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Reversible Protein Adsorption on PMOXA/PAA Based Coatings: Role of
PAA

Yan-Mei Wang
Fujian Architecture School

Abstract In this study we report design of stimuli-responsive coating based on poly(2-methyl-2-oxazoline-random-glycidyl
methacrylate) (PMOXA-r-GMA) comb copolymer and poly(acrylic acid)-block-poly(glycidyl methacrylate) (PAA-6-PGMA) block
copolymers and scrutinize its ability to control protein adsorption. Firstly, PMOXA/PAA based coatings were prepared by simply spin
coating the mixture of PMOXA-r-GMA and PAA-b-PGMA copolymer solutions onto silicon substrates followed by annealing at 110 °C.
Then coatings were rigorously characterized by X-ray photoelectron spectroscopy (XPS), the static water contact angle (WCA) test,
ellipsometry and atomic force microscopy (AFM). After that,the relationship of switchable behavior of PMOXA/PAA based coatings
with PAA content and chain length was investigated through the change of thickness and WCA upon pH and ionic strength (/) trigger,
which indicated that the change in thickness and WCA was triggered when PAA contents were increased as well as by increasing chain
length of PAA in PMOXA/PAA based coatings. Finally, real-time adsorption/desorption of lysozyme (Lyso) on PMOXA/PAA based
coatings was monitored using quartz crystal microbalance with dissipation monitoring (QCM-D). The results showed that the Lyso
adsorption amount was increased upon increasing chain length and contents of PAA in PMOXA/PAA based coatings. The adsorbed Lyso
was then efficiently desorbed by changing pH and / of medium with the maximum desorption (> 90% desorption percentage) observed for
the suitable ratio of PMOXA and PAA while chain length of PAA was kept longer than that of PMOXA. Furthermore, the prepared
coatings were found to repeatedly adsorb and desorb Lyso for four successive cycles of adsorption/desorption, which confirmed the
stability of prepared coatings.

Keywords Binary polymer brushes; Stimuli-responsive coating; Reversible protein adsorption; Quartz crystal microbalance

INTRODUCTION poly(ethylene glycol) (PEG) and amphiphilic block

. | . ) . h copolymer poly(acrylic acid)-b-polystyrene (PAA-b-PS) at
Precise contro of protein adsorptlon/desorptlp n on the different pH and [ valuesl!2. PEG brushes exhibited as
surface is one of the most fundamental requirements in

several fields, such as a biosensor, drug delivery,
nanotransport tools, etcl! 8], Reversible protein adsorption on
the surface is thus desirable for these applications, which
could be realized using interfaces modified with binary
mixed polymer brushes. Such binary mixed brushes are
normally composed of stimuli-responsive polymer chains
and protein repellent polymer chains that are end-grafted to a
substratel]. They could expose alternately one of the two

protein repellent part due to its excellent hydrophilicity, and
PAA block, an inherently responsive polyelectrolyte, served
as a macromolecular actuator to bring the PS hydrophobic
component (attached to the PAA tail) to the surface through
significant variations in swelling of PAA chains as a function
of pH and /. The variation of the hydrophobic-hydrophilic
properties of the surface was used to control FIB adsorption.
They observed that block copolymer PAA-b-PS alone did

components upon external stimuli (pH, ionic strength (7), not display a significant sw.itching of protein adsorptiop in
temperature, efc.) and thus build stimuli-responsive (or  the presence of CaClz, while the PAA-b-PS/PEG mixed

smart) surfaces to control the protein adsorption/ ~ Prush demonstrated the complex synergic behavior of
desorption(!0- 121, switching protein layer thickness from 0.3 nm to 4.0 nm at
For instance, Hoy e al. have performed a study of different calcium ion content levels. Delcroix et al. have
fibrinogen (FIB) (pl ~ 5.4) adsorption onto mixed brushes of designed poly(ethylene oxide) (PEO) and poly(acrylic acid)
(PAA) mixed brushes and tuned their properties towards

human serum albumin (HSA) adsorption by adjusting pH

and I conditions!!3: 141, They concluded that in mixed

PEO/PAA brushes, at pH 5 and low / (/= 107 mol/L), PAA
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chains were swollen in solution and mixed PEO/PAA brush
could adsorb high quantity of HSA. At pH 9 and high 7 (/=
107! mol/L), PAA chains were shrunk and PEO chains were
more exposed to the outermost surface, therefore, the
adsorbed HSA could be desorbed with high efficiency from
the mixed PEO/PAA brushes.

Later on, the same group has systematically investigated
the reversible adsorption/desorption of HSA, lysozyme
(Lyso), collagen (Col), and immunoglobulin G (IgG) on
mixed PEO/PAA brushes, four very different proteins in
terms of size, solubility, and isoelectric pointl!3]. The highest
amount of Lyso adsorbed on the PEO/PAA brushes occurred
at pH 7 and low ionic strength (/ = 107> mol/L) and the
maximum desorption for Lyso occurred at pH 3 and high
ionic strength (/ 10-! mol/L). The adsorption and
desorption of Col andIgG on PEO/PAA binary brushes were
also strongly dependent on swelling and collapsed
conformations of PAA as well as protein repellency of PEO.
They concluded that the amounts of protein adsorbed on
mixed PEO/PAA brushes were of the same order of
magnitude as on pure PAA brushes, while desorption
efficiency was close to that of pure PEO, thus the mixed
brushes nicely combined the properties of pure PAA and
pure PEO brushes. Recently, Bratek-Skicki ef al. tuned
adsorption of HSA, FIB and Lyso on PEO/PAA mixed
brushes considering the role of PEO amount in the brushes,
regulated by changing its molar mass or its fraction in the
solution used for polymer grafting(!¢l. They observed a
decrease in the adsorbed amount of Lyso and FIB while
increasing the PEO content and its molar mass in the mixed
brushes, and under selected / and pH conditions, protein
adsorption was mainly governed by the swelling/collapse
behavior of PAA chains and by the contribution of
electrostatic interactions.

Although many researchers have reported using PEG in
binary polymer brushes as a protein-repellent polymer, PEG
is known to undergo degradation by (auto)oxidation and
form ethers and aldehydes, which hampers its long-term
applications. To overcome the disadvantages associated with
PEG, poly(2-oxazoline)s (POx), in particular, the water-
soluble poly(2-methyl-2-oxazoline) (PMOXA), a
peptidomimetic polymer, have lately drawn increasing
attention for their excellent protein resistancel!7-20]. Keeping
in view PMOXA advantages, our group has synthesized
PMOXA and PAA binary polymer brushes to control
adsorption of bovine serum albumin (BSA). PMOXA/PAA
mixed brushes were prepared by the sequential grafting of
amine-terminated PMOXA (PMOXA-NH2) and thiol-
terminated PAA (PAA-SH) onto poly(dopamine) (PDA)-
coated surfaces[?!]. Mixed brushes with PAA chain length
longer than PMOXA displayed better control toward protein
adsorption/desorption behaviour and the maximum BSA
desorption (about 87% desorption percentage at pH 9 and /=
107! mol/L) was observed when PAA chain length in the
mixed brush was about 2.5 times that of PMOXA. To avoid
multistep grafting process for PDA-coated surfaces, recently,
we have prepared PMOXA/PAA based coatings by spin
coating the solution of poly(2-methyl-2-oxazoline-random-
glycidyl methacrylate) (PMOXA--GMA) comb copolymer
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and poly(acrylic acid)-block-poly(glycidyl methacrylate)
(PAA-b-PGMA) block copolymer onto silicon/glass
substrates following simple annealing protocol(22]. The
surface composition of mixed brush could be controlled by
simply adjusting mass percentages of both copolymers
solution during spin coating and then the control of BSA
adsorption/desorption upon pH and [ change could be
reached with this mixed brush modified surface.

In the present work, our purpose is to investigate the effect
of PAA chain length and contents of PAA towards
switchable adsorption/desorption behaviour of basic protein
(Lyso). To do so, the PMOXA--GMA comb copolymer
with fixed PMOXA chain length and PAA-b-PGMA block
copolymer with different chain lengths of PAA block were
synthesized via cationic ring-opening polymerization
(CROP) of 2-methyl-2-oxazoline (MOXA) and reversible
addition-fragmentation chain transfer (RAFT) polymeri-
zation of acrylic acid (AA) followed by their random and
block copolymerization with glycidyl methacrylate (GMA),
respectively. A wide range of PMOXA/PAA based coatings
with the varied percentage of both copolymers were then
grown on silicon/QCM-SiO2  substrates using GMA
anchoring  segments via  annealing process. We
systematically investigated the stimuli-responsive properties
of PMOXA/PAA mixed brushes with varying chain lengths
and contents of PAA upon pH and 7 change. The influence of
PAA chain length as well as PAA content on adsorption
behaviour of Lyso was also investigated by means of quartz
crystal microbalance with dissipation monitoring (QCM-D).

EXPERIMENTAL

Materials

The water used in all experiments was deionized water
(LanLan Company, Hefei, China). 2-Methyl-2-oxazoline
(MOXA, 99%, Sigma-Aldrich) was dried over calcium
hydride for 24 h and distilled prior to use. Methyl
trifluoromethansulfonate (MeOTf, > 98%, Sigma-Aldrich)
stored under nitrogen at 4 °C was used as received. 2,2'-
Azobisisobutyronitrile (AIBN, Tianjin Guangfu Fine
Chemical Research Institute, China) was recrystallized from
ethanol and stored at 4 °C. Glycidyl methacrylate (GMA,
97%, Aladdin) was passed through an activated basic
alumina column to remove the inhibitor before use. Acrylic
acid (AA, Sinopharm Chemical Reagents, China) was
distilled under reduced pressure and stored at 2 °C prior to
use. Acetonitrile (ACN), dimethylformamide (DMF),
triethylamine (TEA), methacrylic acid (MAA), iso-propanol
(IPA), ethanol and other reagents were obtained from
Sinopharm Chemical Reagents. ACN and TEA were dried
over CaH: and distilled before use. IPA, DMF, and MAA
were distilled under reduced pressure. S-1-dodecyl-S'-(a,a'-
dimethyl-a"-acetic acid) trithiocarbonate (DDMAT) was
synthesized according to the previously published
procedurel?3]. Lyso from hen egg white (Mw ~ 14.3 kDa, pl ~
11.4, Biosharp Co., Ltd., Hefei, China) was purchased and
used as received. HCl (Sinopharm Chemical Reagents),
NaOH (Sinopharm Chemical Reagents) and NaCl
(Sinopharm Chemical Reagents) were used to prepare saline



solutions of adjusted pH and 7 values. Silicon(111) wafers
with a naturally oxidized layer were received from Zhejiang
Crystal Photoelectric Technology Co. (Zhejiang, China). For
QCM measurements, the crystals (QSX 303 SiO2) used were
thin AT-cut quartz coated with 50 nm of SiO2, purchased
from Biolin Scientific, Sweden.

Polymer Syntheses

Synthesis ofPMOXA-r-GMA

PMOXA--GMA comb copolymer was synthesized
according to our previous work[?2]. Following the procedure,
methacrylate terminated poly(2-methyl-2-oxazoline)
(PMOXA-MA, DP = 23.5, contour chain length of PMOXA
was 8.15 nm calculated by using Eq. S(1) (in electronic
supplementary information, ESI), was synthesized by CROP
of MOXA followed by its end-capping with MAA and TEA.
Then, PMOXA-MA proceeded for random copolymerization
with GMA using AIBN as an initiator to get PMOXA-r-
GMA comb copolymer. Detailed synthesis procedure is
shown in ESI. Feed molar ratio of PMOXA-MA to GMA
was maintained at 3:1 in this work and relative number
average molecular mass of PMOXA-MA and the molar ratio
of PMOXA-MA to GMA was calculated by 'H-NMR
(Fig. S1 in ESI).

Synthesis of PAA-b-PGMA

The synthesis of PAA-b-PGMA di-block copolymer was
performed by RAFT polymerization using PAA-macro
RAFT agent. Initially, PAA-macroRAFT agent (DP =27, 41
and 83, contour chain length of PAA was 6.78, 10.32, and
21.12 nm, respectively, calculated by using Eq. S2 of ESI)
was synthesized according to previously reported
procedurel2+ 251, Next, the di-block copolymer was prepared
by adding calculated amounts of PAA-macroRAFT agent,
GMA, DMF and AIBN into dried glass tube at 80 °C and
reacting for 12 h under vacuum. The synthesized polymer
was then purified by dialysis and freeze-drying to obtain
yellow solid of PAA-b-PGMA as the end product(?2. The
detailed synthesis process is given in ESI. Feed molar ratio
of PAA-macroRAFT agent to GMA was 1:0.5. Molecular
mass, exact molar ratio and polydispersity index (PDI) of the
synthesized block copolymer were determined by 'H-NMR
and gel permeation chromatography (GPC) measurements.
'TH-NMR spectra and GPC traces for PAA and PAA-b-
PGMA with different molecular weights of PAA are shown
in Figs. S2, S3, S4,and S5 (in ESI).

General procedurefor surface modification

Covalently crosslinked copolymer films of synthesized
polymers were prepared by "grafting to" method via spin
coating (KW-4A, Institute of Microelectronics of Chinese
Academy of Sciences, Beijing, China), following the
annealing protocol as reported by us in previous work[22 261,
Prior to copolymer adsorption, the silicon wafers were cut
into 1 cm X 1 cm pieces and cleaned by sonication in acetone
and ethanol to remove organic contaminants (grease, etc.),
soaked for 2 h in piranha solution (H2SO4:H202) (7:3 by
volume) (caution: solution is highly oxidative and should be
handled with great care), rinsed extensively with deionized
water and then dried under N2 before use. QCM sensors (AT-
cut quartz with 50 nm layer of SiO2 deposited on top of the
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gold electrode) were washed by dipping them in piranha
solution for 5 min at most, deionized water for 10 min
followed by drying with N2. Solutions of copolymers with
PMOXA-r-GMA/PAA-b-PGMA mass ratio of 100/0 (pure
PMOXA--GMA), 0/100 (pure PAA-b-PGMA), 90/10,
50/50 and 20/80 were prepared by mixing stock solutions of
PMOXA--GMA and PAA-b-PGMA at 10 mg/mL in
deionized water at the given ratio in volume. Spin coating of
copolymer solutions was performed on all these substrates
for 60 s at 2000 r/min under vacuum. Prepared surfaces were
named as PMGyx/PAGy ), where ‘PMG’ and ‘PAG’ represent
PMOXA-r-GMA and PAA-b-PGMA, ‘x’ and ‘y’ are the
corresponding percentages of PMG and PAG in solution
respectively and ‘n’ is the DP of PAA. Corresponding
prepared surfaces were named as PMG (pure PMOXA-r-

GMA), PAG (pure PAA-D-PGMA), PMGoo/PAG10@27),
PMGs0/PAGs027), PMG20/PAGS8027, PMG9o0/PAG1o@1),
PMGs0/PAGso@1),  PMG20/PAGso@dn,  PMGoo/PAG1os3),

PMGs0/PAGsos3), and PMG20/PAGsos3), respectively. The
coated substrates were subsequently annealed for 18 h at
110 °C. After annealing, substrates were allowed to cool to
room temperature and washed with deionized water to
remove unattached polymer and dried with No.

Characterizations

Nuclear magnetic resonance (NMR)

All 'H-NMR spectra of polymers were recorded using an
AVANCE 300 spectrometer (Bruker biospin, Switzerland)
(300 MHz). The spectra were acquired at room temperature
using deuterated chloroform (CDCI3) or deuterium oxide
(D20) as solvent and tetramethylsilane (TMS) was selected
as an internal standard.

Gelpermeation chromatography (GPC)

The molecular mass and polydispersity index (PDI = Mw/Mn)
of PAA and PAA-b-PGMA polymers were determined by
gel permeation chromatography (GPC, waters 1515)
equipped with four ultrahydrogel columns and a refractive
index detector (RI, Wyatt WREX-02). Phosphate buffer
saline (pH 7.4) was used as ecluent at a flow rate of
1.0 mL/min and the column oven temperature was kept at
35 °C. Molar masses were calculated against a conventional
universal calibration with PEO as standard.

X-ray photoelectron spectrometer (XPS)

The XPS data were collected on a VG ESCALAB MK II X-
ray photoelectron spectrometer (Thermo-VG Scientific Ins-
truments, England) with an Al (Ka) X-ray source (1486.6 eV).
All spectra were calibrated by setting the signal of the
aliphatic (C, H) component of the Cls peak at 284.7 eV
(rather than 285.0 eV, given the high proportion of aromatic
carbon in the compounds). Surface composition (in case of
mixed PMG/PAG brush) was calculated using peak areas
measured after linear background subtraction and normalized
on the basis of acquisition parameters, experimental
sensitivity factors and transmission factors provided by the
manufacturert!3-22],

Variable angle spectroscopic ellipsometer (VASE)

The film thicknesses were measured by a spectroscopic
ellipsometer (M-2000, Woollam Co., Inc., Lincoln, NE) at
~25 °C. The ellipsometric data were acquired in the spectral



range of 370-1000 nm at two different angles of incidence
(65° and 75°). The analysis software, Complete EASE 4.81,
was used to analyze all data. The reported thicknesses were
the average of measurements made from at least three
different spots on the polymer-modified wafer. To fit the
ellipsometric data, the optical constants (refractive index,
extinction coefficient) of Si (n = 3.865, k= 0.020) and SiO2
(n = 1.465, k = 0) were used to determine the SiO2 layer
thickness of the freshly cleaned silicon surfaces. All the
ellipsometric data were fit using Cauchy layer model to get
the thickness of the brushes.

Atomicforce microscopy (AFM)

The surface topology and surface roughness values of the
unmodified and polymer modified silicon surfaces were
evaluated on a DI MultimodeV atomic force microscope
(AFM) from Veeco Instruments (Mannheim, Germany). The
microscope was operated in tapping mode using Si
cantilevers with a resonance frequency of 273 kHz and a
drive amplitude of 1.30 V at a scan rate of 0.3 Hz. The AFM
images were analyzed and post-processed using the
NanoScope software (Version 5.12).

Switchable Properties

Hydrophilicity

The static water contact angles (WCA) were measured on an
optical CA device (SL200KB, KINO Industry Co., Ltd,
USA) equipped with CAST V2.28 software at ambient
temperature using sessile drop method. A water drop with the
volume of 1 uL was placed on the surface with a micro-
syringe in an atmosphere of air and the values were recorded
after 10 s. To check the switchable hydrophilic nature of
brush surfaces, prepared surfaces were separately immersed
in saline solutions of pH 5, 7, and 9 at /= 107 mol/L and pH
3,5,7,and 9 at /= 107! mol/L for 30 min respectively and
WCA was measured for all pH values. Data presented were
then averaged by three independent measurements on
different locations of samples, and the results were reported

as mean =+ standard deviation.
Thickness

To evaluate pH-dependent thickness changes of polymer-
modified silicon surfaces, the dry thickness of coated
substrates was measured at different pH and ionic strength
values. Firstly, polymer-modified substrates were separately
immersed inpH 5, 7, and 9 at /= 107> mol/L and pH 3, 5, 7,
and 9 at /= 107" mol/L solutions for 30 min each and then
freeze-dried for 12 h. After that dry thickness of each
substrate was measured at three different spots on polymer-
modified wafer and the results were reported as a mean +
standard deviation. All the ellipsometric data were fit using
Cauchy layer model to get the thickness of the brushes.
Protein adsorption test

The adsorption of Lyso was monitored in situ by QCM-D.
Measurements were conducted using a Q-sense AB-system
(Biolin Scientific, Sweden) at a temperature of (23.00 +
0.1) °C. The crystal used was an AT-cut quartz crystal coated
with a thin SiO2 film (~50 nm, manufacturer specification),
having a fundamental resonant frequency (fo) of 5 MHz and a
diameter of ~14 mm in a fluid cell with one side exposed to
the solution. When the quartz QCM sensor is excited to
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oscillate in the thickness shear mode at its fundamental
resonant frequency fo, a small layer added to the electrodes
induces a change in resonant frequency and dissipation
energy (AD) of the sensor. In the present study, all the
changes of Afand AD were obtained from the measurements
at the third overtone (n = 3), by bringing different solutions
(Lyso and solvents) in contact with modified sensors.
Sauerbery equation was then used to calculate layer mass
(Am):

Af

0 (D
where Cis the mass sensitivity constant (C= 17.7 ng/(cm?-Hz))
and n (= 1, 3...) is the overtone number?7]. Adsorption/
desorption conditions for Lyso were chosen according to
previously reported work(!3l. For all QCM experiments, a
baseline was recorded by flushing with deionized water for at
least 10 min until constant Afvalue was achieved. Then, the
resonator was rinsed with a saline solution of adsorption (pH
7 and I= 107 mol/L) to make protein adsorption surface for
several minutes until the system reached equilibrium with
constant Afvalue. Freshly prepared Lyso solution (1 mg/mL
in pH 7 and I = 107° mol/L) was later introduced and
decrease in frequency was noticed parallel to the adsorption
of Lyso onto the polymer surface. After plateau reached for
the frequency decrease, the resonator was again rinsed with
the same saline solution for adsorption (with no protein) for
10 min. The saline solution of desorption (pH 3 and [ =
107! mol/L) was introduced in next step, followed by
flushing with saline adsorption solution once again (without
protein). At the end of the experiment, the resonator was
rinsed with water to evaluate final desorption of protein. The
same sequence of solutions was repeated for all experiments.
To test the repeatability of adsorption/desorption process, the
first adsorption/desorption cycle was repeated three to four
times. At the end of the experiment, final rinsing was
performed with deionized water. Baselines established
between same solutions were used to determine changes in
frequency shifts in order to avoid the effects of liquid phase
on polymer brushes and the protein layer. The experiment
was repeated three times with each resonator and average
results for mass and frequency changes are presented here.

Am = -C

RESULTS AND DISCUSSION

Surface Modification

Silicon was chosen as model substrate for modification with
PMG and PAG brushes. The surface composition ofbare and
modified substrate was determined by XPS analysis.
Representative wide scan and Cls spectra of silicon before
and after modification with polymer brushes are given in
Fig. 1 and Figs. S6 and S7 (in ESI), respectively.
Corresponding calculated element contents are summarized
in Tablel and Table S1 (in ESI). Compared to the
unmodified silicon surface, clear changes in carbon (Cls,
287 eV), nitrogen (N1s, 400.5 eV), oxygen (Ols, 533 eV),
and silicon (154 eV for Si2s and 103 eV for Si2p) signals are
observed in modified silicon surfaces. For PAG27, PAGu,
and PAGss (Fig. 1) coated silicon, effective suppression in
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Fig. 1 (a) XPS wide scan spectra of bare, PMG, PAG27, PAGa1, PAGs3, PMGoo/PAG1027), PMGoo/PAGioa1), and

PMGo0/PAGi0(s3) modified silicon surfaces, the high-resolution Cls of (b) PMG, (c¢) PAGss, and (d) PMGoo/PAGio(s3)

modified silicon surfaces

Table 1
thickness for modified surfaces

The atomic percentage of elements on the bare and polymer-modified silicon surfaces based on XPS, and corresponding dry

Element mole percent (atom %)

Sample Cls Ols NIs Si2s NIC clo Thickness a (nm)

Bare silicon wafer 23.47 46.53 0.32 29.38 0.01 0.5 _

PMG 60.33 20.07 9.09 4.11 0.15 3.0 348+ 0.34
PAG27 45.62 29.52 1.14 17.35 0.02 1.5 3.59+ 0091
PAGu 54.81 31.95 1.03 15.28 0.02 1.7 476 £ 0.61
PAGss3 65.97 31.95 0.84 1.25 0.01 2.0 8.31+2.46
PMGoo/PAG1027) 56.08 28.56 8.48 7.94 0.15 1.9 3.89+0.16
PMGoo/PAG1o41) 56.29 27.86 7.53 5.56 0.13 2.0 4.81+0.19
PMGoo/PAG10(83) 60.12 25.71 6.65 1.10 0.11 2.3 8.61 £2.68

a Obtained in dry film and expressed as mean + SD (n =3)

substrate signals (154 eV for Si2s and 103 eV for Si2p) and
increment in carbon (Cls, 287 eV) signal were observed.
Also, in Fig. 1, a considerable increase in the N1s (400.5 eV)
and Cls (287 eV) peaks respectively was observed for PMG-
modified silicon wafer along with a corresponding decrease
in Si2s and Si2p peaks. C/O ratio was also calculated for
modified silicon substrates and it was observed that C/O ratio
was increased from 0.5 to 3.0 when comparing bare and
PMG-modified substrate respectively (Table 1). For
PMG/PAG mixed brushes modified surfaces ( 1Fig. and
Fig. S6 in ESI), disappearance of substrate Si signal (154 eV
for Si2s and 103 eV for Si2p) and presence of Cls (287 eV),
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N1s (400.5 eV) and Ols (533 eV) confirmed the presence of
both PMG and PAG copolymers on surface.

From Table 1, it can be observed that the ratio of nitrogen
to carbon (N/C) was increased from 0.01 for bare to 0.15 for
PMG-modified surface, favoring the presence of PMG on the
surface. For PAG27, PAG41, and PAGs3 modified surfaces,
the ratio of N/C was found to be negligible i.e. 0.02, 0.02,
and 0.01 respectively. A small amount of nitrogen may come
from contaminations in the air or elsewhere. However, C/O
ratio was increased from 1.5 to 1.7 and 2.0 for PAG27 to
PAG41 and PAGs3 modified substrates. Higher C/O ratio for
PAGs3 can be associated with a higher chain length of



PAGs3 than PAG41 and PAG27. For mixed brush modified
surface, the corresponding ratio of N/C was 0.15, 0.13 and
0.11 for PMG9o/PAG1027), PMG90/PAG10@1), and PMGoo/
PAGio83) modified silicon surfaces, respectively. Their C/O
ratio was also increased from 1.9 to 2.0 and 2.3,respectively.
Results for other mixed brush compositions are given in
Table S1 (in ESI). From Table 1 and Table S1 (in ESI), it
can be seen that the Si2p signal characteristic of the bare
silicon wafer was about 30%, which was decreased to
17.35%, 15.28% and 1.25% for PAG27, PAG41, and PAGs3
and 4.1% for PMG-coated silicon surface. However, a
dramatically decreased silicon signal was observed for all
mixed PMG/PAG brush modified silicon substrates, pointing
favor towards better surface coverage with a mixed brush
than pure PMG and PAG. Moreover, the relative mass
fraction of PMG and PAG (GpmG and GPAG) on the mixed
brush modified silicon surface was also calculated from XPS
data (the results are shown in Table S2 in ESI). When
PMG/PAG mixed brush surfaces were fabricated by using
the solution with the same mass composition
(PMG90/PAG10, PMGs0/PAGs0o, and PMG20/PAGso), the
contour chain length of PAA (i.e. for PAG27, contour chain
length of PAA is 6.78 nm) was shorter than that of PMOXA
(8.15 nm), surface was enriched with PMG contents more
than PAG contents compared with the corresponding
solution used for fabricating PMG/PAG mixed brush
modified surface; when the contour chain length of PAA was
slightly longer (i.e. for PAGa1, contour chain length of PAA
is 10.32 nm), surface contained more PAG contents than
PMG; when PAA length was about 2.6 times (i.e. for PAGss3,
contour chain length of PAA is 21.12 nm) that of PMOXA,
the surface was more enriched with PAG as compared to
PMG. Higher PAG contents can be related to higher surfaces
coverage for PAG when chain length of PAA is about 2.6
times that of PMOXA side chains.

The dry thickness of prepared coatings was estimated
through VASE and data are presented in Tablel and
Table S1 (in ESI). For PMG-coated surface, thickness of
3.48 nm was observed. For PAG-coated surfaces, the
thickness was increased from 3.59 nm to 4.76 and 8.31 nm
for PAG27 to PAG41, and PAGs3 coating. Higher thickness
might be attributed to the longer contour chain length of
PAA in PAGs3 block copolymer than in PAG27 and PAG41
copolymers. Moreover, for PMG/PAG mixed brush modified
surfaces of all composition, thickness value was slightly
higher than those of PAG and PMG modified surfaces.
Among all PMG/PAG mixed brush surfaces, a
comparatively high thickness was observed for mixed brush
containing PAGs3 than PAG41 and PAG27. The results are in
line with the XPS data in which a strong reduction in Si
signal for the PMG/PAG mixed brush modified surface was
observed and the Si signal decreased more for corresponding
mixed brush containing PAGs3 (Table 1 and Table Sl in
ESI).

These results are in accordance with the previous study of
PEO/PAA mixed brush performed by Delcorix et al., in
which they found that PEO/PAA mixed brushes had better
coverage for gold substrates than their homopolymer brushes
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(PAA or PEO) mainly due to a higher grafting density ofthe
chains, giving a higher thickness layerl!3]. Taking into
account the thickness and XPS data, it is confirmed that
silicon substrate could be modified successfully with PMG,
PAG, and PMG/PAG mixed brushes with varied
compositions and by increasing contour chain length of PAA
i.e. from 6.78 nm to 21.12 nm, PAG contents became higher
than PMG in PMG/PAG mixed brushes coatings.

To further characterize the grafting of polymer brushes on
the silicon surface, the surface morphology was investigated
by AFM with tapping-mode, and the corresponding 3D
images are shown in Fig. 2 and Fig. S8 (in ESI). Root-mean-
square roughness (Rq) for bare silicon surface (Fig. 2a) was
changed from 0.31 nm to 0.55, 0.49, 0.46, 0.67, 0.71, 0.78,
and 1.12 nm, upon subsequent grafting of PMG, PAG27,
PAG41, PAGs3, PMGo0/PAG1027), PMGo0/PAG1041), PMGoo/
PAGio@s3) (Figs. 2b-2h). For PMGs0/PAGs027, PMG2o/
PAGsoe27, PMGso/PAGso41), PMG20/PAGsoa1), PMGso/
PAGs083), and PMG20/PAGsos3) modified substrates, results
are given in Fig. S8 (in ESI). It was noticed that the surface
roughness was altered after coating with different
compositions of PMG and PAG. Higher Rq values after
grafting copolymer further reveal the successful modification
of silicon surface by copolymer via thermal immobilization
method.

The Switchable Behaviour of Brushes

The static water contact angle (WCA) measurement is the
most convenient way to assess the hydrophilicity and
wettability of solid surfaces, and the switchable hydrophilic
properties indirectly determine the switchable antifouling
properties of the surface. Fig. 3 summarizes the WCA values
of PAG27, PAGai, PAGss, PMGo/PAGio27), PMGoo/
PAGio@1), and PMGoo/PAGios3) modified silicon wafers at
pH 5, 7, and 9 at I = 107> mol/L and pH 3, 5, 7, and 9 at
I= 10" mol/L conditions. For PMGs0/PAGs027, PMG2o/
PAGsoe27, PMGs0/PAGso41), PMG20/PAGso41), PMGso/
PAGs0(83), and PMG20/PAGsos3), WCA results are shown in
Fig. S9 (in ESI). Due to pH-independent nature of PMG, the
variation of WCA of PMG was not significant in the range of
investigated pH value and 7 (WCA value was (20° + 5°) at all
pH values)?21,

From Fig. 3(a), it can be seen that when [ was fixed to
10 mol/L and pH value increased from 5 to 9, WCA
decreased from 29° to 16° for PAG27, 46° to 15° for PAGui,
and 65° to 16° for PAGs3 modified surfaces; meanwhile, it
can be seen that at pH 5 and 7, WCA of PAG-modified
silicon wafer increased with the contour chain length of
PAA, and the difference of WCA decreased with increasing
pH value; when pH reached 9, WCAs were almost the same
for all of PAG-modified surface whatever the contour chain
length of PAA. Generally, at low /, while pH < pKa (pKa of
PAA situated around 5), PAA chains are neutral and tend to
shrink with a relatively hydrophobic behaviour; when the pH
value approaches the pKa, PAA chains in the uppermost
layer begin to dissociate, although the majority of the
brushes remain collapsed, and the ionized brush segments on
the brush surface can stretch out into solution; the brush then
swells with further increasing the pH value because of an
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AFM images of silicon wafers (a) before and (b-h) after PMG, PAG27, PAGs1, PAGs3, PMGoo/PAGi0@27),

PMGo0/PAG1o@1), and PMGoo/PAGi0(s3) modification. The scan size was 5 um x 5 pm.
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Fig. 3 WCA values of PAG27, PAG41, PAGs3, PMGoo/PAGi027),
PMGoo/PAG1oa1), and PMGoo/PAGiois3) modified silicon wafers
with varied pH values at (a) /= 107 mol/L and (b) /= 107! mol/L

increasing fraction of negative charges on PAA chains; when
the pH value increases to 9, the density of negative charges
on PAA chains increases largely, and the charged PAA
chains stretch out as much as possible to reduce electrostatic
repulsion between negative charges[28-301, Considering the
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conformational changes of PAA mentioned above, higher
WCA value at pH 5 and low [ indicated relatively
hydrophobic behaviour of PAG-modified silicon wafer,
whereas at pH 7 and low I, WCA was decreased due to
ionization of carboxylic groups along PAA chains, and
extremely low WCA at pH 9 clearly indicated complete
ionization of PAA chains and hydrophilic behaviour of
PAG-modified silicon wafer at higher pH value. Higher
WCA for PAG-modified silicon wafer with longer chain
length at pH 5 and pH 7 at low [/ is related to the higher
hydrophobicity of PAA as compared to that with shorter
chains. At pH 9, the WCA was found almost the same (~16°)
for all PAG-modified surfaces which is associated with
complete dissociation of acid groups of PAA irrespective of
the chain length of PAA. For PMGoo/PAGios1) and
PMG90/PAG10s3) modified silicon wafer (i.e. the contour
chain length of PAA is longer than that of PMOXA), when
increasing pH value from 5 to 9 WCA decreased from 30° to
22° for PMGoo/PAGio41) and from 45° to 21° for
PMG9o/PAG1083) modified surfaces, respectively; however,
the change of WCA value was less than those of pure PAGa41
and PAGs3 modified surfaces. For PMG9/PAG10227) coating
(i.e. the contour chain length of PAA is shorter than that of
PMOXA), WCA value was not changed much from pH 5 to
pH 9. The change in WCA values for other mixed brush
surfaces is shown in Fig. S9(a) (in ESI). In mixed brush
modified surfaces, when contour chain length of PAA
(PAG41, 1032 nm; PAGss, 21.12 nm) is longer than
PMOXA side chains (8.15 nm), at pH 5 and low / PAA
chains were partially negatively charged, swollen in solution,
and partially exposed at the outermost surface, and the PAA
chains then swelled with further increasing the pH value
because of an increasing fraction of negative charges on
PAA chains. It suggested that the properties of PMG/PAG
mixed brushes were dominated by PAA chains during
selected range of pH value at low / when the PAA chain
length was longer than that of PMOXA chain, resulting in



the same trend of the WCA change with the pure PAG41 and
PAGs3 modified surfaces. When contour chain length of
PAA (PAG27, 6.78 nm) was shorter than PMOXA side
chains in the mixed brush, PMOXA was exposed at the
outermost surface during the investigated range of pH value;
the properties of PMOXA became dominant in solution and
WCA did not exhibit a significant change by changing pH
values (Fig. 3a and Fig. S9a in ESI).

When 7 was high (/= 10~! mol/L) and pH value increased
from 3 to 9, WCA decreased from 35° to 14° for PAG27, 40°
to 21° for PAG41 and 60° to 25° for PAGs3 modified surfaces
(Fig. 3b). In fact, at high / and the pH value below pKa of
PAA (i.e. at pH 3), PAA chains are neutral, display collapsed
conformation and form intramolecular hydrogen bonds.
When pH approaches pKa of PAA i.e. at pH 5, PAA chains
start to swell due to ionization of carboxylic groups.
However, the extent of swelling is reduced due to the salt
effect, which compensates for negative charges and causes
shrinkage of chains. By further increasing the pH value to
above pKa (at pH 7 and 9), PAA chains are more collapsed,
because at higher pH values and high 7, the negative charges
of PAA chains are screened by the electrostatic repulsions
between solution counterions and ionized PAA chains[3!. 321,
Theoretically, an increase in / is also shown to decrease the
water-solid interfacial tension, which would have the effect
of decreasing the contact angle. High / decreases the Debye
screening length in solution so that at low pH values (below
pKa of PAA), PAA brush exhibits collapsed conformation
and possesses hydrophobic behaviour to some extent(33. 341,
From conformational studies and theoretical approaches,
herein, it can be seen that at pH 3, 5, and 7 values at [ =
1071 mol/L, WCA for PAG27 was 35°, 25°, and 20°, for
PAGua1, 40°, 30°, and 24°, and for PAGs3, 60°, 50°, and 35°
respectively. However, the mixed brush surfaces i.e.
PMG90/PAG1027), PMG90/PAG1o41) and PMG9oo/PAG1o(s3)
modified surfaces displayed no significant change in WCA
values (difference less than 5° between different pH values)
at all pH values at high 7 value (/ = 10! mol/L), and the
average WCA observed for PMG/PAG mixed brush surfaces
was found to be near 25°, which is close to WCA observed
for PMG-modified surfaces (about 23°). Similar results were
observed for other mixed brush compositions (see Fig. S9b
of ESI). These results further implied that at higher /
conditions, PAA chains were collapsed and the PMOXA
chains became more dominant in solution, resulting in WCA
value of PMG/PAG mixed brush surface close to the WCA
of PMG-modified surface.

The direct effect of the response of pH and 7 on the dry
thickness of PAG and PMG/PAG mixed brush coatings was
also investigated with varying chain lengths of PAA and
results are shown in Fig. 4. As can be seen from Fig. 4(a), at
low ionic strength (/= 10~5 mol/L), the thickness of PAG-
modified surfaces was increased with increasing the pH
value from 5 to 9 whatever the PAA chain length was, and a
more obvious increase in thickness by increasing the pH
value was noticed for the longer PAG brushes modified
silicon wafer i.e. PAG41 and PAGs3 as compared to PAG27.
The higher thickness value is linked to increasing
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Fig. 4 The thickness of PAG27, PAG41, PAGs3, PMGoo/PAG10(27),
PMGoo/PAGio@n), and PMGoeo/PAGiois3s) modified silicon wafers
with varied pH values at (a) /= 107 mol/L and (b) /= 10" mol/L

dissociation of carboxylic groups and the charged PAA
chains stretching out as much as possible to reduce
electrostatic repulsion which resulted in a higher thickness of
PAG brush coated surfaces. PAA with the longer chain
length contained more charged groups and formed a thicker
layer at higher pH values. This finding is in line with
previous research showing that longer PAA brushes (with
chain length 22, 30 and 40 nm) exhibited more significant
increase in thickness value when pH was increased from 3 to
1089, The same trend was observed for mixed brush i.e.
7 nm to 10 nm for PMGoo/PAG1027), 9.5 nm to 12 nm for
PMGo9o/PAG10@1), and 13 nmto 18 nm for PMGoo/PAG1o(s3)
modified surfaces. The increase of thickness upon increasing
pH value is clearly an indication of increasing hydrophilicity
of the surfaces as obviously demonstrated by WCA results,
and the increased thickness value by increasing chain length
of PAA is an explanation of dominant responsive properties
of PAA in PMOXA/PAG mixed brush surfaces containing
PAA chains longer enough than PMOXA chains.

When 7 was high (/= 10! mol/L) and pH value increased
from 3 to 9 (Fig. 4b), surface thickness was slightly
increased from 3.6 nm to 4 nm for PAG27, 4.3 nm to 6.6 nm
for PAGa41, and 5.5 nm to 9 nm for PAGs3 modified surface
respectively and the increase in thickness was higher for
longer PAA chains. The slight increase in the thickness with
increasing pH value at higher / value is mainly due to the



screening effect which causes shrinkage of PAA chains and
thus lowers the thickness('4l. For mixed brush surfaces,
PMGoo/PAG1o@7 surface did not display the significant
difference of thickness between pH 3 and pH 9, but
PMGoo/PAGio@1) and PMGoo/PAGios3) modified surfaces
displayed a difference of almost 2 nm between pH 3 and pH 9
values.

These results suggested that the thickness of both PAG
and PMG/PAG mixed brush modified surfaces responded
well to pH and 7 of the medium. At low /, the thickness
increased significantly by increasing pH value due to PAA
swelling. Thickness was also increased by increasing pH at
high 7, however, the increment was small as PAA chains
collapsed at high salt contents. Meantime, chain length of
PAA was proved to have great effect on thickness of
brushes. For example, in PMG/PAG mixed brushes, when
the chain length of PAA was shorter than that of PMOXA,
pH-responsive behavior was suppressed but PAA chains
longer than PMOXA chains exhibited significant variation in
thickness value upon pH and / trigger. When the chain length
of PAA was about 2.6 times that of PMOXA, the change of
thickness became more prominent, therefore, implying better
switchable properties of longer PAA chains in
PMOXA/PAA mixed brush coatings.

Results of WCA and thickness under different pH and /
values revealed that PMG/PAG mixed brush possessed
properties of both PMG and PAG. These results also
suggested that the thickness and wettability of PMG/PAG
mixed brush modified surfaces could be adjusted by pH and
I change, which meant the PMG/PAG mixed brush modified
surface might possess the switchable protein adsorption
ability upon pH and 7 trigger.

Regarding basic protein Lyso (with pI ~ 11.4), it is
positively charged at pH below its pI and negatively charged
at pH above its pl. Delcroix ef al. stated that Lyso adsorption
on PEO/PAA mixed brush modified surfaces reached the
maximum at pH 7 and / = 1073 mol/L conditions due to
electrostatic attractions between positively charged Lyso and
negatively charged PAA chains and desorption took place at
pH 3 and 7= 10! mol/L conditions at which electrostatic
interactions between collapsed PAA chains and Lyso were
minimized[’3]. Herein, the lower WCA value and higher
thickness of PAG or PMG/PAG mixed brush at pH 7 and 7 =
1073 mol/L explained the ionized and swollen state of PAA
chains. Lyso was positively charged at pH 7, so the
electrostatic attractions between negatively charged PAA
chains and positively charged Lyso could reinforce the
natural ability of the swollen PAA to adsorbLyso. However,
at high 7 (107! mol/L) and low pH value i.e. at pH 3, as PAA
still possessed hydrophobic nature (higher WCA for PAG or
PMG/PAG mixed brush modified surface) due to shrinking
of PAA chains at high 7 and pH 3 (lower thickness for PAG
or PMG/PAG mixed brush modified surface) and formation
of intramolecular hydrogen bonding between PAA chains,
electrostatic interactions were reduced between PAA and
Lyso and thus the desorption of Lyso could take place.
Considering previous work and the results of WCA and
VASE obtained in this work, the adsorption and desorption
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conditions selected for Lyso were pH 7 and /= 1075 mol/L
and pH 3 and 7= 107! mol/L respectively and the extent of
adsorption/desorption was then quantitatively evaluated by
QCM-D.

Protein Adsorption Studies

Fig. 5 presents typical QCM graphs for Lyso adsorption/
desorption on bare, PMG, PAG27, PAG41, PAGs3, PMGoo/
PAG1027), PMG90/PAGio@1), and PMGoo/PAGios3) coated
QCM-SiO2 sensors, respectively. These figures display
normalized Af values for the third overtone and the
corresponding AD values are given in Fig. S10 (in ESI).
Additionally,QCM graphs for Lyso adsorption/desorption on

PMGs0/PAGsoe27, PMG20/PAGso27, PMGs0/PAGso@n,
PMG20/PAGso@1), PMGs0/PAGs083), and PMG20/PAGso(83)

coated sensors are given in Figs. S11 and S12 (in ESI). As
shown in Fig. 5, water was flowed in the first step to obtain
baseline, then the saline solution of adsorption (pH 7 and /=
1073 mol/L), and then the protein solution (I mg/mL Lyso in
pH 7 and I = 107 mol/L) were flowed for the protein
adsorption process followed by saline solution of adsorption
again to evaluate adsorption of protein. After that saline
solution of desorption (pH 3 and / = 107! mol/L) was flowed
to trigger the protein desorption. Then again the saline
solution of adsorption was flowed so that desorption could be
measured by the same solutions. In the end, final rinsing was
performed with water. As mentioned in experimental section,
the experiment was repeated three times with each modified
sensor (one graph from each sensor is presented here), and
the average results of Lyso adsorbed amount (Amiadsorption),
amount remained on the sensor surface after desorption

(Amafier desorption) and desorption percentage (%) are summa-
rized in Table 2.
From Table 2, it can be seen that bare QCM-sensor

adsorbed 806 ng/cm? of Lyso at adsorption conditions, and a
very small amount of adsorbed Lyso was removed at
desorption conditions (15% desorption percentage). The
adsorption amounts of Lyso on pure PMG brush modified
sensor were very limited, and 97% of adsorbed Lyso was
released after desorption steps (Table 2), implying that the
surfaces modified with these brushes were highly protein-
repellent as expected(35: 361. PAG-modified surfaces could
adsorb a large amount of Lyso at pH 7 and /= 1075 mol/L
conditions whatever the contour chain length of PAA was.
Adsorption amount also increased with increasing chain
length of PAA. During desorption steps, partial desorption of
Lyso occurred and desorption percentage was 24%, 35%,
and 45% for PAG27, PAG41, and PAGs3 modified sensors.
Lyso, a positively charged protein molecule, at neutral pH
and low 7 values would be surrounded by negatively charged
counterions in the solution. When it was transferred into a
PAA brush, it could act as a multivalent counterion for the
PAA chains. As a result, monovalent counterions of the PAA
chains (as PAA is negatively charged and in swollen state at
neutral pH and low 7 conditions) and the protein molecules
were released into the solution. This “counterion
evaporation” increased the entropy of the system, so the
electrostatic interactions between negatively charged PAA
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Fig.5 Typical QCM graphs showing Afshifts after Lyso adsorption/desorption on (a) bare, (b) PMG, (c) PAG27, (d) PAGai,
(e) PAGss3, (f) PMGoo/PAG1027), (g) PMGoo/PAGi0@1), and (h) PMGoo/PAGios3) coated QCM sensor

chains and positively charged Lyso enabled a large amount
of Lyso to beadsorbed on the surface until the ionic strength
was the same inside and outside the PAA brush, when this
counterion release was no longer related to an entropy
increasel 151, However, at pH 3 and 7 = 107! mol/L, PAA
chains were hydrophobic and collapsed as seen from
thickness and WCA results; Lyso was positively charged, but
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the collapsed conformations of PAA minimized the
electrostatic interactions between both of them and thus
desorption from surface took placel37- 381, Higher adsorption
experienced by the longer chain length of PAA was due to
the higher specific surface developed by swollen PAA
brushes of longer chain length compared to shorter ones, as
noticed for higher WCA and thickness at pH 7 and [ =



Table 2 Hydrated mass/unit area computed from QCM-D data using Sauerbrey equation after Lyso adsorption/desorption at (pH 7 and /=
1073 mol/L) and (pH 3 and /= 10! mol/L), as well as resultant possible desorption percentage

Sample Amadsorption (ng/cm?) Amafeer desorption (ng/cm?) Desorption percentage a (%)
Bare 806 688 15
PMG 210 7 97
PAG27 1964 1486 24
PAG41 2517 1574 35
PAGs3 3786 2104 45
PMGoo/PAG1027) 306 100 67
PMGoo/PAG10@41) 1010 108 90
PMGoo/PAG10(83) 1500 149 91
PMGs0/PAGs0227) 1032 472 54
PMGs0/PAGs041) 1563 442 71
PMGs0/PAGso(s3) 3186 1121 64
PMG20/PAGso27) 1121 649 42
PMG20/PAGs0@41) 1616 778 51
PMG20/PAGs0(83) 3540 1520 57

2 Desorption percentage is calculated by using formula i.e. Desorption percentage (%)=

107> mol/L for longer PAG41 and PAGs3 brushes compared
to PAG27. Higher desorption percentage for longer PAA
brushes supported the strong protein repellent ability of
longer brushes.

Regarding Lyso adsorption on PMG/PAG mixed brushes,
two aspects were considered to examine adsorption
behaviour. Firstly, it was noticed that adsorption amount of
Lyso was increased on PMG/PAG mixed brushes by
increasing PAG contents while the PAA chain length was
fixed, meanwhile the desorption percentage was decreased

with the increase of PAA contents on corresponding
modified surfaces (see Table 2). For instance, adsorbed

amount of Lyso on PMGo/PAGio, PMGs50/PAGso, and
PMG20/PAGsgo brushes with PAG27 was increased to 306,
784, and 1079 ng/cm?, respectively. For PAGai-modified
surface, adsorption masses were 1010, 1563, 1616 ng/cm?
for PMGoo/PAG1lo, PMGs0/PAGso, and PMG20/PAGso
coating compositions, and for PAGss-modified surfaces,
adsorption masses were 1500, 3186, and 3540 ng/cm? for
PMG90/PAG10, PMGs0/PAGs0, and PMG20/PAGso coating
compositions, respectively. Desorption percentage for
PMGoo/PAGio, PMGs0/PAG5o, and  PMG20/PAGso
compositions was decreased from 67% to 54% and 42% for
PAG27, from 90% to 71% and 51% for PAG41, and from
91% to 64%, and 57% for PAGs3 modified sensors
respectively. Secondly, the amount of Lyso adsorption
increased with the increasing chain length of PAA on
PMG/PAG brush modified sensor while the mass
composition of PMG and PAG used for coating preparation
was fixed (see Table 2 and Fig. S11 in ESI for respective
frequency shifts). For example, upon a comparison of Lyso
adsorption on PMG9/PAGio composition with PAG27,
PAGu41, and PAGs3 brushes, the amount of Lyso adsorption
was increased to 306, 1010, and 1500 ng/cm?, respectively.
To compare the effect of chain length of PAA and
PMOXA, it is observed that when PAA chains were shorter
(6.78 nm) than PMOXA side chains (8.15 nm), the
adsorption and desorption amount of Lyso on PMG/PAG
mixed brush modified sensors was less than that on
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PMG/PAG mixed brush with PAA chains longer (10.32 and
21.12 nm) than PMOXA chains. It can be stated that when
the chain length of PAA was shorter (PAG27, 6.78 nm) than
PMOXA in PMG/PAG mixed brush, at pH 7 and low /
(1073 mol/L) values, although PAA chains were ionized and
swollen, they could not be well exposed to surface due to the
effect of longer chain length of PMOXA side chain, resulting
in less adsorption mass of Lyso. When the PAA chains
(PAG41, 10.32 nm) were little longer than PMOXA chains
(8.15 nm) in the PMG/PAG mixed brush, at pH 7 and lower
I, PAA chains were negatively charged, swollen in solution,
and more exposed at the outermost surface than PMOXA
chains, enabling a large amount of Lyso in the solution to
contact with exposed PAA chains easily, and hence the brush
could adsorb a higher quantity of Lyso. Upon further
increasing PAA chain length (PAGss3, 21.12 nm) almost 2.6
times that of PMOXA chains, PAA chains were more
exposed in solution as compared to PAGai-based mixed
brushes, which further increased the adsorption amount of
Lyso. Upon raising / to 10-! mol/L at pH 3, PAA chains
collapsed with hydrophobic nature, thereby the contact
between Lyso and PAA decreased due to the minimization of
electrostatic attraction between PAA (not charged) and Lyso
(positively charged); at the same time, PMOXA chains were
more exposed in the solution so the Lyso molecules came
into contact with PMOXA chains, which then repelled them,
and therefore Lyso was efficiently released from surface.
That is why desorption percentage for mixed brush was
higher than pure PAG brush as verified by QCM results of
Lyso. The results above suggested that PMG/PAG mixed
brush modified surface with controlled PMG and PAG
composition was successfully achieved and protein
adsorption/desorption could also be effectively controlled
under pH and / stimuli by simply maintaining PMG/PAG
percentage in solution while preparing the coatings as well as
by PAA chain length in designing surface properties.

To further check the stability of PMG/PAG mixed brush
system, PMGoo/PAG1o@41) and PMG9oo/PAG10(83) mixed brush
modified sensors were selected to test the repeatability of



switchable adsorption/desorption behaviour due to their
higher desorption percentage (~90%). Typical QCM graphs
for the 31 overtone are shown in Figs. 6(a) and 6(b), and
calculated Af'shifts are given in Fig. 6(c). Real-time QCM
graphs for corresponding modified QCM-sensors are shown
in Figs. SI13 and S14 (in ESI). For PMGoo/PAGio@1),
observed Afvalues were 125, 135, 115, and 125 Hz for four
adsorption cycles. The same surface also displayed good
desorption efficiency with observed Afvalues of 0, 10, 20,
and 20 Hz during desorption cycles. As mentioned above for
longer chain length of PAA (PAGS3), during reversible
adsorption/desorption of Lyso, PMGoo/PAGlos3) also
displayed higher Afvalues i.e. 180, 170, and 170 Hz for
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three repeating cycles of adsorption, representing the higher
amount of adsorbed protein; besides, the desorption
percentage was almost the same (more than 85%) for
PMG90/PAG1041) and PMGoo/PAG10(83) coatings.

From above discussion, it is clear that PMG/PAG mixed
brush coatings nicely combined properties of both PMOXA
(protein repellent properties) and PAA (protein adsorbing
properties), and respective Lyso adsorption/desorption
properties were quite reversible and could be adjusted simply
by maintaining percentage of both copolymers in solution,
by maintaining chain length of PAA block and by tuning pH
and Jof the medium.
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Fig. 6 QCM graph showing Lyso adsorption/desorption cycles on (a) PMGoo/PAGioun), (b) PMGoeo/PAGioss) coated
sensors (highlighted areas indicate different solution changes) and (c) calculated values of Af shifts for three to four

successive cycles of Lyso adsorption/desorption cycles

CONCLUSIONS

PGMA block copolymer with

the desired percentage

In this study, PMOXA/PAA based mixed coatings with a
varied ratio of PMOXA and PAA and different chain lengths
of PAA were prepared by simply spin coating the mixed
solution of PMOXA-r-GMA comb copolymer and PAA-b-

95

followed by annealing procedure. The role of PAA in mixed
brushes, regulated by changing its contents and its chain
length, was elucidated. Prepared coatings displayed pH and /
dependent switchable hydrophilicity and thickness. Among



mixed brush coatings, the higher change in hydrophilicity
and thickness was noticed for mixed brushes containing
longer PAA chains and higher contents of PAA at selected
pH and [ conditions. The study of adsorption/desorption of
Lyso on modified surfaces indicated that in PMOXA/PAA
mixed brush surfaces, when PAA chain length was kept
constant and contents of PAA were increased, the adsorption
amount of Lyso increased under the selected pH and 7
conditions. Similarly, when PAA contents were fixed, it was
observed that adsorption amount increased by increasing
chain length of PAA and the maximum adsorption was
noticed for PMOXA9o/PAA 10(s3) mixed brush surface having
PAA chains 2.6 times that of PMOXA side chains. The
adsorbed protein was efficiently removed (91% desorption
percentage) from PMOXA/PAA based coating with
PMGoo/PAGi041) and PMGoo/PAGios3) compositions where
the chain length of PAA was longer than that of PMOXA.
Furthermore, respective coatings displayed repeatable
behaviour towards Lyso adsorption/desorption with excellent
desorption efficiency for three to four successive cycles,
revealing the stability of coatings. Present work thus
provides us with a new clue in the identification of key
factors that can be utilized to design stimuli-responsive
coatings which hold prospective for biomedical applications
demanding the control of protein adsorption.
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