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Abstract Surface modification by “soft” plasma poly-
merisation to obtain a hydrophilic and non-fouling polymer
surface has been validated using radioactive labelling.
Adsorption to unmodified and modified polymer surfaces,
from both single protein and human serum solutions, has
been investigated. By using different radioisotopes, albumin
and Immunoglobulin G (IgG) adsorption has been monitored
simultaneously during competitive adsorption processes,
which to our knowledge has not been reported in the litera-
ture before. Results show that albumin and IgG adsorption is
dependent on adsorption time and on the presence and
concentration of other proteins in bulk solutions during
adsorption. Generally, lower albumin and IgG adsorption
was observed on the modified and more hydrophilic polymer
surfaces, but otherwise the modified and unmodified poly-
mer surfaces showed the same adsorption characteristics.

1 Introduction

A biomaterial can be defined as a nonviable material used
in a medical device, intended to interact with a biological
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system [1]. The outcome of the interaction between the
material and a biological system is utterly determined by a
cascade of events that starts with protein adsorption to the
surface of the material, and a commonly occurring problem
is that what starts with protein adsorption, ends with
thrombosis and rejection of the material by the system. To
reduce these non-wanted responses, the material can be
modified to become more non-fouling, meaning that the
amount of protein adsorbed to the surface is decreased.
Biomaterials with a completely “anti-fouling” surface (a
surface that totally resists protein adsorption) do not exist
today and are not realistic to achieve within a near future.
However, there are several examples on successful meth-
ods and techniques for making polymer surfaces more
non-fouling [1-3], and one approach to reduce protein
adsorption to polymer materials is using “soft” pulsed
AC plasma polymerisation [4] to chemically modify the
surface of the material to become more hydrophilic.

An important aspect in the design and optimisation of
biomaterials is the validation of their non-fouling qualities,
and quantitative tools for analysing protein adsorption to
the modified surfaces are necessary. Most methods used
today are restricted to detect only one protein at a time or to
detect the total amount of protein adsorbed, without any
obtained information about which proteins that are adsor-
bed [5-10]. Focusing on blood proteins, most experimental
adsorption data originate from adsorption from single
protein solutions of the three most abundant blood pro-
teins—that is albumin, IgG and fibrinogen—but there are
also results of protein adsorption from protein mixtures,
human plasma and serum [5-7, 10-15]. However, during
protein adsorption from complex solutions, the detected
parameter has generally been the total amount of protein
adsorbed, or the adsorption of a single protein to the
surface. There are examples of studies were total protein
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adsorption and single protein adsorptions, performed on the
same kind of surfaces, have been combined to obtain data
on competitive adsorption [16]. However, it is not evident
that results from single protein adsorption at all times are
valid for competitive adsorption from mixtures [13], and
simultaneous detection of several proteins adsorbed to the
same surface would be preferable.

Processes involved in competitive protein adsorption
from complex solutions are processes like sequential pro-
tein adsorption and displacement of adsorbed proteins on
surfaces, and these processes are often gathered under the
expression “the Vroman effect” [17, 18]. The Vroman
effect was originally based on replacement of adsorbed
fibrinogen on solid surfaces by others, unknown, plasma
proteins [17], but today the expression covers a range of
reactions and characteristics observed during protein
adsorption processes [13, 14, 19]. In general, the Vroman
effect states that the common trend during protein
adsorption from mixtures is that abundant proteins of low
affinity adsorb reversibly onto the surface, where after
more rare proteins of higher affinity displace some of the
already adsorbed proteins on the surface [5, 13, 19-21].

Even though the Vroman effect is a phenomenon that
has been accepted for a long time, many important issues
regarding protein adsorption, and especially competitive
adsorption, are still unsolved. By using a number of
different radioisotopes during radioactive labelling exper-
iments, it is possible to monitor several proteins
simultaneously and to quantify and obtain valuable infor-
mation about competitive protein adsorption processes and
the Vroman effect. Here we present results of protein
adsorption to both unmodified and modified polymer sur-
faces from single protein solutions and human serum
dilutions, investigated through radioactive labelling, using
the radioisotopes '*°I and "'I.

2 Experimental

Unmodified and modified polyethylene terephthalate (PET)
discs (Trafoma A/S, Denmark) with diameter of 13 mm
were used as adsorption substrates. The PET discs were
modified by “soft” AC plasma polymerisation [4] of
the monomer diethylene glycol vinyl ether (DEGVE,
CH,=CH(OCH,CH,),0H from Sigma-Aldrich, Germany)
and details regarding the procedure for modification of the
PET surfaces has been published elsewhere [4, 22]. After
activation of the PET surfaces with argon plasma, the
DEGVE monomer is introduced into the plasma chamber
and a power of 1.4 W is used during the 30 min long
polymerisation. The plasma power of 1.4 W used during
plasma polymerisation has shown to result in a high
quality grafting between the PET surface and the DEGVE
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monomer, as well as polymerisation of the DEGVE
monomers [22]. At the same time, the low power used
should result in a small level of fragmentation of the
monomers during polymerisation [23]. To evaluate
the stability of the plasma polymerised DEGVE layer, the
modified surfaces were soaked in phosphate-buffered saline
(PBS) for 1 and 24 h, before characterised using the surface
characterisation techniques that are mentioned below.

Characterisation of surfaces has been performed using
an OCA 15 plus Contact Angle Microscope (DataPhysics
Instruments GmbH, Germany), a Perkin-Elmer Spectrum
One Fourier-transform infrared (FTIR) spectrometer
(PerkinElmer Instruments, USA) and a monochromatic
X-ray photoelectron spectrometer (XPS) (K-Alpha from
Thermo Fisher Scientific, UK). Labelled proteins have
been evaluated through size exclusion chromatography
(SEC) and matrix-assisted laser desorption ionization
time-of-flight mass spectroscopy (MALDI-ToF-MS), as
described elsewhere [24].

The method used for labelling protein with iodine was
the Iodo-Gen method [25] where 0.15 ml of protein solu-
tion (albumin or IgG) and 50 pl of iodine solution
(450 kBg/ul "2 or 450 kBg/ul "*'1, Perkin-Elmer Life and
Analytical Science, USA) were added to the Iodo-Gen tube
(Pierce, USA) for iodine labelling. The labelling reaction
was carried out in room temperature for 15 min. After
addition of 1.0 mg non-radioactive iodine (**"1), the solu-
tion was removed from the reaction tube. Iodine labelled
proteins was separated from free iodine and other chemical
reagents by gel chromatography on a PD-10 desalting
column (Amersham Bioscience, UK). The labelling effi-
ciency was around 80%.

Adsorption experiments were performed in single pro-
tein solutions (albumin or IgG) and in human serum,
diluted with PBS. Albumin, IgG, human serum and PBS
were obtained from Sigma-Aldrich, Germany. Unmodified
and modified PET surfaces were immersed into single
protein solutions and human serum dilutions with added
125T_albumin and "*'I-IgG at 37 °C for 1 or 24 h. After
rinsing in PBS buffer, the radioactivity of '*°I and "*'I on
the surface was measured in a Canberra 20 gamma counter
(Canberra, USA), and the results where used to find the
amount albumin and IgG adsorbed. (During adsorption
experiments performed with human serum, the radioac-
tivity of both labels was measured from the same surface.)

3 Results
3.1 Surface characterisation

Surface modification of the PET surfaces has been vali-
dated through contact angle measurements, Fourier-
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transform infrared (FTIR) spectrometry and X-ray Photo-
electron Spectrometry (XPS) and the results are
summarised in Table 1 (a thorough characterisation and
analysis of the relevant surfaces have also been published
elsewhere [4, 22]).

Contact angle measurements on PET and PET-DEGVE
surfaces show that the DEGVE modification results in a
more hydrophilic surface, where the modified PET-DE-
GVE surfaces have a contact angle around 30°, while the
clean PET surfaces have a contact angle around 80°. After
being in PBS buffer, the contact angle of the modified
surfaces has increased to around 60°. FTIR transmittance
spectrum of the plasma polymerised DEGVE layer shows
the typical peak for an aliphatic ether around 1100 cm™'
(C-O stretch), as well as a peak originating from the car-
bonyl group around 1700 cm™' (C=0O stretch) [4]. After
being in PBS buffer for 1 h the peaks from C-O and C=0
stretch are still observed in the FTIR transmittance spectra,
but with approximately 10 times lower intensity. However,
after 24 h in PBS buffer, no further reduction of peak
intensity is observed in the FTIR transmittance spectra.
XPS Cls spectrum of the PET surface shows peaks with
binding energy of ~285, ~286.5 and ~289 eV, which
represents C—C species, C—O species and O—C=0 species
respectively, and the pattern of the peaks fits well with the
standard spectrum of PET [4, 26]. Figure 1 shows the XPS
Cls spectra of the PET-DEGVE surface both before and
after being in contact with PBS buffer for 1 and 24 h, and

besides from the peaks observed in the PET Cls spectrum,
a peak with binding energy around 288 eV can be
observed. This peak originates from C=O species in the
plasma polymerised DEGVE layer. Furthermore, in
Table 1 it can be observed that the relative amount of
signal originating from C-O and C=0 species compared to
C—C species is larger for the DEGVE layer than for the
PET surface, which also adds up with the chemical com-
position of the PET material and the plasma polymerised
DEGVE layer. In Fig. 1 it is also observed that the Cls
peak profile for the DEGVE layer is the same for the
surfaces being in contact with PBS buffer as for the surface
not being in contact with the buffer, even though the ratio
between the C—C and the C=0 peak show some variation
between the samples.

3.2 Protein adsorption

Figure 2 shows the adsorption of albumin and IgG to PET
discs from single protein solutions and human serum (the
human serum dilutions are ranging from 0.1% to 70%
dilution) with added '*’I-albumin and '*'I-IgG. The sur-
faces have been immersed in the solutions for 1 h at 37 °C
during shaking. The protein concentrations plotted for
human serum dilutions are calculated using an albumin
concentration of 40 mg/ml and an IgG concentration of
12 mg/ml for 100% human serum.

Table 1 Summary of XPS and

Surface XPS Contact
contact angle results from anele
characterisation of unmodified Cls atom % ( df rees)
and modified PET surfaces, as grees
well as modified PET surfaces C-C,C-H c-0 C=0 0-C=0
after being in contact with PBS ~285eV ~286.5 eV ~288 eV ~289 eV
buffer

PET 67.5 18.6 + 13.9 ~80

PET-DEGVE 35.1 55.2 8.0 1.7 ~30

PET-DEGVE 422 48.5 7.3 23 ~60

inPBS 1 h
PET-DEGVE 32.3 55.8 7.2 1.7 ~60
in PBS 24 h
Fig. 1 Cls XPS spectra of 1.40E+04 ——— PET-DEGVE
plasma polymerised DEGVE 120E404) e PET-DEGVE. PBS th
layer (solid line), DEGVE layer TToT PET-DEGVE PBS24h
being in contact with PBS v 1.00E+04
buffer for 1 h (short dashes line) w 8.00E+03
and DEGVE layer being in <
contact with PBS buffer for G B.00E+03
24 h (long dashes line) 4,00E+03
2,00E+03
0.00E+00 —

208 297 296 295 294 293 292 291

290 289 288 287 286 285 284
Binding Energy (eV)

283 282 281 280
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Fig. 2 Protein adsorption from single protein solutions and solutions
of human serum to unmodified PET surfaces. The adsorption time
was 1 h for all surfaces and solutions

In Fig. 2 it is shown that adsorption of albumin and IgG
from single protein solution increases with increased pro-
tein concentration, and at a bulk protein concentration
around 50 pg/ml there is saturation on the surfaces. The
saturation value for IgG adsorption observed in Fig. 1 is
around 600 ng/cm?® while it is around 1100 ng/cm?® for
albumin adsorption. The high saturation value for albumin
adsorption from albumin solution can be explained by
aggregation and packing of molecules on the surface [24,
27] (see also Discussion). In contrast to the adsorption from
single protein solutions, albumin and IgG adsorption from
human serum solutions shown in Fig. 2 decreases with
increased protein concentration. This is also observed in
Fig. 3, where both 1 and 24 h adsorption of albumin and
IgG on PET surfaces from diluted human serum solutions
with added '*’I-albumin and "*'I-IgG is shown. The human
serum is diluted from approximately 0.1% to 70% in PBS
buffer.

Besides from a decrease in albumin and IgG adsorption
with increased human serum concentration, it is also
observed in Fig. 3 that the amount albumin and IgG
adsorbed on the PET surface decreases with adsorption
time. The adsorption of albumin from 0.1% human serum,
corresponding to an albumin concentration of about 40 pg/
ml, is around 475 ng/cm? after 1 h of adsorption and
around 425 ng/cm? after 24 h of adsorption. The corre-
sponding values for IgG, where 0.1% human serum
corresponds to an IgG concentration of about 12 pg/ml, are
around 375 and 370 ng/cm?® for 1 and 24 h adsorption,
respectively. When the concentration of human serum is
increased to approximately 70 % human serum (corre-
sponding to around 28 mg/ml albumin and 8.4 mg/ml
IgG), the amount of adsorbed albumin and IgG decreases,
ending at a value around 200-225 ng/cm? for albumin and
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Fig. 3 Protein adsorption to unmodified PET discs during 1 and 24 h
adsorption from human serum dilutions. Albumin and IgG adsorption
is detected simultaneously on the surface by using two different
radioisotopes

around 175 ng/cm?® for IgG. In both Figs. 2 and 3, the
amount albumin adsorbed to PET is higher than the amount
IgG adsorbed. In addition, the difference in amount protein
adsorbed between 1 and 24 h adsorption is larger for
albumin than for IgG for all human serum concentrations.

Figure 4 shows albumin and IgG adsorption from both
single protein solution and 25 % human serum solutions,
with added '*’I-albumin and '"*'I-IgG, performed on
unmodified PET surfaces and modified PET-DEGVE
surfaces. The albumin and IgG concentrations of the single
protein solutions used are 10 mg/ml for albumin and 3 mg/
ml for IgG, which corresponds to the concentrations in
25% human serum, using 40 mg/ml albumin and 12 mg/ml
IgG as the concentrations in 100% human serum. Once
more, it is observed that for adsorption from human serum
solution, the amount albumin and IgG adsorbed decreases
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Fig. 4 Protein adsorption to unmodified PET and PET modified with
a plasma polymerised DEGVE layer. Both single albumin and IgG
solutions, as well as a 25% human serum solution, have been used
during the 1 and 24 h adsorptions



J Mater Sci: Mater Med (2008) 19:2179-2185

2183

with increased adsorption time. However, adsorption from
single protein solution shows the opposite, and thus an
increase in protein adsorption with increased adsorption
time. The mentioned adsorption characteristics are the
same for unmodified PET surfaces as for modified PET-
DEGVE surfaces, but there is generally a lower amount
protein adsorbed to the modified PET-DEGVE surfaces.
Additionally, the difference in amount albumin and IgG
adsorbed from single protein solutions after 1 h adsorption
and 24 h adsorption is larger for the PET-DEGVE surfaces
than for the clean PET surfaces.

4 Discussion

Being present with the concentrations of approximately
40 mg/ml and 12 mg/ml respectively, albumin and IgG are
the two most abundant proteins in blood and are expected
to be represented in a protein layer adsorbed to the surface
of a biomaterial in contact with blood. Albumin has a
molecular weight around 66 kDa, while IgG is somewhat
bigger and has a molecular weight around 150 kDa. Based
on the Vroman effect, during adsorption from human
serum one would expect albumin, which is smaller and
present in a higher concentration than IgG, to reach the
surface and adsorb faster than IgG. Later, some of the
initially adsorbed albumin will be replaced on the surface
by both IgG molecules and other larger proteins present in
the solution. In addition, proteins with higher affinity for
the surface than IgG itself can also replace some of the IgG
molecules adsorbed to the surface. On the other hand,
during adsorption from single protein solution, the albumin
and IgG molecules will occupy all adsorption sites on the
surface and reach a more or less stable saturation situation,
where the surface is covered with a monolayer of proteins.
However, after saturation is reached, processes such as
protein conformational changes, packing of proteins and
induced aggregation in the adsorbed protein layer will have
an influence on the detected adsorption, resulting in a slow
increases of amount protein detected.

The results from our study confirm most of the theo-
retical assumptions mentioned. Accordingly, the amount
albumin and IgG adsorbed from human serum solutions
decreases with increased protein concentration in bulk
solution, as well as with increased adsorption time (see
Figs. 2-4). Thus, in the presence of other proteins in bulk
solution, there is competition for the adsorption sites on the
surface, and albumin and IgG are partly prevented from
adsorbing to the surface. In addition, other proteins present
in the solution can replace some of the initially adsorbed
albumin and IgG molecules (see Figs. 3 and 4). The
observed decrease in albumin and IgG adsorption from
human serum solution after 24 h adsorption, compared to

1 h adsorption, is indicating that equilibrium between
adsorbed layer and bulk solution is not obtained after 1 h
adsorption. Besides, the smaller difference between
amount IgG adsorbed after 1 and 24 h adsorption, com-
pared to the difference in amount albumin adsorbed after
different adsorption times, also indicates that the adsorbed
albumin is replaced faster by other proteins than IgG is,
which also is expected regarding to the Vroman effect.

Looking at the adsorption from single protein solutions,
the albumin and IgG adsorption increases with both protein
concentration and adsorption time (see Figs. 2 and 4).
Thus, when only one protein is present in the bulk solution
the proteins will adsorb to the surface until a monolayer is
created where all adsorption sites are occupied and there is
saturation. The adsorption curves for albumin and IgG
adsorption from single protein solution observed in Fig. 2
show similarities with the Langmuir isotherm [1], where
the adsorption increase rapidly at low protein concentration
and later saturates at higher protein concentrations. These
kinds of adsorption curves are believed to represent the
formation of a protein monolayer on the surface, where the
saturation value normally is around 100-600 ng/cm2 [1, 2,
7]. As already mentioned, a small increase in amount
protein adsorbed can sometimes be observed after satura-
tion is reached, and this can be explained by processes such
as rearrangement and packing among the adsorbed pro-
teins, resulting in a denser molecular layer on the surface
[27, 28]. However, different surface and protein charac-
teristics can also result in large saturation values
(>1000 ng/cm?). Adsorption of “soft” proteins [24, 27] on
hydrophobic surfaces generally induces conformation
changes in the adsorbed proteins, which in turn can
enhance the formation of aggregates on the surface. This
phenomenon can explain the rather high albumin adsorp-
tion to PET from single protein solution observed in Fig. 2.
Moreover, earlier investigations have shown that labelling
of proteins with radioactive labels can enhance the ten-
dency for protein aggregation and fragmentation [24] and
by labelling the proteins one can introduce changes in the
adsorption characteristics of the proteins. To confirm a 1:1
relationship between adsorption of labelled and unlabelled
proteins, single protein adsorptions from bulk solutions
with different unlabelled to labelled ratio have been per-
formed (not shown). No significant difference in amount
protein adsorbed between the solutions with different
labelled to unlabelled ratio was observed.

Using “soft” pulsed AC plasma polymerisation to
obtain PET-DEGVE surfaces was shown to result in more
hydrophilic and non-fouling surfaces than clean PET (see
Fig. 4). The tendency of decreased albumin and IgG
adsorption from human serum with increased adsorption
time, and the opposite pattern for adsorption from single
protein solution, was shown to be the same for the modified
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surfaces as for the unmodified surface. Thus, the hydro-
philic/hydrophobic character of the surface did not have
any detectable influence on the observed adsorption char-
acteristics mentioned. However, the larger increase in
amount protein adsorbed from single protein solutions
between 1 and 24 h adsorption observed for the PET-DE-
GVE surfaces compared to the clean PET surfaces could
indicate instability in the plasma polymerised layer.
Completely, or partly, disorganisation and dissolubility of
the DEGVE layer would result in a more hydrophobic
surface, which in turn would have higher tendency for
protein adsorption. After being soaked in PBS buffer, it is
observed from contact angle measurements that the contact
angle of the DEGVE modified surface increases, and from
obtained FTIR spectra that the thickness of the DEGVE
layer decreases. However, results from XPS measurements
show that the surface chemistry of the DEGVE layer is
intact after being in contact with the buffer solution for up
to 24 h (see Fig. 1). Thus, the results indicate that after
being soaked in PBS buffer, the thickness of the DEGVE
layer on the PET surface is reduced and withhold less
amounts of water, but that the characteristics in form of
surface end groups and chemistry are still representative
for a DEGVE layer and thereby a more non-fouling surface
than the clean PET surface.

The albumin and IgG bulk concentrations at which
adsorption saturation from single protein solution is
observed are much lower than the concentrations of albu-
min and IgG present in blood (see Fig. 2). Thus, surfaces
with characteristics similar to PET will rapidly be covered
with proteins when introduced to blood. In our setup, the
detected amount of albumin and IgG adsorbed to the sur-
face is generally lower during adsorption from human
serum solutions compared to adsorption from single protein
solution. However, this is not representing a smaller total
amount of protein adsorbed to the surface. Since only
albumin and IgG is labelled with radioisotopes during
adsorption, they are the only two proteins detected, but
during competitive protein adsorption from complex solu-
tions there will be situations where other proteins than
albumin and IgG dominates the adsorption sites on the
surface. By introducing even more radioisotopes into the
setup, a larger number of proteins can be monitored
simultaneously, and thereby a more complete picture of the
processes during competitive protein adsorption can be
obtained.

5 Conclusions
Lower albumin and IgG adsorption is detected on the PET-

DEGVE surfaces, which are modified through “soft”
plasma polymerisation to become more hydrophilic and
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non-fouling, but otherwise the modified surfaces show the
same protein adsorption characteristics as the more
hydrophobic, unmodified, PET surfaces.

Albumin and IgG adsorption from single protein solu-
tions increases with protein concentration and adsorption
time, while the opposite is true for albumin and IgG
adsorption from human serum solution. Thus, the obtained
results from adsorption experiments with human serum are
consistent with a situation of competitive adsorption where
albumin and IgG is partly prevented from adsorbing to the
surface and/or initially adsorbed albumin and IgG are
replaced by other proteins present in the solution later in
the adsorption process. Our study has shown that radioac-
tive labelling of proteins with different isotopes makes it
possible to monitor several proteins simultaneously during
adsorption processes, making it a powerful technique for
validating the impact on non-fouling characteristics from
surface modification and for studying competitive protein
adsorption.
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