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ABSTRACT: The identification and quantification of biomarkers or ﬂ"""ai"s

proteins is a real challenge in allowing the early detection of diseases. = = S a -
The functionalization of the biosensor surface has to be properly S 5 Sarum

designed to prevent nonspecific interactions and to detect the antiova g% WH MW
biomolecule of interest specifically. A multilayered nanoarchitecture, n 3= e
based on polyelectrolyte multilayers (PEM) and the sequential A s S o mﬁiumi o Wik
immobilization of streptavidin and a biotinylated antibody, was botn | | | | | | § B \ y
elaborated as a promising platform for the label-free sensing of PAAED 510t (GRY §_10 y 'W "1‘1
targeted proteins. We choose ovalbumin as an example. Thanks to PEI-PSSIPAH), 0 50 100 150
the versatility of PEM films, the platform was built on two types of Time (min)

sensor surface and was evaluated using both optical- and viscoelastic-

based techniques, namely, optical waveguide lightmode spectroscopy and the quartz crystal microbalance, respectively. A library
of biotinylated poly(acrylic acids) (PAAs) was synthesized by grafting biotin moieties at different grafting ratios (GR). The biotin
moieties were linked to the PAA chains through ethylene oxide (EO) spacers of different lengths. The adsorption of the PAA-
EO,-biotin (GR) layer on a PEM precursor film allows tuning the surface density in biotin and thus the streptavidin adsorption
mainly through the grafting ratio. The nonspecific adsorption of serum was reduced and even suppressed depending on the
length of the EO arms. We showed that to obtain an antifouling polyelectrolyte the grafting of EOg or EO 4 chains at 25% in GR
is sufficient. Thus, the spacer has a dual role: ensuring the antifouling property and allowing the accessibility of biotin moieties.
Finally, an optimized platform based on the PAA-EQy-biotin (25%)/streptavidin/biotinylated-antibody architecture was built and
demonstrated promising performance as interface architecture for bioaffinity sensing of a targeted protein, in our case,
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ovalbumin.
Bl INTRODUCTION sensor/biological fluid interface caused by the binding of
The identification and quantification of biomarkers and biomolecules.® Optical sensing has been extensively used for
proteins are important issues that allow the early detection of drug screening for many years on the basis of surface plasmon

diseases.”” Present at low concentrations in complex body
fluids (e.g., serum, plasma, and urine),3 biomarkers have to be
detected specifically and in a reproducible manner through copy (OWLS).® The quartz crystal microbalance (QCM),
biosensors. Nonspecific protein binding from plasma or serum based on viscoelastic changes, is less used as a biosensor even if
constitutes one of the limitations of biosensors.* Antifouling
surfaces able to bind target molecules specifically are required
for the development of biosensing platforms based on surface-

)6,7

resonance (SPR)™’ or optical waveguide light-mode spectros-
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recent studies show interest in this technique over optical
sensing.g_11

The functionalization of the sensor surface thus has to be
designed properly to prevent nonspecific interactions and to
detect the biomolecule of interest specifically. The development
of surface coatings that prevent protein adsorption has received
considerable attention over the past few decades. The most
common synthetic material used is ethylene oxide (CH,—
CH,0, EO), also named ethylene glycol (EG). The
effectiveness of poly(ethylene oxide) (PEO) in resisting protein
adsorption is related to four of its properties: PEO is
hydrophilic, electrically neutral, a hydrogen bond acceptor,
and not a hydrogen bond donor.'> Other ways have been
developed to obtain protein-resistant surfaces. Self-assembled
monolayers (SAMs) presenting mannitol groups'> were found
to be resistant to protein adsorption. Following the discovery
that the predominant presence of phosphorylcholine (PC)
moieties is responsible for the nonthrombogenic character of
erythrocyte membranes,'* surfaces-bearing PC groups were
developed. Because of the zwitterionic character of PC, these
surfaces proved to be highly protein-resistant."> Antifouling
materials based on EO or PC were either brought onto the
surface through SAMs,'® grafted onto the surface,'®" or
grafted onto polyelectrolytes,*”*' which are subsequently
adsorbed as a monolayer”*® or as part of polyelectrolyte
multilayer (PEM) films.”* SAMs that require a gold substrate
and the grafting of antifouling molecules, performed mainly on
silicon or silicium substrate,” are suitable only for sensing
techniques compatible with such substrates. Antifouling groups
brought onto the surface by the electrostatic adsorption of
polyelectrolytes bearing these grougs as side chains allow this
drawback to be overcome.***¢ PEM, obtained by the
alternate deposition of cationic and anionic polymers, emerged
as a simple approach to functionalizing surfaces.’® Such films
find wide application in chemical and blolo%lcal detection,*"*
blotechnology,33 35 and biomaterials.>**>” Proteins,>®
zymes,” peptides,*” DNA,*' and drugs** can be embedded in
the architecture of thin films, maintaining a secondary structure
close to that of their native form as well as their bioactivity.*
These features made the PEM films a powerful polyvalent tool
for surface engineering,

Besides the antifouling properties of the surface, a specific
interaction is needed for the development of a sensitive
biosensor. Biotin and streptavidin present one of the strongest
and most stable noncovalent specific interactions. During the
past decade, the streptavidin—biotin system has become a
commercially available tool for research as well as medical and
industrial applications.** The strepavidin—biotin complex is
used for affinity-based immunoassays and diagnostics. Various
biotinylated biomacromolecules (such as antigens) are thus
commercially available. This wide range of applications makes
biotinylated sensor surfaces attractive for almost all label-free
sensing techniques. Using a biotinylated poly(L-lysine)-g-
poly(ethylene glycol) (PLL-g-PEG/PEGbiotin) monolayer
and streptavidin, Huang et al. immobilized biotinylated
antirabbit immunoglobulin to bind rabbit immunoglobulin.
The biotin concentration at the interface was controlled by
forming mixed layers of PLL-g-PEG/PEGbiotin and PLL-g-
PEG using a solutlon mixture containing both polymers in
different ratios.®

The aim of this study was to elaborate multilayered
nanoarchitectures using PEM on the basis of a library of
biotinylated poly(acrylic acid) (PAA), synthesized with differ-

en-
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ent grafting ratios (GR = 1, S, 10, or 25%) and with different
EO oligomers (EO,) of arms with n = 0, 3, 9 and 19, named
PAA-EO,-biotin (GR). These nanoarchitectures were studied
as biosensor platforms for label-free sensing using two analytical
techniques (QCM and OWLS). The sensitivities of the OWLS
and QCM techniques are about 1 ng/cm” The versatility of
PEM films allows the functionalization of all kinds of sensor
surfaces (here, the gold surface of QCM crystals and the
SigsTiy,0, surface of OWLS chips). To functionalize the
sensor surface, a PAA-EO,-biotin monolayer was adsorbed on
top of a poly(styrene sulfonate)/poly(allylamine hydrochlor-
ide) (PSS/PAH) precursor multilayer to become substrate-
independent. A double role is expected for the EO, spacers:
First, they are arms that keep the biotin groups away from the
multilayer, thereby rendering them more accessible to the
environment. Second, according to their length and their
grafting ratio on PAA, EO spacers also play the role of
antifouling groups. This original strategy, based on the dual
property of biotinylated EO, arms, leads to the design of a film
that is able to recognize streptavidin specifically among other
serum proteins through only one kind of modification along the
PAA (Scheme 1a). Finally, we show that such a platform can be

Scheme 1. Schematic Representation of the Immunoassay
Platform®

P

AAAAAA ﬁ ﬁ

Sdl Sensor substrate
Y m streptavidin

“This platform is based on a PEI/(PSS/ PAH), precursor film followed
by the sequential adsorption of (a) PAA-EO,-biotin and streptavidin,
followed by (b) biotinylated antiovalbumin. (a) The PAA-EO,-biotin
surface resists the nonspecific adsorption of serum proteins, and the
biotinylated EO arms specifically adsorb streptavidin. (b) Biotinylated
antiovalbumin binds to streptavidin and acts as a capture molecule
towards ovalbumin through antibody—antigen interactions while still
suppressing the nonspecific adsorption of serum proteins.

a

PAA-EQ -biotin (GR

PeLpSSPAN
A

serum proteins -
biotinylated

anti-ovalbumin EO,-biotin arm

™ ovalbumin

used to build a bioaffinity sensing surface that specifically
recognizes an antigen through the immobilization of its
biotinylated antibody. As a model immunoassay, we choose
to bind ovalbumin using a biotinylated antiovalbumin antibody

(Scheme 1b).

B MATERIAL AND METHODS

Materials. Poly(ethylene imine) (PEI, Sigma, MW 750000 g/
mol), poly(allylamine hydrochloride) (PAH, Aldrich, MW 15000 g/
mol), poly(sodium 4-styrenesulfonate) (PSS, Aldrich, MW 70 000 g/
mol), and poly(acrylic acid) (PAA, Aldrich, 35 wt % in water, MW
100000 g/mol) were used as received. The polyelectrolytes were
dissolved at 0.5 mg/mL in Tris-NaCl buffer, prepared from trizma
hydrochloride (Sigma, >99%) at 20 mM and NaCl (Sigma, >99.5%)
at 0.15 M in Milli-Q water, adjusted to pH 7.4 just before use. The
biotinylated PAA was dissolved at 0.5 mg/mL in Tris-NaCl buffer.
Fetal bovine serum (FBS, Gibco), ovalbumin (Sigma, MW 45000 g/
mol), and streptavidin (Sigma, S4762, MW 60000 g/mol) were
prepared in Tris-NaCl buffer for the adsorption tests. Biotinylated-
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Scheme 2. Synthesis Pathway Leading to PAA-EO,-Biotin (n = 0, 3, 9, or 19) with GR = 1, 5, 10, or 25%"
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“The H,N-EO,-biotin intermediates depicted in parentheses were not isolated.

antiovalbumin antibody (rabbit polyclonal immunoglobulin to
ovalbumin, ab8389, MW 150 000 g/mol) was purchased by Abcam
(Paris, France) and diluted at 25 pg/mL in Tris-NaCl buffer.

Preparation of Biotin-Grafted PAA. PAA-EO,-biotin with n = 0,
3,9,0r 19 and GR = 1, §, 10, or 25% as depicted in Scheme 2 have
been prepared according to the procedures described in the
Supporting Information (SI).

OWLS Measurements. Optical waveguide light-mode spectrosco-
py (OWLS) was performed on an OWLS 120 (Microvacuum,
Budapest, Hungary) using OW2400 waveguides made of SiyTiy,0,
(Microvacuum, Budapest, Hungary). The technique has been
extensively described elsewhere® and experimentally applied to
polyelectrolyte multilayers*®*” and to protein adsorption.*® In brief,
a laser beam shines on a grating imprinted in the waveguide, and one
determines the incoupling angles for both the transverse electric (TE)
and the transverse magnetic (TM) waves into the guide. Each
incoupling angle corresponds to an effective refractive index, Nrg and
Ny, respectively. From these effective refractive indices, the refractive

7490

index, nowys, the optical thickness, dowis (nm), and the optical mass
of an adsorbed layer, Qows (nm), can be obtained with the
homogeneous and isotropic monolayer model knowing the refractive
index of the buffer (nc):

(1)

The adsorbed mass g g (ng/cm?) is calculated from the optical mass
using the refractive index increment dn/dc (cm3/ g):

Qowis = (owrs = nc) X dowrs

Qs X 100

ows = 4, /de @)

The dn/dc values of the different biotinylated PAAs were determined
in Tris-NaCl buffer as follows: five solutions with concentrations ¢
ranging from 0.3 to 2.0 mg/mL were prepared, and the refractive
indices n were determined using an RFM 340 refractometer
(Bellingham-Stanley, England). For each polymer tested, the R®
value of the linear regression of n versus ¢ was about 0.999. The
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Figure 1. Evolution of the mass adsorbed, monitored (a) by OWLS and (b) by QCM as a function of time during the buildup of a PEI/(PSS/
PAH),/PAA film, followed by contact with a serum solution at 4.4 mg/mL.

error in dn/dc due to the uncertainties in concentration and in the
measured refractive indices was estimated to be on the order of 0.01
cm®/g. The dn/dc values of PAA-EO,-biotin with n =0, 3, 9, or 19 and
GR =1, 5, 10, or 25% are given in the SL

The increment of mass adsorbed in biotinylated PAA (Aqowis), as
determined by OWLS, gives the possibility to estimate the number of
biotin side groups per square nanometer for a known GR of the side
groups on the polymer with the following equation

AqOWLS X N, X GR

Miotin —
" mean molar mass in repeated unit of the polymer

)
with N, being Avogadro’s constant. It is possible that not all of these
groups are exposed on the surface.

For the calculation of the adsorbed mass of proteins, a refractive
index increment of 0.18 cm?/ g was used.®’

QCM Measurements. Quartz crystal microbalance (QCM)
measurements were performed on a QCM-D E4 device (Q-sense,
Sweden) using gold-coated crystals at room temperature. The
fundamental resonance frequency (f;) was on the order of S MHz.
The changes in frequency (Af;) at 1S MHz (i = 3), at 25 MHz (i = 5),
and at 35 MHz (i = 7) were used for analysis. For a thin, rigid film (i.e.,
when Af;/i is independent of i), the mass, gocum (ng/cm?), can be
obtained by using the Sauerbrey equation®

CAf

9ocm = T

@)
where C is the mass sensitivity constant (17.7 ng-em >Hz™") of the
QCM crystal, i is the overtone number, and Af;/i is expressed in
Hertz. We verified that the normalized frequency changes, Af./i, were
equal to within +12% so that the use of the Sauerbrey equation to
analyze our data was relevant. Because we assumed that the density of
the film is close to 1 g-cm™, we can evaluate the thickness of the
polyelectrolyte layers, docy (nm):

CAf

dQCM = ;

X 0.01

)

It must be noted that even if a slight error is made in the absolute value
of the thickness it has no effect on the conclusions drawn from our
studies because we mainly based our analysis on a comparison between
the different systems.

Multilayer Assembly. The multilayers were assembled in situ in
the measurement cell by bringing the substrate (QCM crystal or
OWLS chip) into contact with the polyelectrolyte solutions by
injecting 500 yL into the measurement cell (internal volume of QCM
cell = 40 L and internal volume of OWLS cell = 16 uL). The time of
adsorption was $ min in the case of PEL PSS, and PAH and 12 min in
the case of modified PAA. Each deposition was followed by rinsing
with 2 mL of Tris-NaCl buffer solution for S min. After the deposition
of the last layer and rinsing, the multilayer was left to stabilize for 15

7491

min in contact with the buffer solution prior to adsorption experiments
with streptavidin or serum solutions.

Adsorption of Serum on PAA and Biotinylated PAA-
Terminated Films. Serum adsorption was determined by QCM-D.
A solution of FBS was obtained by the dilution of pure FBS with Tris-
NaCl buffer, followed by filtration, yielding a concentration of 10% by
volume of FBS, corresponding to a total protein concentration of 4.4
mg/mL. The serum was put into contact with the architecture for 10
min, followed by a rinsing step with Tris-NaCl buffer for 10 min.
Adsorption was determined relative to the last deposited layer.
Adsorption was measured after rinsing with buffer and the stabilization
of the signal.

Adsorption of Streptavidin on PAA and Biotinylated PAA-
Terminated Films. Streptavidin adsorption was tested by QCM-D. A
solution of 0.2 mg/mL of streptavidin prepared in Tris-NaCl buffer
was brought into contact with the different surfaces until the signal
stabilized, followed by a rinsing step.

Bioaffinity Assay Protocol. For biosensing experiments after the
buildup of the PEI/(PSS/PAH), precursor multilayer and the
adsorption of the PAA-EOq-biotin (25%) layer, the architecture was
incubated with 1 mL of a 200 pug/mL streptavidin solution for 2 h,
followed by a rinsing step (S min) with 2 mL of Tris-NaCl buffer.
Antibody adsorption was performed by injecting 1 mL of a 25 pg/mL
biotinylated antiovalbumin solution for 2 h, followed by a rinsing step
with Tris-NaCl buffer at 400 #L/min for S min. To test the biosensing
architecture by OWLS, ovalbumin (200 yg/mL) and serum (4.4 mg/
mL) solutions were brought into contact with it by injecting the
solutions at 100 yL/min until the stabilization of the signal. The
protein injections were followed by a rinsing step with the buffer at
400 uL/min for OWLS experiments until the stabilization of the
signal. For QCM experiments, the flow rate was fixed at 40 yL/min for
ovalbumin injection and rinsing.

B RESULTS AND DISCUSSION

Multilayered Films Terminated with a PAA Layer:
Nonspecific and Specific Adsorption. To tailor the surface
toward the specific adsorption of streptavidin and to evaluate its
nonspecific interactions, we first adsorbed nonmodified PAA on
the PEI/(PSS/PAH), precursor film. The serum, which is a
pool of proteins, is used as a model to evaluate the nonspecific
interactions of the architecture. Two label-free techniques,
OWLS and QCM, were used to characterize the protein
adsorption. OWLS is an optical technique sensitive to the
difference in the refractive indices of the adsorbed layer and the
contacting solution. QCM, based on the piezoelectric proper-
ties of quartz, is sensitive to the deposited mass including
bound water. These two techniques allow the determination of
the adsorbed mass of polyelectrolyte or protein and the

dx.doi.org/10.1021/1a3045779 | Langmuir 2013, 29, 7488—7498
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Table 1. Summary of the Data Obtained for the Adsorption of One Layer of PAA and PAA-EO,-Biotin on a PEI/(PSS/PAH),

Precursor Film“

thickness of the polymer layer

(nm
GR (%) docn dowrs
PAA 0 7.7 £ 0.7 23+03
PAA-EQ-biotin 1 10.8 + 0.6 1.8 + 04
S 12.6 + 0.4 1.9 £ 02
10 124 £ 0.5 1.7 £ 0.1
PAA-EOj;-biotin 1 8.6 + 0.9 1.8 £ 04
S 8.7 £ 0.7 1.9 £ 03
10 144 + 04 22 +03
25 18.4 £ 0.6 2.6 +£ 0.6
PAA-EOy-biotin 1 9.1 £08 14+ 0.1
S 133 £ 12 2.0 +0.3
10 174 £ 04 2.5+ 06
25 31.7 £ 1.3 4.6 +£03
PAA-EOy-biotin 1 9.7 £ 02 2.7 £0.7
S 16.5 + 2.4 24 +£07
10 18.8 + 3.6 2.7 £ 09
25 617 £ 1.1 88 + 18

thickness ratio docm/dowrs

degree of hydration H (%)  number of biotin per nm*

33 83 0

6.0 81 0.13 + 0.01
6.6 84 0.57 + 0.02
7.3 83 1.12 + 0.08
4.8 77 0.12 + 0.01
4.6 83 0.39 + 0.03
6.5 80 1.35 + 0.07
7.1 78 3.33 + 0.47
6.5 76 0.13 + 0.01
6.7 87 0.41 + 0.01
7.0 82 121 + 024
6.9 73 3.26 + 0.37
3.6 83 0.10 + 0.01
6.9 87 0.44 + 0.05
7.0 92 0.49 + 0.04
7.0 92 2.26 £ 0.04

“Hydrated layer thicknesses, docy’s, were obtained from QCM measurements by using eq S, and the dry layer thicknesses, dowys’s, were measured
by OWLS. The degree of hydration, H, was evaluated using eq 6. Surface densities in biotin moieties were determined by OWLS experiments using
eq 3. Three experiments were performed to determine the mean value and the standard deviation in each case.

estimation of the degree of hydration of the adsorbed layer.
The degree of hydration (H %) is given:ll’51
9 !
_ facm  Towts o0
9ocm (6)

When a serum solution at 4.4 mg/mL is brought into contact
with a PEI/(PSS/PAH); film terminated with a nonmodified
PAA, adsorbed masses of proteins of about 217 and 1250 ng/
cm? are measured by OWLS and QCM, respectively (Figure
la,b). Almost a factor of 6 is observed between the two values
because of the high water content of the adsorbed protein layer.
Because QCM also measures the bound water of the layer, this
technique may be several times more sensitive to protein
interaction with a surface. The degree of hydration of the
protein layer is evaluated to be 82%. On the contrary to the
proteins contained in serum, we observed that streptavidin does
not adsorb on PAA at least in the QCM and OWLS sensitivity
limits, which are both 1 ng/ cm?. Having an acidic isoelectric
point (pI = S), streptavidin has a net negative charge at pH 7.4
leading to repulsive interactions with PAA that prevent its
adsorption.

Preparation of the Library of Biotinylated PAA. To
favor the specific adsorption of streptavidin, biotinylated PAA
was synthesized with different grafting ratios (GR) and with
different lengths of EO spacers to increase the accessibility to
the grafted biotin moieties gradually and to prevent nonspecific
adsorption (Scheme 2). In the case of PAA-EO,-biotin with n =
0, the polyelectrolytes were prepared by a direct coupling
reaction among the carboxylic groups of PAA, commercially
available hydrazide-biotin, and N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDCI). In the case of PAA-
EO,-biotin with n = 3, 9 or 19, an aminated biotin was coupled
to PAA by using carbodiimide or triazolol chemistry. Thus, a
stable amide bond is formed, leading to a robust grafting of the
biotin moieties along the PAA. First, biotin entities, H,N-EO,-
biotin with different EO spacer lengths (n = 3, 9, or 19)

between the biotin and the free amino group, were synthesized.

After the monoprotection of the bis-amino ethylene oxide
chains (H,N-EO,-NH,, n = 3, 9, or 19) with butyloxycarbonyl
groups (Boc), the coupling reaction with (D)-biotin provides
the intermediate BocHN-EO,-biotin. Deprotection in situ
under acidic conditions allows us to get H,N-EO,-biotin (n =
3, 9, or 19) (characterization in SI).

In the presence of EDCI or triazolol reagent (HBTU), PAA
and each H,N-EO,-biotin (n = 3, 9, or 19) were dissolved
together in an appropriate solvent in a proportion equivalent to
the desired final GR. The dialysis of the grafted PAA yields 83—
93%. The GR was determined by 'H NMR or elemental
analysis. These measured GRs for all samples and the different
batches were found in the following intervals: 0.5-2, 3—6, 8—
12, and 23—27% for expected GRs of 1, 5, 10, and 25%,
respectively. The experimental and expected GRs are thus in
good agreement given the uncertainty of the determination
techniques (+2%).

Characterization of the Biotinylated PAA Layer:
Determination of the Biotin Surface Density. After its
synthesis, PAA-EO,-biotin was adsorbed on the PEI/(PSS/
PAH), precursor film and characterized by OWLS and QCM.
For each biotinylated PAA, three experiments were performed
to determine the mean value and the standard deviation of the
thicknesses (Table 1). Except in the case of PAA-EQ-biotin,
the PAA-EO,-biotin layer thickness increases with the GR for a
given length of EO. Furthermore, for a given GR, the thickness
increases with the length of EO,. Thus, the accumulation of EO
groups, through longer spacers or higher GR, increases the
resulting thickness of the film probably because of the water
bound to ethylene oxide groups.*” The ratio of the QCM and
OWLS thicknesses (dqcy/dowrs) allows the estimation of the
polymer layer hydration®”® (Table 1). OWLS is mainly
sensitive to the zone of the layer that possesses a high refractive
index compared to that of water (i.e., rich in organic material)
whereas QCM is more sensitive to the hydrated layer and thus
to the hydrodynamic thickness. A high dqcy/dowrs ratio thus
indicates a polymer layer that is less dense and more
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hydrated.** For all studied EO, lengths, the increase in biotin in the case of PAA-EO,y-biotin, the EO, arm seems to decrease
GR leads to a less dense and more diffuse biotinylated PAA the electrostatic adsorption of the modified polyanion and thus
layer. Strong hydration has been su§§ested to be a prerequisite also the density of biotin moieties obtained. A maximum biotin

to obtaining an antifouling coating.”” The degree of hydration density of 3.3 nm™? is reached with PAA-EO;-biotin and PAA-
of the nonmodified PAA is about 83%. All PAA-EO,-biotin EQy-biotin, both at a GR of 25%.

layers are hydrated to approximately 83 + 5%. The degree of Multilayered Films Terminated by a Biotinylated PAA
hydration seems to be nearly independent of the length of the Layer: Nonspecific and Specific Adsorption. To evaluate
EO arms and the grafting ratio, with only a slight increase for the nonspecific (using a serum solution) and specific (using a
PAA-EQ,4-biotin layers. streptavidin solution) adsorption on PAA-EO,-biotin (GR)-

The density of EO,-biotin moiteies present on the surface terminated PEI/(PSS/PAH), films, the adsorbed mass of
was determined by OWLS experiments using eq 1 (Figure 2). proteins was determined by QCM (Figure 3ab). To get the

mean value of the mass and its standard deviation, all of the
experiments have been performed at least three times.
Whatever the length of the EO,, spacer, the grafting of 1% in
biotin leads to a strong decrease in serum adsorption compared
to that of the nonmodified PAA (1250 ng/cm?, see Figure 1b),
with the smallest adsorption obtained with the PAA-EQ,-biotin
layer (480 ng/cm”). PAA-EO,biotin and PAA-EO;-biotin
layers did not allow for a decrease in the nonspecific adsorption
of serum even for GR = 25%. On the contrary, for PAA-EQ,-
biotin and PAA-EO¢-biotin layers, the increase in GR from 1
to 25% induces a decrease and even the suppression of serum
adsorption within the limits of sensitivity of QCM. Thus, a full
antifouling film against serum is observed with PAA-EQ,-biotin
(25%)-terminated and PAA-EO,-biotin (25%)-terminated
PEI/(PSS/PAH); films. This result is in striking contrast to
that corresponding to PAA-EO;-biotin (25%). Thus, for the
30 design of an antifouling surface, the length of the EO arms
seems to be crucial compared to that of GR. A competition will
occur between the antifouling effect of EO spacers and the
availability of biotin moieties for streptavidin adsorption onto

EN

Number of biotin entities on the surface (nm'z)

Biotin grafting ratio on PAA (%)

Figure 2. Number of biotin entities per square nanometer on the

surfaces of (@) PAA-EO,-biotin, (O) PAA-EOs-biotin, (M) PAA-EO,- PAA-EO,-biotin layers. It must be mentioned here that
biotin, and (C0) PAA-EQ,-biotin monolayers adsorbed on a PEI/ streptavidin is not adsorbed on a nonmodified PAA layer. In
(PSS/PAH); precursor film as a function of the grafting ratio. All constrast, PAA-EOg-biotin (1 and 5%) layers allow the
experiments have been repeated at least three times to obtain mean adsorption of roughly 2000 ng/cmz. When the length of the
values and standard deviations. EO arms increases from 3 to 19, the adsorption of streptavidin
adsorption increases and reaches 2600 ng/cm?”. This increase
The density of EO,-biotin groups increases steadily when the can be explained by the better accessibility of biotins born by
degree of functionalization increases from 1 to 25%. Except for longer spacers.
PAA-EQ,¢-biotin, a master linear curve is obtained when the To discriminate the influence of the length of the EO arms
biotin surface density is plotted versus the grafting ratio (Figure and the surface density in biotin, we studied the correlation
2). The amount of immobilized biotin adsorbed on the surface between the mass adsorption of proteins (serum and
is independent of the length of the EO spacer. On the contrary, streptavidin) and the number of biotin moieties on the film
a 1200
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Figure 3. Mass adsorbed, determined by QCM-D using the Sauerbrey equation, of (a) serum and (b) streptavidin on a PAA-EO,-biotin monolayer
built on a precursor PEI/(PSS/PAH), film with n = 0, 3, 9, and 19 and with GR = 1, §, 10, and 25%. The masses adsorbed were determined by
QCM-D with 200 pg/mL streptavidin and 4.4 mg/mL serum solutions. All experiments have been repeated at least three times to get mean values
and standard deviations of the mass adsorbed. ND stands for not determined.
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Figure S. Evolution of the mass adsorbed, monitored by (a, c) OWLS and by (b, d) QCM, as a function of time during the sequential adsorption, on
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ovalbumin and (¢, d) serum solutions. Each adsorption step was followed by a rinsing step. The mass adsorbed obtained by OWLS was plotted using

eq 2 with dn/dc = 0.18 cm?/g.

(Figure 4ab). With PAA-EO,biotin and PAA-EO;-biotin,
when the density of biotin moieties increases, serum adsorption
reaches a plateau that represents 60% of the adsorption
observed on nonmodified PAA (Figure 4a). On the contrary
with PAA-EQy-biotin and PAA-EO,y-biotin, the increase in
biotin surface density leads to an elimination of the nonspecific
adsorption of serum for at least 2.3 biotin moieties/nm?* Thus,
polyelectrolytes bearing EO chains with 9 or 19 units are as
efficient as longer PEO chains with 44 units (MW 2000) at
suppressing the nonspecific adsorption of protein.*** This
result is comparable to the antifouling properties of EO SAMs,
giving well-ordered chains on the surface, obtained for thiol-EO
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derivatives of 7 and 9 units.">> In the case of grafted EO
chains, an antifouling surface is obtained using alkyl chains (9—
11 carbons) terminated by 3—9 EO units with a high surface
density (>10 EO units/nm?).%~® In the case of a nonalkylated
EO, monolayer, 16 units were required to be repellent against
bovine serum albumin.>

When the adsorbed mass of streptavidin is plotted as a
function of the surface density of biotin, a common curve is
obtained for PAA-EQ,-biotin with n = 0, 3, and 9 (Figure 4b).
This means that for the same density in biotin almost the same
mass of streptavidin can be immobilized on the surface of PAA-
EO,-biotin layers independently of n, except for n = 19. When
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the biotin surface density is increased, the mass of streptavidin
adsorbed increases up to a plateau reached for 1.2 biotin
moieties/nm?®  Streptavidin adsorption is maximal for 3.3
moieties/nm? for the PAA-EOq-biotin (25%) layer. For the
same surface density in biotin, the amount of adsorbed
streptavidin is systematically lower for the PAA-EQO,q-biotin
layer than for the other biotinylated PAA. This difference is
visible for densities of less than 2 moieties/nm? This indicates
that a non-negligeable part of biotin is inaccessible to
streptavidin. This could be explained by the conformation of
EOyy arms hiding the biotin moieties.

Biosensor Architectures Based on the Streptavidin—
Biotin System: Specific Adsorption and Antifouling
Effect. Taking into account that films displaying no adsorption
of serum and a strong adsorption of streptavidin are ideal
candidates for biosensing applications, a suitable platform for
the immobilization of a biotinylated antibody is obtained using
a monolayer of PAA-EQq-biotin deposited on a PEI/(PSS/
PAH), precursor film (Scheme 1b). We choose as an
immunoassay model the antiovalbumin/ovalbumin complex.
The thickness of the platform, PEI/(PSS/PAH);/PAA-EQ,-
biotin/streptavidin/biotinylated antiovalbumin, is 27 nm
(Figure S-1 in SI). The platform thickness is far below the
penetration depth of the laser light (4 = 632.8 nm) evaluated to
200—300 nm. Thanks to the homogeneous and isotropic
monolayer model that we developed to treat the data,"” OWLS
experiments allow the monitoring of the mass of ovalbumin
adsorbed on such a platform. A typical mass adsorption curve,
derived from an in situ OWLS measurement, was obtained
during the sequential adsorption of PAA-EOg-biotin, strepta-
vidin, biotinylated antiovalbumin, and ovalbumin (Figure Sa).
Two hours of contact with a 200 pg/mL solution of
streptavidin is needed to stabilize the signal, with a small
decrease after the rinsing step. Streptavidin, with a concen-
tration of 706 + 42 ng/cm’ corresponding to 11.76 + 0.70
pmol/ cm?, is bound to PAA-EOy-biotin-terminated architec-
tures. It follows from its 2D structure (5.5 X 4.5 nm*)® that a
closely packed streptavidin monolayer corresponds to about 6.7
pmol/cm?® Thus, a dense layer of protein is adsorbed on PAA-
EOy-biotin. This could be explained by the possible tilt of
streptavidin with respect to the surface, which may be
permitted by the flexibility of the biotinylated EO, arm.
Following the adsorption of streptavidin, biotinylated anti-
ovalbumin molecules were rapidly bound to the surface through
the remaining biotin binding sites of streptavidin. Almost no
antibody was removed by the rinsing step. Thus, 111 + 26 ng/
cm® (representing 0.74 + 0.18 pmol/cm®) of biotinylated
antiovalbumin can be immobilized on the PAA-EQy-biotin/
streptavidin platform. The molecular dimensions of non-
modified immunoglobulin antibodies being 14.3 X 5.9 nm’
the adsorbed mass of a closely packed monolayer of
biotinylated antiovalbumin corresponds to about 1.97 pmol/
cm?. Therefore, the surface density of antiovalbumin obtained
in the present system is about 40%. This partial coverage of the
surface by biotinylated antiovalbumin could be due to the fact
that some of biotin binding sites of streptavidin are not
accessible and are sterically blocked by adjacent streptavidin
molecules.

After the buildup of the PAA-EQy-biotin/streptavidin/
biotinylated antiovalbumin platform, the injection of 200 ug/
L of ovalbumin solution induced a protein adsorption of 16 + 3
ng/cm? (representing 0.35 + 0.08 pmol/cm?) after the rinsing
step (Figure Sa, inset). It takes about 2 h for the ovalbumin
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signal to stabilize. The ratio of antiovalbumin to ovalbumin is
equal to 2. This suggests that two antiovalbumin molecules
capture one ovalbumin molecule.

The versatility of PEM films allows the building of the PAA-
EOy-biotin/strepavidin/biotinylated antiovalbumin platform for
performing QCM experiments (Figure Sb). Table 2 summa-

Table 2. Mass Adsorbed, Determined by QCM and by
OWLS, of Each Layer of the PAA-EO,-Biotin/Strepavidin/
Biotinylated Antiovalbumin Platform®”

mass adsorbed (ng/cm?)

degree of hydration H
layers JowLs docm (%)
PAA-EOQg-biotin 538 + 61 1990 + 200 73
streptavidin 706 £ 42 2100 + 150 66
biotinylated 111 + 26 696 + 22 84
antiovalbumin
ovalbumin 16 + 3 199 + 20 92

“Three experiments were performed to get the mean values and the
standard deviations. “The hydrated mass adsorbed, docmy Was
obtained from QCM measurements by using eq 4, and the dry mass
adsorbed, gowrs, was measured by OWLS using eq 2 using the
appropriate dn/dc. The degree of hydration, H, was evaluated using eq
6. Three experiments were performed to determine the mean values
and the standard deviation of the different data.

rizes the adsorbed mass of each layer, determined by QCM and
OWLS. The degrees of hydration of biotinylated PAA,
streptavidin, and the biotinylated antibody are similar (70—
80%). When ovalbumin is placed in contact with the platform, a
mass adsorption of 199 + 20 ng/cm?” is obtained (Figure Sb,
inset). The degree of hydration of the ovalbumin layer,
evaluated at 92%, allows for higher sensitivity in terms of the
quantification of the mass adsorbed by QCM.

Because serum, which contains mainly albumin, is commonly
examined in clinical diagnosis, it is useful in testing the
resistance of the proposed biosensing platform to nonspecific
adsorption. We first performed different experiments using fetal
bovine serum on the PAA-EQy-biotin-terminated PSS/PAH
precursor film. A serum solution followed by a streptavidin
solution, a streptavidin solution followed by a serum solution,
and a solution of streptavidin prepared in diluted serum (200
ug/mL for 4.4 mg/mL, respectively) were brought into contact
with the architecture. Whatever the order when serum and
streptavidin solutions were sequentially brought into contact
with the architecture, no adsorption of serum was observed.
This strengthens the antifouling character of PAA-EO,-biotin
layers. When the streptavidin solution was brought into contact
with the architecture after the serum solution or in the presence
of serum, the mass of streptavidin adsorbed was smaller by
about 15% compared to that obtained without serum. Finally, a
serum solution was brought into contact with the PAA-EOy-
biotin/strepavidin/biotinylated antiovalbumin biosensing plat-
form and monitored by OWLS and QCM. A small amount of
serum adsorption was observed that was completely removed
by the rinsing step (Figure Sc,d, insets). In summary, in all
cases tested, no serum adsorption was detected (i.e., the mass
of serum was less than the sensitivity of both the OWLS and
the QCM techniques (~1 ng/cm?)). This shows that the
present biosensing platform is highly selective and promising
for biomedical applications.
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B CONCLUSIONS

PAA-EQq-biotin is shown to be a promising polymer for the
functionalization of bioaffinity sensors through the use of PEM
precursor films that can be adsorbed on all kinds of surfaces.
The nonspecific adsorption of serum was found to be below the
detection limit of OWLS and QCM (~1 ng/cm?). The library
of synthesized PAA-EO,-biotin (GR) allows for the tuning of
the surface density in EO,-biotin. On the contrary to published
approaches, no additional EO chains have been used to ensure
the antifouling property of the surface. In our case, this role
belongs to the EQy spacer in addition to the accessibility of the
biotin group. Because of this dual role, the specific adsorption
of streptavidin was favored by simultaneously limiting the
nonspecific adsorption of serum. Finally, an optimized platform
based on the PAA-EQy-biotin (25%)/ streptavidin/biotinylated-
antiovalbumin antibody architecture was built. This platform
demonstrated promising performance as an interface architec-
ture for bioaffinity sensing with the specific binding of
ovalbumin and no adsorption of serum showing its high
selectivity.
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