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ABSTRACT

Protein adsorption to biomaterial surfaces is important for the function of such materials with anchorage-dependent cell adhesion requiring
the presence of adsorbed proteins. The current study evaluated five solid surfaces with poly(acrylic acid) (PAA) grafted from the surface of a
poly(tetrafluoroethylene) membrane with respect to the adsorption of serum albumin (SA), lactoferrin (Lf), and lysozyme (Lys) from a
phosphate buffer and NaCl solution or water for specific combinations. With the use of x-ray photoelectron spectroscopy, the relative
amounts and protein layer thickness were evaluated. SA adsorption was governed by ionic repulsive forces and hydrophobic interactions as
evidenced from an increase in the protein adsorption at lower pH (6.5 compared to 7.4) and a correlation with surface coverage when water
(pH 6.5) was used as the medium. The adsorption of Lf and Lys followed similar trends for all samples. In general, ionic attractive forces
dominated and a strong correlation of increasing protein adsorption with the PAA chain length was evident. This study concluded that all
surfaces appear suitable for use in biomaterial applications where tissue ingrowth is desired and that the enhanced protein adsorption in a
medium with high ionic strength (e.g., biological fluid) correlates with the PAA chain length rather than the surface coverage.

Published under license by AVS. https://doi.org/10.1116/6.0000137

I. INTRODUCTION

The use of poly(acrylic acid) (PAA) in biomaterials science
continues to attract considerable interest. As such, PAA is used as
a stabilizer1, 2 and is grafted to or from solid material surfaces.3–6

Weak polyelectrolytes such as PAA show complex behavior in sol-
ution which is dependent on both pH and ionic strength (I).
Based on a study of PAA in solution, the pKa value for PAA has
been reported to be 4.5 and the fractional number of monomers
charged in the chain has been calculated to be approximately 0.2
at pH 6.5 while approximately 0.4 at pH 7.4.7 A separate study

investigated PAA attached to a nanoparticle surface and found
that at relatively high ionic strength (I = 100 mM), the pKa value
was approximately 4.9 (higher than that of free PAA of the same
molecular weight).8 In their study of PAA attached to a nanopar-
ticle surface, the degree of dissociation (I = 50 mM, pKa = 5.2) was
found to be similar at pH 6.5 and 7.4 at a high graft density of
PAA. However, at low PAA graft density, the degree of dissocia-
tion at pH 6.5 was approximately 0.65 while at pH 7.4, it was
approximately 0.9.8 While the values obtained in these two
studies are significantly different, it is clear that a higher degree of
dissociation can be expected at a higher pH. Furthermore, the
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degree of dissociation for PAA confined on a surface has been
found to increase with ionic strength.8

In many studies, the interaction between PAA and proteins
under different solution conditions plays an important role in the
intended applications. Protein adsorption to a solid material is
affected by factors related to the material (hydrophobicity/hydro-
philicity, charge, and functional group density), factors related to
the protein (e.g., pI, size, and structural stability) and factors
related to the environment (e.g., pH, I).9–11 A number of studies
have investigated the mechanisms of the interaction between pro-
teins and materials possessing carboxylic acid groups. The materials
studied include PAA hydrogels,12,13 PAA brush layers,14,15 PAA
graft-copolymers,16 and PAA plasma polymer films.17 The studies
investigated the adsorption of serum albumin (SA),12,14–17 lyso-
zyme (Lys),12,13,17 fibrinogen (Fn),17 and lactoferrin (Lf).17 Various
aspects of the solution composition such as pH and I were also
evaluated in many of these studies.

The evaluation of protein adsorption to solid surfaces can be
studied using a range of techniques including ellipsometry, surface
plasmon resonance, and quartz crystal microbalance (QCM), and
various spectroscopic methods such as IR and fluorescence.18 The
choices are often limited either by the type of protein, type of
surface, or modifications on the surfaces. For example, in a recent
study comparing protein adsorption to eight different solid surfaces
using QCM-D they reported that this technique was unsuitable for
materials that swell,19 hence not suitable for the current study.
Likewise, techniques that require a very flat sample surface can be
problematic when working with “real samples” rather than model
substrates as is the case in the current study involving the modifica-
tion of poly(tetrafluoroethylene) (PTFE) membranes used in facial
reconstruction.20

Much of the research done on protein adsorption is focused on
understanding how to prevent the adsorption but for some applica-
tions protein adsorption is very much required and a part of the
success of the designed surface.21,22 For these types of applications,
the aim can be to prepare surfaces that ensure good interactions with
cells. Such surfaces should interact with proteins regardless of the
charge, composition, and so forth. In addition, it is important that
the proteins retain their native conformation in order to invoke an
appropriate cell response and as such, hydrophilic rather than hydro-
phobic surfaces are favored.21,22 Specifically, low pI proteins fibronec-
tin and vitronectin have been linked to osteoblast (bone forming cell)
adhesion,22 while a number of studies investigating protein adsorp-
tion to PAA surfaces have evaluated mainly SA and Lys.12–17 Our
work on the surface modification of expanded poly(tetrafluoroethy-
lene) (PTFE) is an example of aiming at enhancing osteoblast interac-
tions23 while minimizing the proinflammatory macrophage
response.24 This work has involved the grafting of phosphate and
carboxylate-containing monomers onto the surface using grafting-
from approaches where active centers are generated on the PTFE
surface by exposure to radiation (gamma or plasma).20,25 We have
demonstrated that for these materials, an enhancement in protein
adsorption resulted in enhanced osteoblast growth.23 Furthermore, a
number of low pI proteins including SA were detected on these sur-
faces when exposed to serum.24

The current study is focused on PAA-grafted PTFE mem-
branes and their interaction with proteins, i.e., SA, Lf, and Lys. The

choice of these proteins is to gain a fundamental understanding on
how the charge, molecular size, and structural stability of the pro-
teins affect their interaction with grafted PAA chains. The choice of
acrylic acid for surface modification stems from the recognition
that various functional groups such as amine, phosphate, and car-
boxyl have been shown to be essential for optimal cell attachment
and growth.21 The grafted membranes are all prepared by grafting-
from methods. They have been found to have different relative graft
densities and different relative chain lengths of the PAA graft
copolymer. Protein adsorption to the surfaces is studied using x-ray
photoelectron spectroscopy (XPS) as this method has been shown
to be very versatile and allows calculation of the relative amount
and/or protein thickness on the samples based on N 1s %.26,27 As
such, our study represents a detailed investigation of PAA graft
copolymer interactions with three different proteins with the aim
of evaluating the effect of graft-copolymer properties on protein
adsorption. This study will enhance the knowledge of protein
adsorption to grafted polymer solid surfaces and identify the graft
copolymer features that affect protein adsorption.

II. EXPERIMENT

A. Materials

Bovine lactoferrin (NatraFerrin) (Lf) ≥96% in its native form
was provided by MG Nutritionals®, Australia and found to have 12%
iron saturation.28 Lysozyme (Lys) from chicken egg white and bovine
serum albumin (SA) ≥96%, essentially fatty acid free, were obtained
from Sigma-Aldrich. PTFE membranes (0.01mm thick) were
obtained from Pall Corporation under the trade name of “Zefluor™
1.0 μm.” The membranes were pretreated by washing in methanol
overnight at 40 °C to remove any contaminants before being dried in
the oven until constant weight was achieved. The fabrication of some
of the acrylic acid grafted PTFE samples was carried out according to
our previous publications.29–31 Acrylic acid (AA) (99% containing
200 ppm methyl ether of hydroquinone inhibitor) and ammonium
iron (II) sulfate hexahydrate (Mohr’s salt, 99%) were obtained from
Sigma-Aldrich. Phosphate buffer (PB) with NaCl (PB, pH= 7.4,
I = 150mM) was prepared from analytical grade chemicals. 15ml
high-clarity polypropylene conical tubes from BD Falcon™ were
used for the protein adsorption studies. 18.2 mΩ ultrapure water
obtained by using Veolia PURELAB flex was used throughout.

B. Graft polymerization

One sample was prepared by grafting acrylic acid onto PTFE fol-
lowing a previously described procedure.30 In short, 10mm by
15mm washed PTFE samples were immersed in a solution (6ml) of
2% AA containing 1% Mohr’s salt as a homopolymer inhibitor and
irradiated at ambient temperature by simultaneous γ-irradiation using
a 220 Nordion Gammacell (Canada) with a 60Co source, total dose of
10 kGy and irradiation dose rate of 0.74 kGy h−1. The samples were
subsequently washed and dried prior to use. This sample is named
AA-2L to signify the monomer concentration and relatively low radi-
ation dose. Additional samples used in the study and prepared using
gamma-irradiation grafting are named AA-10L, AA-2H, and
AA-10H, where the number signifies the monomer concentration,
and L or H the relatively low or high dose rate, respectively. One
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sample was prepared using Ar plasma pretreatment induced grafting
and is named AA-P. The details are given in Table I.

C. Protein adsorption

The protein adsorption study was conducted in PB
(I = 150mM, pH= 7.4). In addition, some studies were done in salt
solution (I = 150mM, pH= 6.5) or in ultrapure water as a medium.
Protein solutions of 0.2 g l−1 were made in each medium. Each
sample was immersed in a Falcon™ tube containing 5 ml of
protein solution for 1 h at 37 °C, followed by thorough rinsing with
water. The samples were dried in a desiccator for about 3 days or
until constant weight was achieved before characterization was
carried out. Duplicate samples were investigated.

D. Characterization

The three protein structures were obtained from the RCSB
protein databank and were modeled using the CCP4MG software.32 The
PDB codes for bovine serum albumin, SA, hen egg white lysozyme,
Lys, and bovine lactoferrin, Lf, were 3V03A,33 2VB1,34 and 1BLF,35

respectively. The properties of the three proteins were analyzed using
the protein calculator website36 by inserting the corresponding
FASTA sequences found on the NCBI and PDB website.33–35,37

The water uptake of the AA grafted PTFE samples (AA-2L
and AA-10L) was carried out at room temperature (22 °C) in ultra-
pure water based on the literature.29 Membranes of various dimen-
sions (minimum 28mm2) were immersed in 3 ml water overnight.
After incubation, the samples were removed from water and excess
water was removed (by making contact between the sample and
filter paper) before the sample weight was determined. The equilib-
rium water uptake was calculated using the following equation:

Qe(%) ¼ Ws �Wd

Wgraft

� �
� 100 %,

where Ws is the weight of the swollen sample, Wd is the weight of
the dry sample, and Wgraft is the mass of the PAA copolymer on
the grafted membrane. The average and standard deviation are

reported based on four repeated measurements for one (AA-10L)
or three (AA-2L) different samples.

A SurPASS electrokinetic analyzer was used to investigate the
zeta potential (ζ-potential) of the unmodified PTFE and the AA-P
samples based on a streaming potential and streaming current mea-
surement. The sample was mounted on the adjustable gap cell
(standard size of 10 × 20mm2) in pairs, separated by a gap of
approximately 100 μm. Two 1 mM KCl solutions were prepared
and adjusted to pH 7.4 and pH 6.5, respectively, using 0.1M HCl
and 0.1M NaOH. 100 ml of the relevant KCl solution was filled
inside the hose system for the initial rinsing procedure. The flow
rate was ensured to be between 50 and 150 ml min−1 at 0.04MPa.
The following parameters were set-up for the run; target pressure
0.05MPa, 2 repetitions, a maximum time of 100 s each for filling,
rinsing, and emptying out the hose. A single measurement option
was adapted and the streaming potential was recorded by the
VISIOLAB SURPASS software. The Helmholtz–Smoluchowski approach
was used to evaluate the ζ-potential from the streaming potential
measurements obtained. The values reported are the average ± stan-
dard deviation of four sets of data obtained in each run.

The chemical composition of the samples was evaluated by
attenuated total reflectance infrared spectroscopy (ATR-FTIR) using a
PerkinElmer Spectrum 400 spectrometer. The spectra were obtained
in the frequency range of 4000–450 cm−1, at 4 cm−1 resolution with
an accumulation of four scans per analysis. The instrument was
equipped with an ATR ImaginG Accessory using a diamond crystal
window. The spectra were analyzed using the SPECTRUM software.

X-ray photoelectron spectroscopy (XPS) was used to analyze
the chemical composition of the surface both before and after
protein adsorption. It was performed on a Kratos Axis Ultra x-ray
photoelectron spectrometer using a monochromated Al Kα source
(1486.6 eV) at 15 kV and 10 mA (150 W) with a vacuum system
giving a base pressure of ∼10−8 Torr. Survey scans were carried out
at 1200–0 eV with 1.0 eV steps at a pass energy of 160 eV with a
dwell time of 100 ms; narrow scans utilized 0.1 eV steps at a pass
energy of 20 eV and a dwell time of 250 ms. The binding energy of
the PTFE samples was corrected based on the value of 292.5 eV for
the C-F peak of PTFE.38 The N 1s peaks were curve-fitted at

TABLE I. Physicochemical properties of solid samples.

Sample AA (%)
Dose rate
(kGy/h) GYa (%) GEb (%) θA (°) Qe (%)

ξ-potential
@ pH 6.5 (mV)

ξ-potential
@ pH 7.4 (mV)

ePTFE — — — — 115 ± 6c 0 −47 ± 2 −56 ± 1
AA-2Hc 2 1.5 18 ± 4 31 ± 1 88 ± 10 790 ± 30 n.d. n.d.
AA-10Hc 10 1.5 35 ± 1 48 ± 3 Hydrophilicf 660 ± 60 n.d. n.d.
AA-2L 2 0.74 20 ± 3 48 ± 13 Hydrophilicf 2000 ± 400 n.d. n.d.
AA-10L 10 0.74 39 ± 2 67 ± 7d Hydrophilicf 560 ± 90 n.d. n.d.
AA-P — — 3 ± 1e 86 ± 2e Hydrophilicf n.d. −57 ± 2 −70 ± 1

aGraft yield (GY): (mfinal−minitial)/minitial × 100%.
bGraft extent (GE obtained from XPS C 1s narrow scan data): (Ctot−CF)/Ctot × 100%.
cData from Ref. 29.
dData from Ref. 30.
eData from Ref. 31.
fWater was absorbed into material hindering the measurement of contact angles; n.d. not determined.
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binding energies of 399.1 ± 0.2 eV (amine), 400.3 ± 0.2 eV (amide)
and 401.8 ± 0.2 eV (protonated amine).38 CASAXPS software was used
to calculate the atomic concentrations and to curve fit the high res-
olution data. The measurements were performed on replicate
samples. Based on the nitrogen content in both the pure proteins
and in the samples subjected to protein adsorption, and by apply-
ing a method proposed by Ray et al.,27 the protein thickness, dN(1s),
was estimated based on the following equation:

dN(1s) ¼ �LN(1s)cos θ ln 1� [N]� [N]0
[N]1 � [N]0

� �
,

where LN(1s) is the electron attenuation length with a value of
3.013 nm (based on a binding energy for N 1s (amide) of 400.3 eV
and a corresponding kinetic energy of 1086.4 eV); θ is the angle of
emission of photoelectrons relative to the surface normal which in
our experiments was 0°; [N] is the measured atomic nitrogen
content; [N]0 is the atomic nitrogen content in the substrate (zero
in all cases); [N]∞ is the atomic nitrogen content in the protein as
determined by XPS for each individual protein. Protein adsorption
is considered significantly different between the samples when the
difference is greater than 10%.

III. RESULTS AND DISCUSSION

A. Preparation and characterization of the sample
surfaces

The grafting-from approach was used for the grafting of AA
from the PTFE substrate. This was achieved using either
gamma-irradiation induced grafting29,30 or Ar plasma pretreat-
ment induced grafting.31 The characterization of sample AA-2L
using ATR-FTIR and XPS is shown in Fig. 1. The ATR-FTIR
spectra [Fig. 1(A)] of both the PTFE substrate and sample AA-2L
show the characteristic bands of CF2 asymmetric and symmetric
stretching vibrations at 1205 and 1150 cm−1, respectively.30 Sample
AA-2L reveals additional bands indicating the introduction of car-
boxylic acid groups evident from the characteristic carbonyl group
stretch present at 1710 cm−1. The band at around 1450 cm−1 is
assigned to methylene stretching modes from PAA.30 The chemical

composition of the samples evaluated by XPS [Fig. 1(B)] revealed
only carbon and fluorine in the PTFE substrate in the survey
scans [Fig. 1(Ba)], while after grafting, oxygen was also present
[Fig. 1(Bb)]. After the adsorption of SA to sample AA-2L, nitro-
gen was observed in addition to the other elements [Fig. 1(Bc)].
The N 1s narrow scan is displayed in Fig. 1(C), where the peak
corresponding to an amide is present at 400.3 eV (90%) and pro-
tonated amine at 401.8 eV (10%). All other samples showed
similar spectral features before and after protein adsorption.

The samples selected for the protein adsorption studies all
carried carboxylic acid groups from the grafting of AA to PTFE
membranes. In addition, the untreated PTFE membrane served as
a control sample. The samples were characterized in terms of graft
yield (GY, mass gain due to the grafted chains), graft extent (GE,
based on C 1s narrow scan data, a measure of surface coverage),
contact angle measurements, and equilibrium water content. The
data are presented in Table I. For all samples, the XPS C 1s narrow
scan displayed a C 1s peak corresponding to a CF2 moiety in addi-
tion to C 1s peaks of the grafted PAA corresponding to a GE of
less than 100%. This indicates that the grafted layer is either not
complete (e.g., patchy) or that it in vacuum has a thickness less
than 10 nm.29–31 As will become clear from the protein adsorption
study described below, only minor protein adsorption is observed
on the control sample (PTFE). This means that the protein adsorp-
tion to the grafted samples can be directly attributed to the interac-
tions between the grafted PAA chains and the proteins. From the
data in Table I it can be observed that for the samples prepared
using gamma-irradiation induced grafting, the AA concentration
strongly influenced the GY with the samples grafted using 2% AA
yielding values of 18–20% while using 10% AA yielding higher GY
values of 35%–39%. This correlates with the molecular weight of
polymers produced by radical polymerization increasing with
monomer concentration. The GE, however, was dependent not
only on the AA concentration but also on the dose rate. Indeed,
lower dose rates and higher AA concentrations resulted in signifi-
cantly higher GE values. The effect of the dose rate can be rational-
ized by the formation of more “efficient” radicals39,40 in the PTFE
substrates resulting in more sites initiated for grafting-from at the
lower dose rate and therefore more grafted chains are present on

FIG. 1. (A) FTIR spectra of (a) PTFE and (b) sample AA-2L; (B) XPS survey scan spectra of (a) PTFE, (b) AA-2L, and (c) sample AA-2L after SA adsorption from a
NaCl solution (I = 150 mM, pH = 6.5); (C) XPS N 1s narrow scan of sample AA-2L after SA adsorption from a NaCl solution (I = 150 mM, pH = 6.5).
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the surface. It should be noted that grafting onto the PTFE mem-
brane can occur not only on the top surface but also within the
surface of the pores as a result of a grafting-front-like mechanism
and as such, the “surface”, when discussing relative GY, is the
entire membrane surface including the pores. However, upon dis-
cussing protein adsorption where XPS is used to evaluate the
amount and protein layer thickness, only the top surface is consid-
ered. Overall this means that the samples grafted using gamma
irradiation differ both in the chain length of the PAA chains
(longer for AA-10H compared to AA-2L and AA-10L, as well as
longer for AA-2H compared to AA-2L) and in the graft density
(decreasing order of AA-P > AA-10L > AA-2L, AA-10H > AA-2H)
as illustrated in Fig. 2. The sample prepared using Ar plasma pre-
treatment induced grafting (sample AA-P) displayed a very low
GY combined with the highest GE meaning that this sample has
the shortest PAA chain length and highest surface coverage among
all the samples in this study. It is of interest in this study to

evaluate if different chain-lengths and surface coverages of the
samples result in different protein adsorption outcomes.

The control sample, PTFE, is characterized as being highly
hydrophobic with a contact angle of 115° and no measurable water
uptake (Table I). The surface charge of the control sample was
determined by measuring the ζ-potential using the method of
streaming potential which was conducted at pH 6.5 and 7.4. PTFE
has been reported to have an isoelectric point in the range of pH
3–4 and the interfacial surface charge of hydrophobic materials
such as PTFE in electrolyte solutions has been found to be pH
dependent.41–43 The negative charge of PTFE can be attributed to
the preferential adsorption of OH− that occurs on hydrophobic
surfaces. The greater negative ζ-potential observed at pH 7.4
(–56 mV) compared to that at pH 6.5 (–47 mV) is in accordance
with this interpretation. This result is in agreement with various
studies on PTFE which recorded a negative ζ-potential ranging
from –47 to –80 mV in the pH range of 6–8.17,44,45

The grafting of AA onto the membranes changes the materials
to become hydrophilic. Only for one grafted sample, AA-2H, a
contact angle value could be estimated and was found to be signifi-
cantly reduced (88°) compared to the PTFE control sample
(Table I). However, the water contact angle could not be obtained
for the remaining samples due to water being absorbed rapidly into
the grafted PTFE membranes leaving no water on the surface for
the measurement. The surface that does not show complete wetting
is the sample with the lowest GE (AA-2H), which could be related
to the grafting being patchy and the PTFE membrane contributing
significantly to the surface chemistry. The ζ-potential measure-
ments of sample AA-P showed that the surface charge of the mem-
brane was significantly lower than that of PTFE with a decrease by
10 mV at both the pH values investigated (ζ-potential = –70 mV at
pH 7.4 and –57 mV at pH 6.5). The highly negative ζ-potential
value for this sample is attributed to the carboxylate groups on the
surface. The ζ-potential value was significantly higher (less nega-
tive) at pH 6.5 compared to that at 7.4 which is attributed to the
smaller number of dissociated carboxylate functional groups at
lower pH in agreement with the fractional number of monomers
charged in the chain calculated to be approximately 0.2 at pH 6.5
while approximately 0.4 at pH 7.4.7 While the ζ-potential could not
be obtained for the samples grafted using gamma irradiation due to
their uneven surface, it can be extrapolated that these materials will
carry a negative charge in aqueous solution similar to that of
sample AA-P. Other studies investigating protein adsorption to
PAA-modified surfaces revealed ζ-potential values at pH 7.4 of
approximately −10 mV (Ref. 16) and −80 mV (Ref. 17), thus our
findings fall within this range and are closer to the latter study.

The equilibrium water content (with regards to the PAA graft
copolymer) of the grafted membranes AA-2H, AA-10H, and
AA-10L was similar. In contrast, AA-2L (which has an inferred
intermediate chain length) displayed a water uptake more than twice
that of the other samples (Table I). The equilibrium water uptake in
cross-linked acrylic acid hydrogels in aqueous medium has been
shown to decrease with an increasing degree of cross-linking.46–48

The polymer topology of the grafted PAA copolymer is difficult to
evaluate directly but can, in a comparative manner, be evaluated
based on the equilibrium water content. In addition, in our previous
study, we estimated the polymer topology of the grafted PAA

FIG. 2. Schematic illustration of the relative differences in the properties of the
solid surfaces. Differences in GE are illustrated by the black (grafted) and gray
(no-grafted) spheres; differences in the relative chain length are illustrated by
the length of the chains of the surface; the hydrophobic surface, AA-2H, is on a
textured background.
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copolymer for samples AA-2H and AA-10H which is branched and
cross-linked (gel), respectively, based on solution polymerization
studies.29 The process of tethering a polymer chain to a surface con-
tributes to restrict swelling in a similar manner that cross-linking
does. In summary, the very high equilibrium water content of
sample AA-2L indicates that the PAA graft copolymer is not or only
weakly cross-linked and has high mobility which correlates with the
relatively low GY yet relatively high GE (e.g., a small number of rela-
tively short polymer chains are spread across a large area, relative to
the other samples as illustrated in Fig. 2). In a similar manner,
sample AA-P is likely to have linear chains of high mobility due to
the method of preparation involving grafting from the surface in the
absence of a radiation source.31 Thus, we end up having different
surfaces due to GE (31%–86%) and GY (3%–39%), and contact
angles (<10°–88°) but similar surface chemistry. The relative differ-
ence in the resulting chain length and the difference in GE and wet-
tability are illustrated in the schematic in Fig. 2 (where any potential
chain branching or cross-linking has been excluded).

B. Characterization of the proteins

The proteins SA, Lys, and Lf were chosen for the current study
based on the different sizes and pI values. The properties of the three
proteins are listed in Table II. SA is a large protein containing 583
amino acids. It has a pI of 5.7 and as such, will carry a net negative
charge at neutral pH. It has a tertiary structure consisting of three
domains. From the electrostatic surface map of SA [Fig. 3(A)], it can
be seen that two domains are negatively charged, while one is posi-
tively charged.49 Albumin is also known to easily change the confor-
mation upon adsorption and is therefore considered a “soft”
protein.50,51 This correlates with a relatively low Tm value of 63 °C for
an ionic strength of 0.1M.49,52,53 Lys is a small protein that contains
129 amino acids and has a molecular weight of 14.3 kDa,34 while Lf
is a large protein made of 689 amino acids with a molecular weight
of 76.1 kDa.35 Lys and Lf have high pI values with those determined
from the protein calculator website36 (Table II) in good agreement
with those previously reported; 9.3 for Lys52 and 8.7 for Lf.28 As
such, these proteins (Lys, Lf) carry a net positive charged surface at
neutral pH. The surface map of Lys shows a number of positive
domains and a negatively charged region in a cleft in the structure
[Fig. 3(B)]. The four disulfide bonds in Lys provide high pH and

thermal conformational stability, and therefore it is generally consid-
ered a “hard” protein.50 Lf has a very large positive domain at the
N-terminal as clearly shown in the electrostatic surface map
[Fig. 3(C)]. In addition, its main negative domain is a cleft with
minor negative domains appearing across the surface [Fig. 3(C)]. Lf
in its native form (12% iron saturation) has a Tm value of 61.3 °C28

and can therefore be considered as a “soft” protein similar to SA.
Because the protein adsorption to the grafted surfaces was evalu-

ated using XPS, it was important to also examine the proteins them-
selves by XPS. The data displayed in Table II show that while SA and
Lf have similar N-content, that of Lys is significantly higher. This cor-
relates well with the theoretical nitrogen contents of the proteins, also
listed in Table II, where the value of Lys is significantly higher. The
adsorption of proteins was evaluated from N 1s % from the XPS
survey scans with values presented in Fig. 4(A) and Table III. Since
the substrates contain only C, O, H, and F, the presence of nitrogen
correlates directly with the amount and/or thickness of the adsorbed
protein.26,27 The calculated protein thickness based on the formula
proposed by Ray et al.27 is displayed in Fig. 4(B) and Table III.

C. Adsorption of proteins to the control PTFE surface

The medium used for the investigation of protein adsorption
was PB with a pH value of 7.4 (I = 150 mM). At this pH the
PTFE substrate is negatively charged as is SA, while the Lys and
Lf are positively charged overall (Table II). Protein adsorption to
PTFE (Fig. 4) showed similar trends for both atomic N 1s% and
protein thickness values. Only minor protein adsorption (≤1.7% N,
≤0.37 nm thickness), for all proteins investigated, was observed on
the untreated hydrophobic PTFE membrane. A study by Suzuki et al.
found foetal calf serum (containing a large amount of albumin) to
adsorb onto an PTFE membrane with 2% of N as determined by
XPS,23 which is similar to the amount observed in the current study.
Zardeneta et al.54 evaluated the mechanism of adsorption of SA onto
particulate PTFE by using a number of additives (urea, NaCl, and
sodium dodecyl sulfate) and concluded that protein adsorption to
PTFE was primarily mediated by hydrophobic interactions.

D. SA adsorption on PAA-modified surfaces

The adsorption of SA to grafted PTFE substrates in PB was
evaluated as above from N 1s% from the XPS survey scans with

TABLE II. Properties of the investigated proteins.

Protein
M

(kDa) pI

Amino acidsa

N-contenta

(%)
Ntot

b,c

(%)
NHC

(O)b,d (%)
NH3

+b,d

(%)Total
Nonpolar

(%)
Polar
(%)

Acidic
(%)

Basic
(%)

SA (Bos Taurus) 66.4 5.7 583 40 26 17 17 16.5 14.9 92.6 7.4
Lys (Gallus Gallus) 14.3 9.3 129 44 35 7 14 18.9 17.0 96.0 4.0
Lf (Bos Taurus) 76.1 8.7 689 46 28 11 15 17.3 14.7 93.9 6.1

aCalculated using the protein calculator website (Ref. 36) by inserting the corresponding FASTA sequences found on the NCBI and PDB website (Refs. 33–35
and 37).
bEvaluated from XPS.
cXPS survey scans.
dXPS high resolution scans, fitting only two components to the N 1s narrow scan.
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data presented in Fig. 4. There was no significant difference in
the SA adsorption to the different PAA-grafted surfaces pre-
pared using gamma-irradiation grafting. The SA adsorption was
in all cases relatively low (2.5%–3.1% N 1s; 0.55–0.70 nm thick-
ness), yet, significantly higher than that for the untreated PTFE.
The amount of SA adsorption to the AA-P sample which has
the shortest PAA chain length and highest surface coverage
(Fig. 2) fell in-between those of the other grafted samples and
unmodified PTFE. Considering that SA is a soft protein, it is
possible that in these samples, SA interacts with its positively
charged domains and through hydrophobic interactions with the
grafted PAA chains. For samples AA-2L and AA-10L, protein
adsorption was also done from a NaCl solution (I = 150 mM,
pH = 6.5, Table III). Based on the ζ-potential data of sample
AA-P (Table I) and previous studies,7,8 it is expected that the

FIG. 3. Electrostatic surface maps of SA (A), Lys (B), and Lf (C) generated from the CCP4MG software (red—negative, blue—positive, and white—neutral). Note that these
images do not reflect the relative protein size (Table II gives this information).

TABLE III. Protein adsorption to solid samples in media other than PB evaluated
from the atomic nitrogen percentage, N 1s (%), obtained from XPS survey scans.

Sample Protein Medium
N(1s)a

(%)
dN(1s)

b

(nm)

AA-2L SA NaCl, I = 150mM, pH= 6.5 7.9 2.3
AA-10L 7.2 2.0
AA-2H SA Water, I∼ 0 mM, pH= 6.5 2.7 0.6
AA-10H 5.1 1.3
AA-P 9.3 2.9
AA-10L Lf NaCl, I = 150mM, pH= 6.5 6.6 1.8

Lys 2.7 0.5

aEstimated error of ±10%.
bCalculated protein layer thickness according to Ray et al. (Ref. 27).
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surface structure of PAA on the grafted PTFE samples encoun-
tered by the proteins in the two media is different. Specifically,
a higher degree of dissociation of the PAA polymer is expected
at pH 7.4 compared to that at pH 6.5 as observed in this study
for sample AA-P (Table I). There will thus be a higher degree
of chain repulsion at higher pH due to the larger proportion of
deprotonated carboxylate groups. While it has been reported
that PAA in aqueous solution displays pH responsive properties
only when the molecular weight is above 16.5 kDa,7 the equilib-
rium water uptake for acrylic acid hydrogels have been reported
to increase with increasing pH.55 For the grafted PAA chains in
the current study, it is therefore expected that a more swollen
surface structure with an overall higher negative charge exists in
PB compared to that in the NaCl solution.

It was found for both samples that the SA adsorption increased
significantly, N 1s (%) of 7.9% and 7.2% for samples AA-2L and
AA-10L, respectively, in the NaCl solution (Table III). This corre-
sponds to a protein thickness of 2.3 and 2.0 nm, respectively. The
similar values obtained for AA-2L and AA-10L indicate that the sig-
nificantly different equilibrium water uptake in water does not affect
the protein adsorption behavior in this medium. The increased SA
adsorption in the NaCl solution does not support electrostatic attrac-
tive interactions playing a major role but rather that electrostatic
repulsion (SA carries a higher negative charge at pH 7.4 compared
to that at pH 6.5)14 is important. In addition, this indicates that
hydrophobic attractive interactions dominate. Thus, as both SA and
the PAA chains carry a lower negative charge at lower pH the
electrostatic repulsion is reduced while the hydrophobic attrac-
tions are increased. These findings are in agreement with those
of Belegrinou et al.17 who investigated SA adsorption to PAA
films obtained via plasma polymerization and with those of de Vos
et al.14 and Wittemann et al.15 who investigated SA adsorption to
PAA brush layers. Belegrinou et al. observed maximum adsorption
for SA at pH 5.5 (phosphate buffer, 10 mM) which corresponds to
the pI of SA and concluded that the electrostatic interactions
between BSA and the surface played a minor role in the pH range of
4–7 and that hydrophobic interactions are favoured.17 Wittemann

likewise found higher SA adsorption to their PAA brush samples at
pH 6.1 compared to that at pH 7.2 (I = 10mM).15 The study by de
Vos revealed that the surface charge of SA is independent of ionic
strength (I = 10–150mM) above pH 5. The SA adsorption was found
to be significantly higher at pH= 6 (I = 10mM) compared to that at
pH= 7 (I = 10mM).14

In the present study, no effect of chain length or graft density
was observed for SA adsorption at pH 6.4 and 7.4 (I = 150mM)
which is in contrast to the previous study by de Vos who observed
a dependence on the graft density at low pH (up to pH= 6,
I = 10mM).14 This discrepancy may be attributed to the high ionic
strength used, since the study by Wittemann et al. revealed a
decrease in the SA adsorption with increasing ionic strength
(pH = 6.1).15 The study by de Vos revealed no significant differ-
ence in the SA adsorption to their PAA brush surfaces for differ-
ent chain lengths of PAA at pH 6.5 and 7 (I = 10 mM).14

Therefore, to evaluate the effect of graft density on SA adsorption
at low ionic strength, we investigated SA adsorption in water for
AA-2H, AA-10H and AA-P (GE values of 31%, 48%, and 86%,
Table III). Here it was found that the N 1s percentages increased
from 2.7% to 5.1% and 9.3% (corresponding protein thicknesses
of 0.6, 1.3, and 2.9 nm) thus showing a clear trend of increased
SA adsorption with increasing GE. It is likely that the very low
ionic strength and low pH cause a collapse of the PAA chains and
that in this media, there is no protein penetration into the grafted
layer leaving only the exposed surface for hydrophobic attractive
forces to the protein resulting in a good correlation with the
percent of the surface covered by PAA.

E. Lys and Lf adsorption on PAA-modified samples

The amount of Lys and Lf adsorbed from PB was signifi-
cantly greater than that of SA on all PAA-modified samples
(Fig. 4). In this media, both Lf and Lys are positively charged and
the PAA chains carry negative charges. As such, the adsorption
of Lys and Lf onto the PAA-modified samples is likely to be gov-
erned predominantly by electrostatic attractive interactions which

FIG. 4. (A) Atomic percentage, N 1s (%), obtained from the XPS survey scans after protein adsorption from PB. All data have an estimated error of ±10%. (B) The
calculated protein layer thickness according to Ray et al. (Ref. 27).
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has been proposed previously for Lys and Lf adsorption to
carboxylate-containing materials.12,17 Our previous study using
MALDI-ToF-MS to identify proteins adsorbed from serum revealed
low pI proteins only.24 Considering the finding of the current study
that the high pI proteins Lys and Lf adsorb to a greater extent than
SA, it can be inferred that our previous study underestimated the
number and types of proteins adsorbed from serum.

It was found in the current study that the amount of Lys and
Lf adsorbed differed between the different PAA-grafted samples.
Only one sample was found to be hydrophobic (AA-2H) while all
other samples were very hydrophilic (Table I). Yet, no correlation
between the protein adsorption and sample hydrophobicity was
observed and it would appear that other sample features are domi-
nating the outcomes. When comparing the samples that have the
same GE value but different GY values (samples AA-10H and
AA-2L, Table I), it can be seen that the amount of Lf and Lys
adsorption increases with increasing GY. Thus, higher protein
adsorption is seen with a higher chain length of the grafted PAA
chains (Fig. 2). In addition, both of these samples show similar
amounts of Lf and Lys adsorption (Fig. 4). This supports the direct
interaction between the PAA chains and the proteins. It cannot be
ruled out that the significantly higher equilibrium water content of
AA-2L is a contributing factor to the lower amount of protein
adsorption on this sample.

Comparing the pairs of samples with similar GY but different
GE (AA-2H and AA-2L as well as AA-10H and AA-10L, Table I)
shows in both cases that a higher GE results in lower protein
adsorption for both Lf and Lys. This may be counter intuitive as a
higher GE represents a higher percentage of the surface covered by
the PAA graft copolymer. However, it should be considered that
the samples with lower GE (AA-2H and AA-10H) likely have a
longer PAA chain length as illustrated in Fig. 2. Indeed, the two
surfaces with the lowest chain length, AA-2L and AA-P show the
lowest amounts of Lys and Lf adsorption. A strong correlation
between the PAA molecular weight and its association with
α-amylase was demonstrated in solution (below the pI of
α-amylase) using turbidity measurements.56 It can thus be inferred
that the increased protein adsorption on AA-2H and AA-10H in
the current study is related to the higher molecular weight of the
grafted PAA polymer in samples AA-2H and AA-10H compared
to AA-2L and AA-10L, respectively. This implies that the proteins
are penetrating into the grafted PAA layer in the PB medium rather
than interacting only with the segments exposed at the outermost
surface. This illustrates that not only the smaller Lys but also the
significantly larger Lf protein can penetrate into the grafted PAA
layers.

For one sample in the current study, sample AA-10L, there
was a significant difference in the adsorbed amounts of Lys com-
pared to Lf. For this sample, protein adsorption was also done
from a NaCl solution (I = 150mM, pH= 6.5, Table III). It was
found that the amount of Lf significantly increased (N 1s = 6.6%,
thickness dN1s = 1.8 nm) while that of Lys significantly decreased
(N 1s = 2.7%, thickness dN1s = 0.5 nm) in NaCl thus reversing the
trend compared to PB. Previous studies investigating the Lys
adsorption of hydrogel samples have revealed a higher amount of
Lys adsorption at low pH,12,13 thus differing from the results of the
current study which could be due to the highly cross-linked

networks compared to the branched or weakly cross-linked PAA
layers in the current study. In the study by Belegrinou et al. investi-
gating protein adsorption to plasma polymer films,17 Lys was
found to adsorb partly reversibly and in lower amounts at pH 5.5
compared to that at pH 7, while Lf was found to adsorb irreversibly
with similar large amounts at the two pH values (I = 10mM).

In order to interpret the observation of the enhanced Lys
adsorption at pH 7.4 compared to that at pH 6.4 in the current
study it should be considered that the charge density of Lys is not
affected significantly by pH in this pH range.10 Lys has a small size
(Table II) and may therefore penetrate readily into the grafted layer
of the swollen PAA chains regardless of pH. However, protein-
protein charge repulsion may dominate more at lower pH where a
smaller portion of the repeat units of the grafted PAA chains
carries a negative charge. It thus appears that the higher Lys
adsorption to sample AA-10L in PB compared to that in NaCl is
related to the stronger interaction with the highly charged grafted
chains through electrostatic attractive forces.

The Lf adsorption to sample AA-10L shows a smaller, yet sig-
nificant, difference at the two pH values in the current study. The
charge of Lf (as evaluated from its zeta potential) is significantly
higher at pH 6.5 compared to that at pH 7.4 (zeta potential values
of +15 and +10 mV, respectively).28 It thus appears that the differ-
ent zeta potential of Lf in the different media is allowing a larger
amount to be adsorbed in the NaCl solution. Thus, the higher posi-
tive charge on Lf is able to compensate for the lower fraction of
carboxylate groups on the grafted PAA chains leading to the overall
greater protein adsorption at pH 6.5. For most of the samples in
the current study it would appear that both Lf and Lys adsorption
are dominated by electrostatic attractions. Considering the large dif-
ferences in the protein structures of Lys and Lf, it is intrigued that
only one sample in the current study discriminated between Lys
and Lf adsorption which clearly illustrates that subtle differences in
the PAA chain length and graft density can have a pronounced
effect on protein adsorption.

IV. CONCLUSION

In general, SA adsorbs less than Lys and Lf to the grafted sur-
faces, supporting the already published findings that hydrophobic
attractive forces and ionic repulsion dominate the protein adsorp-
tion in this case. However, when the SA adsorption was done from
a medium with low ionic strength, a clear correlation between GE
and the amount of SA adsorption was observed, which could be
due to the interactions with the collapsed grafts. The adsorption of
the positively charged proteins Lf and Lys did not differ signifi-
cantly between the different grafted surfaces when evaluated at rela-
tively high ionic strength (I = 150mM) and high pH (7.4). In
general, the amount of Lys or Lf adsorption correlated with the
PAA chain length indicates that both proteins can penetrate into
the grafted layers of these surfaces.

All grafted PAA layers on the PTFE membranes show good
protein adsorption of the overall positively charged proteins Lys
and Lf, and to a lesser extent of the overall negatively charged SA.
Since protein adsorption is a condition for cell attachment and pro-
liferation, these surfaces all appear to be suitable for use in bioma-
terial applications where tissue ingrowth is desired. It is clear from
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this study that enhanced protein adsorption in a medium with high
ionic strength (e.g., biological fluids) can be achieved by enhancing
the PAA chain length rather than the surface coverage.
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