurements of polysorbate 20, adsorption kinetics are fast after
the polysorbate 20 solutions are introduced to a polystyrene sur-
face. The adsorption behaviors of mAb-X and lysozyme proteins are
also investigated by the neutron reflectometry method. The two

proteins behave differently. For mAb-X molecules, we  observe a
single adsorption layer with an end-on (Fab-down) orientation on
the polystyrene surface. In contrast, lysozyme does not adsorb to
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Fig. 8. reflectivity data of polystyrene film in D2O (red square), and after 5 mg/ml
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ysozyme solution is infused into flow cell (black triangle). (For interpretation of the
eferences to colour in this figure legend, the reader is referred to the web version
f  this article.)

he polystyrene surface at the investigated concentrations at our
xperimental conditions. We  speculate that this is mainly due to
he image charge effects. The quantitative, molecular-scale data
btained herein will be useful for theorists and simulators mod-
ling adsorption and provides a method and basis for competitive
dsorption studies in future.
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