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T
he nanostructure of implant surfaces
is more and more recognized to
strongly influence the protein adsorp-

tion and the subsequent cellular response.1,2

This stresses the significance of the local
protein assembly for the biocompatibility
and functionality of biomaterials. It demands
a profound understanding and capability to
control protein-surface interactions, parti-
cularly for the growing number of polymeric
biomaterials.3

One well-known polymeric biomaterial
with specific functional requirements, such
as impact strength, abrasion resistance, and
low friction, is ultrahigh molecular weight
polyethylene (UHMWPE). Its main applica-
tion in the biomedical field is in total hip or
knee endoprosthesis (TEP) where it slides
against a ceramic4 or metallic5 bearing
partner. One of the major lifetime limiting
factors of such TEPs is the UHMWPE wear
and friction behavior. UHMWPE wear deb-
ris in the surrounding synovial fluid may
activate inflammation reactions and cause
osteolysis and mechanical aseptic loosen-
ing of the implant.6

Recently, it was reported that protein
layers adsorbed from the synovial fluid onto
the UHMWPE surface can reduce the wear
rate depending on the type, amount, and
conformation of the adsorbed proteins.7,8

Protein and more general biomolecule
layers are largely influenced by the bioma-
terials' surface characteristics, such as sur-
face topography,1,2,9,10 surface chemistry,7,11

and surface crystallinity,12 but also surface
anisotropy on the molecular and supramo-
lecular scale.13

Introducing molecular chain orientation
in UHMWPE by uniaxial compression or
stretching can enhance the wear resistance

as compared to the unoriented UHMWPE in
water14 and in the dry state.15 With bovine
serum albumin as lubricant, however, the
improvement of wear resistance dimin-
ishes.16 This indicates the crucial role of
the boundary layer between the UHMWPE
surface and the wear counterpart mediated
by the lubricating synovial liquid and the
adsorbed protein layer.
It is not clear how the UHMWPE surface

topography and surface chemistry, and
more specifically the two basic building
blocks of the semicrystalline UHMWPE (i.e.,
the crystalline chain fold lamellae and the
surrounding amorphous regions) influence
the protein adsorption. It is, therefore, an
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ABSTRACT Protein adsorption plays a key role in the biological response to implants. We report

how nanoscale topography, chemistry, crystallinity, and molecular chain anisotropy of ultrahigh

molecular weight polyethylene (UHMWPE) surfaces affect the protein assembly and induce lateral

orientational order. We applied ultraflat, melt drawn UHMWPE films to show that highly oriented

nanocrystalline lamellae influence the conformation and aggregation into network structures of

human plasma fibrinogen by atomic force microscopy with unprecedented clarity and molecular

resolution. We observed a transition from random protein orientation at low concentrations to an

assembly guided by the UHMWPE surface nanotopography at a close to full surface coverage on

hydrophobic melt drawn UHMWPE. This assembly differs from the arrangement at a hydrophobic, on

the nanoscale smooth UHMWPE reference. On plasma-modified, hydrophilic melt drawn UHMWPE

surfaces that retained their original nanotopography, the influence of the nanoscale surface

pattern on the protein adsorption is lost. A model based on protein-surface and protein-protein

interactions is proposed. We suggest these nanostructured polymer films to be versatile model

surfaces to provide unique information on protein interactions with nanoscale building blocks of

implants, such as nanocrystalline UHMWPE lamellae. The current study contributes to the

understanding of molecular processes at polymer biointerfaces and may support their future design

and molecular scale tailoring.

KEYWORDS: surface nanostructure . ultrahigh molecular weight polyethylene
(UHMWPE) . fibrinogen . biointerface . protein-surface interaction . molecular
design of implant
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important and timely question to obtain a deeper
insight into protein adsorption processes on nano-
meter-scale structured polyethylene surfaces.
The rough surface of a clinical UHMWPE implant

impedes high spatial resolution of surface-sensitive tech-
niques, such as atomic force microscopy (AFM) that
permits the resolution of single proteins.17 So far, AFM
analysis on such rough, similarpolymeric implant surfaces,
suchas lowdensitypolyethylene (LD-PE) or polydimethyl-
siloxane (PDMS), did not yield detailed information on the
protein arrangement and conformation.18

Previously, we reported the first time creation of
ultraflat, highly oriented UHMWPE films by a melt
drawing (MD) technique.19 During the MD process, a
highly oriented and nanostructured surface develops
on the MD UHMWPE films by strain-induced, crystal-
lization-driven self-assembly.20-23 The surface mor-
phology of MD UHMWPE films consists of highly
regular, stacked nanocrystalline lamellae of high or-
ientation that are interconnected by amorphous
interlayers.19

For the protein adsorption in the present work, human
plasma fibrinogen (HPF) was chosen, as it is intrinsically
anisotropic, amphiphilic, and relevant for current applica-
tions of UHMWPE and further polymeric implant mate-
rials, such as polyethylene terephthalate (PET)24 or poly-
(lactide)-based homo- or copolymers.25 Although HPF is
rarely found in the human synovial fluid of an intact
healthy joint,26HPF concentrationsof 0.15-2.10g/Lhave
been observed in the case of osteoarthritis.27 In most
inflamed joints, the coagulation system is activated,
leading to a local generation of fibrin.28

Here, we report for the first time to the best of our
knowledge the concentration-dependent assembly
and orientation of HPF on hydrophobic and plasma-
treated hydrophilic nanostructured UHMWPE surfaces.
We discuss the influence of the UHMWPE biomaterials'
surface topography, surface chemistry, as well as crys-
tallinity and molecular chain anisotropy on the con-
formation and aggregation into network structures of
adsorbed HPF based on AFM analysis. We further
deduce information on protein-surface and protein-
protein interactions obtained from concentration-
dependent adsorption experiments.
In this framework, the orientation state of proteins

adsorbed on the surface of MD UHMWPE films is of
special interest, as the latter determines the surface
functionality and lubrication properties. The control of
protein adsorption by the biomaterials' nanostructure
is one key in bionanotechnology for the future design
of implant surfaces in contact with body fluids, such as
TEPs, devices in the vascular field, or biosensors.

RESULTS

Native and Plasma-Treated MD UHMWPE Surfaces. Ultraflat
UHMWPE films were drawn after evaporation of the
solvent19,20 from the UHMWPE melt located on a glass

slide on top of a heating plate, as sketched in Figure 1.
Melt drawing of the semicrystalline UHMWPE induces a
crystallographic fiber texture that consists of highly
oriented crystalline chain fold lamellae interconnected
by amorphous interlayers.19 The polymer chains are
oriented parallel to the crystallographic c-direction
of the orthorhombic crystal system of UHMWPE (i.e.,
along [001]), which coincides with the melt drawing
direction.29

AFM. AFM micrographs of the surface morphology
of ultraflat native and argon plasma-treated MD
UHMWPE surfaces are shown in Figure 2a,b, respec-
tively. The MD UHMWPE surfaces are anisotropic and
exhibit a regular pattern of nanoscale lamellae packed
into neighboring stacks, as sketched in Figure 2, in-
dicating the lamellar orientation with their thickness
parallel to the film drawing direction. The crystallo-
graphic fiber texture implies that the crystalline surface
planes of the stacked lamellae are {hk0} planes.29

Ultraflat means here sufficiently flat to resolve single
adsorbed proteins, that is, surfaces with a typical root-
mean-square roughness (rms) of 2( 0.5 nm on an area
of 500 nm � 500 nm.19

A cross-section view of the macromolecular assem-
bly of a MD UHMWPE film with typical dimensions
relevant for the present study is schematically shown in
Figure 3a. The lamellae are embedded in the amor-
phousmatrix of interconnecting tiemolecules edge-on
with respect to the film surface. The mean lamellar
length and thickness were deduced from Figure 2 to be
95 ( 12 and 24 ( 8 nm, respectively. Within a single
stack, lamellae protrude 3 ( 2 nm out of the amor-
phous interlayers. Amorphous regions between neigh-
boring stacks of lamellae are 38 ( 10 nm wide and
4 ( 1 nm high. Figure 3b schematically shows the
typical trinodular conformation of HPF. It is amphiphilic
and consists of two hydrophobic polypeptide D do-
mains connected to a centered hydrophobic E domain.
Attached to each D domain is an outer positively
charged hydrophilic RC domain.30

Figure 1. Sketch of the melt drawing technique used to
prepare MD UHMWPE films.19,20 The free-standing
UHMWPE film was drawn from the polymer melt on a glass
plate on top of a heating plate and subsequently fixed on a
glass slide.
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ToF-SIMS, XPS, and Contact Angle Analysis. The spectra in
Figure 4a,b show time-of-flight secondary-ion mass
spectrometry (ToF-SIMS) intensities of molecule frag-
ments as a function of atomic mass from the hydro-
phobic and plasma-treated hydrophilic UHMWPE film
surface, respectively. From that, it is clear that the
hydrophilicity introduced by the plasma treatment
originates from polar oxygen groups present on the
plasma-treated hydrophilic surface (Figure 4b) which
are absent on the hydrophobic surface (Figure 4a).
Similarly, high-resolution X-ray photoelectron spec-
troscopy (XPS) spectra of the untreated MD UHMWPE
surface in the vicinity of the C1s binding energy
confirm the sole presence of the C-C bond at
284.7 eV (Figure 4c) and the introduction of different
polar oxygen groups like C-O bonds at 286.5 eV, CdO

bonds at 288.0 eV, and O-CdObonds at 289.2 eV31 on
the plasma-treated hydrophilic MD UHMWPE surface
(Figure 4d).

Static contact angles were determined to be 104( 3�
for the hydrophobic MD UHMWPE film, whereas the
plasma-modified hydrophilic UHMWPE surface exhib-
ited a contact angle of 54 ( 3�. Therefore, both the
hydrophobic and hydrophilic regimeswere covered, as
the transition between a low and a high adhesion force
between fibrinogen and a low density polyethylene
(LDPE) surface was reported to be in the water contact
angle range of 60-65�.32

It is important to note that a significant decrease in
water contact anglewas inducedwithout any observable
alteration of the surface morphology by carefully adjust-
ing the duration of plasma treatment and chamber

Figure 2. AFM topographic image of (a) the native MD UHMWPE surface and (b) after plasma modification. Image sizes are
1 μm� 1 μm. The gray scale fromblack towhite corresponds to a height difference of 20 nm. The arrows indicate the drawing
direction. As a guide to the eye, three stacked crystalline chain fold lamellae are schematically encircled in each image.

Figure 3. (a) Sketch of the UHMWPE filmmorphology in the bulk and on the surface (upper side of sketch).19 A HPFmolecule
is added to the sketch to animate the adsorption of HPF onto such MD UHMWPE surfaces. The inset on the top is a
magnification of the edge between crystalline lamellae and the amorphous region. Dashed lines are a guide to the eye.
b) Sketch of a single HPFmoleculewith its typical trinodular shape and the hydrophobic centered E andD and hydrophilicRC
domains.30,36
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pressure, as the AFM images of the native hydrophobic
and plasma-treated hydrophilic UHMWPE films in
Figure 2a,b confirm. The somewhat coarser image of
the plasma-treated surface indicates a stronger tip-sur-
face interaction as compared to the hydrophobic surface.

HPF Assembly on Nanostructured Hydrophobic MD UHMWPE
Surfaces. HPFwas allowed to adsorb onhydrophobicMD
UHMWPE surfaces from different concentrations in
phosphate buffered saline solution (PBS). As a reference,
Figure 5a shows the native hydrophobic MD UHMWPE
surface prior to adsorption with a zoom of three stacked
neighboring chain fold lamellaemagnified and sketched
on the right. Figure 5b-e shows AFMheight images of a
series of hydrophobic MD UHMWPE surfaces, on which
HPF was adsorbed from PBS solutions at a HPF concen-
tration of 1 mg/L (Figure 5b), 5 mg/L (Figure 5c), 8 mg/L
(Figure 5d), and 10 mg/L (Figure 5e). For any of the
applied HPF concentrations, the lamellar morphology of
the underlying MD UHMWPE surface can be distin-
guished. Apart from the native MD UHMWPE surface
morphology shown in Figure 5a, any further structural
features were assigned to HPF in typical states of
assemblies and conformations, that is, single molecules
of HPF, aggregates, or network structures.

HPF Assembly on Hydrophobic, on the Nanoscale Smooth MD
UHMWPE Surfaces. Figure 6a is an AFM micrograph of an
ultraflat, hydrophobic MD UHMWPE surface that ex-
hibits large, ∼250 nm thick and ∼100 nm wide,
characteristics on the nanoscale smooth UHMWPE
regions. The origin of these regions is not yet under-
stood but assigned to either extended lamellae or an

amorphous overlayer. The overall lamellar structure
visible in Figure 6a assures that the surface indeed is
UHMWPE, as the glass surface beneath does not con-
sist of lamellae (image not shown).

AFM micrographs of the polymer film after adsorp-
tion of HPF from concentrations of 1 and 10 mg/L are
shown in Figure 6b,c and Figure 6d, respectively. In the
framework of the present investigation, it is worth
noting that the formation of a star-like HPF arrange-
ment is observed at hydrophobic, on the nanoscale
smooth UHMWPE surfaces at a low concentration of
1 mg/L (Figure 6c,e). At a high concentration of 10 mg/
L (Figure 6d,f), HPF molecules form a ringlike network
structure without any observable surface-induced
orientation.

Influence of Surface Chemistry on HPF Adsorption on Nano-
structured MD UHMWPE Surfaces. Figure 7a shows a topo-
graphic AFM image of a plasma-treated, hydrophilic
MD UHMWPE surface prior to adsorption with a mag-
nification of three stacked neighboring chain fold
lamellae and a sketch on the right similar to the
hydrophobic surface in Figure 5a. Figure 7b,c shows
AFM micrographs of the hydrophilic MD UHMWPE
surface with adsorbed HPF from PBS buffer solution
of 5 and 10 mg/L concentration, respectively. The
adsorption conditions were the same as for the hydro-
phobic surfaces.

DISCUSSION

HPF Assembly and Orientation on Native Hydrophobic,
Nanostructured MD UHMWPE Surfaces. Figure 5a-e shows

Figure 4. Time-of-flight secondary-ion mass spectrometry (ToF-SIMS) of the UHMWPE films (a) prior to and (b) after
plasma treatment. XPS high-resolution spectra of the C1s peak of the UHMWPE films (c) prior to and (d) after plasma
treatment.
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AFM topographic images of hydrophobic, nanostruc-

tured MD UHMWPE surfaces, on which HPF was

adsorbed from PBS buffer solution at different con-

centrations. As reference, it serves as the native ultra-

flat UHMWPE film surface in Figure 5a. Figure 5b is

an AFM micrograph of the native hydrophobic MD

UHMWPE surface after the adsorption of HPF from a

concentration of 1 mg/L. Isolated HPF molecules are

identifiedby their trinodular structure and conformation,

such as can be seen on the right of Figure 5b. This

shows that on semicrystalline thermoplastic polymer

surfaces, molecular resolution of single HPF proteins

can be achieved by AFM, provided the surface is

sufficiently flat or regular. Mean length, width, and

thickness of the adsorbate are 54.0 ( 4.0 nm, 16.0 (
3.0 nm, and 1.4 ( 0.4 nm, respectively, and given in

Table 1. Therefore, the mean length is within the range

of 45-60 nm, that is, the conformation-dependent
length of a single HPF molecule at a surface.33,34

At a low concentration (1 mg/L, Figure 5b), the
observation of isolated HPF molecules in typical tri-
nodular conformations agrees with reports of the
adsorption on highly ordered pyrolytic graphite
(HOPG).35 On hydrophobic HOPG, HPF adsorbs at low
concentration mostly as single flat-on, rod-like mole-
cules and indicates that the adsorption is dominated
by the hydrophobic-hydrophobic interaction be-
tween the hydrophobic HPF D or E domains and the
hydrophobic surface and induces the trinodular mo-
lecular appearance.35

At intermediate concentrations, connections be-
tween adjacent HPF molecules (5 mg/L, Figure 5c)
and the onset and formation of ringlike network
structures around centered protein free voids
(8mg/L, Figure 5d) consisting of several HPFmolecules

Figure 5. (a-e) TopographicAFM imagesof hydrophobicMDUHMWPE surfaces, onwhichHPFwas adsorbed fromPBSbuffer
solution at different concentrations. The image sizes are 500nm� 500nm; the gray scale fromblack towhite corresponds to a
height difference of 20 nm. Arrows indicate the drawingdirection.Magnifications of selected regionswith typical features are
sketched to the right of the panels. (a) Native nanostructured MD UHMWPE surface. (b-e) Nanostructured MD UHMWPE
surfaces with HPF adsorbed from concentrations of (b) 1 mg/L, (c) 5 mg/L, (d) 8 mg/L, and (e) 10 mg/L. Dashed lines in the
sketch indicate that the adsorbed HPF does not allow seeing the underlying UHMWPE lamellar structure.

A
RTIC

LE



KELLER ET AL. VOL. 5 ’ NO. 4 ’ 3120–3131 ’ 2011

www.acsnano.org

3125

indicate the increased influence of protein-protein
interactions.30 The mean length and width of proteins
are 53.0 ( 3.4 and 19.6 ( 1.2 nm and, therefore, close
to the dimensions of HPF observed at lower concen-
trations (Table 1), whereas the average thickness in-
creases due to a significant overlap within the ringlike
structure visible in the high-resolution topographic
image on the right side of Figure 5d.

The ringlike network structures show that an in-
creasing protein concentration facilitates protein-
protein interactions due to an increased protein den-
sity on the surface. The HPF intermolecular mean
distance is reduced, which enables short-range pro-
tein-protein forces to induce protein rearrangements,
such as into network structures. Aggregations or net-
work structures are therefore a signature of both a

sufficiently high protein concentration and protein-
protein interactions that dominate the still present
protein-surface interactions.

Protein-protein interactions may induce various
HPF assemblies and impede a homogeneous surface
coverage since approaching proteins are incorporated
into the network of adjacent, already adsorbed pro-
teins. These protein-protein interactions can be sub-
divided into first a lateral side-to-side and second an
end-to-end protein-protein interaction. The first inter-
action connects the hydrophobic D or E domains of
adjacent HPF molecules (perpendicular to elongated
fibrinogen molecules) and forms a dense aggrega-
tion.36 The second interacts between one end of an
individual fibrinogen molecule and another end of a
second molecule via their hydrophilic RC domains.37

Figure 6. AFM images of hydrophobic, on the nanoscale smoothMDUHMWPE surfaces. Amplitude image (a) prior to and (b)
after protein adsorption from PBS buffer (concentration 1 mg/L). The image size is 2 μm � 2 μm. The gray scale on the right
corresponds to an amplitude difference of 250 mV for both images. (c) High-resolution height image of the framed area in
panel b. (d) High-resolution height image of a similar area after adsorption from PBS buffer with a concentration of 10 mg/L.
The image sizes in (c) and (d) are 500nm� 500nm, and thegray scale on the right corresponds to aheight differenceof 20 nm.
Arrows indicate the drawing direction. Panels e and f show the magnification of panels c and d along with a corresponding
sketch.
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HPF molecules attached to each other on one end
with the opposite D or RC domains spreading across
crystalline and amorphous regions of the native MD
UHMWPE surface, such as observed in Figure 5c, are a
signature of dominating end-to-end interactions by
the outer RC domains.30 Further, partial or complete
ringlike network structures around centered voids,
such as at a concentration of 8 mg/L magnified
and sketched on the right of Figure 5d, indicate end-
to-end protein-protein interactions and suggest an
aggregation mechanism via the outer hydrophilic RC
domains, leading to a surface coverage with homo-
geneously distributed HPF ringlike network structures.

Such ringlike networks comprising voids with protein
free areas inside are the favorable lateral HPF arrange-
ment on hydrophobic HOPG surfaces persisting up to
high concentrations of 50 mg/L, that is, far in the
regime of multiple HPF layers.35

These up to now described characteristics of the
assembly of HPF on native hydrophobic MD UHMWPE
surfaces as deduced from Figure 5b-e closely resem-
ble the adsorption on hydrophobic surfaces governed
by surface chemistry.

Furthermore, at a low concentration (1 mg/L,
Figure 5b), there is a tendency for a preferred orienta-
tion along the underlying native MD UHMWPE surface,
that is, one axis of the HPF molecule directs either
parallel or perpendicular to the lamellae width, as can
be seen on the right along with the corresponding
sketch. In this case, the axis of a single HPF molecule is
oriented close to parallel to the lamellar width direc-
tion. The reasons for the behavior are two-fold: on the
molecular scale, the orientation of the HPF axis may be
influenced by the UHMWPE crystal structure, and
second, on the supramolecular nanoscale, an orienta-
tion of HPFmay be induced by the surface topography
with lamellar dimensions similar to the size of the HPF
molecules.

Similarly, at intermediate concentrations of 5-8 mg/L,
still in the regime of submonolayer coverage as seen from
Figure 5c,d, we observed nonrandom, oriented HPF mole-
cules. They are involved in the HPF network and tend to
align in either parallel or perpendicular orientation with
respect to thedrawingdirection. TheshapeofaHPF ringlike
network therefore appears noncircular. Such noncircular,
edged ringlike networks with protein-free, centered voids
indicate that the overall orientation of the network is
affectedby theUHMWPE lamellar arrangement and surface
topography. Two or more HPF molecules partially form
interlamellar bridges across amorphous regions. Several
ring diameters of the ringlike network structures are clearly
visible at a concentration of 8mg/L, varying from two up to
six participating HPF molecules.

At a high HPF buffer concentration of 10 mg/L
(Figure 5e), the native hydrophobic MD UHMWPE sur-
face is uniformly covered with adsorbed proteins at a
close tomonolayer coverage. The close-up in Figure 5e
on the right shows HPF molecules in trinodular shape
adsorbed on single lamellae incorporated in the den-
sely packed protein film. Single proteins cannot be
clearly separated, and therefore, lateral dimensions
cannot be determined precisely. We observed a sur-
prisingly clear assembly of the protein layer resembling
the underlying native MD UHMWPE surface morphol-
ogy with its typical topography. HPF ringlike network
structures are still present, althoughwith a significantly
reduced diameter and without the centered void.

Whereas on hydrophobic HOPG ring network struc-
tures are known to dominate beyond concentrations
of 10 mg/L,35 Figure 5e suggests that the latter is

Figure 7. Left: AFM topographic height images of nano-
structured, plasma-modified hydrophilic MD UHMWPE
surfaces, onwhich HPFwas adsorbed from PBS buffer solution
at different concentrations. The image sizes are 500 nm� 500
nm, and the gray scale from black to white corresponds to a
height difference of 20 nm. Arrows indicate the drawing
direction. Right: Magnifications of selected regions along
with sketch of the arrangement of adsorbed HPF onto the
hydrophilic UHMWPE surface. (a) After plasmamodification,
(b,c) after adsorption of HPF from a concentration of
(b) 5 mg/L and (c) 10 mg/L. Dashed lines in the sketch
indicate that the adsorbed HPF does not allow seeing the
underlying UHMWPE lamellar structure.
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significantly suppressed or hindered on the hydro-
phobic MD UHMWPE surface. We hypothesize that
the observed tightly packed molecular assembly of
HPF onto the crystalline UHMWPE lamellae is not solely
due to a “dense packing effect” at a close tomonolayer
coverage. Rather, we regard the interplay of end-to-
end protein-protein and protein-surface interactions
as relevant forces to facilitate the adsorption on
favored adsorption sites, such as single lamellae in
favor of overlapping lamellae stacks.

A favored adsorption has been observed at atomic
steps of HOPG and related to a locally increased surface
free energy.35,36 This indicates that surface topo-
graphic features, such as geometrical as well as ener-
getic aspects, influence the arrangement of protein
layers formed during adsorption for any specific
implant-surface/protein combination. We recently
reported that R-helical poly(L-lysine) (R-PLL) poly-
peptide chains can be templated on MD high-density
polyethylene surfaces.13 In this work, we suggested
that the alignment of the layer-by-layer adsorbed
R-PLL is induced thermodynamically by a surface free
energyminimization on amolecular or supramolecular
scale. On themolecular scale, this could be a geometric
accommodation of the ∼1 nm diameter thick
R-PLL rods into the local surface potential of two
neighboring PE chains along the [010] direction of a
PE lamellar crystal surface. On the supramolecular
scale, the nanotopography generated by ridges or
ledges between crystalline PE lamellae and the amor-
phous regions could induce the orientation of the
polypeptide.13

In the current work, the homogeneous coverage of
the crystalline lamellae with HPF in Figure 5e suggests
that the driving force for the favored HPF assembly
onto the crystalline lamellae is due to a local increase in
surface free energy on the crystalline sites as compared
to the amorphous region. The crystalline lamellae
exhibit a higher surface free energy than the amor-
phous regions, leading to an increased wettability and
hydrophilicity, which may in turn enhance the adsorp-
tion of proteins.38 This difference in surface free energy
between the two building blocks could trigger a locally
higher affinity of HPF to the more hydrophilic crystal-
line sites of the native MD UHMWPE. Further, it has to
be noted that, at high concentrations, a multistage

adsorption process becomes likely,39 which permits
rearrangements and may facilitate the here observed
high degree of regularity. Such rearrangements could
include a totally smaller amount of ringlike networks,
smaller diameters of the rings, and the partial orienta-
tion of HPF molecules along the crystalline lamellae.

HPF Assembly and Orientation on Hydrophobic, on the Nano-
scale Smooth MD UHMWPE Surfaces. Figure 6 enlightens the
influence of the crystalline/amorphous nanotopogra-
phy on the HPF arrangement on the native hydropho-
bic, nanostructured MD UHMWPE. It shows the HPF
assembly on a UHMWPE surface, which is smooth on
the nanoscale. The visible lamellar structure typical for
crystalline lamellae clearly identifies the UHMWPE sur-
face and distinguishes it from the underlying glass
substrate. At a low concentration of 1 mg/L (Figure 6c,
e) a star-like arrangement of HPF molecules is ob-
served. Such star-like arrangements have been ob-
served at similar low concentrations on HOPG on
areas sufficiently far from atomic steps.35 As on both
HOPG and the smooth MD UHMWPE surface protein
guiding topographic features are absent, we assume
the star-like HPF arrangement to be of general nature
for the adsorption at low concentration on hydropho-
bic surfaces, which are smooth on the nanoscale. The
appearance of protein-protein interactions at low
concentrations indicates an enhanced surface diffu-
sion of single HPF molecules on surfaces which are
smooth on the nanoscale. An enhanced surface diffu-
sion on the hydrophobic, on the nanoscale smoothMD
UHMWPE surface could be facilitated by a locally
reduced surface roughness. The latter becomes ob-
vious by comparing representative line profiles of MD
UHMWPE surfaces which are nanostructured and
smooth on the nanoscale, as shown in Figure 8.

The absence of topographic features facilitates end-
to-end protein-protein interactions to dominate the
HPF assembly.

At a high concentration of 10 mg/L (Figure 6d,f), on
the hydrophobic, on the nanoscale smooth MD
UHMWPE surface, the HPF arrangement consists of a
homogeneous HPF ringlike network structure with
essentially no favored, surface-induced orientation.
Again, this agreeswith observations onHOPGat similar
concentrations.35

TABLE 1. Concentration-Dependent HPF Arrangement and Dimensions of Adsorbed HPF Molecules on Hydrophobic and

Hydrophilic UHMWPE Surfaces: Standard Deviations Were Obtained from at Least 10 Independent Measurements (ng 10)

HPF concentration HPF arrangement length (nm) width (nm) height (nm)

1 mg/L hydrophobic single proteins 54.0 ( 4.0 16.0 ( 3.0 1.4 ( 0.4
5 mg/L hydrophobic onset of protein networks 52.1 ( 3.3 17.8 ( 2.4 2.7 ( 0.9
8 mg/L hydrophobic protein network 53.0 ( 3.4 19.6 ( 1.2 ∼4-8
10 mg/L hydrophobic densely packed protein layer na na ∼4-6
5 mg/L hydrophilic randomly packed protein layer 46.3 ( 2.6 14.0 ( 1.5 2.6 ( 0.3
10 mg/L hydrophilic randomly packed dense protein layer na na na
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The comparison of the protein assembly on the
hydrophobic, on the nanoscale smooth and the nano-
structured MD UHMWPE surface suggests that the
surface morphology of the latter suppresses the sur-
face diffusion of single HPF molecules at low concen-
tration and the natural aggregation into ringlike
network structures at high concentration. Further-
more, at close to monolayer coverage, the nanostruc-
tured surface morphology suppresses the ringlike
networks and confines the mean ring diameters of
the ring networks to the lateral size of the stacked
crystalline UHMWPE lamellae. This indicates that ring-
like network and void formation is generic for HPF
adsorption at sufficiently high concentrations on hy-
drophobic, smooth surfaces with a minimal lateral
distance of features in the order of the diameter of
the ringlike structures (like atomic steps of HOPG,
lamellae size of UHMWPE, etc.). The HPF assembly
on hydrophobic surfaces is therefore crucially de-
pendent on the lateral distance of surface features
and thus on the nanoscale surface morphology.

Influence of Surface Chemistry on HPF Assembly on Nano-
structured MD UHMWPE Surfaces. Figure 7a-c shows the
plasma-treated, hydrophilic MDUHMWPE surface prior
to protein adsorption and the HPF assembly on the
latter surface after adsorption from concentrations of 5
and 10mg/L HPF in PBS, respectively. As can be seen in
Figure 7b,c for both concentrations, the adsorption
onto the hydrophilic MD UHMWPE surface is domi-
nated by the random arrangement of individual HPF
molecules in a globular conformation. At neither con-
centration, a systematic HPF orientation with respect
to the underlying MD UHMWPE surface can be

observed. Any signature of intermolecular protein-
protein interactions, such as agglomeration of adja-
cent HPF molecules or protein ringlike networks, is
entirely absent at concentrations of 5 and 10 mg/L on
the nanostructured hydrophilic MD UHMWPE surface.
This implies that the driving force for adsorbate-sur-
face nucleation is greater than that for the formation of
protein-protein interactions. Therefore, the adsorp-
tion mechanism is different from that on hydro-
phobic surfaces, for example, Figure 5c,e, where
protein-protein interactions govern the final film
structure.30 Obviously, the reduction of the water
contact angle of the MD UHMWPE surface from
hydrophobic (i.e., 104 ( 3�) to hydrophilic (i.e., 54 (
3�) was sufficient to cross the transition from a strong
to a less strong adhesion force between the fibrinogen
and the UHMWPE at a water contact angle of 60-65�.32

At a concentration of 5 mg/L, single HPF molecules
adsorbed on the hydrophilic MD UHMWPE surface are
determined to be 46.3 ( 2.6 nm long, 14.0 ( 1.5 nm
wide, and 2.6 ( 0.3 nm thick (Table 1). Therefore, the
lateral dimensions of single HPFmolecules are reduced
compared to the corresponding hydrophobic surface.
The decreased lateral size of the HPF indicates a
globular or shortened trinodular conformation with
reduced unfolding as compared to the hydrophobic
UHMWPE surface. In agreement with the model of HPF
adsorption on hydrophilic mica40 or silicon,41 we as-
sume theRCdomains to be attached to the hydrophilic
UHMWPE surface thus shielding the hydrophobic D
and E domains which are piling up on top.30 This
permits a lower degree of surface-induced confor-
mational changes and less denaturation42 than on

Figure 8. Representative line profiles of nanostructured and on the nanoscale smooth MD UHMWPE surfaces. The insets are
magnifications of the corresponding AFM images, and the white bars indicate directions of the line profiles.
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the hydrophobic MD UHMWPE surface, where HPF
shows its typical trinodular conformation. For a con-
centration of 10 mg/L, a dense layer of HPF molecules
spreading on the hydrophilic MD UHMWPE surface
impedes the determination of the mean size of indivi-
dual HPF molecules.

The adsorption of proteins on surfaces ismainly due
to electrostatic and van der Waals interactions. On
hydrophobic surfaces, the protein adsorption is further
driven by hydrophobic or entropic forces, as the total
entropy is increased by removing water molecules
from both the material surface and the protein surface
back into the buffer solution. The conformation of
proteins on an implant surface is, therefore, strongly
dependent on the surface chemistry and the nature of
the protein itself. For collagen, for example, it was
found that while the adsorbed amount is only affected
by the surface chemistry, the supramolecular organiza-
tion of the adsorbed layer is controlled by both surface
topography and chemistry.43 For the amphiphilic pro-
tein HPF, an environment-dependent conformation
can be observed (e.g., isoelectric point of buffer solu-
tion or surface chemistry).41 In this study, on hydro-
philic MD UHMWPE surfaces, the effect of surface
morphology on HPF adsorption is strongly reduced
or even absent compared to hydrophobic MD
UHMWPE, as a systematic orientation of adsorbed
HPF molecules with respect to the surface topography
like, for example, the lamellar structure cannot be
resolved.

Summary. From the assembly and orientation of
adsorbed HPF, we obtained information on the influ-
ence of the surface nanostructure on protein-surface
and protein-protein interactions. As such, MD
UHMWPE surfaces are ideally suited to study protein
interactions by AFM on polymeric implants at molec-
ular resolution.

In contrast to previous studies,35,40,44 we observed
for the first time to our knowledge that the surface
topography can influence the protein aggregation and
induce a nonrandom network structure. Crystalline
regions may trigger a favored assembly of HPF by local

differences in surface free energy between the crystal-
line lamellae and the amorphous regions, which is
neutralized on a hydrophilic surface. This insight could
also be relevant for the ongoing discussion on local
driving forces for protein-surface and protein-protein
interactions and thereupon cellular response on na-
nostructured biomedical surfaces, such as created by
amphiphilic block copolymers.45 Future experiments
need to address the influence of polymer nanostruc-
ture-induced protein assembly on the biological func-
tionality, such as the cross-linking and blood
coagulation capability, fibrinolysis, and cellular interac-
tions for HPF.46

CONCLUSION

The current study shows how surface nanotopogra-
phy, surface chemistry, and crystallinity influence the
assembly and orientation of HPF onto UHMWPE
surfaces.
On hydrophobic UHMWPE, the surface nanotopo-

graphy partially aligns single HPF molecules with their
trinodular axis parallel to the crystalline lamellae and
induces anisotropic ringlike network structures. At
close to monolayer coverage, it suppresses these ring-
like networks. In contrast, on UHMWPE surfaces which
are smooth on the nanoscale, the star-like assembly
and the undisturbed ring network of HPF indicate
increased surface diffusion and enhanced protein-
protein interactions in the absence of nanotopogra-
phy. Furthermore, the nanotopography does not in-
duce any HPF alignment on hydrophilic UHMWPE
surfaces ascribed to dominating protein-surface
interactions.
The approach to exploit molecularly self-

assembled, nanostructured surfaces as described in
this work permits insight into the biological response
to biomaterials' surfaces on the molecular and supra-
molecular scale. It further enlightens strategies to
create oriented protein nanopatterns on polymer
surfaces to optimize surface functionalities, such as
lubrication properties of UHMWPE in endoprosthetic
devices.

METHODS

MD UHMWPE Film Generation. Ultraflat, highly oriented MD
UHMWPE thin films were produced by the melt drawn techni-
que described as follows: UHMWPE powder (Sigma Aldrich,
Schnelldorf, Germany,molecular weightMw= 3� 106 to 6� 106

g/mol) was dissolved in xylene (synthesis grade, Merck KGaA,
Darmstadt, Germany) at a concentration of 0.1 wt % and heated
to∼120 �C. TheUHMWPE solutionwas poured onto a glass slide
mounted on a heating plate kept at a temperature of ∼140 �C.
After evaporation of the solvent, a thin UHMWPE filmwas drawn
from the polymermelt (Figure 1) at a drawing rate of∼1 cm/s by
tweezers.19 The originally free-standing filmwas fixed on a glass

slide covered with a Au layer to improve the film stability. To
render the MD UHMWPE surfaces hydrophilic, an argon plasma
(PDC-32G, Harrick Plasma, New York, USA, radio frequency of
8-12MHz, power of 10.5W) was applied for a period of 60 s at a
pressure of 0.25 mbar.

AFM Analysis. AFM topographic images of the native or
plasma-treated UHMWPE surfaces before and after protein
adsorption were recorded in tapping mode at a scan rate of
2 Hz. A Dimension 3100 AFM (Digital Instruments, Veeco, Santa
Barbara, CA, USA) with a Nanoscope IV controller at ambient
temperature in air and standard tapping mode silicon can-
tilevers (Olympus OMCL-AC160TS, Atomic Force F&E GmbH,
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Mannheim, Germany) with a typical resonance frequency of
300 kHz and a cantilever stiffness of 42 N/m were used. A first-
order flattening function was applied to the AFM micrographs.
To emphasize the adsorbed proteins on the UHMWPE film, a
local balancing image analysis routine (Corel-Photo Paint X3)
followed by a contrast enhancement was globally applied to
AFM gray scale images. A quantitative analysis of the total
amount of adsorbed protein is not possible, as AFM provides
only local information and the adsorption into multiple protein
layers at higher concentrations restricts the quantification solely
based on surface coverage values.We therefore did not attempt
todetermine the total amountof adsorbedprotein,which is subject
to future work.

ToF-SIMS, XPS, and Contact Angle Analysis. Time-of-flight second-
ary-ion mass spectrometry (ToF-SIMS) high-resolution mass
spectra were acquired with a reflector-type spectrometer
(ION-TOF TOFSIMS IV), by using a pulsed 69Gaþ primary ion
beam (25 keV, ∼0.1 pA).47 Complementary, the surface mod-
ification of the UHMWPE films was analyzed by X-ray photo-
electron spectroscopy (XPS). High-resolution spectra were
recorded with a Quantum 2000 (PHI Co., Chanhassen, MN, USA)
apparatus with a focused monochromatic Al KR source (1486.7
eV) for excitation. The pass energy was 23.5 eV. The water
contact angle was determined from the shape of axisymmetric
menisci of sessile distilled water drops using a DSA10 drop
shape analysis system (Kruss GmbH, Hamburg, Germany).

Protein Adsorption. A stock solution of HPF (Calbiochem,
Merck KGaA, Darmstadt, Germany) in phosphate buffered saline
solution (PBS) was prepared with a HPF concentration of
200 mg/L. For concentration-dependent adsorption studies,
the stock solution was diluted with PBS to concentrations of
1-10 mg/L. For each concentration, 1 mL was pipetted on the
native or plasma-treated MDUHMWPE films and left for adsorp-
tion for 2 h under quasi-physiological conditions at 37 �C andpH
7.4 to reach equilibrium.35,39 Then, the samples were rinsed
twice with PBS to prevent further adsorption from the buffer
solution. Subsequently, they were rinsed with distilled water to
remove not adsorbed proteins and PBS residues and finally
dried in compressed air.
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