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H I G H L I G H T S

• The height and Young's modulus of
individual proteins were measured.

• Protein properties were influenced by
the interfacial hydrophilicity/hydro-
phobicity.

• Human coagulation factor VIII has a
preferred orientation on the hydro-
phobic surface.

• Quantitative nanomechanical map-
ping and bioinformatics analysis were
used.
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A B S T R A C T

Investigating the adsorption behavior of coagulation proteins on interfaces will contribute to better understating
blood clotting and to the development of biocompatible materials. In this work, atomic force microscopy (AFM)-
based peakforce quantitative nanomechanical mapping (PF-QNM) was combined with bioinformatics tool to
study the adsorption and orientation of coagulation factor VIII (FVIII) on both hydrophilic and hydrophobic
interfaces by the height and mechanical measurement of single protein molecules. We found that interfacial
hydrophilicity/hydrophobicity greatly influence the heights and Young's modulus of individual proteins.
Compared to on the hydrophilic mica surface, FVIII proteins appear bigger vertical sizes while similar lateral
sizes on the HOPG surface. The water accessible surface area analysis indicate stronger apolar properties C1 and
C2 domains than others, suggesting a preferred orientation through the strong hydrophobic interactions between
HOPG and the hydrophobic residues interface of the protein domains. These results provide novel insights on the
adsorption and binding mechanism of the FVIII on cell membrane and will be helpful for the design of antic-
oagulant materials.
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1. Introduction

The adsorption behavior of proteins, such as plasma proteins, fi-
brinogen and globulin, on the cellular interface can activate a series of
clotting factors and coagulation reactions, which is a common phe-
nomenon in the biological processes [1–3]. Meanwhile the protein
adsorption on the biomaterial interfaces usually induce kinds of foreign
body reactions, including inflammations, immunities and adhesions of
bacteria, which greatly hamper the application of biomaterials in clinic
medicine [4–8]. Therefore, it is required to understand, predict and
control the adsorption behaviours of the proteins on interfaces for im-
proving their performances in biomedical materials, biosensors, en-
zyme engineering and regenerative medicines, especially proteins par-
ticipated in reactions of blood coagulation cascades [9,10].

Coagulation factor VIII (FVIII) is one of the clotting cofactors re-
leased in coagulation cascade reaction when a blood vessel is injured.
Naturally, the structure of FVIII is a heterodimer, which is composed of
two non-covalent linked polypeptide chains: a heavy chain (HC) of
90–220 kDa (A1-A2-B) and a light chain (LC) of 80 kDa (A3-C1-C2)
[11–14]. The two C domains from the light chain are capable of binding
phospholipid membrane: the C2 domain binds to phosphatidylserine-
containing membranes through hydrophobic spikes by the hydrophobic
residues (Met 2199/Phe 2200 and Leu 2251/Leu 2252), while the C1
domain binds the membranes by residues Lys 2092/Phe 2093 and Ile
2158/Arg 2159 in which Phe 2093 and Ile 2158 are hydrophobic
[15–18]. In vivo, FVIII is stabilized by binding to von Willebrand factor
(vWF). In the coagulation reaction, FVIII transforms from the inactive
state into the active one (FVIIIa) by thrombin. FVIIIa is dissociated from
vWF by the cleavage at 1689, permitting the interaction of FVIIIa with
platelets. Accompanying with conformation changes of FVIIIa, it in-
itiates the downstream reactions together with the coagulation factors
IX (FIXa), calcium ions (Ca2+) and phospholipid membranes. In a
clotting process, the adsorption of FVIII on the phospholipid membrane
which is a complex interface for the reaction, is an essential step to
activate the coagulation reaction [19]. Previous data have shown that
the low adsorption of FVIII on the phospholipid membrane leads to the
failure of clotting processes, which is the main reason of hemophilia A
[20]. Unfortunately, the mechanism of the adsorption process of FVIII
on the membrane is still unclear. Therefore, it is important to study of
the interaction between FVIII and the membrane for a better under-
standing of the processes of the coagulation reaction and the function of
the blood coagulation proteins.

Atomic force microscopy (AFM) has been widely used to examine
the adsorption behaviours of biomolecules on the interfaces at the
single-molecule level [4,21–23]. With recently development of the
peakforce quantitative nanomechanical mapping (PF-QNM), it is pos-
sible to map the protein topography and Young's modulus with a high
spatial resolution either in air or liquid environment [24]. The Young's
modulus is a mechanical property that shows a material's stiffness to
elastic deformation under lode. When the lode is removed, the material
returns to its original shape. It relates the relationship between stress
and strain in a material along an axis or line. So more deformation
occurs in a flexible material like proteins. Agnieszka et al. used PF-QNM
to measure elastic modulus of the single human immunoglobulin M
antibody, the results yielded a low elastic modulus of about
34 ± 10MPa [24]. The measured Young's modulus of bovine carbonic
anhydrase II progressively decreased from 75MPa to 20MPa as the
denaturant concentration was increased [25]. With the differences in
packing density among and between fibrils, the observed Young's
modulus has a large range from 1MPa to tens of MPa [26]. Since the
adsorption processes of the proteins on interfaces are often accom-
panied with the conformation or orientation changes, PF-QNM is an
effective measurement to study the interfacial adsorption behaviours of
the proteins on different surfaces.

In this work, we have applied AFM-based PF-QNM technique to
investigate the height of single FVIII protein molecules on the mica and

highly oriented pyrolytic graphite (HOPG) surfaces, respectively. The
mica and HOPG have similar atomic-grade flatness and roughness
surfaces which lead to slight influence to the adsorption of FVIII.
However, mica and HOPG show apparently different characters of hy-
drophobicity and the electrical properties. In brief, mica has a hydro-
philic surface interface is with negatively charge while HOPG is elec-
trically neutral with a hydrophobic surface. By the combination of
hydrophilicity analysis of the protein and its domains, we demonstrated
that the hydrophobic interaction between protein domains and HOPG
determine a specific orientation and mechanical properties of FVIII
proteins.

2. Materials and methods

2.1. Sample preparation

Protein samples consisting of a freeze-dried preparation of plasma-
derived human protein coagulation Factor VIII and tris-buffered saline
(TBS, pH=7.6) (10×) were purchased from Sigma-Aldrich. The 1×
TBS buffer was used to dissolve FVIII, which was diluted by ultrapure
water. A 20 uL drop of 20–60 μg/ml FVIII solution was placed on the
interface of either freshly cleaved mica or HOPG for protein deposition
and then the sample was rinsed by 1× TBS buffer.

2.2. Dynamic light scattering (DLS)

FVIII solutions was evaluated using a Zetasizer Nano ZS90 appa-
ratus (Malvern, Worcestershire, UK). The apparatus was equilibrated at
25 °C and 1mL of formulations were analysed using a plastic cuvette
under the automatic mode to identify the size. Each sample was mea-
sured 3 times with an intervening interval of 30 s. Zeta average radius
was calculated from the auto-correlated function using Zetasizer soft-
ware version 7.11 (Malvern Instruments).

2.3. Atomic force microscopy (AFM)-based height and mechanical
measurement

The AFM experiments were carried out on NanoScope VIII equipped
with a “J” scanner (125 μm×125 μm). Silicon nitride probes (D-NPS)
with spring constants of ∼0.35 N/m were used in all measurements. All
experiments were conducted in TBS buffer by a commercially available
fluid cell which was washed before used. The imaging mode was the
tapping mode and the peakforce quantitative nanomechanical mapping
mode (PF-QNM). In the PF-QNM mode, the calibration procedure has
been completed before the mechanical measurement. The deflection
sensitivity was calibrated by a PF-QNM ramp, after which the spring
constant of the cantilever was calibrated via thermal tuning. The cali-
bration of the deflection sensitivity and spring constant were carefully
performed. The elastic modulus for the samples was calculated by the
Derjaguin-Muller-Toporov (DMT) model [27].

All images were recorded at 256 pixels× 256 pixels. The frequency
of the peak force was 1 kHz and the scan rate was 1 Hz. NanoScope
Analysis software were used for analysis. The topography images shown
in this work were handled with a line-wise 2st order flattening while
modulus maps were rendered from the raw data with no treatment. The
distribution of height and modulus derived from the AFM mapping and
fitted by Gaussian distribution using origin software.

2.4. Bioinformatics analysis of the hydrophilic and hydrophobic properties
of FVIII proteins

According to Kyte and Doolittle method (K-D method) [28], nine
hydrophilic amino acids (arginine (Arg), lysine (Lys), histidine (His),
glutamic acid (Glu), aspartic acid (Asp), asparagine (Asn), glutamine
(Gln), proline (Pro), tyrosine (Tyr)), and eight hydrophobic amino acids
(isoleucine (Ile), valine (Val), leucine (Leu), proline (Phe), cysteine
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(Cys), methionine (Met), alanine (Ala) and glycine (Gly)) were chosen
to evaluate the hydrophilic and hydrophobic performance of FVIII and
each domain. The crystal structure was prepared using the program
PyMOL by coloring according to the CPK scheme. The solvent acces-
sible surface areas (ASA) for the full FVIII proteins and its domains were
estimated at The PDBePISA server (www.pdbe.org/pisa) [29].

3. Results and discussion

The natural human full-length FVIII consists of six domains de-
scribed as A1-A2-B-A3-C1-C2. However, currently available crystal
structures are B-domain depleted recombinant FVIII (Fig. 1a). In this
work, plasma-derived human full-length coagulation FVIII was used.
We first check protein samples by dynamic light scattering (DLS) to
measure the size of individual proteins in solution. The DLS result
shows that FVIIII proteins present a single-molecule distribution with
the average particle sizes of about ~7.5 nm (Fig. 1b).

The adsorption behaviour of FVIII protein molecules on the freshly
cleaved mica and HOPG are firstly studied in air condition using the
tapping mode AFM, respectively. The representative topography images
(Fig. 2a and c) show that single FVIII molecules are generally spherical
shape, which is in agreement with other work [30–33]. Interestingly,
the vertical heights of FVIII proteins both on mica and HOPG reveal a
typical uniform structure with one Gaussian curve. The heights of FVIIIs
on the mica range from 1.8 nm to 2.0 nm with a peak value of 1.9 nm
from Gaussian fitting (Fig. 2b), while the heights of the FVIIIs on the
HOPG are between 3.3 nm and 4.1 nm with a peak value of 3.8 nm
(Fig. 2d). These results show that the average height of FVIIIs on the
mica is only half of that on the HOPG (Fig. 2), both of which are lower
than the theoretical values [34]. These may be attributed to the at-
mospheric environment, which is usually lead to unexpected dehydra-
tion of the proteins, formation of salt layers on the interface and the
complex interactions between the tip and the sample.

To rule out the possible adverse effects of the atmospheric en-
vironments on the protein structures, FVIII samples are imaged in the
liquid buffer. As shown in Fig. 3, FVIII proteins are dispersed well with
single particles on either the mica or HOPG surfaces. The Gaussian
fitting statistical analysis of the heights of FVIII shows a distribution in
the region of 3.4 nm to 4.9 nm on the mica with a peak value of 4.2 nm
(Fig. 3b) while a height distribution between 7.1 nm and 8.7 nm on the
HOPG interface (the peak value is 7.8 nm, Fig. 3d). The apparent height
of FVIII on the HOPG is 1.9 times as high as that on the mica.

The mechanical properties of FVIII on different interfaces (mica
/HOPG) have also been investigated by PF-QNM. After Gaussian fitting,
we found that the Young's modulus of proteins slightly vary on different

interfaces. The Young's modulus of FVIII on the mica distribute from
1.9MPa to 5.1MPa, with two peak values of 2.7MPa and 4.2MPa
(Fig. 4b), while the Young's modulus of FVIII on HOPG spread within
the range of 1.7MPa to 3.6MPa, and the peak value is 2.4MPa
(Fig. 4d). On hydrophilic interface, the higher degree of freedom of the
proteins leads to the non-uniform mechanical properties of FVIII, which
results two different peaks in the Gaussian distributions of FVIII on the
mica (Fig. 4b). On the other hand, the strong interaction between FVIII
and the hydrophobic interface makes the orientation of FVIII on HOPG
consistent with a unique Young's modulus (Fig. 4d). As a result, FVIII
exhibits apparently higher height and lower Young's modulus on the
HOPG interface with the hydrophobic character.

In general, the adsorption behaviours of proteins on the similar
atomic-grade flatness and roughness surfaces may be influenced mainly
by the hydrophobicity and the electrostatic properties of the interfaces
[35]. Although the surfaces of FVIII and mica are both negatively
charged and the surface of HOPG is electrically neutral, these electrical
properties, especially the mutual repulsive force between the interfaces
of mica and FVIII, are not strong enough to shift the equilibrium in the
solution and affect in the adsorption behaviour of proteins on different
interfaces [32,36].

On a hydrophilic surface, such as mica, the electrostatic interaction
by hydrophilicity is the main force between protein and substrate sur-
face, although it might also be weakly affected by the equilibrium ions
in the solution. After the proteins attached to the surfaces, the hydro-
philic groups and the surface charges of proteins attract water mole-
cules to form hydration shell and to maintain their stability [37]. The
amino acid side chains with relatively strong hydrophilicity on the
protein interface would mainly interact with the mica surface with
electrostatic forces] [30,36], resulting in a flexible orientation of FVIIIs
on the mica (Figs. 2–3).

On the hydrophobic HOPG surface, however, the adsorption and
orientation of proteins shows distinct conditions. Naturally, the folded
proteins in solution tend to maintain their tertiary structures with
hiding hydrophobic nonpolar residues inside the molecules [34]. After
adsorption on a hydrophobic substrate, the hydrophobic groups within
the protein and the water molecules nearby would be rearranged
[30–32]. The hydrogen bonds encircled the hydrophobic groups may be
formed between the protein and the substrate, which limits the or-
ientation and flexibility of the proteins through the space steric hin-
drances.

In the case of protein FVIII, the distribution of hydrophilic and
hydrophobic amino acids on their surfaces have been analysed by
space-filling display of FVIII crystal structure according to the CPK
scheme. The same as we inferred, as shown in Fig. 5a–b, the hydrophilic

Fig. 1. (a) The crystal structure of FVIII (PDB ID: 3CDZ) with showing the domains. (b) Size distribution by volume of FVIII measured by dynamic light scattering.
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amino acids tend to distribute on the surface, while hydrophobic amino
acids mostly hide inside the molecules. Moreover, the proportions of
hydrophobic amino acids (isoleucine (Ile), valine (Val), leucine (Leu),
proline (Phe), cysteine (Cys), methionine (Met), alanine (Ala), glycine

(Gly)) in FVIII and each domain have been analysed based on the hy-
drophobic parameters of amino acids from the Kyte and Doolittle
method (K-D method) [28]. The results indicate that 40.1% of the
amino acids are hydrophobic in FVIII (Fig. 5c), most of which hide

Fig. 2. Tapping mode AFM images of FVIII proteins on hydrophilic (mica) and hydrophobic (HOPG) interfaces in air condition. (a) The topography images and (b)
the height histogram of protein on mica surface, (c) the topography images and (d) the height histogram of protein on HOPG surface. Continuous red lines represent
the total fittings (95% confidence bonds); corresponding single Gaussian curves are indicated by blue lines. Colour scale: 10 nm. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. PF-QNM AFM images of FVIII proteins on hydrophilic (mica) and hydrophobic (HOPG) interfaces in liquid condition. (a) The topography images and (b) the
height histogram of proteins on mica surface, (c) the topography images and (d) the height histogram of proteins on HOPG surface. Continuous red lines represent the
total fittings (95% confidence bonds); corresponding single Gaussian curves are indicated by blue lines. Colour scale: 10 nm. (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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inside the molecule, in contrast the other hydrophilic amino acids tend
to expose on the surface from the three-dimensional structure of FVIII
(Fig. 5a–b). The ratio of hydrophobic amino acids in each domain is
C1 > A1 > C2 > A2 > A3. Among them, the proportion of hydro-
phobic amino acids in C1 domain is the highest, reaching to 45.5%,
followed by A1 and C2 domains, which are 44.3% and 41.0%, respec-
tively (Fig. 5c). The water accessible surface area (ASA) of FVIII do-
mains were also further analysed by PDBePISA server [29]. As shown in
Fig. 5C, the ASA of C1 and C2 domains (7319.0 Å2 and 8049.8 Å2, re-
spectively) are significant smaller than these of other domains
(15,011.5 Å2, 16,221.6 Å2 and 15,901.4 Å2, according to A1, A2, A3
domains, respectively) and the full protein (56,120.0Å2). The smaller
ASA means that C1 and C2 domain surfaces present stronger apolar
properties, which maybe attribute to the high percent of hydrophobic
amino acids in the two domains. Previous researches have proved that
the hydrophobic residues on the two C domains contribute to phos-
pholipid membrane binding [17,18,38]. These hydrophobic spikes on
C2 domain can penetrate hydrophobic core of a phospholipid bilayer
and bind to phospholipid membranes. Mutation of the hydrophobic
spike amino acids both in C1 and C2 domains may have a reduced af-
finity for phospholipid [17,38].

Based on the above results, we speculate that FVIII tend to interact
with the hydrophobic interface by the hydrophobic amino acids from
C1 and C2 domains on the HOPG surface (Fig. 6), which leads to a
preferred orientation. Therefore, there is no surprise to obtain the ap-
parently different heights on different interface: the hydrophobic in-
teraction between the interface and the protein made the height of FVIII
on HOPG 1.9 times as high as that on mica. In the blood, FVIII is

proteolytically activated by thrombin. During the activation process,
specific cleavage sites are recognized by thrombin. Upon adsorption on
the interface, the changed orientation of FVIII maybe influence the
binding site and proteolytic activity of thrombin, thus impacting the
following catalytic efficiency of FXa [39]. The manner in which mate-
rial surface or membrane engagement alters the orientation or con-
formation of factor VIII is an interesting topic for further investigation.

4. Conclusions

In this work, the orientations of FVIII on different interfaces (mica
/HOPG) have been studied in the air/liquid environment using the
high-resolution AFM method by the height and mechanical measure-
ment of single proteins. The AFM result show that the apparent height
of FVIII on the mica interface is significantly lower than that on the
HOPG in both conditions while the Young's modulus on the mica in-
terface is higher than that on HOPG. Bioinformatics analysis further
revealed that the C1 and C2 domain have more hydrophobic amino
acids on their interface. These results suggested that the weak electro-
static force as the main interaction between protein and the hydrophilic
interface lead to a random orientation on the mica surface, while the
strong hydrophobic interaction as the main force between FVIII C1 and
C2 domain and the hydrophobic interface results in a preferred or-
ientation on the HOPG surface. Thus, this study provides a theoretical
support for the design of the anticoagulant materials and lays a foun-
dation to investigate the interactions between prothrombin and phos-
pholipid membranes.

Fig. 4. The modulus of FVIII proteins on hydrophilic (mica) and hydrophobic (HOPG) interfaces in liquid condition. The effective elastic modulus images of proteins
on mica(a) and on HOPG(c).The histogram of the values on mica(a) and on HOPG(c) are given in (b) and (d),respectively. Continuous red lines represent the total
fittings (95% confidence bonds); corresponding single Gaussian curves are indicated by blue lines. (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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