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ABSTRACT: Thiol-terminated polymers poly(2-methacryloyloxyethyl
phosphorylcholine) (PMPC-SH), poly(N,N-isopropylacrylamide) (PNI-
PAM-SH), and poly(tert-butyl acrylate) (PtBA-SH) were synthesized, and
the polymers were grafted on the gold surfaces of quartz crystal microbalance
with dissipation (QCM-D) and surface plasmon resonance (SPR) sensor
chips to form brushes. The grafting process of the polymer brushes as well as
protein adsorption onto the brush layers was monitored by in situ QCM-D
and SPR techniques. By examining the changes in frequency and dissipation
factor as well as the value of ∂D/∂f from QCM-D measurements, different
stages of the polymer grafting and protein adsorption are distinguished. The
most interesting discovery is the conformation change of BSA protein
adsorption from a weakly adsorbed native state to a strongly immobilized
denatured state on the polymer brushes. The corresponding change in BSA
adsorption from a reversible state to an irreversible state was confirmed by SPR measurements. The adsorption of protein on the
polymer brushes’ surface relies largely on interaction between the protein and the polymers, and the stronger hydrophilicity of
the surfaces is proved to be more effective to suppress the protein adsorption. Analysis of the D−f plot of QCM-D measurements
helps to characterize different binding strength of protein and the underlying polymer surface.
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■ INTRODUCTION

Although being a highly debated topic, surface adsorption of
proteins has been attracting intensive research attention for
decades.1 It is not only an important aspect regarding the
functionality of biosubstances at interfaces but also related to a
few essential issues of industry and biomedical applications,
such as antifouling of marine vehicles and implantation of
artificial devices in human bodies and so forth. It has been
shown that a number of factors influence protein adsorption on
surfaces, including the chemical structure of the surfaces,
hydrophobicity, ionic or electrostatic interaction, surface
morphology, and so forth.2−6 Attention has been paid to the
competing effect of the above factors influencing the
adsorption. For example, hydrophilic modification of the
surface by polymers such as PEG7,8 or zwitterionic
polymers9−14 can reduce protein adsorption. On the other
hand, there have been recent studies showing that highly
hydrophobic films coated with perfluorinated side-chain
polymers were more efficient in decreasing the fouling of
Pseudomonas putida than hydrophilic surfaces coated with
PEG.15,16 These phenomena indicate that the investigation into
the principle of protein adsorption on various surfaces is very
important despite the existence of controversies. Apart from a
number of aspects regarding protein adsorption, such as
amount of adsorption, adhesion energy, adsorption kinetics,
and so forth, the adjustment or change of conformation of

proteins as well as that of the underlining surface should also be
an important issue. This piece of information is important as it
can expose the real time picture of protein adsorption and can
really help to understand the physical mechanism and to
manipulate for optimal performance.
From the experimental point of view, various methods have

been used to study surface adsorption of proteins.17 Regarding
the real-time kinetics of adsorption, both microscopic and
spectroscopic techniques have been applied, such as the
attenuated total reflection-Fourier transform infrared spectros-
copy (ATR-FTIR),18−22 grazing angle Fourier transform
infrared spectroscopy (GA-FTIR),23 surface plasmon resonance
(SPR),24,25 and atomic force microscopy (AFM).26 Although
rich information has been provided using these techniques,
such as information about the amount of the adsorption, less
information has been available on the conformation changes of
the adsorbate as well as the underlying surfaces.
Surface sensitive techniques are believed to be helpful to

bring new insight into this problem. Quartz crystal micro-
balance with dissipation (QCM-D) is a very sensitive technique
which allows simultaneous measurements of mass and
viscoelasticity change of a surface by measuring the changes
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of resonant frequency ( f) and energy dissipation (D) in a
noninvasive manner.27 The QCM-D can measure the mass
change on the surface of the quartz chip on the order of 1.0 ×
10−9 g cm−2, even for the measurements in the liquid phase.
This capability can, apparently, allow measurements of the
dynamic behavior of protein adsorption.28−30 QCM-D has also
been proved useful for studying conformational changes of
macromolecules. For example, it has been applied to study the
collapse and swelling or mushroom-to-brush transition of
polymer brushes.31−33 Regarding changes happening with
adsorbed proteins, QCM-D has been proved to be effective.
For example, there have been studies on the structural changes
of hemoglobin during adsorption to hydrophobic self-
assembled methyl-terminated thiol monolayer on gold
surfaces.30 The results suggested that, below the isoelectric
points of hemoglobin, there are two states of the adsorbed
proteins, a layer bound more rigidly to the solid surface,
presumably consisted of denatured proteins and another layer
bound more loosely, presumably made of native-like proteins.
The time-resolved feature of QCM-D measurements even
allows measurements of kinetics of protein conformation
change at interfaces. However, the information about
conformation changes received from QCM-D is rather indirect.
Surface plasmon resonance (SPR) is another sensitive

method for surface adsorption analysis. This method relies on
the coupling of the incident radiation into the surface plasma,
which depends on the refractive index of the surface layer.
Because of the strict condition of surface plasmon coupling,
SPR has been proved to be very sensitive plus its additional
advantage of being label-free and noninvasive leading to its
effectiveness in the study of protein adsorption.34 For example,
the resonance angle of SPR varies depending on the refractive
index of the protein layer on the surface, and by measuring the
shift of the coupling angle one can determine the “dry” mass of
the adsorbed protein.35

Probing the surface with the combination of QCM and SPR
can help us understand the process in a more comprehensive
way. QCM is a mechanical probing method detecting the
variation in the electromechanical response of a shear
oscillating piezoelectric sensor caused by total changes of
mass and viscoelasticity due to the adsorption of biomolecules,
with solvent molecules coupled to the system,36,37 while SPR
sensitively detects the changes in refractive index of the layer
caused by adsorption.35 It is envisioned that these sensitive
methods may be able to detect tiny changes happening during
the process of adsorption which may not be sensible by other

techniques, for example, the change of conformation of
proteins as well as synthetic polymers.
Motivated by the possible advantage of the combination of

QCM-D and SPR, the adsorption of a model protein, bovine
serum albumin (BSA), onto polymer brushes is investigated.
Three kinds of thiol terminated polymers with different
hydrophilicity and hydrophobicity were synthesized, such as
PMPC, PNIPAM, and PtBA, and their grafting process as well
as the adsorption of BSA onto the grafted surfaces was
monitored by QCM-D. The SPR technique was also employed
to determine the real-time adsorption and desorption of BSA
on the grafted polymer brush surfaces. The results provide
interesting information on the kinetics of the grafting process
and more importantly the surface dependent adjustment of the
adsorbed protein structure. This kind of protein adsorption
understanding may promote the development of more efficient
antibiofouling polymer brushes and application in various
biomedical applications.

■ EXPERIMENTAL SECTION
Materials. 2-Methacryloyloxyethyl phosphorylcholine (MPC) was

purchased from Biocompatibles International PLC (U.K.). N-
Isopropylacrylamide (NIPAM), tert-butyl acrylate (tBA), and 4,4′-
azobis(4-cyanovaleric acid) (ACVA) were purchased from Aladdin
(Beijing, China). 4-Cyano-4-(phenylcarbono-thioylthio) pentanoic
acid (CTP), and bovine serum albumin (BSA) were purchased from
Sigma-Aldrich. All materials mentioned above were used without
further purification. The water used was purified by filtration through
Millipore Gradient system after distillation, giving a resistivity of 18.2
MΩ cm.

Synthesis of Thiol-Terminated PMPC, PNIPAM, and PtBA.
Dithioester terminated MPC polymer (PMPC), NIPAM polymer
(PNIPAM,) and tBA polymer (PtBA) were synthesized by reversible
addition−fragmentation chain transfer (RAFT) polymerization in
methanol at 60 °C, using ACVA as the initiator and CTP as the chain
transfer agent. The synthesis of the polymers and the monomer
structures are shown in Scheme 1. In a typical protocol, MPC (2.0 g,
6.8 mmol), CTP (0.030 g, 0.10 mmol), and ACVA (1.5 × 10−2 g,
0.052 mmol) were dissolved in 6 mL of methanol in a 10 mL Schlenk
tube. The solution was then degassed via three freeze−vacuum−thaw
cycles and placed in a 60 °C oil bath for 11 h. The polymer was
obtained by precipitation in a large quantity of acetone (for PMPC),
diethyl ether (for PNIPAM), or 1:1 methanol/water (for PtBA).
Dithioester terminated polymer methanol solutions (20 mL, 1.5 mg
mL−1) were mixed with 2.0 mL of NaBH4 methanol solution (1.0 M).
The mixture was stirred at room temperature for 5 days so that the
end groups of the polymer chains were completely reduced into
thiols.38 The molecular weight and polydispersity were measured by

Scheme 1. Synthesis of Thiol Terminated Polymers and Structures of Monomers, 2-Methacryloyloxyethyl Phosphorylcholine
(MPC), N-Isopropylacrylamide (NIPAM), and tert-Butyl Acrylate (tBA)
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gel permeation chromatography (GPC) with aqueous eluent (for
PMPC) or tetrahydrofuran eluent (for PNIPAM and PtBA).
Fabrication of Polymer Brushes with Thiol-Terminated

Polymers. Polymer brushes were grafted onto the gold surface of
the QCM-D and SPR sensor chips. The chips were cleaned carefully
with acetone and pure water before being treated in an UV/ozone
chamber for 30 min, followed by 30 min of oxygen plasma treatment.
The grafting of polymer chains onto the gold-coated QCM-D and SPR
chips was performed by immersing the chips in methanol solution of
the thiol-terminated polymers with a concentration of 1.5 mg mL−1 for
12 h. After this grafting reaction, a monolayer of the polymer brushes
formed on the substrates and the physically adsorbed polymers were
washed off by intensive rinsing with ethanol.
For in situ characterization of the grafting process by QCM-D, the

cleaned gold-covered quartz chip was first mounted into the liquid cell
of the instrument. Afterward, the polymer solution was directly
introduced by a microprocessor-controlled tubing pump (ISMATEC,
IDEX, America) with a constant flow rate of 150 μL min−1.
Thickness Characterization by Ellipsometry. The film thick-

ness of the grafted polymer layer on gold surfaces was measured by an
ellipsometer (M-2000 V, J. A. Woollam Co., Lincoln, NE) at a fixed
incident angle of 70°. Five separate measurements were conducted at
different locations on each sample.
X-ray Photoelectron Spectroscopy. The elemental composition

of the grafted surfaces was determined by X-ray photoelectron
spectroscopy (XPS). The spectra were measured by an ESCALab220i-
XL system (VG Scientific, U.K.) using Mg Kα radiation (300 W,
1253.6 eV) with the air pressure of 3 × 10−9 mbar. All spectra were
collected at an electron takeoff angle of 70° from the surface. Binding
energies were calibrated relative to the C 1s peak (284.8 eV) from
hydrocarbons adsorbed on the surface of the samples.
Quartz Crystal Microbalance with Dissipation (QCM-D)

Measurements. QCM-D measurements were conducted with a Q-
sense E1 microbalance (Biolin Scientific, Sweden). The principle and
applications of QCM-D have been reviewed previously.27A tracer
amount of adsorbate onto the chip induces a decrease in resonant
frequency (Δf), which is proportional to the mass change (Δm) of the
adsorbate. For QCM-D operating in vacuum or air, the well-known
Sauerbrey equation is applied for a rigidly adsorbed layer evenly
distributed:39Δm = −(ρqlq/F0)(Δf/n) = −C(Δf/n), where f 0 is the
fundamental frequency, ρq and lq are the specific density and thickness
of the quartz crystal, respectively. Another important parameter, the
dissipation factor (D), is defined as D = (Ed/2πEs),

40 where Ed is the
energy dissipated during one oscillation and Es is the energy stored in
the oscillating system. The measurement of ΔD is based on the fact
that the voltage over the crystal decays exponentially as a damped
sinusoidal when the driving power of a piezoelectric oscillator is
switched off.40 In the present study, all the results obtained were from
the measurements of frequency and dissipation changes at the third
overtone (n = 3). All the experiments were performed in aqueous
solution at 23 °C, and the flow rate was 150 μL min−1.
Surface Plasmon Resonance (SPR) Measurements. SPR

measurements were carried out with a Reichert SR7500DC system
(Reichert Technologies Life Sciences) at 25 °C. Prior to the
measurement of protein adsorption, a signal baseline was established
by flowing PBS buffer or PBS-SDS(PBS buffer containing 1% sodium
dodecyl sulfate) at a rate of 50 μL min−1 through the sensor for about
10 min. For protein adsorption experiments, BSA dissolved in the PBS
buffer with a concentration of 1.0 mg mL−1 was applied by flow
through the sensor channels for 1.0 or 20.0 min, followed by a rinse
with PBS buffer or PBS-SDS solution to remove the unbound or
loosely adsorbed protein molecules. Protein adsorption was quantified
by measuring the change in response units (RU) from the buffer
baselines before and after protein adsorption. The RU change was
converted to the amount of adsorbed protein. For the SPR sensor used
in this work, 1 RU corresponds to a surface coverage of about 0.1 ng
cm−2 adsorbed protein.41,42

■ RESULTS AND DISCUSSION
Characterization of Polymer Coated Surfaces. The

polymer structures of PMPC, PNIPAM, and PtBA synthesized
by RAFT polymerization are drawn in Scheme 1 and their
parameters are shown in Table 1. Compared with the other two

polymer samples, PMPC has a much lower polydispersity. This
is attributed to the compatibility of the chain transfer reagent,
CTP, in the RAFT polymerizations of MPC.43,44 The
parameters of the grafted polymer films are also listed in
Table 1, in which the dry thicknesses of PMPC, PNIPAM, and
PtBA layers measured by ellipsometry are 1.74, 0.63, and 1.82
nm, respectively. The graft density (σ) was calculated using the
dry thickness of each polymer layer from the equation σ =
NAhρ/Mn,

45 where NA is the Avogadro’s constant, h the layer
thickness determined by ellipsometry, ρ the density of each dry
polymer layer, and Mn the number-average molecular weight of
the polymers. The grafting densities of PMPC, PNIPAM, and
PtBA layers were calculated to be 0.13, 0.22, and 0.20 chains
nm−2, respectively, corresponding to an average interchain
distance of 2.8, 2.1, and 2.2 nm, respectively. Obviously, the
interchain distance is comparable to the value of root-mean-
square end-to-end distance calculated by freely rotating chain
model of the grafted polymer (1.8, 1.6, and 2.1 nm for PMPC,
PNIPAM, and PtBA, respectively), indicating the formation of
loosely packed polymer brushes on the gold surfaces. The
grafting densities are comparable to the values of brushes
fabricated by “graft from” method.46 Such high values of
grafting density are attributed to two origins: (1) the strong
interaction between thiol group of the polymer chain and gold
surface, (2) the relatively short polymer chains, the degree of
polymerization of all three polymers, i.e., PMPC, PNIPAM, and
PtBA, are 36, 27, and 46, respectively.
Characterization of chemical composition of the polymer

layer by XPS spectroscopy further proved the presence of
designed polymer brushes despite their small thickness. As
shown in Table 2, the surface element compositions of PMPC,

PNIPAM, and PtBA layers are calculated from the XPS peak
areas of the elements and their relative sensitivity. The
significant contents of the C, N, O, S, and P elements appeared
on the gold surfaces confirm the PMPC, PNIPAM, and PtBA
polymer layers. On the other hand, the relatively high
concentration of the substrate gold signal supports the small

Table 1. Parameters of the Polymer Samples and the Grafted
Brushes

sample
Mn

(g mol−1) Mw/Mn

thickness
(nm)

ρ
(g cm−3)

graft density
(chains nm−2)

PMPC 10472 1.09 1.74 1.2847 0.13
PNIPAM 3071 1.54 0.63 1.7648 0.22
PtBA 5861 1.75 1.82 1.0549 0.20

Table 2. Elemental Composition of the Polymer Brush
Surfaces Measured by XPS

relative molar ratio of surface element (mol %)

samples C 1s N 1s O 1s S 2p P 2p Au 4f

PMPC 39.26 1.54 22.76 1.60 2.75 32.09
PNIPAM 39.90 3.38 11.51 2.90 0.00 42.30
PtBA 48.73 0.00 14.68 2.11 0.00 34.48
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film thickness of the polymers, which is smaller than the
maximum detection depth (∼9 nm) of XPS.13

In Situ Characterization of the Polymer Grafting
Process by QCM-D. The grafting process of the dithioester
terminated PMPC (PMPC-DTE) and thiol-terminated PMPC
(PMPC-SH) chains onto the gold surface of QCM-D chips
were monitored by using in situ QCM-D measurements, as
displayed in Figure 1. The process is clearly demonstrated by

the temporal profile of the frequency change and dissipation
change (Figure 1a,b). Upon addition of the polymer solution
(at t = 0), a rapid frequency decrease corresponding to the mass
increase was observed, followed by a saturation. The value of D
increases with a similar time profile. The increase of D indicates
more energy dissipated into the solution as more polymers are
adsorbed. The effect of rinsing (denoted by the arrows in
Figure 1a) is also clearly demonstrated showing the wash-off of
the physically adsorbed polymers. The difference in Δf by
rinsing is rather small, showing the profoundness and the
stability of the chemical adsorption.
The current experimental condition satisfies the requirement

for the application of the well-known Sauerbrey equation,27 i.e.,
−ΔDn/(Δf n/n) ≤ 4 × 10−7 Hz−1 (the current maximum value
of −ΔDn/(Δf n/n) is 3.9 × 10−7 Hz−1). Therefore, the mass
change (Figure 1c) can be deduced directly from the frequency
data. The values of the mass of PMPC-SH measured by QCM-
D after rinsing (∼660 ng cm−2) is obviously higher than that
calculated from the value of grafting density (∼220 ng cm−2),
and the difference is attributed to the large amount of solvent
incorporated in the QCM-D measurements.36,37 The mass
change brought by PMPC-DTE is always smaller than that by
PMPC-SH, indicating a much stronger interaction between the
thiol end group of PMPC-SH polymer and the gold surface
than that of the dithioester end group polymer with the gold
surface.
The plot of ΔD against Δf (termed as D−f plots) is used to

study the grafting process, as it has been proved informative on

the conformational changes of macromolecules at surfa-
ces.30−33,50,51 Figure 2 displays the D−f plot of the grafting

process of PMPC-DTE and PMPC-SH. Apparently, the data
exhibit two stages with two different values of the slope (∂D/
∂f). In the first stage, PMPC-DTE and PMPC-SH have an
identical ∂D/∂f value, demonstrating their similar conformation
at the surface. This is understood as the process of the polymer
chains occupying the empty surface, during which the chains
take a pancake-like conformation. In the second stage, two data
sets diverge, both exhibiting larger slope than that of the first
stage. The smaller slope of the first stage was associated with a
more rigidly attached polymer taking on a pancake con-
formation, whereas a more fluffy conformation of the loosely
packed brushes with the increase amount of the grafting
polymer chains in the second stage. Therefore, the data
demonstrate a pancake-to-brush transition during the grafting
process.33 It is also noted that, in the second stage, the ∂D/∂f
values of PMPC-SH is smaller than that of PMPC-DTE,
showing that the grafting process of PMPC-SH forms a denser
and more rigid layer than that by PMPC-DTE. It is reported
that both dithioester and thiol end-capped polymers can bind
directly on the gold surface.52,53 Since the dithioester group is
much larger than the thiol group, the grafted mass and density
of PMPC-DTE is smaller than that of PMPC-SH (Figure 1).
Accordingly, the grafting process of PMPC-SH forms a denser
and more rigid layer than that by PMPC-DTE. As high surface
density of a grafted polymer brush usually shows excellent
biocompatibility, this investigation is focused on the thiol
immobilized polymer brushes.

In Situ Characterization of BSA Adsorption Kinetics by
QCM-D. The adsorption kinetics of BSA onto bare gold,
PNIPAM, PtBA, and PMPC grafted polymer brushes is
investigated in situ by QCM-D. As shown in Figure 3, the
results clearly demonstrate the drastic suppression of protein
adsorption by PMPC brushes. The adsorbed mass on PMPC
surface is only 18.7 ng cm−2, an order of magnitude lower than
that on PtBA and PNIPAM (∼240.0 ng cm−2). As a reference,
the data on the bare gold surface is also shown (496.8 ng
cm−2). Therefore, the suppression of protein adsorption by
polymer brushes is obvious, the surface modification with
PNIPAM and PtBA brings about 52% reduction of BSA

Figure 1. Time profile of the frequency shift (Δf) (a), dissipation shift
(ΔD) (b), and Sauerbrey mass change (c) of PMPC-DTE and PMPC-
SH with a concentration of 1.5 mg mL−1 during the grafting process.
The moment of t = 0 denotes the point where the solution for grafting
is introduced. The arrows denote the moment of exchanging the
polymer solution with pure water.

Figure 2. Plot of ΔD against Δf of PMPC-DTE and PMPC-SH during
their grafting process onto gold surfaces. The arrows denote the
moment of exchanging the polymer solution with pure water.
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adsorption and 96% reduction of BSA adsorption by PMPC
coating.
The changes in the dissipation (Figure 3b) differ largely from

those in frequency. Not like the monotonous changes of Δf, the
ΔD values of BSA adsorption on PMPC, PNIPAM, and PtBA
brushes show a sharp decrease around 1.0 min of the
adsorption and then increase again slowly around 2.0 min. As
a comparison, the ΔD values of BSA adsorption on the bare
gold surface do not show such a change. The variation of the
ΔD value with polymer coated surfaces is due to the
adjustment process between the adsorbed BSA protein and
the underlining polymer brushes during the adsorption, a
process consisting of a few steps: the binding between the
protein and the polymer brushes and the conformation
adjustment of the protein and the polymer brushes to maximize
their contact and minimize their free energy.
The D−f plots of the adsorption process of BSA provide

more information on the binding of the protein on the polymer
grafted surfaces (Figure 4). The adsorption of BSA onto
PNIPAM and PtBA surfaces exhibits two stages. In stage I with
Δf less than 7 Hz, both ∂D/∂f data of PNIPAM and PtBA
systems show almost an identical value, demonstrating the
similar conformation of BSA protein and its interaction with
the brush surfaces. What is really interesting is the transition
from a higher ∂D/∂f value to a lower one as the adsorption
process proceeds. As shown in Figure 4, the ∂D/∂f value of
PNIPAM and PtBA systems changes from 8.3 × 10−8 Hz−1 (in
stage I) to 3.3 × 10−8 Hz−1(in stage II) after Δf exceeds 10 Hz.
Interestingly, the ∂D/∂f value in stage II is quite similar to that
on bare gold surface and remains constant before rinsing by
PBS.
The comparison between the behaviors of BSA on the bare

gold surface and the polymer brush surfaces renders interesting
findings. The ∂D/∂f value of BSA on the bare gold does not
change while vast changes occur with BSA on PNIPAM and
PtBA brushes, which evidence the adjustments of the protein

and the polymer chains upon the adsorption of the proteins. It
is attributed to the process of the protein maximizing its contact
with the polymer brush surfaces. It is envisioned that the BSA
protein particle of ellipsoidal shape first contacts with the
surface (stage I) and then adjusts its conformation or
orientation to maximize its interaction with the polymer
brushes (stage II). The ellipsoidal BSA protein (dimensions,
140 Å × 40 Å × 40 Å54) should adsorb on the surface rapidly
with its axis orienting along the normal direction of the surface
due to a high mobility along its axis. The rapid adsorption
(stage I) is supported by the steep changes in frequency,
dissipation, and mass of the BSA adsorption within 1 min as
shown in Figure 3. More importantly, the dramatic changes in
dissipation from rapid increase to steep decrease appear during
the BSA adsorption on all three polymer brushes. The rapid
decrease in dissipation with increasing adsorption amount
suggests clearly a conformation change and the adsorption
transforms to stage II. Thus, a more rigid structure of BSA
adsorption is formed by either lying parallel to the surface or
inserting into the PNIPAM or PtBA brushes via the attraction
from the surface. Because the average distance between the
grafted chains is relative big (approximately 2.0 nm), the
hindrance for penetration is rather small. On the other hand,
the self-adjustments of protein itself can also be possible. The
protein takes a native-like state at the early stage (I) of the
adsorption and then adjusts its conformation in the second
stage (II). The conformational adjustment results in a stronger
binding to the surface, presumably being in a denatured
state.23,30 For BSA adsorbed on bare gold surface, only one ∂D/
∂f value was observed, which is similar, surprisingly, to that of
BSA adsorption on PNIPAM and PtBA surfaces in the second
stage (II). The data show the effect of the strong attraction
between the gold surface and BSA molecules, which results in
an immediate adjustment of the protein’s conformation
together with the tight surface binding. One more note:
although the PMPC surface shows the least amount of BSA
adsorption, the value of ΔD (<0.25 × 10−6) and −Δf (<2.0 Hz)
are too small to have a reliable ∂D/∂f analysis.

In Situ Characterization of BSA Adsorption Kinetics by
SPR. The adsorption kinetics of BSA from PBS buffer solution
onto the different surfaces was investigated in situ by SPR
measurements and the adsorption amount is shown in Table 3.

Figure 3. Time profile of the frequency shift (Δf) (a), dissipation shift
(ΔD) (b), and Sauerbrey mass change (c) of surfaces coated with
PMPC, PNIPAM, and PtBA during the adsorption of BSA with a
concentration of 1.0 mg mL−1(in 10 mM PBS buffer, pH 7.4).The
moment of t = 0 denotes the point where the BSA solution is
introduced. The arrows denote the moment when PBS buffer solution
was introduced for rinsing.

Figure 4. Plot of ΔD against Δf of a few surfaces during the
adsorption of BSA. The moment of exchanging the BSA solution with
PBS buffer solution was marked by arrows.
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The results show a very fast adsorption of BSA, the adsorption
amounts of 1.0 and 20.0 min adsorptions are almost at an
identical level for PNIPAM and PtBA surfaces, while the
adsorption amount on the PMPC surface is much lower. It is
noted that the adsorbed amount measured by SPR is on the
same order of that measured by QCM-D, though the values
measured by SPR are always lower than those by QCM-D due
to two possible reasons: (1) SPR only determines the “dry”
mass of the adsorbed protein,35 while QCM-D measures the
adsorption of protein as well as the water coupled on it;36,37 (2)
the flow rate and adsorption time of SPR experiment is lower
than that of QCM-D.
The adjustment of proteins and the underlying polymer

layers is again clearly evidenced by SPR measurements on the
effect of different adsorption time, with PBS-SDS solution (PBS
buffer containing 1% sodium dodecyl sulfate) serving as the
rinsing fluid to remove the loosely bound protein molecules.
For the bare gold surface, no desorption of BSA is observed
upon rinsing with PBS-SDS solution. On the contrary, for
polymer surfaces, the adsorbed BSA is almost totally removed
when the adsorption time is 1.0 min, though no more removal
is observed for adsorption of 20.0 min (Figure 5). This
phenomenon is observed for all three different polymer surfaces
studied, with the final adsorption amounts differing on polymer

type, the adsorption amounts have the order from high to low
on the PtBA, PNIPAM, and PMPC surfaces.
The results demonstrate the predominant effect of

interaction between proteins and the polymers, based on two
experimental facts. First, the amount of adsorption does NOT
have noticeable correlation with the grafting density and
therefore the major contribution of proteins’ penetration into
the brushes can be excluded. This is further proved by the
highest adsorption amount on the nonpermeable PtBA layer,
which is not swelled in aqueous medium. Second, a good
correlation is discovered with hydrophobicity of the underneath
polymer layer, the least adsorption happens on the most
hydrophilic PMPC brushes while the most adsorption happens
with the most hydrophobic PtBA brush layer.
Therefore, the results got from SPR and QCM-D support

each other. It is obvious that the BSA proteins bind loosely to
the polymer surface at the early stage of adsorption and they
adjust their conformation in the later stage, establishing
stronger binding to the surface.
By comparing the results by QCM-D and SPR, it is

discovered that, for the present system, a reversible adsorption
of BSA is found when the ∂D/∂f value is higher than 8.3 × 10−8

Hz−1 and irreversible adsorption is found when ∂D/∂f value is
lower than 3.3 × 10−8 Hz−1. This can be a new method to judge
the status of adsorption and may be applied to other systems.
As the key problem of proteins adsorption, investigation of

the conformation adjustment or change of proteins is
challenging due to the complexity of the interplay between
external factors, protein and surface properties. We have
noticed that there have been continuous efforts in this
direction. For example, people have spectroscopy and
microscopy to study the structure and its evolution of adsorbed
proteins.18−26,30 However, it has been a challenge to study the
structural evolution of the protein during its adsorption process
by an in situ manner. The current study takes the advantage of
the high sensitivity as well as the good time resolution of QCM-
D and SPR, providing the clear evidence of the conformation
adjustment process of BSA protein adsorption on polymer
coatings. As far as we know, there has not been a study
providing such information.

■ CONCLUSION
The adsorption of BSA protein and synthetic polymers onto
the solid−liquid interfaces of QCM sensors can be detected
sensitively by monitoring the changes in the resonance
frequency and dissipation factor. By examining the value of
∂D/∂f, different stages of BSA adsorption have been
distinguished in which the adsorbed proteins adjust their
conformation, presumably from the native state to the
denatured state. The process of adjustments of proteins and
the polymers upon surface adsorption is further verified by SPR
experiment. The interaction of BSA molecules strengthened
after prolonged adsorption. The adsorption of protein on
polymer brushes’ surface relies largely on interaction between
the protein and the polymer, and hydrophilicity is proved to be
effective to suppress the protein adsorption. Analysis of the D−f
plot of QCM-D measurements helps to characterize the
different binding strengths of the protein and the underlying
polymer surface.
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Table 3. Adsorption Amount of BSA with a Concentration of
1.0 mg mL−1 (in 10 mM PBS Buffer, pH 7.4) onto Different
Polymer Brushes Measured by SPR and QCM-Da

adsorption amount (ng cm−2)

samples SPR (1 min) SPR (20 min) QCM-D

PMPC 5.6 13.5 18.7
PNIPAM 36.9 41.2 240.7
PtBA 54.9 53.7 244.7
Au 75.3 127.2 496.8

aPBS buffer was used to establish the signal baseline and remove the
unbound protein molecules.

Figure 5. Adsorption profiles of BSA with a concentration of 1.0 mg
mL−1(in 10 mM PBS buffer, pH 7.4) onto different polymer layers by
SPR measurements. PBS-SDS (PBS buffer containing 1% sodium
dodecyl sulfate) solution was used to establish the signal baseline and
remove the unbound protein molecules. The moment of t = 0 denotes
the point where the BSA solution is introduced. The arrows denote
the moments of PBS-SDS elution after the BSA adsorption for 1 and
20 min.
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Gerwert, K.; Kötting, C. Universal Method for Protein Immobilization
on Chemically Functionalized Germanium Investigated by ATR-FTIR
Difference Spectroscopy. J. Am. Chem. Soc. 2013, 135, 4079−4087.
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