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The presence of liquid–air interfaces in protein pharmaceuticals is known to negatively impact product
stability. Nevertheless, the mechanisms behind interface-related protein aggregation are not yet fully
understood. Little is known about the physical–chemical behavior of proteins adsorbed to the interface.
Therefore, the combinatorial use of appropriate surface-sensitive analytical methods such as Langmuir
trough experiments, Infrared Reflection-Absorption Spectroscopy (IRRAS), Brewster Angle Microscopy
(BAM), and Atomic Force Microscopy (AFM) is highly expedient to uncover structures and events at
the liquid–air interface directly. Concentration-dependent adsorption of a human immunoglobulin G
(IgG) and characteristic surface-pressure/area isotherms substantiated the amphiphilic nature of the pro-
tein molecules as well as the formation of a compressible protein film at the liquid–air interface. Upon
compression, the IgG molecules do not readily desorb but form a highly compressible interfacial film.
IRRA spectra proved not only the presence of the protein at the interface, but also showed that the sec-

ondary structure does not change considerably during adsorption or compression. IRRAS experiments at
different angles of incidence indicated that the film thickness and/or packing density increases upon
compression. Furthermore, BAM images exposed the presence of a coherent but heterogeneous distribu-
tion of the protein at the interface. Topographical differences within the protein film after adsorption,
compression and decompression were revealed using underwater AFM.
The combinatorial use of physical–chemical, spectroscopic and microscopic methods provided useful

insights into the liquid–air interfacial protein behavior and revealed the formation of a continuous but
inhomogeneous film of native-like protein molecules whose topographical appearance is affected by
compressive forces.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Protein pharmaceutics are among the fastest growing and most
important molecules in diagnostics and therapy, and therefore are
of significant importance in high-impact areas such as autoim-
mune diseases and cancer [1]. The large size, the compositional
variety and the distinct three-dimensional structure of protein
molecules are causal for their sensitivity to undergo degradation
processes.

Proteins undergo both chemical and physical degradation such
as oxidation and hydrolysis, denaturation and aggregation [2].
Whereas a chemical instability reaction leads to a change in the
primary structure of the protein, physical instability reactions
result in a change of the spatial arrangement of the protein struc-
ture, without modification of covalent bonds. The immunogenic
potential of protein pharmaceutics is directly related to the emer-
gence of aggregates [3]. So, the maintenance of the native confor-
mation is essential for both the efficacy, as well as the safety of a
protein drug [4–7].

Protein aggregation is highly undesirable due to the profound
impact on the stability of the drug product, which can result in a
loss of activity and unwanted immunogenic responses. In order
to control protein aggregation, it is important to understand the
underlying mechanisms. The fundamentals of protein aggregation
were first described in the 1960s by the Lumry–Eyring model and
are continually developed further [8–11].

Under physiological conditions, the three-dimensional struc-
ture of a protein represents an equilibrium between native and
denatured (unfolded) states [8,12–14]. Exogenous influences
during production, storage and transportation can lead to a shift
in this balance. In the unfolded state, hydrophobic patches, usually

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejpb.2017.07.006&domain=pdf
http://dx.doi.org/10.1016/j.ejpb.2017.07.006
mailto:ellen.koepf@googlemail.com
http://dx.doi.org/10.1016/j.ejpb.2017.07.006
http://www.sciencedirect.com/science/journal/09396411
http://www.elsevier.com/locate/ejpb


E. Koepf et al. / European Journal of Pharmaceutics and Biopharmaceutics 119 (2017) 396–407 397
buried in the core, can be exposed to the outside of the molecule,
and therefore the denatured proteins are more prone to aggrega-
tion. The protein aggregates can be soluble or insoluble in nature,
can be composed of covalent and non-covalent bonds, and can be
reversible or irreversible [15]. Moreover, not only (partially)
unfolded, but also native conformations are involved in the forma-
tion of aggregates [16]. In particular, the formation of so-called
‘‘large native-like” particles often occurs spontaneously, and no
continuous pathway from monomer to dimer and then to large
particles can be observed [10]. For instance, a self-association of
native protein molecules has been reported for highly concen-
trated protein solutions as a result of macromolecular crowding-
effects [17].

The propensity of protein molecules to accumulate and there-
fore concentrate at phase boundaries (e.g. solid–liquid, liquid–liq-
uid, and liquid–air) plays an important role in several
technological processes, for example during manufacturing and
storage of protein pharmaceuticals. The migration of proteins
from a bulk phase to an interface is similar to the adsorption pro-
cess of small amphiphilic solutes, e.g. surfactants. A major dis-
tinction, however, is that a small surfactant molecule contains a
defined hydrophilic head and hydrophobic tail that can easily
partition towards the aqueous and non-aqueous regions of the
interface, respectively. Such straightforward partitioning is not
possible in the case of proteins. While most of the hydrophilic
residues in the tertiary structure of proteins are exposed on the
surface, not all hydrophobic residues are buried in the interior
and some of them are exposed on the surface what finally
imparts amphiphilicity to protein molecules [18]. Therefore, pro-
tein molecules adsorb to the liquid–air interface and thereby do
not only lower interfacial tension but also form continuous gel-
like films of highly concentrated protein via mainly non-
covalent interactions [19,20]. The substantial differences in the
surface activity of various proteins must be therefore related to
their physical, chemical and conformational properties. Apart
from intrinsic molecular factors, surface activity is also dictated
by several extrinsic factors, such as pH, ionic strength, tempera-
ture or presence of other solution components such as sugars
or surfactants. In addition to that, the molecular size of globular
proteins affects their adsorption to the liquid–air interface
[21,22].

Film formation and interfacial protein gelation have been iden-
tified as important triggers for the aggregation of protein pharma-
ceuticals [23–27]. For instance, adsorption of proteins to silicone
oil, such as in prefilled syringes, can enhance protein aggregation
[28]. Moreover, particle shedding from silicone tubings in peri-
staltic dosing pumps has to be considered [29]. Protein aggregation
is also known to occur under different mechanical stress condi-
tions, such as shaking [30,31]. Eliminating the liquid–air interface
by removing the headspace in vials prevents agitation-induced
aggregation as shown by Kiese et al. [32]. Furthermore, several
studies suggest a clear connection between the disruption of the
highly concentrated protein layer at the liquid–air interface and
the occurrence of protein particles in the bulk solution [33,34].
Choosing appropriate formulation conditions, such as pH, ionic
strength and additives (e.g. non-ionic surfactants), can stabilize
proteins in pharmaceutical parenteral products against adsorption
at surfaces and interface-induced aggregation [35–38].

In this study, different surface-sensitive analytical methods
were applied for the characterization of important functional prop-
erties, such as adsorption, compressibility, as well as structural and
topographical features of interfacial protein films. The combinato-
rial use of different physical–chemical methods enables compre-
hensive insights into the protein behavior at the interface. These
new findings will not only help to understand how protein stability
is affected by the events happening at the interface, but also to
identify and localize liquid–air interface related mechanisms of
aggregation. Examination of particle formation by liquid–air inter-
facial stress only is not the subject of this study, but was addressed
in separate investigations which are to be published soon.
2. Materials and methods

2.1. Materials

Human IgG (BeriglobinTM, CSL Behring GmbH, Germany) was
used for this study. The market product contains 159 mg/mL
human IgG in 22 g/L Glycine and 3 g/L NaCl buffer at pH 6.8.
Glycine-NaCl buffer was prepared using highly purified water
(ELGA LC134, ELGA LabWater, Germany) and pH was adjusted add-
ing NaOH. All diluted solutions were prepared by the addition of
Glycine-NaCl buffer at pH 6.8 to the human IgG stock solution fol-
lowed by filtration using 0.2 lm sterile PES filters (Sterile Syringe
Filter PES, VWR, Germany).

2.2. Surface pressure measurements

Surface activity was expressed by surface pressure P, with
P = r0 � r, wherer0 andr are the aqueous subphase surface ten-
sion and the surface tension of the aqueous protein solution,
respectively. Surface pressure measurements were performed in
a 5.9 � 39.7 cm2 PTFE Langmuir trough equipped with a metal
alloy dyne probe (Microtrough XS, Kibron Inc., Finland). For the
determination of equilibrium surface pressures a 3 � 6 Multiwell
Plate (V = 0.8 mL) was used. Results are given as mean (n = 3)
and standard deviation. Equilibrium adsorption pressure is defined
as the maximum surface pressure that is reached by adsorption
only and stable in a range of ±0.2 mN/m within 0.5 h.

160 mL sample solution was filled into the trough for the
repeated compression-decompression measurements. The surface
area of the trough can be varied by two movable PTFE barriers.
Temperature was kept at 20 �C (K6-cc circulation thermostat, Peter
Huber Kaeltemaschinenbau GmbH, Germany). Compression speed
was set to 55 mm/min, and compression-decompression cycles
were conducted from a maximum surface area of Amax = 210 cm2

to Amin = 52 cm2. Compression was started after the equilibrium
adsorption pressure was reached.

2.3. FT-IR spectroscopy

For FT-IR measurements spectra were recorded using a Tensor
27 (Bruker Optics GmbH, Germany) connected to a thermostat
(DC30-K20, Thermo Haake GmbH, Germany). For each measure-
ment, the protein was formulated at 10 mg/mL in Glycine-NaCl
buffer pH 6.8, and for each spectrum 100 absorbance scans were
collected at a single beam mode with a resolution of 4 cm�1.
Spectra were analyzed by Opus 7.5 (Bruker Optics GmbH) and dis-
played as vector-normalized second-derivative spectra (calculated
with 17 smoothing points according to the Savitzky-Golay algo-
rithms [39]). Infrared spectra of the protein in solution were
recorded using an AquaSpec (transmission cell H2O A741-1) and
BioATR (Attenuated Total Reflectance) cellTM II or BioATR (Attenu-
ated Total Reflection), respectively, at 20 �C.

Infrared spectra of the temperature-induced unfolding of the
IgG samples were conducted using the BioATR cell, as this sample
cell can analyze protein samples either in solution or in suspen-
sion. Reference spectra were recorded under identical conditions
with only the buffer (Glycine-NaCl buffer pH 6.8) in the cell.
Temperature-dependent spectra were acquired every 4 �C from
25 to 93 �C with an equilibration time of 120 s. Recorded infrared
spectra were analyzed by Protein Dynamics in Opus 7.5.
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2.4. Infrared Reflection-Absorption Spectroscopy (IRRAS)

IRRAS was used to determine the presence and the conforma-
tion of the adsorbed protein at the soft liquid–air interface. IRRA
spectra were recorded using a VERTEX FT-IR spectrometer (Bruker
Optics GmbH, Germany) equipped with a liquid nitrogen-cooled
MCT (mercury cadmium telluride) detector. The spectrometer
was coupled to a Langmuir trough (Riegler & Kirstein GmbH, Ger-
many), placed in a sealed container (external air/water reflection
unit XA-511) to guarantee constant vapor atmosphere. The IR
beam was conducted out of the spectrometer and focused onto
the water surface of the Langmuir trough. A computer controlled
KRS-5 wire-grid polarizer (thallium bromide and iodide mixed
crystal) was used to generate perpendicular (s) and parallel (p)
polarized light. The angle of incidence was set to 40� with respect
to the surface normal. Measurements were performed using a
trough with two compartments and a trough shuttle system [40–
42]. One compartment contained the protein solution under inves-
tigation (sample), and the other (reference) was filled with the
pure buffer subphase. The single-beam reflectance spectrum (R0)
from the reference trough was taken as background for the
single-beam reflectance spectrum (R) of the monolayer in the sam-
ple trough to calculate the reflection–absorption spectrum as �log
(R/R0) in order to eliminate the water vapor signal. IR spectra were
collected at 8 cm�1 resolution and a scanner speed of 20 kHz. For s-
polarized light, spectra were co-added over 200 scans, and spectra
with p-polarized light were co-added over 400 scans. To distin-
guish between the influence of increasing concentration and chan-
ged orientation on the signal intensity, the dichroic ratio DR of the
amide I band at 1643 cm�1 was calculated as DR = Ap/As, with As

and Ap being the maximum absorption obtained with s-polarized
light and p-polarized light, respectively.

For the determination of the interfacial film thickness in equi-
librium and after compression to 30 mN/m, the incidence angle
of the IR beam was varied with respect to the surface normal
between 30� and 72� in steps of 2� or 3�. IRRA spectra were simu-
lated using a MATLAB program [43,44] on the basis of the optical
model of Kuzmin and Mikhailov [45,46]. The intensity and shape
of a reflection–absorption band depend on the absorption coeffi-
cient k, the full-width of half-height (fwhh), the orientation of
the transition dipole moment (TDM) within the molecule a, the
molecular tilt angle h, the polarization and the angle of incidence
(AoI) of the incoming light, as well as the layer thickness d and
its refractive index n. Simulated spectra were fitted to the experi-
mental data in a global fit, where all spectra recorded at different
AoI and different polarizations were fitted in one non-linear least
square minimization using the Levenberg-Marquardt algorithm.
The polarizer quality was set to C = 0.01. The optical constants of
the water subphase were taken from Bertie et al. [47,48]. The layer
thickness d was determined from a fit of the OH stretching vibra-
tional band (m(OH)) in the range of 3800–3000 cm�1. Additional
experimental details are described elsewhere [49–52].
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Fig. 1a. Time-dependent adsorption of IgG using different bulk concentrations.
2.5. Brewster Angle Microscopy (BAM)

The morphology of the monolayer was imaged with a Brewster
angle microscope, BAM2plus from NanoFilm Technologie GmbH
(Goettingen, Germany), equipped with a miniature film balance
from NIMA Technology (Coventry, UK). IgG at 1 mg/mL in
Glycine-NaCl buffer at pH 6.8 was filled into the trough (V = 80
mL). Simultaneous surface pressure measurements during adsorp-
tion and compression of the IgG in the Langmuir trough enabled a
direct connection of each image with the corresponding surface
pressure during adsorption or compression of the protein. The lat-
eral resolution of the BAMwas approximately 3 lm. The size of the
BAM images is 400 � 720 lm2. Detailed information about the
BAM method is given elsewhere [53–55].

2.6. Atomic Force Microscopy (AFM)

For AFM, protein films formed during adsorption to equilibrium
adsorption pressure or after compression to a desired surface pres-
sure, were transferred by the Langmuir-Schaefer deposition (hori-
zontal transfer of the film) using 1 � 1 cm2 mica plates (Mica Sheet
V5 Quality, Science Services GmbH, Germany) attached to a stamp
tool. The mica was lowered onto the surface and pulled off after 2 s
of contact time. The mica was removed from the stamp tool and
the transferred film was covered with a drop of buffer solution to
prevent drying of the sample. The transferred films were analyzed
by underwater AFM (Bruker/Veeco/Digital Instruments MultiMode
AFM) using a cantilever (ArrowTM NCPt, resonance frequency
285 kHz, spring constant 42 N/m) in tapping mode (NanoWorld
AG, Switzerland). Images were analyzed by NanoScope III 5.12r3
Software (Digital Instruments Inc., US).

For the determination of interfacial film thickness, the film was
transferred onto silica by Langmuir-Schaefer technique. A scratch
was made using stainless steel tweezers. Film thickness was deter-
mined by section analysis from an average of 6 measuring points
from the silica substrate to the film (area unaffected by the
scratch).

3. Results and discussion

3.1. Time and concentration dependent adsorption of IgG

Surface pressure measurements were performed to investigate
the adsorption kinetics of the IgG from bulk solution to the liq-
uid–air interface. IgG reveals a pronounced surface activity as
shown in Fig. 1a. IgG in a concentration 0.01 mg/mL reaches sur-
face pressure values of 6.7 mN/m after 300 min, whereas IgG in a
concentration of 0.5 mg/mL reaches an equilibrium surface pres-
sure value of 18.2 mN/m after about 270 min. In case of a 1 mg/
mL IgG solution, the equilibrium adsorption pressure is only
slightly higher (18.5 mN/m after 240 min). Although the adsorp-
tion of globular proteins such as IgG starts immediately, equilib-
rium adsorption pressures are reached only after several hours
and depend on the protein itself and on the formulation conditions
[21,22,56]. Adsorption of small surfactants, such as polysorbate 20
or 80, is much faster, and equilibrium adsorption pressure values
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are reached within less than 30 min due to the distinct amphiphilic
character and the low molecular weight [18,36,57].

Fig. 1b shows the concentration-dependent equilibrium adsorp-
tion pressure using protein concentrations of 0.001 mg/mL up to
12 mg/mL IgG. At low IgG concentrations in the range from
0.01 mg/mL to 0.1 mg/mL, the concentration-dependent change
in surface pressure is pronounced, whereas concentrations � 1
mg/mL do not lead to any further considerable increase in equilib-
rium adsorption pressure. Therefore, for further experiments a
concentration of 1 mg/mL was considered to be adequate. This cor-
relation between protein concentration and equilibrium adsorp-
tion pressure can be interpreted in terms of the surface coverage
[16,31]. At protein concentrations � 1 mg/mL IgG, the protein
molecules may form multilayers, but these structures do not con-
tribute significantly to the surface pressure [58]. Moreover, a
highly viscous protein film is formed, which can be deformed by
lifting and lowering the dyne probe (Fig. 2) and is caused by mainly
non-covalent interactions of the highly concentrated protein layer
at the liquid–air interface [59,60].
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Fig. 1b. Concentration-dependent equilibrium adsorption pressure of IgG.

Fig. 2. IgG film at equilibrium adsorption pressure defo
3.2. Repeated compression-decompression of interfacial IgG films

Repeated compression-decompression was performed to inves-
tigate the physical resistance of the IgG film at the liquid–air inter-
face. Controlled compression and decompression ensure that
mechanical stress is applied to the interfacial IgG film only, while
simultaneously the surface pressure is recorded. Movement of
the barriers from maximum surface area (Amax) towards the mini-
mum surface area (Amin) results in an increase in surface pressure
from the equilibrium adsorption pressure of 18.5 mN/m up to
52 mN/m (Fig. 3). The change in surface pressure upon compres-
sion of the film is 33.5 mN/m after the first cycle and does not
noticeably change with the following cycles. During the first com-
pression, the slope between 210 cm2 (Amax) and 140 cm2 is much
lower compared to the slope of the isotherm between 120 cm2

and 52 cm2 (Amin). This indicates a drastic change in compressibil-
ity of the protein film. Upon decompression, the surface pressure
decreases strongly between 52 cm2 and 70 cm2, whereas the slope
of the isotherm is low between 80 cm2 and Amax. Curve progression
rmed by lifting (A) or lowering (B) the dyne probe.
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Fig. 3. Compression-decompression cycles of IgG in the Langmuir trough. Com-
pression starts at Amax at equilibrium (18.5 mN/m) adsorption pressure and ends at
Amin. Decompression starts at Amin and ends at Amax.
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is nearly identical for each cycle with a slight decrease in the sur-
face pressure at Amax in each cycle. The compression of the film
causes a compaction of the proteins connected with a decrease in
molecular area modifying the ordering of the protein molecules
and the distribution across the interface [61]. This can be con-
nected with an increase in film thickness and/or changes in mole-
cule orientation [62]. Moreover, the surface pressure increase
demonstrates that the protein molecules stay at the interface upon
compression. This non-equilibrium between adsorption and des-
orption can be traced back to the formation of a viscoelastic film
where in addition to hydrophobic interactions, hydrogen bonds
also contribute substantially to the molecular association [63].

The steep decrease in the initial stage of decompression
(between 52 cm2 (Amin) and 70 cm2) can be explained by a short-
term rupture of the film followed by re-adsorption or re-
spreading of protein molecules at the interface, ending in a
quasi-equilibrium surface pressure when decompression is com-
pleted. Based on the decrease in surface pressure after each cycle
compared to the initial value a loss of material from the interface
can be assumed [33]. The high compressibility and the appearance
of a considerable hysteresis between compression and decompres-
sion substantiate the formation of a viscous protein network at the
interface which is in accordance with the film deformation as
shown in Fig. 2. The hysteresis indicates that the protein does
not desorb upon compression and that the interfacial film under-
goes physical changes during compression and decompression
[41–43].
3.3. Temperature-induced unfolding of IgG

To determine possible changes in the secondary structure, FT-IR
spectra were recorded upon heating. The melting temperature (Tm)
of IgG was identified to be 72 �C using microcalorimetry [64]. By
increasing the temperature above Tm, changes in the secondary
structure occurred indicated by changes in the amide I modes
(Fig. 4). Starting the temperature ramp, IgG exhibited the amide I
band maximum at 1639 cm�1 characteristic for intramolecular b-
sheet structures. Additionally, bands with wavenumbers centering
around 1620 cm�1 and 1690 cm�1 assignable to extended strands
and to weak intramolecular b-sheet or turns, respectively, can be
identified.

Elevation of the temperature resulted in the following spectral
changes: the amide I absorbance maximum around 1639 cm�1

decreased accompanied by an intensity increase at 1625 cm�1.
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Fig. 4. Temperature-induced unfolding of IgG [10 mg/mL in Glycine-NaCl pH 6.8]
Additionally, a peak shift from 1690 cm�1 to 1695 cm�1 occurred
representing a shift to intermolecular b-sheet structures. The loss
of the native intramolecular b-sheet structure towards a more
unordered structure with distinctive bands of intermolecular b-
sheet structures (1625 cm�1 and 1695 cm�1) is in accordance with
the results obtained by Matheus et al. [65]. In addition to the for-
mation of intermolecular antiparallel b-sheet structures indicated
by peak shifts, the presence of new protein interactions after heat-
ing resulted in gel formation of the cooled samples, which is char-
acteristic for extensive intermolecular interactions in protein
samples [66].
3.4. Presence and secondary structure of IgG at the interface

The presence of the IgG at the liquid–air interface can be con-
firmed by IRRAS measurements. Furthermore, a comparative anal-
ysis of secondary structure elements of the IgG in solution and at
the interface enables conclusions whether the adsorption to the
interface and the compression of the adsorbed protein film cause
conformational changes.

The appearance of the water band and the amide A, I and II
bands prove the formation of an IgG adsorption layer at the inter-
face. The amide I band is associated mostly with the C@O stretch-
ing vibration, and the amide II band results from in-plane NH-
bending and CH-stretching vibrations. The amide A band is due
to NAH stretching vibration. This vibrational mode does not
depend on the backbone conformation but is very sensitive to
the strength of hydrogen bonds. Wavenumbers between
3225cm�1 and 3280 cm�1 have been found for hydrogen bond
lengths between 2.69 Å and 2.85 Å [67]. The intensity of the bands
increases during the adsorption process and also upon compres-
sion to surface pressure values above the equilibrium adsorption
pressure (Figs. 5 and 6). The intensity of the OH-band around
3600 cm�1 is directly connected with the effective adsorption-
layer thickness, because the intensity of the water band in the
spectrum of the sample trough is reduced in comparison to the
one from the reference trough since the protein adsorption layer
replaces a water layer of the same thickness [68]. Therefore the
increasing intensity of the bands refers to an increasing interfacial
protein concentration, film thickness and/or packing density
within the film [43,69]. These results are consistent with the sur-
face pressure measurements, where compression caused a signifi-
cant increase in surface pressure due to an interfacial compaction
of protein material and/or change in molecule orientation.
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between 25 �C and 93 �C in steps of 4 �C using FT-IR spectroscopy (BioATR).
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Fig. 5. IRRA spectra in the OH-stretching vibration region of IgG with increasing
surface pressure (s-polarized light, AoI = 40�).
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With increasing surface pressure, the intensity of the amide
bands increases. The maximum of the amide I band is observed
at 1643 cm�1 and in the amide II region at �1543 cm�1 (Fig. 6).
The IRRA spectra indicates an intramolecular b-sheet or unordered
random coil conformation of the IgG at the interface [70]. The posi-
tion of the amide I band does not change with increasing surface
pressure indicating that the secondary structure of the adsorbed
IgG changes neither during adsorption nor during compression.

Fig. 7 shows the FT-IR spectrum of the native IgG in solution
using the AquaSpec and the BioATR measurement cell, respec-
tively. The band positions of the transmission as well as of the
attenuated total reflection (ATR) spectrum can be assigned to a
mostly intramolecular b-sheet structure of the IgG in solution.
Comparison of the two spectra reveals slight differences in the
band positions with 1639cm�1 for the AquaSpec, and 1636 cm�1

for the BioATR cell. This can be explained by the different measure-
ment techniques as the AquaSpec records transmission spectra of
the aqueous protein solution, and the BioATR measures reflectance
spectra of a protein film at the silicon crystal. Nevertheless, both
measurement principles lead to fairly identical structural elements
for the IgG. The position of the bands determined in FT-IR spectra
(1639 cm�1 or 1636 cm�1) and IRRA spectra (1643 cm�1) differs
only marginally. The peaks of the IRRA spectra are broader com-
pared to the FT-IR peaks. This can be explained by the higher res-
olution of the FT-IR and/or can be due to a peak overlapping within
the amide I region of the IRRA spectra, containing not only the
band at 1639 cm�1 but additional bands beside the band at
1690 cm�1, which is also present in the FT-IR spectrum, reflecting
an intramolecular b-sheet structure.

Unlike the conformational changes of the IgG induced by heat
stress (Fig. 4), where strong peak shifts from the native intramolec-
ular b-sheet structure at 1639 cm�1 towards a more unordered
structure with a distinctive band of intermolecular b-sheet struc-
ture at 1625 cm�1 were observed, the adsorption of the IgG to
the interface does not induce considerable conformational
changes. As no other peaks referring to new structural elements
appear, the IgG predominantly retains its native structure during
adsorption as well as during compression.

The increase in the intensity of the IRRA bands as well as the
increase in surface pressure upon compression can be attributed
to an increase in the adsorbed protein amount either due to an
increase in film thickness or to changes in the molecule orientation
allowing higher packing densities. In order to discriminate
between those two effects, the dichroic ratio (DR) was calculated.
In Fig. 8, the DR values at 1643 cm�1 are plotted as a function of
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surface pressure at two different IgG concentrations. No change in
DR is observed during adsorption or compression, therefore the
molecule orientation does not change with increasing surface pres-
sure. Hence, the increase in surface pressure upon compression
and the increase in the intensity of the IRRA bands can be solely
explained by an increase in packing density and/or film thickness.
3.5. Structural and morphological characterization of the Liquid-Air
interfacial film

BAM was used to visualize the liquid–air interfacial protein
film. At the Brewster angle, p-polarized light is not reflected, and
the bare buffer surface appears dark. In the case of protein adsorp-
tion, the Brewster condition is altered by the presence of the pro-
tein film with a different refractive index, indicated by an overall
increased brightness as a part of the incident light is reflected
(Fig. 9). Areas which appear dark in the BAM images are formed
by a thinner but homogeneous film compared to brighter areas.
Although the protein covers the entire interface, flickering domains
are present immediately as adsorption starts representing differ-
ences in packing density. During adsorption, the surface appear-
ance does not change. Moreover, even compression of the film
does not affect the BAM images. Areas of increased brightness rep-
resent areas of increased packing density and film thickness
[59,71]. The island-like structures demonstrate that the protein is
not homogeneously distributed across the interface.
3.6. Changes in film topography caused by compression

Underwater Atomic Force Microscopy (AFM) was used to fur-
ther elucidate the topographical properties of the interfacial pro-
tein film on a different scale compared to BAM. The film
deposited after adsorption to equilibrium surface pressure con-
firms the presence of the IgG at the interface (Fig. 10A). Individual
IgG molecules cannot be detected due to the flattening effect dur-
ing AFM measurements in liquid medium [72]. Nevertheless, as in
the BAM images, an inhomogeneous distribution of the protein
after adsorption can be confirmed. Bright areas in the deflection
image are considered to be protein material that protrudes above
the protein layer with a height of 15 nm. The determined film
roughness of 1.0 nm after adsorption is in accordance with litera-
ture values for other globular proteins [15,49].

Upon compression, areas of telescoped material appear
(Fig. 10B) wherein the protein film forms wrinkles that protrude
with a height of 18 nm from the remaining part of the compact
film. A recent study by Ghazvini et al. [73] described similar find-
ings for a dried film of an IgG1 after compression. The presence of
those areas of increased film thickness after compression can be
explained as follows: compression first increases the packing den-
sity in the adsorption layer leading to an increase in surface pres-
sure and the OH- and amide-bands intensities in the IRRA spectra.
At high pressure, some material will be partially excluded from the
well-packed film into the subphase during compression.
Fig. 9. BAM images of IgG during adsorption (A: p = 6.2 mN/m, B: p = 18
After decompression, the areas of telescoped material cannot be
recognized any more (Fig. 10C). Thus, decompression leads to a
steep decrease in surface pressure and results in a decrease of
the overall height of the interfacial film. Additionally, a decrease
in surface pressure after each compression-decompression cycle
has been observed. This can be traced back to a loss of material
from the interface [33,34,73].
3.7. Interfacial film thickness in equilibrium and after compression

Interfacial film thickness of the IgG film in equilibrium at
18.5 mN/m and after compression to 30 mN/m was determined
by angle-dependent Infrared Reflection-Absorption Spectroscopy
(IRRAS) measurements and compared to the values obtained by
underwater AFM of the films after Langmuir-Schaefer transfer.

The increase in the intensity of the OH-stretching vibration
around 3600 cm�1 indicates an increase in effective film thickness
upon compression. The two types of polarized light (s and p) have
dramatically different reflectivity properties around the Brewster
angle (�53.1�) with a minimized intensity of the reflected p-
polarized light. As shown in Fig. 11, the reflectance-absorbance
(RA) in the region of the OH-stretching vibration changes continu-
ously for s-polarized light as a function of the angle of incidence
(AoI), whereas RA of p-polarized light exhibits a discontinuity
around the Brewster angle. The IRRA spectra taken with p- and
s-polarized light have been compared with the corresponding sim-
ulated spectra with the OH-stretching vibration m(OH) and the
amide A band (Fig. 11).

In Fig. 12, the maxima of the RA intensities of experimental and
simulated spectra at different AoI have been compared. The best fit
of the simulated to the experimental data allows the determination
of the layer thickness, assuming a refractive index of the protein
layer. The presented simulation is based on a refractive index (n)
of the protein solution using experimental data. As the refractive
index n of the protein solution directly depends on the concentra-
tion and packing density, it was set to 1.45 in the adsorption layer
at equilibrium with a linearly increasing increment of 0.024
depending on the protein concentration. Therefore, the calculated
interfacial film thickness after adsorption to an equilibrium surface
pressure amounted to 1.97 nm and increases upon compression to
2.61 nm. Since in the compressed protein layer the concentration is
larger, a larger refractive index (1.49) has been used in a second fit.

Moreover, as the secondary structure does not considerably
change neither during adsorption nor during compression, the ter-
tiary structure of the protein could be affected upon adsorption
and contribute to a lower interfacial film thickness compared to
the dimensions of the molecule in bulk solution. Comparison of
the RA intensities in equilibrium to the ones after compression
shows a clear increase in the RA intensity of the OH band (see
Fig. 12).

Fig. 13 shows the AFM images with a scratch of the film in equi-
librium and after compression to 30 mN/m. Comparable to Fig. 10,
the images display a coherent film containing some areas of
increased height representing agglomerated protein material
.5 mN/m) and compression (C: p = 25.0 mN/m, D: p = 35.0 mN/m).



Fig. 10. Underwater AFM images in tapping mode (image size: 10 � 10 lm2) of IgG after adsorption to equilibrium surface pressure (A: 18.5 mN/m), compression (B: 30 mN/
m) and after decompression of the film.
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Fig. 11. IRRA spectra of the OH-stretching vibration and the amide A band of IgG in equilibrium at 18.5 mN/m at different angles of incidence (AoI) from 30� to 72� (from
black via grey to green) in steps of 2�, top: experimental spectra (left: p-polarized light, right: s-polarized light), bottom: the corresponding simulated IRRA spectra.
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(Fig. 13A + B). Compression caused wrinkling and the formation of
a telescoped protein film (Fig. 13C + D). Section analysis of the AFM
height measurements resulted in a mean film thickness of
(6.41 ± 2.05) nm in equilibrium and of (5.56 ± 2.94) nm after
compression.

4. Summary & conclusions

The use of a Langmuir film balance in combination with IRRAS,
BAM and AFM is a novel approach for the characterization of films
formed by protein biopharmaceuticals at the liquid–air interface.
The IgG investigated in this study shows a pronounced amphiphilic
behavior. It adsorbs to the liquid–air interface in a time- and
concentration-dependent manner, reaching a maximum equilib-
rium adsorption pressure after about 4 hours at concentrations
�1 mg/mL. An additional concentration dependent measurement
series indicated that identical equilibrium surface pressure values
were reached at concentrations of 1 mg/mL IgG and above (Fig. 1b).

Adsorption of the IgG results in the formation of a highly vis-
cous protein film wherein the protein covers the entire interface,
while showing an inhomogeneous distribution as demonstrated
by BAM and AFM. The overall increased brightness in BAM images
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Fig. 12. Experimental (dots) and simulated (solid lines) RA intensities using p-polarized (black) and s-polarized (green) light at the maximum position of the OH-stretching
vibration. Top left: data obtained at the equilibrium surface pressure, top right: data after compression to 30 mN/m. Top row: a refractive index of 1.45 has been taken for the
equilibrium as well as for the compressed layer. Bottom row: An increased refractive index of 1.49 has been taken for the compressed film.

Fig. 13. Underwater AFM images incl. scratch for determination of film thickness in tapping mode (image size: A + C: 30 � 30 lm2, B + D: 10 � 10 lm2) of IgG after
adsorption to equilibrium surface pressure (A and B: 18.5 mN/m) and after compression (C and D: 30 mN/m).
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can be attributed to the presence of the protein film at the inter-
face. The presence of island structures is related to the inhomoge-
neous IgG adsorption by forming areas of increased thickness or
packing density [27,59]. After adsorption, AFM images reveal a
continuous protein film with island structures of condensed pro-
tein material similar to BAM but on a smaller scale. The appearance
of the OH-vibrational band and amide bands in the IRRA spectra
substantiate the presence of the protein at the interface
[41,74,75]. Therefore, the accumulation of IgG at the interface
was demonstrated by the different methods.

Compression of the film causes a considerable increase in sur-
face pressure above equilibrium values. Not only during adsorp-
tion, but all the more upon compression the intensity of the IRRA
bands increases. This signifies an increase in interfacial film den-
sity and thickness [43,76,77]. The orientation of the IgG molecules
does not change during adsorption or compression as the dichroic
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ratio does not change with increasing surface pressure. As the
dichroic ratio was recorded at different surface pressures during
adsorption as well as during compression, possible changes, e.g.
in telescoped regions of the compressed film, are considered on
average.

During compression, the appearance of the BAM images does
not change. In contrast, the AFM images reveal substantial changes
of the film topography upon compression. The appearance of tele-
scoped protein material with an increased height compared to the
adsorbed film evince that the interfacial film is directly affected by
compressive forces [33,73]. Hence, the protein tends to be trapped
at the interface and does not readily desorb upon compression [78]
but forms instead protuberances if the packing density is too high.
As secondary structure and molecule orientation were not consid-
erably affected neither by adsorption nor compression, changes in
the tertiary structure of the protein could be causative for the com-
pressibility of the interfacial film and the related impeded desorp-
tion of protein molecules from the interface.

The IRRA spectra enable not only conclusions about the pres-
ence and film thickness of the IgG at the interface, but also about
the protein secondary structure elements. For different types of
proteins unfolding upon adsorption to the liquid–air interface
has been reported [25,72,79,80]. In contrast to this, our results
do not indicate considerable changes in the secondary structure
of IgG after adsorption and compression. This can be explained
by the fact that IgG molecules belong to the most stable protein
types [65,81]. As no new structural elements show up compared
to the native secondary structure in solution the IgG remains in a
native-like secondary structure. According to literature, IR meth-
ods cover changes of �2–10% in sensitivity [70,82]. Minor struc-
tural perturbations, however, are not detected and cannot be
excluded.

The interfacial film thickness was determined from the analysis
of the IRRAS intensity of the OH-stretching band as a function of
angle of incidence. At equilibrium adsorption pressure (18.5 mN/
m), the film thickness amounts to 1.97 nm (n = 1.45), and compres-
sion to 30mN/m caused an increase in film thickness to 2.61 nm
assuming the same refractive index of 1.45 or to 2.4 assuming a
higher refractive index of 1.49 for the compressed layer. These val-
ues are clearly smaller compared with the ones determined by
AFM for the equilibrium film, but in good agreement with the
AFM results of the compressed film. The fact, that the calculated
film thickness (1.97 nm) is only 30% of the hydrodynamic radius
of the molecule (6.9 nm) can be explained by the loose packing
in the equilibrium film. This film contains a substantial amount
of water. Algorithms have been devised for estimating the amount
of bound water from the amino acid sequence, although these gen-
erally do not distinguish between exposed and buried residues.
The first ones bind water and the second ones do not. This substan-
tial amount of water in the protein layer leads to the underestima-
tion of the film thickness by IRRAS using the experimentally
determined OH-band. Therefore, the thickness of the transferred
film determined by AFM is closer to the value of the hydrodynamic
radius. On the other hand, it has been stated that IgG molecules
preferentially adsorb in flat orientations, which can explain
reduced interfacial film thicknesses compared to the values of
hydrodynamic radius measured in solution [83,84]. Erickson [85]
determined the minimal radius of a sphere that could contain a
protein with 100 kDa to 3.05 nm and for 200 kDa to 3.84 nm. Addi-
tionally, they stated the average separation of molecules (center to
center) to be 6.9 nm [85]. If the film is compressed to 30 mN/m,
some water will be squeezed out and the protein film might
change to be flatter. Therefore, the thickness of this more densely
packed film determined by IRRAS is in good agreement with the
value determined by AFM. Although the optical properties could
only be estimated from values measured in bulk solution, a quali-
tative statement on the change in film thickness (packing density)
and a differentiation between the film thickness at equilibrium
adsorption pressure and after compression can be clearly made.

Compression-decompression cycles reveal compressibility of
the protein film [33,73,86] indicating a non-equilibrium state of
the adsorption layer and therefore drastically reduced desorption
kinetics. The considerable hysteresis indicates physical changes
within the film as the packing density and film thickness change
with compression and decompression. Furthermore, each subse-
quent cycle ended up in slightly lower surface pressures indicating
a loss of material from the interface which is in accordance with
the morphology of the protein film exhibiting protrusions after
compression. These areas of protein material which are formed
by compression and visualized by AFM are no longer present after
decompression. Decompression results in a smoother surface com-
pared to adsorption or compression indicated by a decrease in the
mean roughness of the film. The decrease in mean roughness also
substantiates the assumption for partial loss of material from the
interface and compaction of the film by reorganization of the pro-
tein molecules, what is in agreement with the results obtained by
the surface pressure measurements [33,34,73,87,88].

Altogether, the combination of physical–chemical, spectro-
scopic, and microscopic methods for surface characterization pro-
vides useful insights into the behavior of proteins at the liquid–
air interface. Further investigations will show what impact not
only the IgG itself, but also different formulation parameters such
as pH and the presence of additives have on the liquid–air interfa-
cial behavior and the tendency of an antibody to aggregate as a
measure of protein stability. Moreover, it has already been shown
that continuous compression and decompression of an interfacial
protein film causes compaction followed by aggregation [33,73].
Thus physical changes within the protein film can be causative
for liquid–air interface-related protein aggregation [33,89].

In conclusion, during adsorption to the soft liquid–air interface
IgG forms a continuous but inhomogeneous film of native-like pro-
tein molecules whose topographical appearance is affected by
compressive forces. As protein pharmaceuticals are exposed to liq-
uid–air interfaces at many points during development, production
and storage [90], this comprehensive understanding of the under-
lying mechanisms is of great importance, as it can help to improve
protein stability by choosing appropriate formulation, processing
and packing conditions [91,92].
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