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Stiff Chains Inhibit and Flexible Chains Promote
Protein Adsorption to Polyelectrolyte Multilayers+

Bo Wu,” Guangming Liu,** Guangzhao Zhang® and Vincent S. J. Craig*"

We tested the hypothesis that the level of protein adsorption onto polyelectrolyte multilayers
(PEMs) is influenced by the chain stiffness of the polymers forming the multilayer. The
implication being that by altering the chain stiffness, PEMs can be formed that promote or
inhibit protein adsorption. Protein adsorption to PEMs consisting of flexible and semi-flexible
polyelectrolytes was investigated. The flexible polyelectrolytes were poly(sodium 4-styrene
sulfonate) (PSS) and poly(diallyldimethylammonium chloride) (PDDA) and the semi-flexible
polyelectrolytes were sulfated chitosan (SC) and cationic guar gum (CGG). Polyelectrolytes
were used in pairs to produce four types of polyelectrolyte multilayer films. Moreover, each of
these films could be terminated with either of the polyelectrolytes resulting in protein
adsorption being studied on 8 systems. Protein adsorption was investigated by optical
reflectometry and quartz crystal microbalance with dissipation using bovine serum albumin as
the test protein. We found that when a pair of semi-flexible polyelectrolytes were used very
little protein adsorption took place, irrespective of which polyelectrolyte was used to terminate
the film. When the film was formed by flexible polyelectrolytes, significant protein adsorption
took place and the degree of adsorption depended strongly on which polyelectrolyte was used
to terminate the film. We explain these observations by considering the conformation of the
polyelectrolyte in the outermost region of the film and relate this to the flexibility of the
polyelectrolyte chains employed to produce the polyelectrolyte multilayer.

interactions between protein molecules and surfaces. In
contrast, protein adsorption can be reduced by specific

Protein adsorption at interfaces plays an important role in
numerous applications including biosensors, immunoassays,
medical implants, drug delivery and food processing.'” The
promotion of protein adsorption is desired in some cases while
the inhibition of protein adsorption is the goal in other cases.®
For example, selective adsorption of specific proteins is
required for biological sensors.” On the other hand, preventing
nonspecific protein adsorption reduces thrombus formation in
blood-contacting devices and limits the initial stages of bacteria
adhesion and hence biofilm formation.®’ Furthermore, protein-
resistant properties will extend the service life and
biocompatibility of these devices. Thus, understanding and
controlling protein adsorption remains an important technical
and practical challenge offering significant economic and
societal rewards.

Electrostatic interactions have a strong influence on protein
adsorption. Surfaces of unlike charge attract proteins and
surfaces of like charge repel them, but other factors also
influence protein adsorption. For example, protein adsorption

can be promoted by hydrogen bonding and by hydrophobic
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interactions between a surface and solvent such as employed in
the antifouling material poly(ethylene glycol) (PEG) or
polyzwitterion-based films.'""

Polyelectrolyte multilayer films, formed by exposing a
surface alternately to anionic and cationic polymers, can also be
used to control protein adsorption.'®?* Protein adsorption to a
multilayer surface of the opposite charge can be significantly
enhanced by the incorporation of protein molecules into the
inner region of PEM.'™" That is when adsorption is
accompanied by absorption, the total amount of protein
associated with a surface can be significantly increased. In
contrast, protein molecules only adsorb to the exterior of the
multilayer surface when it carries an identical charge to the
protein.!” Protein resistant properties are also exhibited by
PEMs when a hydrophilic PEG block is incorporated into the
multilayer due to the strong PEG-water interactions.”> When
the polymers themselves do not possess such antifouling
properties it is argued that protein resistance can accrue if the
PEM film is organized to form a zwitterionic net neutral
surface.' Our hypothesis is that the relative chain stiffness of
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the polyelectrolytes is important in the organization of the films
and this is significant in determining the level of protein
adsorption. Polyelectrolyte multilayers consisting of relatively
stiff chains will be less susceptible to fouling by protein
adsorption, as PEMs consisting of stiff chains present a flat,
near electrically neutral surface with few favorable
configurations for protein adsorption, whereas flexible chains
do not form electrically neutral domains and favour protein
adsorption.

Protein adsorption is largely determined by interactions
between the protein and the terminating surface of the PEM.
The properties of the outermost region of the film will be
influenced by the flexibility of the polyelectrolytes that make
up the PEM.?**® When a flexible polyelectrolyte is used in the
terminating layer of a PEM the outermost region of the film
will be characterized by more loops than when a stiff
polyelectrolyte is employed, which will tend to lie flat on the
surface. Flexible chains with many loops, will promote charge
reversal of the film through charge overcompensation.”’** By
contrast, chains lying flat on the surface will result in surfaces
of low charge in comparison to flexible chains with many
loops. Moreover, flexible chains in loops have more degrees of
freedom and are therefore more able to adopt conformations
that promote favorable interactions with an adsorbing protein.

The growth behavior and surface topography of four types of
PEMs which are constructed from flexible and semi-flexible
polyelectrolytes with different
persistence lengths has been extensively characterized by
QCM-D and AFM imaging of the films previously.”’ In this
previous work, two flexible polyelectrolytes, i.e., anionic
poly(sodium (PSS)
poly(diallyldimethylammonium chloride) (PDDA) and two

in pairs intrinsic  chain

4-styrenesulfonate) and  cationic
semi-flexible polyelectrolytes, i.e., anionic sulfated chitosan
(SC) and cationic guar gum (CGG) were employed to construct
the PEMs and the results showed that PEMs will exhibit
different

conformations

surface roughness, distinct interfacial chain

and different
overcompensation at the terminating surface due to the different

extents of surface charge
chain stiffness.”” Thus, it is expected that these features will
also influence the protein adsorption on the PEMs interface.
Here, we extend this investigation to the adsorption of bovine
serum albumin (BSA) using optical reflectometry (OR) and
quartz crystal microbalance with dissipation (QCM-D) on the
surfaces of those preformed four types of PEMs and in order to
understand how these changes influence protein adsorption.

II Materials and methods
Materials

Two anionic and two cationic polyelectrolytes were chosen
based on their flexibility as characterized by the chain
persistence length. PSS (M,, ~ 1.0 x 10° g'mol™') and PDDA
(M,, ~ 4.5 x 10° g'mol™), were sourced from Sigma-Aldrich
and used as received. Details about the purification of CGG
(M,,~ 1.5 x 10® g'mol™") and the preparation of SC (M,,~ 6.2 x
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10* gmol') have been  described previously.?’
Poly(ethyleneimine) (PEL, M,, ~ 2.5 x 10* g'mol™") and BSA (
=98%, M,, ~ 6.8 x 10* Da, pI ~ 4.8) were purchased from
Sigma-Aldrich and used as received. Sodium chloride (NaCl),
potassium chloride (KCl), sodium phosphate dibasic
(Na,HPO,), and potassium phosphate (KH,PO,) were all AR
grade and were used as received. The water used was purified
by filtration through a Millipore Gradient system after
distillation, giving a resistivity of 18.2 MQ-cm. Phosphate
buffered saline (PBS, 0.14 M, pH 7.4) solution was prepared
using NaCl, KCl, Na,HPO,, and KH,PO,.

Preparation of Polyelectrolyte Multilayers

Our previous study showed that the structure of polyelectrolyte
multilayer is significantly influenced by ionic strength in a
complex manner and by the specific nature of the ions.”’ In the
present study, BSA dissolves in PBS buffer which has the ionic
strength of 0.14 M similar to that of the physiological
environment. We chose the ionic strength of 0.1 M to construct
the PEMs because this ionic strength is close to that of the PBS
buffer. Thus, the addition of BSA solution to the multilayer
during protein adsorption will not generate a significant
disturbance to the structure of the PEMs. If the PEMs are
constructed under much higher or lower ionic strengths than
0.14 M, the addition of BSA solution will change the structure
of PEMs dramatically, which will be disadvantageous for the
investigation of protein adsorption. Therefore, all the PEMs in
this study were constructed at an ionic strength of 0.1 M. The
detailed procedure for preparing PEMs is as follows.

Pre-cleaned substrates were immersed in PEI solution (1.0
mg'mL™") for ~ 20 min and then rinsed with water to produce a
uniform positively charged coating which is known to minimize
the influence of the substrate on the growth of the multilayers.”’
Multilayers were grown by alternately depositing first a
polyanion and then a polycation onto the surface by immersing
the substrate in a 0.1 M NaCl solution containing 0.1 mg-mL"'
of the polyanion or polycation for 20 min. Three rinses using
0.1 M NaCl solution were used between depositions to avoid
the formation of loose polyelectrolyte complexes on the surface.
The process was repeated to produce a polyelectrolyte
multilayer (PEM) with the desired number of layers. We use
the following abbreviations to describe the PEMs produced.
When the PEM is terminated by a polycation and n bilayers are
formed, we use (polyanion/polycation), to represent the PEM.
Here the total number of layers is 2n. When the PEM is
terminated by a polyanion the multilayer is denoted as
(polyanion/polycation),polyanion and the total number of
layers is 2n+1.

Optical Reflectometry

The dry mass of BSA adsorbed on the PEMs was measured
using a custom built, fixed-angle optical reflectometer.’® The
term ‘dry mass’ is used to distinguish it from measurements
with QCM-D, which includes the mass of water associated with
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the protein. OR relies upon the change in reflective properties
of a substrate that occur upon adsorption of the species of
interest.’!*> To convert changes in optical properties to surface
excess, an optical model is required to calculate the sensitivity
parameter which is used to convert changes in the polarization
of reflected light to a measure of surface excess (/).”* In a
typical reflectometry experiment, the cell initially contains only
PBS buffer while a stable baseline is recorded for the PEM
coated surface. 1.0 mg'mL"' BSA in PBS buffer solution was
then injected into the cell via a two-way valve and the change
in the ratio of the two perpendicular polarizations of the laser
beam was recorded which is proportional to the surface excess,
r
A8

SO As

=

(H
where S is the baseline ratio of the reflectivities of the p and s
components, i.e. Sy = R,/R, (usually ~ 1), AS = §-S; is the
change in the polarization, and A, is the sensitivity parameter.
The sensitivity parameter (4;) was determined from a five-layer
Fresnel optical model by taking the refractive indices of PBS
buffer, silica, and silicon as 1.34, 1.46, and 3.80, respectively,
and by using a dn/dc value of 0.19 cm®g”' for the BSA/PBS
buffer solution.’® The bulk solution and silicon substrate were
treated as semi-infinite. Here, silicon wafers (50 mm x 10 mm)
with a well-defined 320 nm oxide layer were employed in the
OR experiments (Silicon Valley Microelectronics, CA). All the
OR measurements were conducted at 25 + 0.2 °C.

QCM-D Measurements

QCM-D (Q-sense E1) and the AT-cut quartz crystals were from
Q-sense AB.* The quartz crystal resonator with a fundamental
resonance frequency of 5 MHz was mounted in a fluid cell with
one side exposed to the solution. The resonator has a mass
sensitivity constant (C) of 17.7 ng-em™>Hz'*® When a quartz
crystal is excited to oscillate in the thickness shear mode at its
fundamental resonance frequency (fy) by applying a RF voltage
across the electrodes near the resonance frequency, a small
layer added to the electrodes induces a decrease in resonance
frequency (Af) which is proportional to the mass change (Am)
of the layer. In vacuum or air, if the added layer is rigid, evenly
distributed and much thinner than the crystal, Af is related to
Am and the overtone number (7 = 1, 3, 5....) by the Sauerbrey
equation®’
Am = —'OLI"E =-C Y

fo n n )
where f; is the fundamental frequency, p, and /, are the specific
density and thickness of the quartz crystal, respectively. The
dissipation factor is defined by*’

E,

27k,

D=

3)
where E, is the energy dissipated during one oscillation and E;
is the energy stored in the oscillating system. The measurement
of AD is based on the fact that the voltage over the crystal
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decays exponentially as a damped sinusoidal wave when the
driving power of a piezoelectric oscillator is switched off.** By
switching the driving voltage on and off periodically, a series of
changes of the resonance frequency and the dissipation factor
are obtained. In the protein adsorption measurements, the PBS
buffer was used to establish the baseline and the concentration
of BSA was fixed at 1.0 mg-mL™'. The Sauerbrey mass of the
adsorbed protein was calculated from the change in Af at the
third overtone (n = 3). As the Sauerbrey equation might not be
valid for a viscoelastic protein layer, the hydrodynamic mass
(M;) was obtained by fitting the changes of Af'and AD atn =3,
5, and 7 on the basis of the Voigt model using Q-tools software
from Q-sense AB.*® All the QCM-D experiments were
performed at 25 + 0.02 °C. It is important to recognize that
QCM-D gives an effective wet mass of the film, which includes
a considerable contribution from coupled water.” Therefore
OR and QCM-D are complementary techniques. The OR
provides quantitative measures of adsorption and the QCM-D
data provides a measure of the conformation of the adsorbed
layer.*

IIT Results

Polyelectrolyte multilayers produced using
polyelectrolytes of different chain stiffness as indicated by the
chain persistence length. The important properties of these
polyelectrolytes are summarized in Table 1. The PSS and
PDDA are termed flexible because of their short intrinsic chain
persistence lengths. SC and CGG are stiffer and are called
semi-flexible because of their longer intrinsic chain persistence
lengths.

were

Protein adsorption to PEMs consisting of semi-flexible
polyelectrolytes

Optical reflectometry gives a direct measure of protein
adsorption in real time, allowing the protein adsorption process
to be followed. Protein adsorption onto PEMs consisting of the
relatively stiff (semi-flexible) polyelectrolytes SC and CGG are
shown in Fig. 1 for anionic terminated and cationic terminated
PEMs. A baseline is obtained in the first 20 minutes before the
BSA is introduced. After a further 30 minutes, buffer without
BSA is introduced and the loosely bound BSA is removed from
the surface. The surface excess obtained corresponds to the
amount of protein that wasn’t readily rinsed from the surface.
For both the anionic and cationic terminated PEM the surface
excess was found to be ~ 0.08 mg-m™.

QCM-D was also employed to follow protein adsorption.
The QCM-D data is complementary to the OR data as the OR
data reflects the amount of protein adsorbed whilst the QCM-D
data combines the mass of the adsorbing protein along with any
change in the amount of coupled water. The change in
frequency and dissipation that accompanies the adsorption of
BSA on the (SC/CGG)4SC and (SC/CGG)s surface is shown in
Fig. 2.

J. Name., 2012, 00, 1-3 | 3
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Protein adsorption on PEMs was studied as a function of
layer number by both OR and QCM-D. The results of these
experiments are summarized in Fig. 3 for anionic and cationic
terminated PEMs. Both I, from OR and M, from QCM-D
decrease as the layer number increases from 1 to 5 and then
remain constant with increasing layer number.

Protein  adsorption to PEMs of flexible

polyelectrolytes

consisting

Protein adsorption onto PEMs consisting of the flexible
polyelectrolytes PSS and PDDA are shown in Fig. 4 for anionic

terminated and cationic terminated PEMs, measured using OR.
A baseline is obtained in the buffer solution before introduction
of BSA (in buffer) at approximately 20 minutes. The protein
adsorbs over a substantial period of time before buffer alone is
introduced into the cell and loosely bound BSA is removed
from the surface. The surface excess of BSA on the anionic

terminated PEM saturates at 5.8 mgm™

before rinsing
decreases it to 4.8 mg'm™ after rinsing. The surface excess of
BSA on the cationic terminated PEM saturates at 1.0 mg-m™

before rinsing decreases it to 0.8 mg'm™ after rinsing.

Table 1. Polymers used to form polyelectrolyte multilayers in this study

Page 4 of 12

Polyelectrolyte Abbrev. Molecular Weight (g-mol™) Charge Intrinsic Chain
Persistence Length (nm)
Poly(sodium 4-styrenesulfonate) PSS ~1.0x10° Anionic ~0.9%
Poly(diallyldimethylammonium PDDA ~4.5x10° Cationic ~2.74
chloride)
Sulfated Chitosan SC ~6.2x 10" Anionic ~10.0%
Cationic Guar Gum CGG ~1.5x10° Cationic ~10.0"
0.3
(a) BSA rinsing 0.31 (b) rinsing
BSA
! = 0.2} “.'E 02}
&n en
g =
~ 0.1 — 0.1}
~ ~
0.0 (SC/CGG),SC 0.0f (SC/ICGG),
0 20 40 60 80 0 20 40 60 80
Time / min Time / min

Fig. 1 Surface excess (1) of BSA as a function of time for the adsorption of BSA on the SC/CGG polyelectrolyte multilayer surface measured using OR. For

(SC/CGG)4SC, panel (a) and (SC/CGG)s, panel (b); PEMs.

5.0
@ Bsa {0.6
0.0 ° rinsing .
N 103
T -
o -5.0 o)
5 10.0 <
-10.0
1-0.3
0 20 40 60 80
Time / min

4.0
(b) BSA rinsing 0.6
(@]
{03 2
a
10.0 <
1-0.3
0 20 40 60 80
Time / min

Fig. 2 Changes in frequency (Af) and dissipation (AD) as a function of time for the adsorption of BSA on the SC/CGG polyelectrolyte multilayer surface

measured using QCM-D, where the overtone number (n) is 3, for (SC/CGG)sSC,

Protein adsorption onto PEMs consisting of the flexible
polyelectrolytes PSS and PDDA were also studied using QCM-D
and the results are shown in Fig. 5. As with OR, both anionic

4| J. Name., 2012, 00, 1-3

panel (a); and (SC/CGG)s, panel (b); PEMs.

terminated and cationic terminated PEMs were investigated. BSA
adsorption on the anionic terminated surface decreased the
resonance frequency by 176 Hz before rinsing and 138 Hz after

This journal is © The Royal Society of Chemistry 2012



Page 5 of 12

rinsing, which corresponds to a Sauerbrey mass of 8.1 mg-m™
(Fig. 5a). Similarly, BSA adsorption increased the dissipation by
4.0 x 10°. BSA adsorption on the cationic terminated surface
decreased the resonance frequency by 16 Hz before rinsing and
14 Hz after rinsing, which corresponds to a Sauerbrey mass of
0.8 mgm? This was accompanied by a small change in
dissipation.

Protein adsorption on PEMs consisting of the flexible
polyelectrolytes was studied as a function of layer number by

Soft Matter

both OR and QCM-D. The results of these experiments for the
flexible polyelectrolyte system are summarized in Fig. 6 for
anionic and cationic terminated PEMs. For the anionic terminated
PEM, both I, from OR and M), from QCM-D are unaffected by
the number of layers in the PEM. In contrast, for the cationic
terminated PEM, both I, from OR and M, from QCM-D
decrease as the layer number increases up to 6 layers, and then
remain constant with increasing layer number.

2.0 8.0 1.6 4.0
(a) (b)
o 15} 16.0 « o 12} 13.0
oan (SC/CGG)ySC En i ’ (SC/ICGG), sﬁ
2 1o} {40 Z 2 0.} 20 £
Fos} {20 = L oal {10 =
‘_
0.0} . . . ; "] 0.0 0.0} . . ; * 0.0
1 3 5 7 9 2 4 6 8 10
Layer Number Layer Number

Fig. 3 Surface excess (/%) from OR and hydrodynamic mass (M;) from QCM-D as a function of layer number for the adsorption of BSA on the SC/CGG
polyelectrolyte multilayer surface. For (SC/CGG),SC, panel (a); and (SC/CGG),, panel (b); PEMs. Lines are provided to guide the eye.

(a) rinsing
6.0l BSA
k=
on 4.0
g
~ 2.0f
(PSS/PDDA),PSS
0.0}
0 40 80 120 160
Time / min

Fig. 4 Change in surface excess (/) as a function of time for the adsorption of BSA on

(PSS/PDDA),PSS, panel (a) and (PSS/PDDA)s, panel (b); PEMs.

rinsing

0.0t

= -60.0}

Af/

-120.0

-180.0t

Time / min

ol (b) rinsing
=
%o 0.8
g
L 04f
(PSS/PDDA),
0.0t
0 60 120 180 240
Time / min

the PSS/PDDA polyelectrolyte multilayer surface. For

rinsing

AD/10°

Time / min

Fig. 5 Changes in frequency (Af) and dissipation (AD) as a function of time for the adsorption of BSA on the PSS/PDDA polyelectrolyte multilayer surface,
where the overtone number (n) is 3, for (PSS/PDDA),PSS, panel (a) and (PSS/PDDA)s, panel (b); PEMs.

This journal is © The Royal Society of Chemistry 2012
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Protein adsorption to PEMs consisting of flexible and semi-
flexible polyelectrolytes

The polyelectrolyte multilayers described above were formed
from polyelectrolytes chains that were either both semi-flexible
or both flexible. We now concentrate on two different PEMs
that are formed from flexible and semi-flexible polyelectrolyte
chains. The SC/PDDA system combines a semi-flexible anionic
polyelectrolyte with a flexible cationic polyelectrolyte, whereas

12.0

the PSS/CGG system combines a flexible anionic
polyelectrolyte with a semi-flexible cationic polyelectrolyte.
First we consider the PEM where the cationic polyelectrolyte
is flexible — the SC/PDDA system, see Fig. 7, panels (a) and
(b). The surface excess of adsorbed protein after rinsing when
the PEM was terminated with a cationic chain was 0.32 mg-m™.
When it was terminated with an anionic chain, a surface excess

after rinsing of 0.25 mg'm™ was obtained.

@ 125.0 144 ®) 13.0
10.0} QA ~
o o ~ o 1200« g 12l — (PSS/PDDA) {24
E o ® g E OD ' o)
sn 8.0 15.0 T g g
g 1Y & < 1.0t {1.8
= (PSS/PDDA) PSS = L =
g6.0t = ~° S
38 <—| 110.0 -«
~ = = 0.8} {1.2
4.0t = 15.0
I3 5 7 9 06—~ & 10 O
Layer Number Layer Number

Fig. 6 Changes in surface excess (/,) and hydrodynamic mass (A4,) as a function of layer number for the adsorption of BSA on the PSS/PDDA polyelectrolyte
multilayer surface. For (PSS/PDDA),PSS, panel (a) and (PSS/PDDA),, panel (b); PEMs. Lines are provided to guide the eye.

(a) rinsing
067 BiA ¥
02}
(\Ila 0.0 o (SC/PDDA),SC
. r mé
80 5
S 06| (b) . riniing
0.4
0.2
0.0} 5 O (SC/PDDA)s
'
0 20 40 60
Time / min

120 © BSA rin”;ing
1 h..‘]
80F
40}
N o (PSS/ICGG),PSS
= 0.0}
g
rinsing
T 60t @ BSA
~
401
201
o (PSS/ICGG),
0.0
0 20 40 60
Time / min

Fig. 7 Change in surface excess (/) as a function of time for the adsorption of BSA on the SC/PDDA and PSS/CGG polyelectrolyte multilayer surfaces. For
(SC/PDDA)4SC, panel (a); (SC/PDDA)s, panel (b); (PSS/CGG),PSS, panel (c) and (PSS/CGG),, panel (d); PEMs.

We now consider the PEM where the anionic polyelectrolyte
is flexible — the PSS/CGG system, see Fig. 7, panels (c¢) and
(d). We found that the dissipation during the formation of the
PSS/CGG multilayer system dramatically increases with
increasing layer number, indicating that the PSS/CGG PEM is
highly swollen with water for films of 5 layers or more (Fig.
S1, ESIT). OR is not suitable for studying adsorption to very

This journal is © The Royal Society of Chemistry 2013

highly swollen films as the requirement that the optical
arrangement return a sensitivity parameter that is independent
of adsorbed mass is violated.** Therefore, the investigation of
protein adsorption was conducted on the (PSS/CGG),PSS
surface instead of the (PSS/CGG),PSS surface as for this
thinner PEM it is appropriate to use the OR to measure protein
adsorption. BSA adsorption on the anionic terminated PEM

J. Name., 2013, 00, 1-3 | 6
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produced a very large surface excess of 9.1 mgm™ after
rinsing, as measured by OR. BSA adsorption on the cationic
terminated PEM resulted in a large surface excess of 4.6 mg-m™
after rinsing.

QCM-D was also employed to study protein adsorption onto
PEMs formed from flexible and semi-flexible polyelectrolyte
chains (Fig. 8). As with OR, both anionic terminated and
cationic terminated PEMs were investigated. First we consider
the PEM with the flexible cationic polyelectrolyte — the
SC/PDDA system, see Fig. 8, panels (a) and (b). The frequency
change after rinsing due to adsorbed protein when the PEM was
terminated with either an anionic or cationic chain was 33 Hz,
which corresponds to a Sauerbrey mass of 2.0 mg'm>. We now
consider the PEM with the flexible anionic polyelectrolyte —
the PSS/CGG system, see Fig. 8, panels (c) and (d). The
frequency change after rinsing due to adsorbed protein when
the PEM was terminated with an anionic chain was -400 Hz,
which corresponds to a Sauerbrey mass of 23.6 mgm™. In
comparison the frequency change after rinsing due to adsorbed
protein when the PEM was terminated with a cationic chain
was only -75 Hz, which corresponds to a Sauerbrey mass of 4.4
mg-m’z.

Protein adsorption on PEMs was also studied as a function of
layer number by both OR and QCM-D for the SC/PDDA system.
This data is shown in Fig. 9. For both the anionic and the cationic
terminated PEM, both I, from OR and M, from QCM-D decreased
as the layer number increased up to 6 layers, and then remained
constant with increasing layer number. Note that the layer number
dependence of BSA adsorption to the PSS/CGG PEMs is not shown
due to the inability of the OR and QCM-D techniques to reliably
quantify protein adsorption onto very highly swollen PEMs.

IV Discussion

Here we use BSA as a model protein to study protein
adsorption onto PEMs. BSA has a surface that is composed of
both negatively and positively charged regions, though the net
charge of BSA in PBS buffer is negative.'?! BSA is an oblate
spheroid and therefore a close packed monolayer adsorption of
BSA on a surface is dependent upon the orientation in which it
adsorbs. The formation of a monolayer of BSA molecules with
a side-on configuration corresponds to a surface excess of 0.6
mg'm™ and with an end-on configuration on the surface, a
surface excess of 1.5 mg'm™2.!” Thus surface excesses of BSA
exceeding 1.5 mg'm™ indicate an adsorption process that results
in adsorption exceeding that of a monolayer, regardless of the
configuration.

Many features of the polymers that make up the PEM can
contribute to the level of protein adsorption, including the
hydration of the polymer, molecular weight, specific chemical
interactions and electrical charge.'*""*>* We wish to consider
how the relative conformation of the two polymers that form
the PEM influences the level of protein adsorption and how this
might be employed to enhance or reduce protein adsorption. As
we cannot hope to do enough experiments to control all the

This journal is © The Royal Society of Chemistry 2012
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other factors we have primarily concerned ourselves with how
protein adsorption changes upon changing the pairing of the
polymers.

The conformation of a polyelectrolyte chain is influenced by
both the intrinsic chain persistence length and the electrostatic
chain persistence length.***” PBS buffer used in the present
study has an ionic strength of 0.14 M, which gives rise to a
Debye length of ~ 0.8 nm.*® Thus, in this study, the intrinsic
chain persistence length determines the stiffness of the polymer
chains. The intrinsic chain persistence length of PSS is ~ 0.9
nm.** Therefore, the PSS chains are expected to form numerous
loops and tails at the PEM interface, especially for the large
molecular weight PSS sample employed here. The intrinsic
chain persistence length of PDDA is ~ 2.7 nm, which is longer
than that of PSS.*' Therefore, it is expected that the PDDA-
terminated multilayer surface would contain a significant
number of loops and tails, but fewer than for PSS.

In contrast SC and CGG are considered semi-flexible
polyelectrolytes because of an intrinsic chain persistence length
of ~ 10 nm.*** Therefore, the SC and CGG chains on the
terminating surface of the PEM are expected to lie relatively
flat on the multilayer surface. Considering the conformation of
the chains and the measurements of protein adsorption reported
above, we can propose a description of the protein adsorption
mechanism for the PEMs studied. We summarize this in
Scheme 1 and discuss the details below.

(a)

585

= —
e

(SC/CGG)nSC and (SC/CGG)n (PSS/PDDA)nPSS

BSA
SC
CGG
» PSS
4» PDDA

[

(PSS/PDDA)n

Scheme 1. Schematic illustration of BSA adsorption on the different
types of polyelectrolyte multilayers studied here. (a) Protein resistance
can be achieved on the SC/CGG multilayer surface due to the semi-
flexible nature of the polyelectrolyte chains. (b) A multilayered
structure of adsorbed protein molecules is formed on the
(PSS/PDDA),PSS surface due to the high flexibility of the PSS
terminating layer. (c) A monolayered structure of adsorbed protein
molecules is formed on the (PSS/PDDA), surface.

Protein adsorption to PEMs consisting of two semi-flexible
polyelectrolytes

BSA adsorbs at very low levels on both anionic and cationic
terminated SC/CGG PEMs (see Fig. 3). Both I, and M,
decrease as the layer number increases up to 5 and then remain
constant. The decrease in the adsorbed amount of protein
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up to 5 layers is attributed to the influence of the PEI layer. The
multilayer growth proceeds in a patchy growth regime for the
that
polyelectrolytes several layers are required to fully cover the
2 Therefore the effect of PEI on the protein
adsorption is gradually weakened as the layer number increases

initial layers and we see for these semi-flexible

substrate.

to 5 and then disappears. Importantly, I, approaches zero
when the layer number exceeds 5. Note that both SC and CGG

polymer layers adsorb protein when they alone make up the
surface.*>® The conclusion is that a sufficiently thick PEM
consisting of the two semi-flexible polyelectrolytes SC and
CGG exhibits protein resistance properties regardless of which
layer is used to terminate the PEM and that 5 or more layers is
sufficient to completely cover the substrate and produce a
protein resistant film.
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Fig. 8 Changes in frequency (Af) and dissipation (AD) as a function of time for the

adsorption of BSA on the SC/PDDA and PSS/CGG polyelectrolyte

multilayer surfaces, where the overtone number (r) is 3, for (SC/PDDA),SC, panel (a); (SC/PDDA)s, panel (b); (PSS/CGG),PSS, panel (c) and (PSS/CGG),,

panel (d); PEMs.
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Fig. 9 Changes in surface excess (/,) and hydrodynamic mass (M) as a function of layer number for the adsorption of BSA on the SC/PDDA polyelectrolyte
multilayer surface. For (SC/PDDA),SC, panel (a) and (SC/PDDA),, panel (b); PEMs. Lines are provided to guide the eye.

To investigate the origin of the protein resistant properties of
the SC/CGG system we measured the Zeta potential of the
surface. The Zeta potential of SC/CGG PEM is close to zero
when the layer number is larger than 4 regardless which layer is

This journal is © The Royal Society of Chemistry 2013

used to terminate the PEM. (Fig. S2, ESI{). Thus the SC/CGG
PEM surface is almost neutral.’’” This is because the
interpenetration of polyelectrolyte chains causes the underlying
oppositely charged chains to be present in the outermost surface
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of the PEM. Thus, the outermost region of the PEM consists of
both negatively and positively charged polyelectrolyte chains.*>
26 Furthermore, the flat interfacial chain conformation of SC
and CGG results
compensation, a low level of charge overcompensation, and a

in a high level of intrinsic charge

near neutral surface. Such a surface is similar to a
polyzwitterion covered surface, which is known to have protein
resistance properties.'*!> For these reasons the semi-flexible
nature of SC and CGG are important in producing a PEM that
exhibits good protein resistance. This is depicted in Scheme 1a.
Actually, the SC/CGG multilayer film can also resist the
adsorption of positively charged protein, e.g., lysozyme (Fig.
S3, ESI ¥ ). Our previous work demonstrated that the
polyzwitterionic brushes (i.e., poly(sulfobetaine methacrylate))
resist the adsorption of BSA at the ionic strength of 0.14 M
with ~ 0.17 mg'm™ (Sauerbrey mass) of protein adsorbed.'’ In
the present work, the SC/CGG multilayer can also inhibit the
BSA adsorption at the ionic strength of 0.14 M with ~ 0.25
mg'm™ (Sauerbrey mass) of protein adsorbed. That is, the
SC/CGG multilayer has a similar level of protein resistance

with that of the polyzwitterionic brushes.

Protein adsorption to PEMSs consisting of two flexible
polyelectrolytes

The terminating layer strongly influences protein adsorption on
PSS/PDDA PEMSs, as shown in Fig. 6. The anionic terminated
PEM acquires a large amount of protein that exceeds
monolayer coverage by a factor of ~ 3 (Fig. 6a). Also the
surface excess is independent of the number of layers in the
PEM. The finding that BSA adsorbs more strongly on the
anionic terminated surface is counterintuitive as the negatively
charged BSA molecules are electrostatically attracted by PDDA
chains but are electrostatically repelled by PSS chains. Also the
surface excess implies that more than a monolayer of BSA is
formed on the anionic terminated surface whereas the BSA
forms a monolayer with a mixed side-on/end-on configuration
on the cationic terminated surface. So what is the likely surface
configuration on the anionic terminated PEM?

The very high surface excess suggests that BSA may be
penetrating into the PEM. Penetration has been demonstrated in
previous studies when the protein is adsorbing to an oppositely
charged multilayer surface.'”'® In this case protein adsorption
increases with the number of layers in the PEM.'® However, for
(PSS/PDDA),PSS both I',, and M, are independent of the layer
number and therefore this is not an appropriate explanation for
our system. Therefore, we propose that the adsorbed BSA is
encapsulated by the flexible PSS chains that protrude from the
surface of the PEM as depicted in Scheme 1b. This process is
assisted by electrostatic interactions between the positively
charged BSA patches and the PSS chains; and between the
negatively charged BSA patches and the PDDA chains. Such a
configuration will promote extensive protein adsorption,
leading to the formation of a multilayered structure of adsorbed
protein molecules consistent with the measured surface excess.
Moreover, the trapped BSA molecules should desorb slowly

This journal is © The Royal Society of Chemistry 2012
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from the multilayer surface upon rinsing with PBS buffer,
which is consistent with the observations in Figs. 4 and 5. As
this type of protein adsorption is mainly determined by the
interfacial chain conformation of the PSS chains, the BSA
adsorption should be independent of the layer number, as
observed in Fig. 6a. It is known that large dissipation factors
are indicative of the formation of swollen protein layers.”!
Thus, the large increase in AD induced by the BSA adsorption
on the anionic terminated PEM indicates that the adsorbed BSA
molecules form a swollen polymer-protein structure (Fig. 5a).
On the cationic terminated PEM both I, and M), decrease as
the layer number is increased up to 6 layers and then remain
constant with increasing layer number. As with the SC/CGG
system described above, we attribute this to the influence of the
exposed PEI layer as the multilayer growth proceeds in a

patchy growth regime for the initial layers.?'

As the layer
number exceeds 6, the adsorbed PDDA chains are able to cover
the entire surface and protein adsorption is only related to the
PDDA-BSA interactions. As a result, the surface excess of
BSA is independent of the layer number, provided the layer
number is 6 or greater. BSA will directly adsorb onto the
PDDA surface by electrostatic attraction forming a monolayer.
Consequently, the adsorbed amount of BSA on the
(PSS/PDDA), surface is less than that on the (PSS/PDDA),PSS
surface. The rapid desorption of adsorbed BSA molecules from
the (PSS/PDDA); surface upon rinsing with PBS buffer (Figs. 4
and 5), is consistent with monolayer adsorption (Scheme 1c).

The small increase in AD (~ 0.5 x 10°) induced by the
protein adsorption on the (PSS/PDDA)s surface, is consistent
with the formation of a stiff monolayer on the surface. We
conclude that protein adsorption onto PEMs is promoted by
using flexible polyelectrolytes, which is also true for the
positively charged protein, lysozyme (Fig. S3, ESIT). We have
demonstrated that PEM’s consisting of stiff chains inhibit and
PEM’s with flexible chains promote protein adsorption for both
negatively and positively charged proteins. We therefore
believe that the hypothesis proposed in this study may be
generally applied to other proteins.

Protein adsorption to PEMs consisting of flexible and semi-
flexible polyelectrolytes

We have seen above that protein adsorption on the
(PSS/PDDA), PSS surface is dominated by the interfacial chain
conformation of PSS, whereas protein adsorption on the
(PSS/PDDA), surface is governed by electrostatic interactions
between BSA and PDDA. On the other hand, the PEM resists
protein adsorption when it is composed of semi-flexible SC and
CGG polyelectrolytes. As protein adsorption on PEMs is
strongly influenced by the interfacial chain conformation, it is
informative to examine the effect of combinations of flexible
and semi-flexible polyelectrolytes on protein adsorption.

First we consider the PEM where the cationic polyelectrolyte
is flexible — the SC/PDDA system. On both the anionic and
the cationic terminated PEMs, both 7., and M), decrease as the
layer number is increased up to 5 layers and then remain
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constant (Fig. 9). As with the other systems that exhibit this
behavior (see Fig. 3 and Fig. 6b) we attribute this to the
influence of the PEI layer, which remains partially exposed
when few layers of polyelectrolyte are employed. We therefore
consider the SC/PDDA PEMs with 5 layers or more as shown
in Fig. 9. This shows that BSA adsorbs to both cationic and
terminated SC/PDDA PEMs at
coverages (~ 0.3 mgm?). Since BSA is expected to be

anionic sub-monolayer
electrostatically repelled by the negatively charged SC chains,
protein adsorption on the (SC/PDDA),SC surface may be
driven by the hydrogen bonding interactions between SC and
BSA as numerous hydrogen bond acceptors and donors exist on
SC and BSA surfaces.**>?** We note that both (SC/PDDA),SC
and (SC/PDDA)s surfaces have lost the protein resistance
properties exhibited by the (SC/CGG),SC and (SC/CGG)s
surfaces (Fig. 3). We attribute this to the formation of loops of
PDDA in the outer layer of the PEM, due to the flexibility of
the PDDA chains.

We now consider the PEM where the anionic polyelectrolyte
is flexible — the PSS/CGG system (Fig. 7c and 7d). On both
the anionic and the cationic terminated PEMs the protein
adsorption is considerable and far exceeds monolayer coverage,
suggesting that a multilayered structure of adsorbed protein
molecules is formed on the surface, as found for the
(PSS/PDDA),PSS PEM. We attribute the large surface excess
of BSA on the (PSS/CGG);PSS surface to the encapsulation of
the protein molecules by the flexible PSS chains. This process
is assisted by electrostatic interactions between the positively
charged BSA patches and the PSS chains; and between the
negatively charged BSA patches and the CGG chains. We note
here that due to the very swollen nature of the PEMs formed we
were unable to study the systems with more than 4 layers by
OR, so we cannot be sure that the BSA is not penetrating into
the PEM.

A large, but lesser, amount of protein (1, 4.6 mg'm™) is also
observed on the (PSS/CGG),
multilayered structure of adsorbed BSA molecules is also

surface, indicating that a

formed on this surface. The amount of protein on the
(PSS/CGG), surface is higher than that on the (SC/CGG),
surface (Fig. 3b), suggesting that the adsorption of BSA on the
(PSS/CGQG), surface is enhanced by the encapsulation of BSA
molecules by PSS chains, despite the PSS not being the
terminating layer. This interpretation is reasonable because the
flexible PSS chains can penetrate the terminating CGG layer
and form loops and tails beyond the CGG surface. That is PSS
chains are in the outermost surface of the film despite the fact
that the CGG is the terminating layer, and they therefore are
able to encapsulate protein molecules. The relative stiffness of
the cationic CGG chains prevents them from pairing with the
anionic PSS loops. We can conclude that PEMs formed from a
combination of flexible and semi-flexible polyelectrolytes can
be used to produce surfaces that have very different protein
the
adsorption of proteins is desirable one should consider the

adsorbing properties. Therefore when control over
influence of chain flexibility on protein adsorption when
selecting polyelectrolytes.

As the techniques of OR and QCM-D are complementary we
can compare the two measures of surface excess to extract
additional information. In Table 2 we present the measured
values of surface excess from the two techniques for thick PEM
films. What is revealed is that when protein adsorbs to the
PEMs, the mass measured by QCM-D increases by a greater
amount than the mass measured by OR. The difference (M,-I,,)
is the increase in the amount of coupled water associated with
the protein adsorption. We can normalize this value by the
increase in mass due to protein adsorption and obtain the ratio
of the increase in mass due to coupled water to the increase in
mass due to adsorbed protein [(M;-I",)/I",,]. What is apparent is
that when the anionic polymer is PSS this value is considerably
lower than when the anionic polymer is SC. This reflects the
strong interaction between the protein and PSS compared to
SC. The stronger protein-polymer interaction will lead to a
lower water mass being coupled into the QCM-D measurement
for each protein molecule adsorbed.

Table 2. Comparison of change in mass measured by QCM-D and OR during protein adsorption

Multilayer (n>5) M, (mg'm>) Iy (mgm’) M-I (mg'm™) (M-I o)/Tq
(PSS/PDDA),PSS 18.8 £0.40 4.6 £0.20 14.2 £0.40 ~3.1
(SC/PDDA),SC 2.1+0.30 0.3£0.01 1.8+£0.30 ~6.0

V Conclusions

This study has shown that the stiffness of the polyelectrolyte
chains used to produce polyelectrolyte multilayer films have a
strong influence on protein adsorption. We confirm our
hypothesis that PEMs consisting of relatively stiff chains will
be less susceptible to fouling by protein adsorption for the
systems studied here. This resistance to protein adsorption is
due to the lack of loops in the terminating layer of the PEM and
the resulting zwitterionic nature of the surface. Conversely,
flexible polyelectrolytes, which promote the formation of loops
in the terminating layer interact strongly with proteins and can

10 | J. Name., 2012, 00, 1-3

be used to promote protein adsorption in a multilayered
structure. Thus, protein adsorption on PEMs can be enhanced
or reduced by tuning the interfacial chain conformation via the
polyelectrolyte chain stiffness. Further work is required to
demonstrate that this general concept is applicable to a wide
range of systems.
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The relative stiffness of polymers used to form polyelectrolyte multilayers can be used to control
protein adsorption. Flexible chains promote polymer adsorption whereas inflexible chains can
produce antifouling surfaces, even if the constituent chains have no antifouling properties on their

own.
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