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ABSTRACT

Selective protein adsorption is a key challenge for the development of biosensors, separation
technologies and smart materials for medicine and biotechnologies. In this work, a strategy was
developed for selective protein adsorption, based on the use of mixed polymer brushes
composed of poly(ethylene oxide) (PEO), a protein-repellent polymer, and poly(acrylic acid)
(PAA), a weak polyacid whose conformation changes according to the pH and ionic strength
of the surrounding medium. A mixture of lysozyme (Lyz), human serum albumin (HSA) and
human fibrinogen (Fb) was used to demonstrate the success of this strategy. Polymer brush
formation and protein adsorption were monitored by quartz crystal microbalance, while protein
identification after adsorption from the mixture was performed by time-of-flight secondary ion
mass spectrometry (ToF-SIMS) with principal component analysis and gel electrophoresis with
silver staining. For the ToF-SIMS measurements, adsorption was first performed from single
protein solutions in order to identify characteristic peaks of each protein. Next, adsorption was
performed from the mixture of the three proteins. Proteins were also desorbed from the brushes
and analyzed by gel electrophoresis with silver staining for further identification. Selective
adsorption of Lyz from a mixture of Lyz/HSA/Fb was successfully achieved at pH 9.0 and ionic
strength 10-3M, while Lyz and HSA, but not Fb, were adsorbed at ionic strength 10-°M and pH
9.0. The results demonstrate that by controlling the ionic strength, selective adsorption can be
achieved from protein mixtures on PEO/PAA mixed brushes, predominantly due to the
resulting control on electrostatic interactions. In well-chosen conditions, the selectively
adsorbed proteins can also be fully recovered from the brushes by a simple ionic strength
stimulus. The developed systems will find applications as responsive biointerfaces in the fields

of separation technologies, biosensing, drug delivery and nanomedicine.

KEYWORDS: stimuli-responsive polymer brushes, PEO/PAA brushes, smart materials,

selective protein adsorption, albumin, lysozyme, fibrinogen.
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Biomacromolecules

INTRODUCTION

Protein adsorption on solid surfaces is a key phenomenon in many areas of biotechnology and
biomedicine, with applications related to biofouling, immunosensing, proteomics,
microreactors, and tissue engineering. One important challenge in these fields is protein capture
at interfaces, which is highly desirable for the development of purification and separation
methods, biosensors, and new therapeutic approaches.!'-*

Owing to their amphiphilicity, proteins tend to accumulate at interfaces. Protein adsorption
mechanisms were previously studied and the respective contribution of different kind of
intermolecular forces was clarified.’ This complex phenomenon is controlled by a dynamic
interplay of intermolecular forces, such as coulombic, van der Waals, and Lewis acid-base
forces but also hydrophobic interactions, and conformational entropy changes. Most proteins,
in contrast to small rigid particles, do not simply attach to or detach from a surface with a given
adsorption and desorption probability. Protein composition and structure indeed feature a high
level of complexity, leading to phenomena such as structural re-arrangements, modification of
surface affinity during the adsorption, positive cooperative effects, overshooting adsorption
kinetics, size exclusion effects, or surface aggregation.®-® Therefore, it is very challenging to
control protein behavior at solid/liquid interfaces.

Protein-resistant surfaces decorated with moeities that allow highly selective immobilization of
specific biomacromolecules are especially important in biosensing, microarrays,
bioengineering etc. Various strategies have recently been developed to control selective protein
adsorption. For example, Gautrot et al® designed two protein-resistant polymer brushes,
poly(oligoethylene glycol methacrylate) (POEGMA) and poly(hydroxyethyl methacrylate)
(PHEMA), modified with nickel-nitrilotriacetic acid (Ni-NTA) moieties that can selectively
and reversibly complex histidine-tagged (His-tagged) proteins. The mechanism of specific
interaction is based on the affinity of histidine residues for immobilized nickel ions. Elution
and recovery of captured His-tagged proteins were accomplished using an elution buffer
(Na,HPO,, NaCl, imidazole, pH 8.0). In that study as well as in many others, the biointerfaces
used for separation are tailored based on a high affinity interaction with a given protein (i.e.
based on protein-ligand binding), the protein being possibly tagged to allow separation. In other
approaches, less specific interactions are used with however good separation ability. The
creation of such systems may, if general design rules can emerge, lead to more versatile

separation methods, that can apply to different protein mixtures.
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Meder et al.!? studied bovine serum albumin (BSA) and lysozyme (Lyz) adsorption on colloidal
alumina particles (d =180 nm) modified with carboxylic acid (COOH) functions, depending on
the content of exposed COOH and aluminum hydroxyl (AIOH) groups. The results indicated
that BSA and Lyz have specific adsorption sites: BSA adsorbs via AIOH groups, whereas Lyz
adsorbs only via COOH groups. Their observations suggested no competition between BSA
and Lyz for the same adsorption sites.

Recently, Moerz and Huber!! investigated the adsorption of Lyz, cytochrome ¢ and
myoglobulin, similar-sized globular proteins with a radius of approximately 1.5 nm, from their
binary mixtures as a function of pH (3.8-10.6) into mesoporous silica with a 3.3 nm pore radius.
When adsorbed alone, the proteins exhibited the strongest binding below their isoelectric point
(iep), indicating the dominance of electrostatic interactions between positively-charged amino
acid residues and deprotonated silanol groups of the silica surface. The adsorption experiments
performed from binary mixtures of these proteins showed that selective adsorption could be
achieved, in a strongly pH-dependent manner. This is explained by the different iep of the
proteins, pointing to the important role of protein-protein and protein-silica electrostatic
interactions. The authors concluded that the adsorption selectivity of the mesoporous medium
in comparison to planar surfaces is also related to the tubular, confined sorption geometry.
Gon and Santore'? studied BSA, bovine fibrinogen (bFg), and bovine alkaline phosphatase
adsorption from a single protein solution and from their mixtures on poly(L-lysine)-
poly(ethylene glycol) (PLL-PEG) mixed brushes. Adsorption was performed at pH 7, with the
three proteins above their iep (i.e. negatively charged) and PLL positively charged. Patchy
brushes were created by controlled deposition of PLL coils on a silica substrate, followed by
backfilling of the remaining silica area with a protein-repellent brush via the adsorption of a
PLL-g-PEG copolymer. First, the density of PLL patches necessary for the adsorption of each
protein separately was estimated. Increasing density tresholds were found for decreasing
protein size. Then, upon adsorption from protein mixtures, it was shown that a surface
composition between the density thresholds of the two proteins rejected the protein with a
higher adsorption threshold and strongly adsorbed the other one. For example, it was shown
that on a surface with 3400 PLL patches/um?, bFg was selectively adsorbed in presence of
BSA, which was completely rejected. The authors concluded that electrostatic interactions play
a significant role in the adsorption process, and that they can be regulated by the density of PLL
patches necessary for adsorption of proteins having similar electrical properties but different

sizes. Therefore, protein size becomes the primary factor to achieve separation with that system.

4

ACS Paragon Plus Environment

Page 4 of 32



Page 5 of 32

oNOYTULT D WN =

© 00 N o uu b~ W N R

W W W W N N N N N N NN NN P R R R R B R B p p
W N P O VW 00 N O B B W N P O W W N O 1 M W N P O

Biomacromolecules

The work of Mitrovic et al.! reports on the selective adsorption of acidic peptides (tetra-aspartic
acid with iep 2.8 /bradykinin with iep 12.0) and proteins (insulin with iep 5.3 /Lyz with iep 11)
on a cationic copolymer brush of 2-aminoethyl-methacrylate hydrochloride (AEMA) and N-
isopropylacrylamide (NIPAAM) for further MALDI analysis. The polymer brush was
positively charged at pH below 8 and the selective adsorption of peptides and proteins from
their mixtures was governed by electrostatic interactions. After protein adsorption, a treatement
with ammonium hydroxide effectively collapsed the brush, thereby releasing the trapped
compounds.

Li et al.'* studied the adsorption of BSA, human serum albumin (HSA), Lyz and ovalbumin on
graphene oxide (GO). A strong electrostatic interaction was observed between GO and Lyz,
which allowed its selective capture from binary and ternary protein mixtures.

The adsorption of Lyz was investigated on macroporous chitosan (CS)/carboxymethylcellulose
(CMC) blend membranes, using different Lyz concentrations and at different pH values. The
results showed that Lyz adsorption capacity had a maximum at pH 9.2, and this indicated that
the CS/CMC blend membranes could act as cation-exchange membranes. The authors showed
that more than 95% of adsorbed Lyz was desorbed in a pH buffer at 11.8 but in the form of
aggregates due to the conditions close to the isoelectric point of Lyz [15].

Delcroix et al. studied HSA, collagen, Lyz, and immunoglobulin G adsorption on mixed
PEO/PAA brushes.!6-!8 The adsorption/desorption studies were performed as a function of pH
and ionic strength /. For each protein, conditions were identified, which led to the higher
adsorbed amount, on the one hand, and to desorption, on the other hand. In this way, switchable
interfaces were successfully designed for the control of protein adsorption/desorption from
single protein solutions.

In our previous work,!” we demonstrated that mixed PEO/PAA brushes are very effective to
adsorb and desorb human fibrinogen (Fg) and Lyz as a function of the amount of PEO in the
brush, and of its molar mass (M, = 1100, 2000, 5000 g/mol). Adsorption of proteins was
performed at 7 =10 M, and 7 =10- M, while desorption was performed at / = 0.15 M, pH 9.0.
The amount of adsorbed Lyz and Fg on the PEO/PAA brushes decreased while increasing the
molar mass of PEO or its ratio in the polymer brush. Total desorption was only observed when
a density of at least 25 PEO units per nm? was reached. From the different conditions identified
to adsorb and desorb proteins with different characteristics, we made the hypothesis that
selective adsorption of a protein from a mixture could possibly be achieved by carefully tuning

the brush and medium composition.
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The aim of this work is to exploit the potentialities of mixed stimuli-responsive PEO/PAA
brushes to selectively capture one protein from a mixture of proteins then release it, in a way
that can be controlled by the brush characteristics and by environmental conditions (pH, ionic
strength). Mixed PEO/PAA brushes were synthesized on gold substrates using the “grafting to”
approach.?® The ratio of the two polymers in the brush as well as the degree of polymerization
of PEO were modified to tune the behavior of the brushes towards proteins. In Ref.!®1? it was
concluded that proteins interacted differently with mixed brushes containing polyelectrolytes
depending on their size, shape, and electrical properties (iep and charge distribution). Human
serum albumin (HSA), lysozyme (Lyz), and fibrinogen (Fg), three proteins that strongly differ
from each other, were chosen to demonstrate the possibility of using PEO/PAA mixed brushes
for the selective capture of a given protein from a mixture.

HSA is the main plasma protein, known to regulate blood colloidal osmotic pressure. It has a
molecular mass of 66.5 kDa, and iep at pH 4.8.223 Fg is a soluble glycoprotein with a central
role in blood clotting and has a molecular mass of 340 kDa and iep close to 5.0.26 This protein
was chosen due to its reported?’-?® ability to adsorb above its iep. Lyz is an enzyme found in
tears, saliva, sweat, and other body fluids. It catalyzes the hydrolysis of peptidoglycans present
in bacteria cell wall. It is a small protein with a molecular mass of 14 kDa and a particularly
high iep, close to 11.35.2° In contrast with HSA and Fg, this protein exhibits a positive charge
in a wide pH range.

Polymer brush formation and protein adsorption were monitored using quartz crystal
microbalance (QCM). The study of protein adsorption on the mixed polymer brushes was
carried out at pH 9.0 and at an ionic strength of 10 or 10-M. Desorption was then performed
at pH 9.0 and 7/ = 0.15M. ToF-SIMS measurements with Principal Component Analysis (PCA)
and gel electrophoresis with silver staining were then used to identify the proteins adsorbed on
the PEO/PAA brushes, first from single protein solutions and later from their mixtures. Note
that the conditions of adsorption and desorption were selected taking into account previous data
obtained for single protein adsorption on the same mixed polymer brushes.!®!® The chosen
system allows a simple control of reversible protein adsorption/desorption, a unique feature for
layers showing selectivity towards protein adsorption. This holds great potential in the area of

protein separation/purification as well as for smart interfaces for health-related applications.
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EXPERIMENTAL PART

Materials

For ToF-SIMS measurements, a 100 nm-thick gold layer was deposited by thermal evaporation
on silicon wafers previously coated with a thin titanium layer. For QCM measurements, the
sensors were thin AT-cut quartz crystals coated with 100 nm of Au, purchased from Q-Sense
(Gothenborg, Sweden). Both gold surfaces were cleaned before each experiment according to
the same procedure, i.e., immersion in a piranha solution (a 2:1 mixture of concentrated sulfuric
acid and hydrogen peroxide, both purchased fromVWR BDH Prolabo, Leuven, Belgium) for 2
min followed by rinsing 10 times with deionized water and once with absolute ethanol. Then,
the substrates were dried using nitrogen gas and further cleaned for 15 min with UV/ozone
(Jelight INC., Irvine, USA). Finally, they were rinsed again with absolute ethanol and dried
with nitrogen.

Thiol-terminated polymers were purchased from Polymer Source Inc. (Dorval, Canada).
Poly(acrylic acid) (PAA - see the formula in Fig.S-1a in Supporting Information (SI)) had a
molar mass of M, = 2000 g/mol, ~23 repeating units, and a polydispersity index of 1.03.
Poly(ethylene glycol) methyl ether was used with three molar masses: M, = 1100 g/mol (~23
units-PEO1), M,, = 2000 g/mol (~43 units-PEO2), M, = 5000 g/mol (~112 units-PEOS), and
polydispersity indices of 1.08, 1.09, and 1.08, respectively (see the formula in Fig.S-1b).
Polymers were diluted in ultrapure water and the concentration of stock solutions was equal to
5 g/L. These polymer stock solutions were further diluted in water to the desired concentration
of 1g/L prior to each experiment. Formation of polymer brushes was performed by immersion
of gold substrates into mixed solutions of PEO and PAA having a total concentration of 1g/L
and the following PEO/PAA mass ratios: 100/0 (PEO), 10/90 (PEO/PAA 10/90), 50/50
(PEO/PAA 50/50), and 0/100 (PAA). The grafting method was illustrated previously.'”
Human serum albumin (HSA, cat. no A 1653), human fibrinogen (Fb, cat. no F3879) and
lysozyme (Lyz, cat. no L 6876) were purchased from Sigma-Aldrich. Protein stock solutions of
1.0 mg/ml were prepared under gentle stirring at pH 7.4 adjusted by NaOH and /= 10-3M NaCl
at room temperature. The final protein concentration of the single protein solutions as well as
of the mixed Lyz/HSA/Fb protein solution was 0.2 mg/ml. Single protein solutions were
prepared by dilution of the corresponding stock solutions. The protein mixture was prepared by
mixing equal volumes of single protein solutions at 0.2 mg/ml each. The final concentration of

each protein in the mixture was thus 66.7 pg/ml. The pH and ionic strength of each protein
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solution were adjusted to pH 9.0 and to / =10 M or 10*M by the addition of NaOH and of
NaCl, respectively. Note that in such moderately alkaline conditions, proteins usually only
undergo reversible changes of their conformation. Water purification process was performed
using a Purelab Ultra Elga instrument. Other chemical reagents such as hydrochloric acid,
sodium chloride, sodium carbonate, acetic acid, sodium thiosulfate, silver nitrate, and
formaldehyde were purchased from Sigma-Aldrich and used without further purification.

For protein electrophoresis analysis, commercial Tris-MOPS gels with a gradient between 8-
16%, representing the acrylamide-bis-acrylamide concentration (g/100mL), were purchased

from GenScript, NJ, USA.

QCM Measurements

QCM measurements were performed with a Q-Sense E4 System (Gothenborg, Sweden) at a
controlled temperature of 20°C. The gold-coated quartz crystal sensors were purchased from
Q-Sense (Gothenborg, Sweden). First, ultrapure water was introduced into the measurement
cell. After obtaining a stable baseline for ultrapure water, the grafting solution of polymer(s)
(PAA, PEO, PEO/PAA) was flowed at 20 pL/min until stable frequency and dissipation signals
were obtained. Next, ultrapure water was flushed again (flow rate = 50 pL/min) to remove
loosely bound polymers. A saline solution at a desired ionic strength and pH (flow rate = 50
puL/min) was introduced before every protein adsorption step. The protein solution (0.2 mg/ml)
at the same pH and ionic strength as in the previous step was then flowed at 20 pL/min. Protein
adsorption process was continued until obtaining stable signals of frequency and dissipation.
The rinsing and desorption procedures consisted of four stages: rinsing with the saline solution
of the same pH and ionic strength as used for protein adsorption (R1), rinsing with ultrapure
water (R2), desorption with a saline solution at 0.15M NaCl and pH 9.0 (R3), introduction of
ultrapure water (R4) (see Fig.1). The flow rate of these steps was equal to 50 pL/min.
Supernatants collected throughout steps R3 and R4 (see Fig.1b) from PEO/PAA 50/50 polymer
brushes were collected and analyzed by gel electrophoresis coupled with the silver staining
method.

The deposited mass of polymer(s) and proteins per unit area was calculated using Sauerbrey’s

equation3’

Am=-c (1)

n
where Am is the change in mass attributed to the deposited layer, Af'is the frequency change, n

is the overtone number and C is the sensitivity factor. The Sauerbrey equation is valid for rigid,
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uniform and evenly distributed thin films, i.e. when the /AD/Af/ ratio is lower than 0.4x10-6 Hz'!

and this criterion was met in all experiments.

ToF-SIMS and Principal Component Analysis

Samples for ToF-SIMS measurements were prepared according to the same scheme as for QCM
measurements. The clean gold samples were inserted into mixed PEO/PAA solutions (4 ml) for
60 min and rinsed out 10 times with ultrapure water. After that, the polymer brushes were
incubated in a saline solution with 7/=10-3 or /=10"2M, pH 9.0. In the following step, the samples
were immersed in single protein solutions or in their mixtures (4 ml) for 90 min. Afterwards,
the samples were rinsed out 10 times, first by saline solution having the same pH and ionic
strength as the solution used for protein adsorption. At the end, they were rinsed out 10 times
with ultrapure water and left overnight at ambient temperature.

ToF-SIMS measurements were performed with an ION TOF TOF.SIMS 5 (Miinster, Germany)
instrument equipped with a Bi-LMIG liquid ion gun mounted at 45°. The samples were
bombarded with a 30 keV pulsed Bis* ion beam. Before entering the analyzer, secondary ions
were accelerated at 2 kV and postaccelerated at 10 kV before detection. The analyzed area was
500 x 500 um?, and the data acquisition lasted for 60 s. These experimental conditions allowed
the primary ion density to be kept lower than 2 - 10'! ion x cm? within the static SIMS limit.3°
Mass resolution power Am at m/z =70 was about 8000 for each measured sample. To study
proteins adsorbed on PEO/PAA brushes with ToF-SIMS, positive mass spectra were analyzed
and calibrated with the following ions: CH;", C;H;", C3Hs", and C;H;" (m/z = 15, 27, 41, and
91). Each sample was analyzed in three different areas.

The principle of principal component analysis (PCA) applied to SIMS data treatment is reported
elsewhere.?? In this work, PCA was performed only on 24 selected protein peaks (see Table 1
in Results and Discussion) in order to determine the variations in the relative intensities of
different amino acid fragments, which can provide a signature ("fingerprint”) of each protein
adsorbed on the PEO/PAA brushes. Their selection was based on the highest intensity
differences between samples representing the three studied proteins. Secondary ion (Secl) mass
spectra peaks typical of proteins were identified in previous works,33-35 and are presented in
Table S-1 in SI. The peak intensities were normalized by the sum of all selected protein peaks
for a given spectrum in order to eliminate differences in total Secl yield from spectrum to
spectrum, and then mean-centered.’® This operation allows the data set to be centered at the
origin and, therefore, the observed differences are related to the sample variances and not to the

sample means.’>> PCA calculations were performed using the NESAC/BIO MVA Toolbox
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(http://mvsa.nb.uw.edu, Dan Graham PhD, University of Washington) for Matlab (The
MathWorks Inc. 2013, Natick, USA). Scores were plotted with the 95% confidence limit; the

methodology was previously described in detail by Wagner et al.3*

Protein Identification via Gel Electrophoresis with Silver Staining (SDS-PAGE)

In order to identify proteins adsorbed from a mixture of Lyz/HSA/Fb on the mixed PEO/PAA
brushes, gel electrophoresis coupled to silver staining was applied. Silver staining is used to
detect proteins after their electrophoretic separation on polyacrylamide gels. The primary
benefit of silver staining is the increased sensitivity, enabling to detect less than 10 ng of
proteins, making it extremely useful for applications involving low protein levels.3® To prove
this high sensitivity, control experiments were performed, first with 100 ng then with 10 ng of
Lyz, HSA and Fb from single protein solutions. Later experiments with a mixture of 100 ng
(each protein) of Lyz/HSA/Fb and 10 ng (each protein) of Lyz/HSA/Fb were carried out (see
Fig. S-2 in SI). Identification of proteins adsorbed on the mixed PEO/PAA brushes was
performed according to two protocols, as illustrated in Scheme 1. In the first one (Scheme 1 —
upper pathway), gold substrates modified with the polymer brushes were rinsed after the protein
adsorption step with a saline solution of the same pH and ionic strength as the solution in which
the adsorption took place. Next, the samples were flushed with ultrapure water and were
immersed in a solution for desorption (4% w/v sodium dodecyl sulfate (SDS), 1% w/v
dithiothreitol, 20% v/v glycerol, 120 mM tris-HCI, pH 6.8, 0.002% w/v bromophenolblue) and
boiled for 10 min.3” After this step, the collected solution was concentrated using a vacuum
concentrator set-up (vacuum controller vacuubrand PC 300 series CVC 300, Christ CT02-
S0SR, centrifuge Christ RVC 2-25 CD plus) in order to obtain the desired volume of 50-60 ul
(max. volume that can be injected into the SDS PAGE Gel, 25 ul sample + 25 ul solution for
desorption). The evaporation process was conducted at a temperature of 45°C, vacuum pressure
of 8.2 mbar, and centrifuge speed of 1300 rpm. This protocol was applied for proteins adsorbed
on the PEO/PAA 0/100 and PEO/PAA 10/90 brushes.

In the case of polymer brushes formed with the ratio of PEO/PAA 50/50 (whose composition
allowed the total desorption of adsorbed proteins as monitored during QCM experiments), the
supernatant was collected during rinsing steps R3 and R4 (see Fig.1), concentrated and analyzed
by gel electrophoresis with silver staining (see Scheme 1 — lower pathway).

The silver staining of gels was performed according to the Blum method described elsewhere.??
Briefly, in this method, proteins bind silver ions, which are reduced under appropriate

conditions to build up a visible image made of finely divided silver metal. The protocol consists
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i 1 of the following steps: i) fixation to get rid of interfering compounds, ii) sensitization and
5 2 rinsing to increase the sensitivity and contrast of the staining, iii) silver impregnation with a
6 . . C . . .

7 3 silver nitrate complex solution; iv) rinsing and development to build up the silver metal image;
2 4 and v) stop and rinse to end development prior to excessive background formation and to
10 5 remove excess silver ions and other chemicals.3¢

11
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13

14 PEO/PAA 0/100

15 and 10/90 +SDS )

16 Proteins adsorbed on :;"!{l H:-..

17 PEO/PAA (10/90, 0/100) —— | mU

18 1 I=10°M, I=10°M
Speed vacoum
19 ~
20 Protein substrate with 50-60 pl =
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remaining proteins
22 \ PEO/P 50/50 at the end of R2 step

23 2 ia) 1"' /
24 Total desorption of Lan (W
roteins from

2 PEOPAA 50/50 =1 —) ’ SDS GEL ELECTROPHORESIS
26 Sl vacas j with silver staining
27

QCM 50-60 pl
28 supernatant g
29 6 (R3-R4)
30
31 7  Scheme 1. Preparation of samples for gel electrophoresis measurements: 1) proteins adsorbed
32 8 on PEO/PAA 0/100 and PEO/PAA 10/90 polymer brushes: identification is performed directly
33 9  from substrates, on which adsorbed proteins remain at the end of rinsing step R2, 2) proteins

34 10 adsorbed on PEO/PAA 50/50 polymer brushes: identification is performed using the
11  supernatant collected during steps R3 and R4 in QCM experiments.
12

38 13
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RESULTS AND DISCUSSION

The work will be presented according to the following structure. First, the QCM monitoring of
protein adsorption from a Lyz/HSA/Fb mixture on mixed polymer brushes and of the
subsequent desorption is reported. This is done depending on ionic strength and PEO molar
mass, with the aim to determine the protein layer mass after adsorption and desortion steps. In
the second part, ToF-SIMS/PCA data acquired after single protein adsorption on the mixed
polymer brushes are discussed in order to define the most characteristic peaks for each studied
protein (“fingerprints”). The third part is devoted to ToF-SIMS/PCA results obtained after
protein adsorption from a mixture of Lyz/HSA/Fb on PEO1/PAA 10/90 brushes at 7 =10-M
and I =102M. In this part, the identification strategy of adsorbed protein(s) based on ToF-
SIMS/PCA is presented. In the last part, protein identification using gel electrophoresis with
silver staining as a function of PEO molar mass and ionic strength is discussed. A detailed
characterization of PEO/PAA brushes and preliminary experiments of single protein adsorption

on these brushes were presented in our previous work.!”

Protein Adsorption from a Mixture of Lyz/HSA/Fb Studied by QCM

Protein adsorption from a mixture of LyzZHSA/Fb on PEO/PAA brushes was monitored by
QCM. Two examples of such experiments are presented in Fig.1. Protein adsorption from a
mixture of Lyz/HSA/Fb on PEO1/PAA 10/90 polymer brushes at /=10-3M, pH 9.0 is presented
in Fig.1a. The following shifts in frequency can be higlighted: Af; shift attributed to the polymer
brush formation; Af; shift caused by protein adsorption on the mixed brushes, which
corresponds to a mass of 1100 ng/cm?; Af; shift corresponding to the mass of protein, equal to
640 ng/cm?, remaining after the desorption step. It should be noted that, at the end of the R2
step, protein identification was performed according to Scheme 1 (upper pathway) directly on
the QCM crystal.

Fig.1b shows adsorption of Lyz/HSA/Fb on PEO1/PAA 50/50 polymer brushes at /=10-*M, pH
9.0. All frequency shifts represent the same steps as in the case of PEO/PAA 10/90 brushes.
However, in this case, the frequency after the rinsing and desorption steps (R1-R4) reaches the
value of frequency attributed to the formation of the polymer brush before protein adsorption,
showing that protein molecules adsorbed on the PEO/PAA 50/50 brushes can be completely
removed by a saline solution at /= 0.15M and pH 9.0. Solutions were therefore collected at the
outlet of QCM flow system during steps R3 and R4 for protein identification (Scheme 2-lower
pathway).

12
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Figure 2 shows the adsorbed protein mass and mass remaining after desorption obtained from
the Sauerbrey modeling of Af measured by QCM depending on the PEO/PAA brush
composition: 10/90 (top) and 50/50 (bottom) with /=10-3M (left) and / = 102M (right), and on
the molar mass of PEO. Control experiments on PEO1 brushes show a strong inhibition of
adsorption, as expected. The highest protein mass adsorbed at / =10-3M, pH 9.0 was observed
for pure PAA brushes and is equal to 1180 ng/cm? (see Fig.2, left). On PEO/PAA 10/90 brushes,
the protein mass decreased whith increasing PEO molar mass, from 1050 ng/cm? to 820 ng/cm?
for PEO1/PAA 10/90 to PEO5/PAA 10/90, respectively. The protein mass recorded for
adsorption at / =10"2M, pH 9.0 on the same brushes was higher in comparison to the adsorption
at I=10-M, pH 9.0 (see Fig.2, top, right). The highest protein mass was recorded for pure PAA
brushes and was equal to 1450 ng/cm? while the protein mass slightly decreased with increasing

PEO molar mass from 1278 ng/cm? for PEO1/PAA 10/90 to 1160 ng/cm? for PEO5/PAA 10/90.

13
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Figure 1. QCM graph of the formation of PEO/PAA mixed brushes on a gold surface followed
by steps of adsorption/desorption of proteins a) Lyz/HSA/Fb adsorption on PEO1/PAA 10/90
brushes at pH 9.0 and 7 = 10-3M, b) Lyz/HSA/Fb adsorption on PEO1/PAA 50/50 brushes at
pH 9.0 and 7 = 10-*M. R1- Rinsing with the saline solution of the same pH and ionic strength
as used for protein adsorption, R2 - rinsing with ultrapure water, R3 - desorption with a saline
solution of 0.15M NaCl and pH 9.0, R4 — rinsing with ultrapure water. Af; — frequency shift
attributed to polymer grafting, Af> - frequency shift attributed to protein adsorption Af; -
frequency shift attributed to remaining proteins after desorption step.

The higher PEO content in the PEO/PAA 50/50 brushes caused further decrease in the mass of
adsorbed proteins at both ionic strengths (/ =10-*M and / = 10-2M). The protein mass adsorbed
at I=10-3M, pH 9.0 also decreased, this time more markedly, while increasing the PEO molar
mass, from 710 ng/cm? for PEO1/PAA 50/50 to 175 ng/cm? for PEO5/PAA 50/50 (see Fig.2,
bottom, left). In comparison to /= 10-*M, higher amounts of adsorbed proteins were observed

for adsorption at / = 10-M. It changed from 1100 ng/cm? for PEO1/PAA 50/50 brush to 750
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ng/cm? for PEO5/PAA 50/50 (see Fig.2 bottom, right). The highest mass of proteins observed
at /=10M is related to the better screening of PAA charges by salt ions which is more effective
in comparison to /=10-M. On the other hand, in the case of the mixed polymer brushes, a lower
PAA density is found in reason of the presence of PEO, which moreover acts in itself by
reducing protein adsorption. As expected, protein adsorption is then decreased by introducing
more PEO in the brushes, either by increasing its fraction in the solution used for brush

synthesis, or by increasing PEO polymerization degree.

Figure 2. Protein mass obtained from the Sauerbrey modeling of Af measured by QCM-D after
adsorption from the Lyz/HSA/Fb mixture and after desorption on PEO1, PAA, and the mixed
PEO/PAA 10/90 (top) or PEO/PAA 50/50 (bottom) brushes. Left: adsorption at 7 =10-M, pH
9.0, right: adsorption at / =10-M, pH 9.0. For each sample, the left bar represents protein mass
after adsorption, and the right bar represents protein mass after desorption performed at / =
0.15M, pH 9.0. The error bars show the standard deviation (n = 3).

15
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In the desorption experiments, the PEO content in the mixed polymer brushes plays a very
important role. Therefore, the desorption conditions were chosen in such a way that PEO chains
protrude into solution (i.e. PAA chains are shrunk) and strong repulsive interactions between
protein and PAA chains are present. The highest remaining protein mass after desorption with
I=0.15M, pH 9 is noted for PAA brushes (about 650 ng/cm?) and it decreases with the PEO
molar mass (below 700 ng/cm? for PEO1/PAA 10/90 brush and below 200 ng/cm? for
PEOS5/PAA 10/90). Total desorption of proteins is observed from the mixed PEO/PAA 50/50
polymer brushes (see Fig.2, bottom). Since only a partial desorption of proteins was observed
from the pure PAA brushes, the total desorption from the PEO/PAA 50/50 brushes is attributed
to the presence of protein-repellent PEO. At 7 = 0.15M, the PAA chains are shrunk and the
proteins are repelled by the PEO moieties.

To sum up, it can be concluded that the amount of proteins adsorbed from a mixture of
Lyz/HSA/Fb on the mixed PEO/PAA brushes is reduced when PEO polymerization degree or
its ratio in the mixed polymer brushes is increased. The highest mass of proteins was observed
after adsorption at / =10-2M. The desorption experiments, carried out in conditions chosen from
our former works'®1°, show that the total desorption of proteins is possible at / = 0.15M, pH
9.0 from the brushes with the highest PEO content (PEO/PAA 50/50). QCM measurements do
not allow protein identification and therefore ToF-SIMS and gel electrophoresis methods were

further applied and discussed in the next sections.

Single Protein Adsorption on PEO/PAA Brushes — ToF-SIMS Analysis

The aim of this section is to identify the most characteristic protein fragments for each protein.
Figure 3 shows positive ToF-SIMS spectra of the PEO1/PAA 10/90 brush before (Figure 3a)
and after (Figure 3b-d) single protein adsorption. Similar results were obtained for PEO/PAA
50/50 brushes, and for brushes which contain PEO2 and PEOS. Therefore, only the results that
were obtained for protein adsorption on PEO1/PAA 10/90 will be discussed. Figure 1b concerns
the PEO1/PAA 10/90 brush after 90 min of adsorption of HSA at pH 3.5, 7 =10-3M and at 0.2
mg/ml. These conditions were used because HSA does not adsorb on PEO/PAA brushes at pH
9.0. Figure 3 ¢ and d show the results for the PEO1/PAA 10/90 brushes after adsorption of Lyz
and Fb respectively, at pH 9.0, 7 =10-3M. Similar results were obtained after protein adsorption
at /=102M.

The spectrum of the PEO1/PAA 10/90 brush shows the characteristic peaks related to PAA
(light blue) and PEO (orange).3® Most of these polymer fragments are still present in the spectra
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1
2
i 1 of PEO1/PAA 10/90 brushes after protein adsorption. Characteristic peaks for each protein are
5 2 denoted as dark green, dark blue and red for HSA, Lyz, and Fb, respectively. A detailed
6 . . . . . . .
7 3 discussion of the peaks characteristic for all studied proteins will be presented later in the text.
2 4  The detected protein peaks are collected in Table S-1 in SI and were presented earlier.’* They
10 5 are mainly CH4N" (m/z = 30), CH¢N™ (m/z = 44), CHsN;* (m/z = 59), C4HgN™ (m/z = 70), and
1
12 6 C4HgNO™ (m/z = 84).
13 .. . . . .
14 7  Principal component analysis was performed on fragments attributed to proteins solely, i.e. that
1 2 8 cannot be attributed to the PEO1/PAA 10/90 brush. These fragments are presented in Table 1.
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54 32 Figure 3. Positive ToF-SIMS spectra of a) PEO1/PAA 10/90 brush (light blue peaks — PAA
55 33 characteristic peak, orange peaks — PEO characteristic peaks, b) PEO1/PAA 10/90 brush after
56 34  HSA adsorption with characteristic peaks (dark green), pH 3.5, I=10-M, ¢) PEO1/PAA 10/90
g ; 35 brush after Lyz adsorption with characteristic peaks (dark blue), pH 9.0, 7 =10-M, d)
59 36 PEOI/PAA 10/90 brush after Fb adsorption with characteristic peaks (red), pH 9.0, /=10-M.
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Table 1. List of peaks detected on the PEO1/PAA 10/90 brushes after protein adsorption and
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attributed to proteins solely.

Molecular m/z Amino acid Molecular m/z Amino acid

structure structure
CH,N* 42 | Ala, Gly, His, Leu,Ser | C;H;* 91 | Tyr, Phe
CH;3N,* 43 | Arg CH4NO," 98 | Asn
C3H4N+ 54 His C4H10N3+ 100 Arg
CsHgN”' 56 | Lys, Met, Val C,H,0" 107 | Tyr
CH;N;* 59 | Arg CsHeN5* 108 | His
C4HN* 68 | Pro, Lys CsHgN;" 110 | His, Arg
C;H,NO* 70 | Asn CsH oN3* 112 | Arg
C4H oN* 72 | Val CgHoN* 120 | Phe
C2H7N3Jr 73 Arg C5H1 1N4+ 127 Arg
C3HgNO* 74 | Thr CsH;sN,* 129 | Arg
C,H{NO* 84 | Gln, Glu CoHgN™ 130 | Trp
CsH; oN* 84 | Lys, Leu C; HgNO* 170 | Trp

Figure 4a presents the scores of the first principal component (PC1) vs scores of the second
principal component (PC2) for the positive ion spectra of the PEO1/PAA 10/90 brush after
single HSA, Lys, and Fb adsorption. PC1 collects 95 % of data variance and permits to
differentiate the three proteins, with a PC1 score which is negative for Lyz, close to zero for Fb
and positive for HSA. PC2 collects 4% of data variance and allows one to separate Fb from Lyz
and HSA: it is negative for Lyz and HSA, and positive for Fb.

Figure 4a was further investigated in terms of PC1 and PC2 loadings (Fig.4b and 4c). In
addition, Fig. S-3 in SI shows the normalized intensities of the protein more characteristic
peaks. The amino acid fragments with negative loadings for PC1 (Fig.4b) must be exposed at
the outermost surface after Lyz adsorption, while the positive loadings must correspond to
fragments of amino acids residues exposed by HSA. Several amino acids fragments with
negative loadings in PC1 can be attributed to arginine (CH3;N," m/z = 43, CHsN3;* m/z = 59,
C,H;N3* m/z ="73), asparagine (C3H4;NO™ m/z =70), and tryptophan (CoHgN* m/z = 130). These
three amino acids are actually more abundant in the Lyz molecule compared to HSA and Fb
(see the amino acid composition of the proteins in Table S-2 in SI), and were chosen as
characteristic fragments for Lyz (“fingerprint”). Tryptophan and asparagine fragments were
also previously chosen as characteristic peaks for Lyz, as reported by Lhoest et al.*? Next, the
amino acids with the most positive loadings are attributed to valine (m/z = 72), lysine and

leucine (m/z = 84), histidine (m/z = 110), and phenylalanine (m/z = 120). These peaks were
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1 chosen as the most characteristic fragments for HSA, also based on their high contribution in
2 the HSA molecule (see Table S-2 in SI).
3 Inthe PC2 loadings, it can be observed that the amino acid fragments with negative loadings at
4 m/z =159 can be attributed to Lyz. Next, two most intense loadings are assigned to valine (m/z
5 =72), lysine and leucine (m/z = 84) and can be linked to HSA. Furthermore, the amino acids
6  fragments with positive loadings at m/z = 68 (proline, lysine) m/z = 74 (threonine), and m/z =
7 84 (glycine, glutamic acid) were chosen as characteristic for Fb. These fragments were chosen
8  due to their high relative intensity (see Figure S-3 in SI) and their generally highest content in
9 the Fb molecule (see Table S-2 in SI). Moreover, the threonine fragments were also reported in
10  the literature as fingerprints of Fb.# The selection of the peak at m/z = 68 as a characteristic
11 peak for Fb might be controversial because it corresponds to two amino acids: lysine, the amino
12 acid with highest content in the HSA molecule and proline with the highest content in the Fb
13 molecule (see Table S-2 in SI). However, taking into account the normalized intensity of this
14  peak (see Figure S-3 in SI), and the lack of other characteristic peaks, this choice seems to be
15  the most suitable. A similar approach was also applied for choosing peak at m/z = 110 as the
16  characteristic one for HSA molecule because that peak corresponds to His which is
17  characteristic for HSA but also to Arg, whose highest content is observed for Lyz. The next
18  amino acid fragment with positive loading at m/z = 130, included in Lyz fingerprint (see PC1
19 loadings) appears as positive in the loadings of PC2, probably due to its high contribution
20 coming also from tryptophan in Fb molecule (see Table S-2). Table 2 summarizes the
21 fingerprints of each protein determined from the PC1 and PC2 loadings.
22
23 Table 2. Fingerprint ToF-SIMS fragments of HSA, Lyz and Fb determined from PCA on
24 PEOI/PAA brushes after single protein adsorption experiments. The values in brackets
25  represent the amino acid content (in %) in the protein molecules (see Table S-2 in SI).
26
Lyz fragments HSA fragments Fb fragments
m/z m/z m/z
m
8E§§§+ 4513 Arg (8.53%) | CuH N | 72 | Val (7.06%) | C.HN* | 68 Em (4.36%),
CHN:' | 73 ys (6.24%)
Leu
C;H4NO™ | 70 | Asn (10.85%) | CsHioN* | 84 | (10.51%), C;HgNO"™ | 74 | Thr (6.19%)
Lys (9.85%)
CoHN* | 130 | Trp (4.65%) | CsHgNy™ | 110 I/frsg ((24333%2)’ C.HNO* | 84 g}ﬁ gggg;ﬁ;
CgHoN* | 120 | Phe (5.75%)
19
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Figure 4. PCA results of the positive ion spectra of HSA, Lyz, Fb adsorbed on PEO1/PAA
10/90 brushes from single protein solutions (C = 0.2 mg/ml, 7/ =10-3M, pH 9.0 for Lyz and Fb
and C = 0.2 mg/ml, /=10-M, pH 3.5 for HSA); a) scores plot, b) loadings on PC1 ¢) loadings

on PC2.
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Protein Adsorption from a Mixture of Lyz/HSA/Fb on PEO/PAA Brushes — ToF-SIMS
Analysis
In this section, results obtained for protein adsorption from a mixture of Lyz/HSA/Fb on

PEO1/PAA 10/90 brushes at pH 9.0 and two ionic strengths: 7 =10-M, and / =10-M will be
discussed. Similar results were obtained for PEO/PAA 10/90 brushes with higher PEO molar
masses (PEO2, PEOS) as well as for all PEO/PAA 50/50 brushes.

To obtain more information concerning the protein layer composition after protein adsorption
from the mixture of LyzZ/HSA/Fb, PCA analysis was performed on a data set comparing positive
spectra after adsorption from single protein solution as well as from a Lyz/HSA/Fb mixture at
two different 7 (10-*M, 10-2M). The fingerprint peaks of all samples can be found in Figure S-4
in SI. Figure 5a presents the scores of the first principal component (PC1) vs the scores of the
second principal component (PC2). PC1 collects 96 % of data variance and permits to
differentiate proteins adsorbed from the mixture at / =10 M and at / =102 M. The negative
score in PC1 obtained for the protein mixture adsorbed at pH 9.0 and 7 =10 M is located close
to the score obtained for Lyz adsorbed from a single protein solution and might suggest that
mostly Lyz was adsorbed on the PEO1/PAA 10/90 brush. On the other hand, the positive score
in PC1, attributed to the proteins adsorbed at 7 =10-2M, overlaps the score obtained for HSA
adsorption from a single protein solution, suggesting selective adsorption of HSA on the
brushes. PC 2 collects 3% of data variance and allows to differentiate Fb from proteins adsorbed
from the mixture at / =103M and / =10-M. This may indicate that Fb does not adsorb when
adsorption is performed from the Lyz/HSA/Fb mixture.

Figures 5b,c present PC1 and PC2 loadings with some protein fragments highlighted in color,
which correspond to the fingerprint fragments determined for each protein from single
adsorption (see Figure 4 and Table 2). In the PC1 loadings, it can be observed that the four
amino acid fragments with positive loadings (green) at m/z = 72, m/z = 84, m/z = 110 and m/z
=120 correspond to characteristic peaks of HSA. Furthermore, the amino acids fragments with
the negative loadings in PC1 (blue), are mostly characteristic for Lyz (m/z = 43, m/z = 59, m/z
=70, m/z =173, m/z = 130).

Figure 5c shows PC2 loadings with characteristic peaks for the three studied proteins. The first
three amino acids with positive loading (red) at m/z = 68, m/z = 74 and m/z = 84 are
characteristic for Fb, while the next peak at m/z = 110 (green) is characteristic for HSA.

Moreover, the remaining peak at m/z = 130 (blue) is attributed to Lyz.
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Figure 5. PCA results of the positive ion spectra of HSA, Lyz, Fb adsorbed on PEO1/PAA
10/90 brushes from single protein solutions (C = 0.2 mg/ml, 7 =10-M, pH 9.0 except HSA, pH
3.5) and a Lyz/HSA/FB solution (C = 0.2 mg/ml, /=10-M, I =10-M pH 9.0); a) scores plot, b)

loadings on PC1 c¢) loadings on PC2.
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These results indicate that Lyz and HSA can be selectively adsorbed from the mixture of
Lyz/HSA/Fb at I=10-M and I =10-2M, respectively, and that Fb is excluded from the adsorbed
layer when adsorption is performed from the mixture. This conclusion is further supported by
PCA results obtained for the two samples prepared by adsorption from the mixture at / =10M
and 7/ =10M (see Figure S-5 in SI).

In these past two sections, we showed that ToF-SIMS data with PCA analysis allowed one to
determine characteristic peaks for Lyz, HSA and Fb. Furthermore, proteins adsorbed from
mixtures on mixed PEO/PAA brushes can be analyzed by ToF-SIMS to determine the surface
composition of the adsorbed protein layer. The results suggest that selective adsorption of Lyz
or HSA can be achieved, depending on ionic strength. However, taking into account the
limitations of ToF-SIMS for protein identification,** gel electrophoresis was used to confirm

the identification of proteins adsorbed on PEO/PAA brushes.

Selective Protein Adsorption studied by Gel Electrophoresis with Silver Staining

Gel electrophoresis with silver staining was applied to identify proteins adsorbed from protein
mixtures on the mixed PAA/PEO brushes. Figure S-2 shows the high sensitivity and low
detection limit for Lyz, HSA, and Fb: all three proteins can be detected down to the 10 ng level
from a single protein solution as well as from their mixture. It is worth mentioning that, in the
case of Fb, three bands around ~64 kDa, ~56 kDa and ~48 kDa were observed on the gels. The
Fb molecule belongs to a class of glycoproteins that is composed of two symmetric parts, each
consisting of three non-identical polypeptide chains named Aa, B, and vy, that are joined
together by 29 inter- and intra-chain disulfide bonds. The largest Aa chain of fibrinogen
contains 610 amino acid residues (molecular mass of ~64 kDa); the BP chain consists of 461
amino acid residues (molecular mass of 56 kDa). The y chain is heterogeneous with respect to
both size and charge. The most abundant form, denoted as y -, consists of 411 residues
(molecular mass of 48 kDa).*! According to a standard protocol of protein preparation for gel
electrophoresis, proteins are solubilized in sodium dodecyl sulfate (SDS), a detergent that
breaks up the interactions between proteins. They are also treated with a reducing agent such
as dithiothreitol (DTT) to break any disulfide bonds and with iodoacetamide to prevent the
reformation of disulfide bonds. As a result of this treatment, Fb molecules break into the three
main chains described above.4?-43

Figure 6a shows the results obtained for proteins adsorbed on PEO/PAA 10/90 polymer brushes
for ionic strengths of 103 and10-M at pH 9.0. At I = 10-3M, only one protein was detected
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around 15 kDa, which can be identified as Lyz, while at /=10-2M, two bands are observed, at
70 kDa and at ~15 kDa, which are attributed to HSA and Lyz, respectively. Similar results were
obtained for PEO/PAA 50/50 polymer brushes (see Fig. 6b). There is no effect of the PEO chain
length on the nature of proteins captured in the brushes. It can therefore be concluded that the
molar mass of PEO as well as its ratio in the polymer brush do not influence selectivity in the
adsorption process.

The presence of HSA in the polymer brushes at pH 9.0 and 7 = 102M was not expected due
repulsive interactions between HSA and PAA in these conditions. Since adsorption from a
solution containing solely Fb on the PAA and the mixed PEO/PAA brushes at / =10-3M, and /
=10-M was observed when adsorption was carried from single Fb solution, its absence is also
surprising. Selectivity is believed to be based on electrostatic interactions between PAA and
proteins, and on the size and shape of protein molecules. Additionally, there seems to be no
effect of the PEO content of the brushes on selectivity, which then excludes a selectivity based
on the distance between PAA chains.

Since HSA adsorption did not occur at pH 9.0 and the adsorption of Lyz and Fb from single
solutions was observed, the most probable reason for the presence of Lyz at /= 103 M and /
=102M is its small dimensions which allows it to diffuse faster to the PAA chains in comparison
to the Fb molecules. On the other hand, the presence of HSA at /= 102M might be explained
by attractive interactions between Lyz previously adsorbed on the PAA chains and HSA in the
solution since these two proteins are oppositely charged. It is important to mention that due to
Lyz adsorption, the properties of the brushes change. At 7 =10-2M, the electrostatic repulsion
between PAA and HSA is also lower due to higher screening of charged groups in comparison
to / =103M. Taking into account the size difference between Lyz and HSA, it is possible that
for effective adsorption of one HSA molecule, a few Lyz molecules located close to each other
are needed to form an active adsorption center. Due to the attractive interactions between Lyz
and HSA, the formation of protein clusters in the bulk of the solution that would later adsorb
on the brushes is also possible. While ToF-SIMS only revealed the presence of HSA at /= 10"
M, it becomes clear from the gel electrophoresis data that both Lyz and HSA are actually
present in the adsorbed layer in these conditions. This discrepancy actually reinforces the
hypothesis of HSA adsorption on top of Lyz molecules. Indeed, while the whole adsorbed layer
was analyzed by gel electrophoresis, only its outermost surface (i.e. ~2 nm)3* was probed by
ToF-SIMS, leading to the sole detection of HSA molecules located on top of Lyz molecules
with that technique.
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Figure 6. SDS-PAGE:s of proteins adsorbed on PAA and PEO/PAA brushes. The presented
ionic strengths correspond to the adsorption conditions: a) proteins identified on PAA and
PEO/PAA 10/90 brushes after adsorption from mixtures of Lyz/HSA/Fb (samples were
prepared according to the method 1- upper pathway in Scheme 1), b) proteins identified on
PEO/PAA 50/50 brushes after adsorption from mixtures Lyz/HSA/Fb (samples were prepared
according to the method 2- lower pathway in Scheme 1).

Taken together, the results show that selective adsorption of Lyz adsorbed from a mixture of
Lyz/HSA/Fb is possible on pure PAA and mixed PEO/PAA brushes at / = 10-*M. By increasing
the ionic strength up to 7 = 10?M, HSA and Lyz can be effectively adsorbed on the same
brushes. The mixed PEO/PAA brushes offer great advantages for protein recovery. In the
desorption experiments, we showed that a partial desorption of adsorbed proteins is possible
from the PEO/PAA 10/90 brushes, while a total desorption was achieved from the PEO/PAA
50/50 brushes. The last case is particularly important because one can reversibly and repeatedly
adsorb and desorb either Lyz at /=10-*M or Lyz and HSA at /=10-2M, resulting in Fb exclusion
in both cases.

The application of such selective layers for protein capture and further recovery or delivery can
be extended to other conditions, based on the knowledge of the behavior of PEO/PAA mixed
brushes in a range of pH and ionic strength conditions.!¢-!° The developed interfaces can find a
direct application in the field of protein separation and purification. Stimuli-responsive

interfaces are indeed increasingly popular in this domain, in particular with the development of
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many systems whose behavior varies with temperature.** Here, alterations of pH and, or ionic
strength can be used to selectively capture then desorb proteins from a complex medium. The
selective adsorption of a protein may as well be exploited in biosensing. In such case, it may be
more appropriate to immobilize the smart polymer layers on gold nanoparticles, as it would
both increase the density of bioreceptor units and be used for signal transduction.*> Other more
sophisticated biomedical applications may include smart interfaces for drug delivery, in which
the capture of a signal would lead to the release of a drug,*® and implant coatings or scaffolds
for tissue engineering that would attract appropriate signaling proteins for a dynamic control of

cell-material interactions.

CONCLUSIONS

We have sucessfully demonstrated the effectiveness of smart PEO/PAA brushes to selectively
adsorb proteins from a mixture of lysozyme (Lyz), human serum albumin (HSA) and human
fibrinogen (Fb). At pH 9.0 and 7 =10-3M, Lyz adsorbs selectively on the mixed PEO/PAA
10/90 and PEO/PAA 50/50 brushes, while at / = 102 M, the brushes adsorb Lyz and HSA,
leaving Fb in solution. The protein amount adsorbed on the mixed polymer brushes decreased
with increased PEO polymerization degree or PEO ratio in the polymer brush. Under the
chosen adsorption conditions (/ and pH), protein adsorption is controlled by PAA molecular
conformation and by coulombic interactions. Moreover, at I = 102 M, the results suggest that
protein-protein interactions are at the origin of HSA adsorption on previously adsorbed Lyz.
The selected proteins can be effectively removed only from the PEO/PAA 50/50 brushes.
Therefore, adsorption/desorption cycles can be repeated on these brushes using simple ionic
strength stimuli. The designed systems can be adapted to different biomolecules and open the
way to the development of functional biointerfaces, with applications foreseen in separation

technologies, biosensing and nanomedicine.

ASSOCIATED CONTENT

Supporting Information

This material includes: (i) the chemical structures of PAA and PEO, (ii) a list of ToF-SIMS
peaks attributed to proteins, (iii) control SDS-PAGE experiments to demonstrate the high
sensitivity of the technique, (iv) the amino acid composition of HSA, Fb and Lyz, (v) the
normalized intensities of protein characteristic peaks recorded after adsorption from single
protein solutions and from a Lyz/HSA/Fb mixture, (vi) the PCA results of positive ion ToF-
SIMS spectra of proteins adsorbed from the protein mixture at 7/ =10M and I =10->M.
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