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ABSTRACT: Interfacial proteins play important roles in many
research fields and applications, such as biosensors, biomedical
implants, nonfouling coatings, etc. Directly probing interfacial
protein behavior at buried solid/liquid and liquid/liquid interfaces
is challenging. We used sum frequency generation vibrational
spectroscopy and a Hamiltonian data analysis method to monitor
the molecular structure of fibrinogen on silicone oil during the
adsorption process in situ in real time. The results showed that the
adsorbed fibrinogen molecules tend to adopt a bent structure
throughout the entire adsorption process with the same
orientation. This is different from the case of adsorbed fibrinogen
on CaF2 with a linear structure or on polystyrene with a bent structure but a different orientation. The method introduced herein is
generally applicable for following time-dependent molecular structures of many other proteins and peptides at interfaces in situ in
real time at the molecular level.

The adsorption of a protein to a surface may have a
negative impact. For example, it is the first event that

occurs when a biomedical implant is placed into contact with
tissue or blood.1,2 Unfavorable protein−implant interactions
may lead to undesirable biological responses such as blood
coagulation, unnecessary immune responses, etc.3 Also, the
first step for marine biofouling on a ship is the adsorption of
adhesive proteins generated by marine organisms to the ship
hull.4−6 Therefore, it is important to investigate the adsorption
of protein to various surfaces to understand protein−surface
interaction mechanisms for (1) the rational design of surfaces
to prevent protein adsorption and/or (2) ensuring adsorbed
proteins adopt “reasonable” structures that do not have an
adverse effect. Protein adsorption has been extensively studied
with a variety of characterization techniques, and excellent
results have been obtained.7−11 However, almost all of the
previously applied techniques have some limitations; thus,
directly monitoring the adsorption process of the proteins at a
buried solid/liquid or liquid/liquid interface in situ in real time
with detailed molecular level protein structural information is
still challenging.
In recent years, sum frequency generation (SFG) vibrational

spectroscopy has been developed into a powerful tool for
studying interfacial protein structure in situ.9,12−39 SFG is a
second-order nonlinear optical spectroscopic technique that
can detect vibrational spectra of molecules on surfaces or at
buried interfaces. Due to the selection rule of a second-order
nonlinear optical process, only a medium without inversion

symmetry can generate an SFG signal under the electric-dipole
approximation, making SFG a technique that is highly sensitive
to the surface and/or interface.40−46 Our previous studies
demonstrated the successful application of SFG in examining
the interfacial behavior of many proteins, such as physically
adsorbed proteins on polymers, oils, and 2D materials,
chemically immobilized enzymes on self-assembled mono-
layers and polymers, and membrane proteins associated with
model cell membranes.15−19,21−27

In this study, we applied SFG to follow the adsorption
behavior of fibrinogen adsorbed to silicone oil at buried
silicone oil/protein solution interface in situ in real time.
Fibrinogen adsorption has been a focus for many protein
adsorption studies due to its critical role in blood clot
formation. Undesired adsorption and aggregation of fibrinogen
may cause blood clot formation in a deep vein, called deep vein
thrombosis.47 The thromboembolism can cause serious
outcomes if left unattended,48 and it has become so common
that it is considered an epidemic.49,50 Understanding the
adsorption of fibrinogen to surfaces with related structural
changes in the adsorption process is an important step in
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unveiling the interfacial interaction and aggregation mecha-
nism of fibrinogen, providing a basis for developing better
thrombolytic therapies in the future. Silicone oil was chosen in
this study as a surface for protein adsorption due to its strong
hydrophobicity and wide application as the lubricant in the
pharmaceutical industry. For protein drug (e.g., antibody drug)
storage and administration, silicone oil is extensively used as a
coating for a drug container or injector (e.g., a syringe).51 It
has been shown that the silicone oil coating can induce protein
adsorption and possible aggregation, reducing antibody drug
effectiveness.52−54 In this study, we examined the dynamics of
adsorption of fibrinogen to silicone oil in situ and in real time
at the molecular level, elucidating the time-dependent
fibrinogen structure in the adsorption process. The research
results will be discussed below, and details about sample
preparation, SFG experiments, and the Hamiltonian data
analysis method55,56 are presented in the Supporting
Information.
The time-dependent SFG ssp and ppp spectra collected

from the silicone oil/fibrinogen solution interface are shown in
Figure 1. No discernible SFG protein amide I signal could be

detected from the silicone oil surface before the fibrinogen
solution contact. After the fibrinogen solution was placed into
contact with silicone oil, for the first 300 s, the SFG signal did
not change substantially, indicating that the adsorption was
slow during the initial adsorption process. After 300 s, the SFG
amide I signals gradually became stronger and could be seen
clearly. The peak at ∼1645 cm−1 in both ssp and ppp spectra
can be attributed to the helical structure in fibrinogen. The
SFG signal increased as a function of time, which can be
caused by more adsorbed fibrinogen molecules, the change in
the adsorbed fibrinogen structure (conformation and orienta-
tion), or both.
We can determine the conformation and orientation of

adsorbed fibrinogen on silicone oil by comparing the
calculated SFG spectra using the Hamiltonian method and
the experimental data.28,29 Details of the Hamiltonian method
are presented in section S1 of the Supporting Information. For
comparison, it is necessary to remove the nonresonant
contribution from the experimental data. Here the exper-
imentally collected SFG spectra were fitted by the standard
SFG spectral fitting method first (section S2 of the Supporting

Figure 1. SFG (a) ssp and (b) ppp spectra collected from the silicone oil/fibrinogen solution (0.1 mg/mL) interface to follow the adsorption of
fibrinogen to the silicone oil surface. The exposure time for each spectrum is 30 s. The fibrinogen solution was placed into contact with silicone oil
at time zero. The spectra were recorded using a femtosecond SFG system. The spectral resolution is ∼10 cm−1.

Figure 2. Structures of fibrinogen that were used for the Hamiltonian method in this study. (a) Original fibrinogen structure (PDB entry 3ghg).
Half of the protein structure (chains A−C) was rotated by (b) 30°, (c) 45°, (d) 60°, or (e) 90° to approximate the possible bent conformations of
fibrinogen.
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Information),57 and then the resonant spectra were recon-
structed using the fitting parameters (shown in Table S1). The
ssp and ppp spectra can be converted to yyz and zzz spectra,
respectively, by excluding the Fresnel coefficients (section S1
of the Supporting Information).
It is worth mentioning that when the Hamiltonian method is

used to calculate SFG amide I signals from a protein, it
considers the contributions from all of the peptide units in the
protein. This method is advantageous compared to the
previous method that considers only the contributions of the
α-helical components to the SFG amide I signals.19 The
previous method needs to identify α-helical components in a
protein. The Hamiltonian method is more accurate for the
calculation of SFG spectra.
The yyz and zzz SFG spectra of fibrinogen can be calculated

as a function of fibrinogen molecular orientation using the
Hamiltonian method based on a fibrinogen structure
input.55,56 In this study, the fibrinogen crystal structure
[Proetin Data Bank (PDB) entry 3ghg, shown in Figure 2a]
was used as a possible input structure for the Hamiltonian
method. For the fibrinogen crystal structure, the two long
coiled coils connect the two D domains with the center E
domain, which can be treated as a long trinodal molecule. Our
previous SFG results for the adsorption of fibrinogen to
polystyrene,15,16 polyurethanes, and fluorinated polymers9

demonstrated that adsorbed fibrinogen molecules likely
adopt bent structures, instead of the linear structure as
shown in the crystal.
Here, to identify which conformation (linear or bent)

fibrinogen adopts on the silicone oil surface, the original crystal
structure (PDB entry 3ghg) was modified with different bent
angles and these bent fibrinogen crystal structures were also

used as input structures for SFG spectral calculations with the
Hamiltonian method. Specifically, we rotated chains A−C of
the fibrinogen structure by 30°, 45°, 60°, and 90° to
approximate the four bent conformations of fibrinogen. It is
worth mentioning that this angle is not the bent angle between
the two coiled coils in the molecule. All of the fibrinogen
structures that were used for calculation in this study are
shown in Figure 2. Note that these structures only served as
the input structures for the SFG orientation analysis and the
evaluation for possible fibrinogen conformational changes.
They were not fully stabilized by simulation.
To probe the conformation and orientation of fibrinogen

adsorbed to silicone oil as a function of time, the ssp (yyz) and
ppp (zzz) spectra collected at 900, 1200, 1500, and 1800 s
were compared with the calculated SFG spectra based on the
five fibrinogen structures shown in Figure 2. No reliable fitting
result can be obtained for the ssp spectra collected before 900 s
due to the low signal intensity. For the SFG spectra collected
at 900 s, upon comparison of the experimental and calculated
spectra, the final match score heat map after considering the
ssp and ppp spectra features and the ssp/ppp (yyz/zzz) spectra
intensity ratio can be obtained for each of the five
conformations with varied bent angles. It was found that the
highest score in the matching score heat map obtained using
the fibrinogen-60° structure (shown in Figure 2d) is higher
than those of the other four heat maps (Table S2). Therefore,
we believe that fibrinogen-60° is the most likely conformation
adsorbed on the silicone oil at 900 s. According to the heat
map shown in Figure 3a, the two most likely orientations are
(tilt = 30, twist = 210) and (tilt = 150, twist = 30), shown in
Figure 3b. These two orientations have the opposite absolution
orientation. These two orientations are very similar, and we

Figure 3. (a) Final matching score heat map showing the matching quality between the reconstructed resonant SFG experimental spectra (at 900
s) and the calculated orientation-dependent SFG spectra based on the fibrinogen-60° structure (shown in panel b). (b) Two most probable
orientations of the adsorbed fibrinogen molecules on silicone oil. (c−f) Comparisons between reconstructed experimental data and calculated
spectra based on the fibrinogen-60° structure with the highest matching score. The blue spectra in panels c and d are the calculated SFG yyz and
zzz spectra, respectively, of adsorbed fibrinogen after adsorption for 900 s with the highest matching score with the reconstructed experimental
resonant SFG spectra (orange). The unnormalized SFG spectra of (e) experimental data and (f) calculated spectra are plotted to evaluate the
matching quality of the ssp and ppp spectral intensity ratio.
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believe that there is no need to differentiate between these two
orientations.
To appreciate the similarity of the calculated spectra and the

reconstructed experimental data with the highest matching
score at 900 s, both the calculated spectra and the
reconstructed experimental spectra are shown in Figure 3c−f.
Panels c and d of Figure 3 show the matching qualities of the
spectral features for the ssp and ppp spectra, respectively.
Panels e and f of Figure 3 show the matching quality of the
ssp/ppp spectral intensity ratio. Both the spectral features and
the intensity ratio are well matched.
A method similar to that used to analyze the 900 s data can

be used to analyze the SFG spectra collected at 1200, 1500,
and 1800 s. The final matching score heat maps with the
highest matching scores for each time are shown in Figures
S4−S6, with the spectral comparisons between the calculated
spectra and reconstructed experimental data with the highest
matching scores. The highest matching scores of each
fibrinogen conformation at each time step are listed in Table
S2.
Table S2 shows that fibrinogen tends to adopt a bent

structure rather than a linear structure throughout the entire
adsorption process from 900 to 1800 s. Very similar matching
score heat maps were obtained for fibrinogen adsorbed at
different times, showing that the adsorbed fibrinogen
orientation remains the same. Therefore, on a silicone oil
surface, adsorbed fibrinogen does not change orientation or
conformation as a function of time. This result is similar to
what we observed from fibrinogen adsorbed on polystyrene,
where fibrinogen adopted a bent structure.16 However, this is
different from what we observed for the adsorption of
fibrinogen on polyurethane, fluorinated polymer, and silicone
polymer surfaces previously, where time-dependent structural
changes were detected.9,58 Perhaps the liquid silicone oil
surface is similar to the hydrophobic polystyrene surface;
therefore, it is necessary for the adsorbed fibrinogen molecule
to adopt a bent conformation. Also because of the flexible
interface, it is easier to reach structural stability without having
slow time-dependent structural changes.
In the past, we deduced the possible orientation of adsorbed

fibrinogen on polystyrene based on the orientation of a single-
helix structure.16 Here we reanalyzed the published SFG data16

using the Hamiltonian method and found that the calculated
spectra based on fibrinogen-30° match the reconstructed
experimental spectra best. Therefore, fibrinogen adsorbed on
polystyrene adopts a bent structure. Its most likely orientation
was deduced from the score heat map, as shown in Figure 4a.

The detailed data analysis and related results of adsorbed
fibrinogen on polystyrene are presented in section S4 of the
Supporting Information. We believe that the left orientation
shown in Figure 4a is the more likely orientation among the
two opposite absolute orientations because it is more stable
due to a larger area of contact with the surface. For
comparison, we also analyzed our previously collected SFG
spectra from fibrinogen adsorbed on CaF2.

15 Figure 4b shows
the deduced most likely conformation and orientation of
adsorbed fibrinogen on CaF2 using the Hamiltonian method
(see details in section S5 of the Supporting Information). On
CaF2, fibrinogen adopts a linear structure with a standing up
orientation. The two structures shown in Figure 4b are similar,
and thus, it is unnecessary to differentiate them. The
interactions between the fibrinogen molecule and different
surfaces such as hydrophobic and electrostatic interactions
depend on the physicochemical properties of the surfaces.
Silicone oil is a hydrophobic surface that favorably interacts
with the hydrophobic domains of the fibrinogen strongly,
causing a change in the fibrinogen conformation to a bent
structure. The silicone oil is also very mobile; perhaps the
silicone oil−fibrinogen interaction fluctuates, leading to a
standing up pose for fibrinogen. Polystyrene is a hydrophobic
surface with a negative charge, and the orientation and
conformation of fibrinogen on polystyrene can be affected by
the hydrophobic and electrostatic interactions together. The
stronger interaction with the surface can possibly lead to a bent
structure and a lying down orientation of half of the molecule.
The CaF2 surface is relatively hydrophilic, with weaker
interactions with fibrinogen. Thus, fibrinogen adopts a native
linear structure on the CaF2 surface. Overall, the conformation
and orientation of fibrinogen on different surfaces are
determined by various factors, such as the hydrophobicity of
surfaces, electrostatic interaction, and the local chemistry
environment.59−61

The SFG intensity detected form adsorbed fibrinogen is
related to the surface coverage and conformation and/or
orientation. Because the conformation and orientation of
adsorbed fibrinogen at 900, 1200, 1500, and 1900 s remain the
same, we could deduce the time-dependent surface coverage of
fibrinogen using the ppp SFG spectra (same as the ssp
spectra). For shorter adsorption times of 300 and 600 s,
although ssp SFG spectra cannot be reliably fitted, it is more
feasible to fit the ppp SFG spectra (section S6 of the
Supporting Information).
Here we use the adsorption at 1800 s as 100%. This does not

mean that at 1800 s the adsorption is saturated or equilibrated.
The 100% value at 1800 s here is just used as a standard to
determine the relative surface coverages of fibrinogen at other
time points. The trend in the deduced fibrinogen surface
coverage percentage plot displayed in Figure 5 clearly indicates
that the number of adsorbed fibrinogen molecules on silicone
oil increases as a function of time and slowly approaches
equilibrium. Figure 5 shows that at 1800 s, the fibrinogen
surface coverage still continuously increases. The fitted curve
on a longer time scale displayed in Figure 5 indicates that the
fibrinogen adsorption reaches equilibrium at ∼20000 s. The
kinetics of fibrinogen adsorption may be influenced by both
the adsorption/desorption balance at the interfaces and the
diffusion of fibrinogen from the bulk to the interface. Our
adsorption experiment was conducted using a static solution,
which takes some time for the protein to diffuse to the
interface. It will be interesting to compare the fibrinogen

Figure 4. Deduced most likely conformation and orientation of
adsorbed fibrinogen on (a) polystyrene and (b) CaF2. The two
orientations in each case have opposite absolute orientations, which
cannot be distinguished by regular SFG results.
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adsorption kinetics to that of a protein solution with a stirrer in
the solution to minimize the diffusion process or a flow protein
solution system, which is beyond the scope of this research.
In summary, the orientation and conformation of fibrinogen

during the interfacial adsorption process have been deduced in
situ in real time by SFG, with the help of a Hamiltonian SFG
data analysis method. At the silicone oil/fibrinogen solution
interface, the amount of fibrinogen adsorbed increases as a
function of time, and the adsorption kinetics can be monitored
in real time with SFG. More importantly, it was found that
fibrinogen molecules adopt the same bent conformation and
orientation during the adsorption process. The adsorbed bent
fibrinogen molecules on the silicone oil surface are different
from those on a CaF2 surface or a polystyrene surface. Such
similar or different conformations and orientations of
fibrinogen on various surfaces can be further interpreted
using computer simulations, which are beyond the scope of
this research.
It is well known that fibrinogen adsorption is related to

platelet adhesion and blood coagulation. However, the amount
of fibrinogen adsorbed on a surface is not related to the
amount of later adhered platelet, because the specific
interaction between some small adhesive peptide regions of
fibrinogen and the GPIIb/IIIa integrin receptor on platelets
determines platelet adhesion.62 Therefore, the different
adsorbed fibrinogen structures on various surfaces lead to
varied platelet adhesion and blood coagulation effects.
This study successfully elucidated the molecular structure,

including the conformation and orientation, of fibrinogen using
an in situ SFG study. The fibrinogen molecular structure was
monitored in real time, and the adsorption amount was
deduced at the same time. Different conformations and
orientations of fibrinogen on varied surfaces were observed.
In the future, direct correlations between the adsorbed
fibrinogen structure and platelet adhesion as well as the effect
of blood coagulation on different surfaces could be
investigated, providing in-depth understanding of the blood
compatibility of many biomedical materials. The method
developed in this research is general, which can be applied to
study the adsorption process of many proteins in situ in real
time at the molecular level.
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