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Single-Molecule Tracking of Fibrinogen Dynamics on 
Nanostructured Poly(ethylene) Films
 Using fi brinogen (Fg) protein as a probe molecule, mapping using accu-
mulated probe trajectories (MAPT) is performed on nanostructured melt-
drawn high-density poly(ethylene) (HDPE) fi lms composed of well-oriented 
crystalline patches separated by amorphous regions. The spatially grouped 
molecular trajectories allow for identifi cation of regions with distinct surface 
properties (i.e., crystalline vs. amorphous) while simultaneously determining 
the characteristic dynamic protein behavior within those regions. In the pres-
ence of solution with a suffi ciently high Fg concentration, discrete patches 
of a dense, ordered protein layer form (presumably on crystalline HDPE 
regions), leading to a dramatic rise in the surface residence time (by more 
than two orders of magnitude) of molecules incorporated into the fi lm. Within 
this ordered Fg layer, individual molecules exhibit slow anisotropic lateral 
diffusion; the mobility is restricted by the nanostructure boundaries of the 
underlying HDPE. On HDPE fi lms at low Fg surface coverage, or on fi lms that 
have been rendered hydrophilic with Ar plasma, short surface residence times 
and fast, isotropic diffusion are observed. These results demonstrate the 
ability of spatially resolved single-molecule tracking to provide mechanistic 
information about biomolecule-surface interactions in a highly heterogeneous 
environment. 
  1. Introduction 

 It is increasingly clear that subtle properties of a surface in con-
tact with a biological fl uid (e.g., blood, synovial fl uid, etc.) can 
alter the behavior of proteins adsorbing to that surface and the 
properties of the resulting protein layer. The amount, conforma-
tion, and orientation of adsorbed proteins can be dramatically 
affected by surface properties such as chemistry, [  1–4  ]  crystal-
linity, [  5  ,  6  ]  topography, [  7–10  ]  and nanoscale surface asymmetry. [  11  ]  
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Furthermore, the properties of the 
adsorbed protein layer can dramatically 
affect the cellular response to the mate-
rial. For example, in the work of Coelho 
et al., type IV collagen that adsorbed onto 
–NH 2  functionalized surfaces formed 
a network of elongated fi brils that sup-
ported the formation of stable focal adhe-
sions and resulted in cell adhesion and 
spreading on these surfaces. [  1  ]  In contrast, 
no such fi brils were observed on –COOH 
functionalized surfaces, leading to poor 
cell adhesion and spreading. 

 While there is ample evidence indicating 
that a relationship exists between surface 
properties and material function, the mech-
anisms of the underlying interactions are 
poorly understood on the molecular level, 
frustrating attempts to harness these prop-
erties for bottom-up design of implanted 
biomaterials. Protein-surface interactions 
may be relatively subtle and may change 
dynamically, making these systems diffi cult 
to study. For example, atomic force micro-
scopy (AFM) can provide single-molecule 
resolution and sensitivity to the nanometer-
scale topography of both the protein layer and the underlying sur-
face. However, topographic maps of a surface provided by AFM 
can be diffi cult to interpret in complex protein layers and the time 
resolution is often slow compared to the dynamics of interest. 

 Here, we use a technique recently developed in our laboratory, 
mapping using accumulated probe trajectories (MAPT), [  12  ,  13  ]  to 
obtain in situ information on the dynamics of fi brinogen (Fg) 
on nanostructured melt-drawn high density poly(ethylene) 
(HDPE) fi lms. MAPT generates images of surface interactions 
with probe molecules by grouping different aspects of many 
single-molecule trajectories by their spatial location with super-
resolution precision. Unlike other super-resolution techniques 
that report only photon or point counts, [  14–17  ]  this technique 
generates surface maps of physical quantities (desorption prob-
ability, local surface diffusion coeffi cient, surface occupancy, 
etc.) that directly report on probe-surface interactions. Impor-
tantly for this work, the single-molecule basis for MAPT pro-
vides excellent sensitivity to heterogeneous Fg behavior as Fg 
interactions with nanostructured HDPE fi lms can vary greatly 
due to both underlying surface heterogeneity and the multiple 
types of Fg interactions with even a uniform surface. 

 Although MAPT requires dilute concentrations of fl uo-
rescently labeled molecules to attain single-molecule spatial 
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resolution, dense protein layers can be studied by introducing 
a trace amount of fl uorescently labeled protein of interest into 
an otherwise unlabeled protein layer. [  18  ]  The labeled probe mol-
ecules can subsequently report on their local environment, 
yielding single-molecule information on properties of the layer. 
In multicomponent systems that are representative of physio-
logical environments, the labeled species can be varied in order 
to study the contribution of each component separately. Thus, 
MAPT has promise as a powerful in situ tool with which to 
probe mechanistic questions that link nanoscale material prop-
erties with material function. 

 Poly(ethylene) (PE) of different grades is widely used in 
the biomedical fi eld, e.g., for sutures [  19  ]  or endoprosthetic 
devices. [  20–22  ]  Similar to the ultrahigh molecular weight var-
iant (UHMWPE), HDPE is a semicrystalline thermoplastic 
consisting of crystalline, chain-folded lamellae that impart 
nanoscale topography to the fi lm. HDPE was chosen over 
UHMWPE in this work for its greater macroscale uniformity 
with respect to the formation and orientation of crystal-
line lamellae. Recently, melt-drawn fi lms of either HDPE or 
UHMWPE were demonstrated to form nanostructured sur-
faces. [  23  ]  Rectangular crystalline domains ( ∼ 30 nm  ×  100 nm) 
protruded a few nanometers out of the interconnecting amor-
phous region. [  11  ]  These domains arranged themselves in a 
highly oriented way with their crystalline lamellae thickness 
aligned parallel to the drawing direction. Films with this crys-
talline nanostructure demonstrated the ability to template 
the orientation of adsorbed layers of rodlike macromolecules 
such as Fg or alpha helical poly(lysine)/poly(styrene sulfonate) 
complexes. [  11  ,  24  ]  

 The ability of nanostructured polymer fi lms to template 
ordered Fg layers has practical interest due to the ability of 
adsorbed proteins to lubricate the surfaces of implanted bio-
materials and reduce wear on artifi cial joints. [  2  ]  Although much 
     Figure  1 .     Occupancy map of HDPE fi lm at 10 mg L  − 1  Fg concentration. a) Several features 
are observed with both high surface occupancy and elongation in the fi lm drawing direction. 
Arrows indicate these structures, which have varying aspect ratios. b) One of the elongated 
features in (a) is magnifi ed 2.5 × . c–e) Representative structures from areas of the fi lm that are 
not shown in (a) are shown on the same scale as (b).  
research has focused on the lubricating prop-
erties of serum albumin, relatively high Fg 
concentrations are present in the synovial 
fl uid of osteoarthritics. [  25  ]  Successful lubrica-
tion, however, is dependent on the specifi c 
interactions between the biomaterial surface 
and a protein. For example, although native 
serum albumin is typically viewed as a nat-
ural lubricant, it can actually decrease the 
wear resistance of UHMWPE whose chains 
have been oriented by uniaxial compression 
or stretching [  26  ]  relative to these biomaterials 
in pure water [  27  ]  or the dry state. [  28  ]  This phe-
nomenon has been attributed to the accumu-
lation of denatured protein at the interface, 
which leads to increased friction, [  29  ]  and 
highlights the type of molecular level insights 
that are required to understand the behavior 
of these materials. Thus in the present work, 
Fg adsorption onto nanostructured HDPE 
fi lms serves both as a model system for the 
MAPT technique and as a system of practical 
importance for the molecular understanding 
of lubrication via adsorbed protein layers in 
polymeric implants. 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag
www.MaterialsViews.com

 In a previous study of Fg orientation on UHMWPE fi lms 
using AFM, proteins were observed to self-assemble into a 
well-ordered arrangement. [  24  ]  This oriented arrangement was 
observed only at high surface densities of Fg and was not 
observed on fi lms that had been treated with Ar plasma after 
melt-drawing, even at high Fg surface density. In the context 
of implanted biomaterials, these static observations of Fg layer 
structure under different conditions raise questions about the 
dynamic properties of proteins in the layer. That is, does molec-
ular orientation impart stability to the layer and are molecules 
fi xed or mobile within the plane of the layer? In the present 
work, MAPT addresses these questions by directly measuring 
the spatial dependence of surface residence times and diffusion 
coeffi cients of Fg in adsorbed protein layers.   

 2. Results and Discussion  

 2.1. MAPT Identifi es Elongated Structures on HDPE Film 

 Melt-drawn HDPE fi lms were exposed to aqueous solution that 
contained 5  ×  10  − 4  mg L  − 1  of fl uorescently labeled human Fg 
and, optionally, 10 mg L  − 1  of unlabeled human Fg. Labeled Fg 
was tracked and the molecular trajectories were used to map 
the fi lm surface. A representative surface occupancy map of the 
HDPE fi lm exposed to 10 mg L  − 1  Fg is shown in  Figure    1   where 
surface occupancy is defi ned in the Experimental Section.  

 While Fg molecules were observed to explore large areas 
of the fi lm, distinct areas of extremely high occupancy were 
observed that were elongated in the drawing direction (indi-
cated by arrows in Figure  1 a). These structures were roughly 
∼1  μ m in length by  ∼ 0.1  μ m wide and were sometimes seg-
mented into smaller regions along their length (Figure  1 b–e). 
Occasionally, bifurcations in the structures were observed 
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 2617–2623
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     Figure  2 .     Topographic AFM image of hydrophobic HDPE fi lm. a) A rep-
resentative image shows that oriented crystalline lamellae cover a large 
area fraction of the fi lm surface. b) Film structure is shown with higher 
magnifi cation in order to show details of the nanoscale topography. The 
cartoon overlay indicates the orientation of crystalline lamellae that pro-
trude out of the amorphous fi lm. The color range from black to light gray 
represents a height difference of 20 nm.  
(Figure  1 d) where Fg did not explore an area between two elon-
gated regions. Overall, the geometry of these high occupancy 
areas did not directly correspond to that of crystalline lamellae 
as seen using AFM in  Figure    2  . For example, segmentation of 
elongated regions, seen in Figure  1 b–d, were not apparent from 
topographic images of the fi lm in Figure  2 . Thus, one advan-
tage of the MAPT technique is that it can identify regions of 
connectivity from the perspective of an adsorbate molecule that 
are not necessarily apparent from purely topographical images. 
It would be interesting for future work to address what proper-
ties of the fi lm lead to these elongated, but segmented molec-
ular trajectories.  

  Figure    3   shows an analogous MAPT image obtained on an 
HDPE fi lm that had been treated with Ar plasma to render it 
hydrophilic (referred to in the fi gures as Pl-HDPE fi lm). The 
total Fg concentration was again 10 mg L  − 1 . While areas of high 
occupancy were still observed (Figure  3 a), these areas were 
compact in shape, unlike the elongated areas on the untreated, 
hydrophobic HDPE fi lm in Figure  1 . This is despite that fact 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 2617–2623
that previous AFM characterization of these fi lms has shown 
that plasma treatment at the applied conditions does not alter 
the semicrystalline structure of the fi lm. [  24  ]  Interestingly, when 
a hydrophobic HDPE fi lm was exposed to only labeled Fg at 5  ×  
10  − 4  mg L  − 1 , the resulting occupancy maps (Figure  3 b) resem-
bled those of the hydrophilic HDPE fi lm rather than the hydro-
phobic HDPE fi lm in Figure  1 . Thus, both hydrophobic HDPE 
and high Fg concentration were required for the appearance 
of elongated structures on semicrystalline melt-drawn fi lms. 
These results are consistent with a previous AFM characteriza-
tion of Fg adsorption onto UHMWPE fi lms in which oriented 
protein layers formed only on hydrophobic fi lms at high total 
Fg concentration (10 mg L  − 1 ). [  24  ]  Thus, it seems likely that ori-
ented Fg layer formation is responsible for the elongated occu-
pancy structures.  

 One advantage of the MAPT approach is that molecular tra-
jectories can be grouped according to spatial position and ana-
lyzed separately. In this work, this permits separate analysis of 
regions of high and low occupancy. Such a comparison can be 
useful when trying to isolate potentially rare and interesting 
events, such as protein behavior in an oriented layer, from more 
common protein-surface interactions.   

 2.2. Mean Residence Times 

 The mean surface residence times for areas of high and low 
occupancy on each surface are given in  Table    1  . The Fg mean 
residence time was shortest on treated hydrophilic HDPE sur-
faces, with values  < 1 s in both low and high occupancy areas 
even at high Fg concentrations, suggesting that plasma treat-
ment slightly decreased the affi nity of Fg for the HDPE surface. 
On hydrophobic HDPE surfaces, mean residence times were 
also relatively short within low occupancy areas at all Fg con-
centrations, although this value did increase slightly at high Fg 
concentration, suggesting that the presence of other Fg mol-
ecules may help to stabilize newly adsorbing Fg. Relative to 
hydrophilic HDPE, we also saw a modest increase in residence 
time in areas of high occupancy on hydrophobic HDPE at low 
Fg concentration, but a larger experimental uncertainty in this 
value obscures this result. Overall, these effects are relatively 
modest as indicated by the fact that mean residence times are 
all of order  ∼ 1 s.  

 Dramatically, the mean residence time increased by more 
than two orders of magnitude in areas of high occupancy on 
hydrophobic HDPE at high Fg concentration. The listed value of 
 > 160 s indicates that the majority of these objects were present 
for the duration of a single movie. In fact, most of these objects 
appeared in approximately the same spot in multi ple consecu-
tive movies but due to a lack of continuous tracking, we could 
not be certain that each represented the same Fg molecule. 
Nevertheless, it seems likely that the mean residence time in 
these areas is much greater than our conservative estimate of 
160 s. This value is in stark contrast to mean residence times 
observed in all other instances in this work (i.e., areas of low 
occupancy or under different experimental conditions) and is 
also much longer than mean residence times of  ∼ 1 s that were 
observed for Fg monomers on bare fused silica, poly(ethylene 
glycol), or trimethylsilane surfaces. [  30  ]  The fact that areas of 
2619wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  3 .     Occupancy map of HDPE fi lms that do not exhibit elongated structures. a) Map 
of plasma-treated HDPE fi lm exposed to 10 mg L  − 1  Fg concentration. b) Map of HDPE fi lms 
exposed to labeled Fg at 5  ×  10  − 4  mg L  − 1 . In both images, high occupancy areas are observed 
that are compact and roughly circular in shape.  
elongated occupancy and extremely long residence times 
occur only under conditions known to form ordered Fg layers 
is strong evidence for the dominant effect of protein-protein 
interactions in determining the dynamic behavior of these 
layers. 

 Due to its role in clotting, there are numerous locations 
on Fg that lead to strong protein-protein interactions. For 
example, covalent   γ   xl -  γ   xl  linkages can form between adjacent 
D domains on Fg while fi brinopeptide A can form a non-
covalent bridge between the central E domain and a docking 
site on the D domain. [  31  ]  However, this conversion of Fg to a 
polymerizable fi brin monomer requires the enzymatic activa-
tion of various sites by thrombin. In the work of Chen et al., 
an Au(1,1,1) surface was able to induce Fg self-assembly in 
the absence of thrombin. [  32  ]  This was believed to be a result 
of the ability of Au to reductively break disulfi de bonds, sub-
sequently activating Fg. In the present work, we have neither 
thrombin nor Au to activate Fg and we have no reason to 
believe that HDPE has any signifi cant effect on covalent Fg 
structure. Thus, we believe that the nature of protein-protein 
interactions in this work is predominantly non-covalent and 
that there is a link between spatial alignment and the strength 
of these non-covalent interactions. The fact that long Fg resi-
dence times are only observed under conditions that were 
shown via AFM to induce well-ordered Fg layers on nano-
structured UHMWPE fi lms [  24  ]  is strong indirect evidence that 
20 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

   Table  1.     Mean residence times on HDPE fi lms. 

Mean Residence Time [s]

Surface Fg Concentration [mg L  − 1 ] High Occupancy Low Occupancy

Pl-HDPE 10 0.9  ±  0.2 0.80  ±  0.02

HDPE 5  ×  10  − 4 1.4  ±  0.5 1.1  ±  0.1

HDPE 10  > 160 1.4  ±  0.2
Fg alignment, and potentially stronger pro-
tein-protein interactions, is related to longer 
Fg residence times. Nevertheless, the mole-
cular-level mechanisms that lead to both Fg 
alignment and subsequently long residence 
times require further study. 

 Despite the observation of high occupancy 
areas with elongated occupancy maps and 
long residence times, the vast majority of 
labeled Fg molecules was observed outside of 
these areas and had relatively short residence 
times. Our hypothesis for this observation is 
that the trajectories within elongated regions 
represented Fg molecules that were incorpo-
rated into the ordered layer while the short-
lived molecules represented Fg that adsorbed 
onto the surface but was blocked from 
adopting an oriented, stable confi guration 
by preexisting Fg on the surface. Given the 
fraction of labeled Fg in these experiments 
(5  ×  10  − 5 ), the dimensions of the PE lamellae, 
( ∼ 0.1  μ m  ×  0.03  μ m), and an approximate 
area fraction of crystalline lamellae on the 
fi lm ( ∼ 0.7), the observed surface density of  ∼ 2.7  ×  10  − 2  labeled 
fi lm-incorporated Fg molecules per  μ m 2  is consistent with a 
layer where 2–3 Fg molecules occupy a single lamella, a value 
that is roughly consistent with a Fg width of  ∼ 10 nm. [  33  ]  This 
idea of a close-packed, ordered layer of Fg supports the claim 
that protein-protein interactions are primarily responsible 
for stabilizing the protein layer. In these experiments, the 
maximum concentration of fl uorescent Fg was limited by the 
steady-state surface density of Fg; larger fractions of probe mol-
ecules led to high density of fl uorescent spots whose overlap 
precluded single-molecule tracking. 

 An alternative explanation for our observation of large areas 
with low occupancy and short residence times on hydrophobic 
HDPE fi lms at high Fg concentration is that oriented layers 
form only in the areas in which we observe elongated occu-
pancy maps, perhaps due to heterogeneity in the underlying 
HDPE fi lm. This seems unlikely to be the case, however, given 
the observation that oriented crystalline lamellae cover a large 
area fraction of the HDPE fi lm, as shown in Figure  2 a.   

 2.3. Anisotropic Diffusion 

 We also explored the diffusion of Fg on these HDPE fi lms, 
analyzing diffusion separately in the directions parallel and 
perpendicular to the drawing direction ( Figure    4  ). As described 
in the methods section, the diffusion polarization ( P ), which 
ranges from –1 to 1, is defi ned such that high positive polariza-
tion indicates much faster diffusion in the drawing direction. 
Again, the MAPT technique allows trajectories from high and 
low occupancy areas to be analyzed separately. Areas of high 
occupancy have greater  P  than areas of low occupancy but this 
trend is most pronounced on hydrophobic HDPE at high Fg 
concentration. Low absolute values of the polarization indicate 
nearly isotropic diffusion on hydrophilic HDPE and hydro-
phobic HDPE fi lms at low Fg concentration. Thus it seems that 
heim Adv. Funct. Mater. 2012, 22, 2617–2623
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     Figure  4 .     Diffusion polarization on HDPE fi lms. The fi lm treatment and 
Fg solution, in mg L  − 1  are shown along the bottom. Areas of high occu-
pancy, as seen in Figure  1  and  2  are analyzed separately from areas of 
low occupancy. Polarization is anomalously high on hydrophobic HDPE 
exposed to Fg at 10 mg L  − 1 , indicating faster diffusion in the drawing 
direction.  
nanostructured HDPE alone has a minor effect on the direction 
of Fg diffusion; the ordered layer formation is the major deter-
minant of diffusive motion.  

 It is also useful to examine the magnitude of the direction-
independent diffusion coeffi cient for the various areas on 
each HDPE fi lm ( Figure    5  ). Diffusion is fastest on hydrophilic 
HDPE, slower on HDPE at low Fg concentration, and much 
slower on HDPE at high Fg concentration. In all cases, diffu-
sion slows moderately when moving from areas of low to high 
occupancy. In the paradigm of a partial detachment model for 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 2617–2623

     Figure  5 .     Diffusion coeffi cient on HDPE fi lms. The fi lm treatment and 
Fg solution, in mg L  − 1  are shown along the bottom. Areas of high occu-
pancy, as seen in Figure  1  and  2  are analyzed separately from areas of 
low occupancy. Under all conditions, the diffusion coeffi cient is lower in 
areas of high occupancy. Diffusion is much slower on hydrophobic HDPE 
exposed to Fg at 10 mg L  − 1 .  
desorption, where a molecule must break at least some of its 
surface contacts in order to move at a solid-liquid interface, 
these trends are qualitatively consistent with those observed for 
the mean residence time whereby fi lms and regions with slower 
diffusion have more stable surface contacts and are less likely to 
desorb. [  30  ,  34  ,  35  ]  It is unknown how to quantitatively relate mean 
residence time to diffusion and thus we cannot further com-
pare observed trends in the two types of dynamic behavior.  

 Interestingly, although areas of high occupancy on hydro-
phobic HDPE fi lm have extremely long residence times at high 
Fg concentration, diffusion, while slow, is nonzero even after 
correcting for the effects of positional uncertainty (discussed 
in the Experimental Section). This demonstrates that even in 
a stable Fg layer whose components do not desorb, individual 
proteins still have some mobility in the plane of the fi lm. The 
mechanisms behind this mobility remain unclear at this point. 
It is perhaps surprising that relatively slow diffusion is also 
observed in areas of low occupancy on HDPE fi lms at high 
bulk Fg concentration given that mean residence times and 
diffusion polarization on these areas are more comparable to 
hydrophilic HDPE and HDPE at low Fg concentration. This 
indicates that even for proteins that do not incorporate into the 
ordered Fg layer, lateral barriers to diffusion are signifi cant and 
that Fg does not detach completely from the surface when dif-
fusing. Thus, Fg that adsorbs to the fi lm but does not incorpo-
rate is able to desorb relatively easily but its lateral motion still 
feels the effects of the protein layer. 

 This idea of partial, but not complete, detachment as a 
mechanism for diffusion in protein fi lms also explains the 
high value for diffusion polarization in high occupancy areas 
on HDPE at high Fg concentration. If molecules cannot com-
pletely detach from the surface, they cannot “fl y” between 
parallel rows of lamellae, typically separated by a few tens of 
nanometers without experiencing the (presumably) less favo-
rable interactions with amorphous HDPE. They are effectively 
confi ned in one direction, leading to slower apparent diffusion 
in that direction. In contrast, complete detachment and fl ights 
between parallel rows of lamellae might be more prevalent on 
hydrophilic HDPE and hydrophobic HDPE at low Fg concen-
tration due to the lack of an ordered Fg layer. Diffusion via a 
fl ying mechanism would most likely lead to the observed ele-
vated diffusion coeffi cients and would reduce the barriers to 
perpendicular diffusion, allowing relatively isotropic diffusion. 
This analysis again points to the dramatic stabilizing effect of 
an ordered Fg layer.    

 3. Conclusions 

 This work demonstrated the characterization of a nanostruc-
tured surface using a probe species of functional interest. Spa-
tially heterogeneous dynamic behavior of accumulated probe 
trajectories was used to identify differences in surface proper-
ties. In particular, we were able to identify specifi c Fg mole cules 
that had become incorporated into an ordered protein layer 
within regions of crystalline lamellae by their characteristic long 
residence times and polarized diffusion. These direct insights 
into Fg dynamics were a result of single-molecule resolution 
at low surface coverage of probe Fg, which allowed tracking of 
2621wileyonlinelibrary.combH & Co. KGaA, Weinheim
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individual proteins with sub-diffraction spatial resolution. In 
addition, these insights required the ability to group trajectories 
spatially and by their functional properties as not all observ-
able probe molecules reported on fi lm-incorporated dynamics. 
Going forward, this work has demonstrated MAPT as a pow-
erful technique for the in situ study of protein layer formation 
and it may be used to characterize similar processes on a variety 
of nanostructured materials that are exposed to complex physi-
ological environments. In particular, the ability to fl uorescently 
label individual species in a heterogeneous fl uid such as blood 
plasma may permit a mechanistic dissection of the role of each 
species in addition to the role of the interface. 

 Dynamic Fg behavior was relatively similar on hydrophilic 
HDPE fi lms and HDPE fi lms at low bulk Fg concentration, con-
ditions that had previously been shown to result in disordered 
network formation. In contrast, the mean residence time of Fg 
that had incorporated into ordered layers on HDPE fi lms at 
high bulk protein concentration increased by several orders of 
magnitude, from  ∼ 1 s to several minutes. This important result 
indicates that nanostructured HDPE and UHMWPE fi lms can 
have signifi cant benefi ts for implanted biomaterials by dramati-
cally increasing the residence time of Fg in an ordered protein 
layer and potentially reducing the wear on the underlying mate-
rial. Diffusion under these conditions was found to be aniso-
tropic, with Fg moving signifi cantly faster in the drawing direc-
tion of the HDPE fi lm. We hypothesize that this was an effect 
of ordered layer formation, in which large diffusive steps via 
complete surface detachment and reattachment are essentially 
eliminated, thus confi ning individual proteins to a single row 
of crystalline lamellae. Nevertheless, diffusion in ordered layers 
was found to be non-zero, indicating some lateral mobility in 
an otherwise stable protein layer. In future work, anisotropic 
diffusion may be one property that can indicate ordered protein 
layer formation.   

 4. Experimental Section 
  Fibrinogen Solutions : Unlabeled human plasma fi brinogen was 

purchased from Calbiochem while human plasma fi brinogen, labeled 
with AlexaFluor 488, was purchased from Molecular Probes, Inc. 
Phosphate buffered saline (PBS) was purchased from Invitrogen. 
Concentrated stocks of these proteins were prepared in PBS, divided 
into aliquots, and frozen until use. Each aliquot was only thawed once 
for use in one experiment. Immediately prior to experimental use, Fg/
PBS solutions were prepared from thawed stock at a fi nal concentration 
of labeled Fg of 5  ×  10  − 4  mg L  − 1  (1.5  ×  10  − 12   M ) in order to achieve low 
surface densities for single-molecule experiments. Optionally, unlabeled 
Fg was added at a concentration of 10 mg L  − 1  (2.9  ×  10  − 8   M ). For labeled 
Fg, the manufacturer-specifi ed degree of labeling was approximately 
15 dye molecules per protein, making it unlikely that blinking effects 
would cause a given protein to disappear during image capture. 

  Film Preparation and Characterization : As previously described, [  11  ,  24  ]  
melt-drawn HDPE fi lms were prepared as follows. HDPE pellets (Sigma-
Aldrich) were dissolved in xylene (synthesis grade, Merck KGaA) 
to obtain a 1 wt% polymer solution, which was heated to 120  ° C. 
Subsequently, a few droplets were placed onto a heated glass plate 
on top of a precision heating plate kept at a temperature of 125  ° C. 
After evaporation of the solvent, an ultrathin, highly oriented polymer 
fi lm (thickness  < 100 nm) was drawn from the resulting polymer melt 
reservoir by a motor-driven cylinder to control the drawing rate at 
approximately 10 cm s  − 1 . Subsequently, the free-standing polymer fi lm 
2 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
consisting of highly oriented crystalline PE lamellae embedded in the 
surrounding amorphous matrix was carefully fi xed onto a thin fused 
silica wafer (Mark Optics) to permit fl uorescence microscopy. The 
surface of the HDPE melt-drawn fi lm was characterized by tapping 
mode AFM at a scan rate of 2 Hz with a Dimension 3100 instrument 
(Digital Instruments, Santa Barbara, CA) and a Nanoscope IV controller 
at ambient temperature in air and standard silicon cantilevers (Olympus 
OMCL-AC160TS, Atomic Force F&E GmbH, Mannheim, Germany) with 
typical resonance frequency of 300 kHz and a cantilever stiffness of 
42 N m  − 1 . Half of the melt-drawn HDPE fi lms were treated by Ar plasma 
to make them hydrophilic. Ar plasma was applied at a pressure of 
0.25 mbar for 60 s by a PDC-32G instrument (Harrick Plasma, New York, 
USA, radio frequency of 8–12 MHz, power of 10.5 W). Static contact 
angles of the hydrophilic and hydrophobic HDPE fi lms were 39.9 °   ±  2.2 °  
and 98.2 °   ±  1.6 ° , respectively. 

  Total Internal Refl ection Fluorescence Microscopy : Total internal 
refl ection fl uorescence microscopy (TIRFM) measurements were 
performed using a custom-built prism-based illumination system, fl ow 
cell, Nikon TE-2000 microscope with a 60 ×  objective and 491 nm diode-
pumped solid state laser that have been described previously. [  36  ]  The 
fl ow cell was maintained at 37.0  ±  0.1  ° C and fl ow was stopped after 
introduction of the Fg solution. A 0.2 s frame acquisition time was 
used and ten 800-frame movies were taken, accumulating over 3  ×  10 5  
trajectories on each surface. In TIRFM, the evanescent wave created by 
total internal refl ection has a penetration depth of less than 100 nm and 
consequently only objects near the surface are excited. While in principle 
one could resolve individual molecules diffusing in solution, in practice 
these molecules have diffusion coeffi cients that are 10 3 –10 4  times higher 
than those at the interface, so the signal due to an individual molecule 
in solution is negligible in any given pixel. These experimental conditions 
gave signal-to-noise ratios of 3.5  ±  1 as determined by the maximum 
intensity of each identifi ed object divided by the root mean squared 
value of background intensity. 

 Diffraction-limited objects were identifi ed in each frame via 
convolution with a disk matrix and thresholding. Objects in each 
frame were given a specifi c position in the two-dimensional plane as 
calculated by their centroid of intensity. That is, the ( x , y ) position is 
given by  

( ∑
i

x i F i ,
∑

i
y i F i

)
   where ( x i  , y i  ) is the position of the  i  th  pixel 

with intensity,  F i  , and the sum is over all the pixels identifi ed as a single 
object. Object tracking was then accomplished by identifying the closest 
objects in sequential frames while requiring the distance between closest 
objects to be less than 4 pixels (910 nm). Surface residence times were 
calculated as the number of frames on which the object was identifi ed, 
multiplied by the exposure time of each frame. 

  Image Processing and Data Analysis : In order to create surface 
occupancy maps, the observation area was divided into square bins 
of user-specifi ed width. The number of frames in which an object was 
present in this area was counted. Consequently, high occupancy could 
be the result of one object residing in the same area for many frames 
or many different objects passing through that area. The occupancy 
number was then divided by the area of the bin, total observation time, 
and bulk concentration of labeled Fg as these quantities are expected to 
be linearly proportional to the observed number of molecules in a given 
area. As a point of reference, one molecule residing in a bin for 0.2 s 
(i.e., one frame out of ten 800-frame movies) corresponds to a surface 
occupancy of 1.3  ×  10 12   μ m  − 2  s  − 1  M  − 1 . 

 For analysis of residence times, an entire trajectory was sorted by its 
mean position based on user-defi ned areas of high and low occupancy. 
For a given collection of trajectories, the mean surface residence time 
was simply the sum of all observed residence times divided by the 
number of observations in that group. The error for this measurement 
was taken as the standard deviation of the mean value obtained from 
randomly selecting different subgroups of trajectories from within 
the larger collection. This estimate of the standard deviation is more 
meaningful than simply taking the standard deviation of the residence 
time distribution because the standard deviation of a residence time 
distribution for a fi rst order process is expected to equal the mean 
residence time. 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 2617–2623
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 For analysis of diffusive motion, each step in a trajectory was placed 
at the mean location between its starting and ending points. These 
individual steps were then grouped by position based on user-defi ned 
areas of high and low occupancy. Each diffusive step was then separated 
into its components parallel and perpendicular to the drawing direction 
of the HDPE fi lm, and the squared-displacement in this direction 
calculated. The diffusion coeffi cient in each direction was then estimated 
as the mean squared-displacement divided by 2 Δ  t  where  Δ  t  is the 
acquisition time of 0.2 s and the factor of 2 is used for diffusion in one 
dimension. This value is equivalent to the mean diffusion coeffi cient for 
a Gaussian random walk with an arbitrary number of distinct diffusive 
modes. As was done with mean residence times, the error for each 
measurement of the diffusion coeffi cient was determined by randomly 
selecting different subgroups of diffusive steps from within the larger 
collection of steps. A value of 0.0125  μ m 2  s  − 1  was subtracted from 
the mean diffusion coeffi cient in both the parallel and perpendicular 
directions to account for the effects of positional uncertainty. We 
estimated the positional uncertainty at   σ    =  50 nm  ±  1 nm and this 
adds a value of   σ   2 / Δ  t  to the mean diffusion coeffi cient. [  37  ]  Positional 
uncertainty was estimated by selecting a subset of objects that appeared 
to be immobilized over long time intervals and observing how fast they 
appeared to diffuse at  Δ  t   =  0.2 s. Specifi cally, these immobile molecules 
did not exhibit a displacement greater than 1 pixel (0.227  μ m) at any 
point during their surface residence time, which was required to be at 
least 5 s. 

 After calculating parallel ( D  ⎪⎪ ) and perpendicular ( D  ⊥ ) diffusion 
coeffi cients, these parameters were reduced into the diffusion 
polarization ( P ) using Equation  1 :

 
P =

D|| − D⊥

D|| + D⊥   
(1)    

 Additionally, the 2D diffusion coeffi cient ( D ) is simply the average of 
its 1D components as shown in Equation  2 :

 
D =

D || + D⊥

2   
(2)     
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