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A simple dipping process has been used to prepare PEGylated surface gradients from the
polycationic polymer poly(L-lysine), grafted with poly(ethylene glycol) (PLL-g-PEG), on metal
oxide substrates, such as TiO, and Nb,Os. PLL-g-PEG coverage gradients were prepared during an
initial, controlled immersion and characterized with variable angle spectroscopic ellipsometry and
x-ray photoelectron spectroscopy. Gradients with a linear change in thickness and coverage were
generated by the use of an immersion program based on an exponential function. These
single-component gradients were used to study the adsorption of proteins of different sizes and
shapes, namely, albumin, immunoglobulin G, and fibrinogen. The authors have shown that the
density and size of defects in the PLL-g-PEG adlayer determine the amount of protein that is
adsorbed at a certain adlayer thickness. In a second step, single-component gradients of
functionalized PLL-g-PEG were backfilled with nonfunctionalized PLL-g-PEG to generate
two-component gradients containing functional groups, such as biotin, in a protein-resistant
background. Such gradients were combined with a patterning technique to generate individually
addressable spots on a gradient surface. The surfaces generated in this way show promise as a useful
and versatile biochemical screening tool and could readily be incorporated into a method for
studying the behavior of cells on functionalized surfaces. © 2006 American Vacuum Society.
[DOL: 10.1116/1.2431704]

I. INTRODUCTION

Controlling the processes regulating the spontaneous ad-
sorption of biomolecules onto artificial material surfaces is a
critical consideration when designing and developing mod-

Among them, the most popular approach is based on the use
of poly(ethylene glycol) (PEG). The protein resistance of
PEG modified surfaces is attributed mainly to entropic repul-
sion and the high water content of the PEG chains. Among

ern biomedical and bioanalytical devices.'™ Surfaces such as
polymers and metal oxides, which are widely used in the
biomaterials area, have indeed been shown to nonselectively
adsorb large quantities of proteins in their native state. For
applications in areas such as tissue engineering, implants, or
biosensors, those surfaces need to be rendered “protein resis-
tant,” which means resistant towards nonspecific protein ad-
sorption to minimize nonspecific biological response. Com-
mon features of nonfouling (i.e., protein-resistant) surfaces
are their hydrophilicity, their charge neutrality, as well as the
presence of hydrogen bond acceptors, but absence of hydro-
gen bond donor groups.5

Several ways to create protein-resistant surfaces have
been proposed: poly(ethylene glycol) (:hemistry,z’s’6 func-
tionalized alkanethiols, ™ supported  phospholipid
bilayers,lo’“ polysaccharide chemistry,lzf15 and others.
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other methods, PEG chains may be immobilized on surfaces
via covalent coupling, either by “grafting 10”0 or “graft-
ing from,”" via the adsorption of PEG-containing block
copolymers,lg’zl_23 graft copolymers,M’25 and interpenetrat-
ing polymer networks 627 and via functionalization with
ethylene glycol-terminated alkanethiols”** " or silanes.**™
For the platforms dealing with PEG in a brushlike conforma-
tion, it was found that the most important parameter deter-
mining the protein resistance is the ethylene glycol monomer
density on the surface ngg expressed as EG units/surface
unit.>,

We have used the graft copolymer poly(L-lysine)-graft-
poly(ethylene glycol) (PLL-g-PEG), because the latter sys-
tem has several advantages over other PEG-based ap-
proaches [Fig. 1(a)].* The positively charged PLL backbone
adsorbs electrostatically from an aqueous solution onto nega-
tively charged surfaces, such as TiO, or Nb,Os, and the
grafted PEG chains render these surfaces resistant towards
nonspecific protein adsorption.zé"35 The architecture of the
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FIG. 1. (a) Schematic view of a poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG/PEG-X) adlayer on a metal oxide surface. The positively charged PLL
backbone attaches to the negatively charged metal oxide layer through electrostatic interactions. The grafted PEG chains are hydrated (represented by the H,O
molecules between the PEG chains) and extend into the aqueous environment (reproduced with permission from Tosatti et al.). (b) Schematic of the gradient
preparation process. Gradients are prepared in two steps, a gradual immersion into one type of solution, followed by a full immersion into a second type of
solution. Schematic of the two gradients prepared in this study: (c) PLL-g-PEG coverage gradient after a single immersion step (PLL-g-PEG on bare

TiO,/Nb,0s) and (d) functionalized PLL-g-PEG gradient after two immersion steps (PLL-g-PEG/PLL-g-PEG/PEG-biotin).

graft copolymer (molecular weight of the PEG chains and
grafting ratio) and the adsorbed mass determine the ethylene
glycol density on the surface.”***"7 Serum adsorption was
found to decrease below the detection limit of optical wave-
guide lightmode spectroscopy (OWLS) measurements for
ethylene glycol densities =20 nm™2** Specific (bio)func-
tional groups can be attached at the w position of the PEG
side chains, e.g., biotin,38 nitrilotriacetic acid,39 or bioadhe-
sive peptides such as Arg-Gly-Asp (RGD),*! resulting in a
surface that exposes a specific functionality in a protein-
resistant background. In all those examples the degree of
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functionalization is of crucial importance when looking for
optimal antibody immobilization™ or cell response.42

Since a screening process is often expensive in terms of
time and material, a surface gradient with a gradually chang-
ing antigen or receptor density can contribute to improving
selection processes while screening a large range of proper-
ties on one single sample under the same experimental con-
ditions. Additionally, since gradients are found to play a key
role in understanding biological processes such as the growth
of nerve cells, fabricated surface (bio)chemical gradients
may be a powerful experimental tool to further investigate
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these mechanisms.* A variety of techniques to generate
grafted polymer gradients is available, including the prepa-
ration of initiator gradients by corona dischaurge,‘m’45 by va-
por diffusion,**4’ by controlling adsorption kinetics™® or
temperature,49 the control of the polymerization conditions,
e.g., time*™' or temperature,52 and diffusion methods.”>>*
Some of these surfaces have been used to study cell growth.
Other techniques have been used to gradually immobilize
biomolecules, such as proteins, on surfaces, for example,
microfluidics,” ™’ covalent coupling to an alkanethiol
gradient,ss’59 covalent coupling by laser irradiation,” the use
of stamping techniques and electrophoretics,m ink-jet
printing,62’63 drainage,64 or by controlling the adsorption
kinetics.

In this study we present the generation and characteriza-
tion of PLL-g-PEG gradients prepared by means of an im-
mersion process originally developed for alkanethiols [Fig.
1(b)].°° Two different types of PLL-g-PEG gradients with
either nonfunctionalized [Fig. 1(c)] or biotinylated PEG
chains [Fig. 1(d)] were prepared on titanium and niobium
oxide surfaces, respectively, and characterized by means of
variable angle spectroscopic ellipsometry (VASE) and x-ray
photoelectron spectroscopy (XPS).

The gradients on TiO, were used to investigate the influ-
ence of PLL-g-PEG surface coverage, i.e., ethylene glycol
density, on the adsorption behavior of different proteins that
are relevant in terms of their occurrence and role in blood
functions and wound healing processes, namely, human se-
rum albumin, fibrinogen, and immunoglobulin G, and mixed
protein solutions, such as blood serum and blood plasma.
Since TiO, is a widely used implant material, a detailed
knowledge of protein interaction with this surface is of great
importance and gradient techniques should allow one to de-
termine the minimum EG monomer surface density needed
to prevent protein adsorption for a certain type of protein.67
Additionally, the streptavidin/biotin interaction was moni-
tored with biotinylated gradients by confocal laser scanning
microscopy. These gradients were then combined with an
in-house patterning technique termed molecular assembly
patterning by lift-off (MAPL),®® which creates micropat-
terned surfaces of functionalized spots in a protein-resistant
background of PLL-g-PEG. A simple combination of gradi-
ents with a patterning technique offers the possibility for a
quantitative comparison of different samples, as the protein-
resistant background of the pattern enables us to calibrate the
measurements. The gradual change in active-group concen-
tration in successive patches makes these gradients interest-
ing tools, likely to find manifold applications in the areas of
biosensors or cell studies.

Il. EXPERIMENTAL SECTION
A. Materials

All adsorption experiments were carried out from a
“HEPES 2” buffer consisting of 10 mM 4-(2-hydroxy-
ethyl)piperazine-1-ethane-sulfonic acid and 150 mM NaCl
(both from MicroSelect, Fluka Chemie GmbH, Switzerland)
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in ultrapure water [MilliQ gradient A 10 system, resistance
~18 M()/cm, total organic carbon<<4 ppb (parts per 10°),
Millipore Corporation, USA]. The buffer was adjusted to pH
7.4 by the use of 6M NaOH and filtered through a 0.2 um
filter (Millex-GW, Millipore, Switzerland) prior to use.

PLL-g-PEG, a graft copolymer with a PLL backbone of
20 kDa, (including counterions, Br™), PEG side chains of
2 kDa, and a grafting ratio of 3.5, was used for all experi-
ments. The biotinylated polymer (PLL-g-PEG/PEG-biotin)
had the same architecture, with 50% of its side chains bioti-
nylated using PEG-biotin of 3.4 kDa. Both polymers were
synthesized and characterized as previously described in
detail.**** Briefly, a 100 mM solution of PLL-HBr (Fluka,
Switzerland) in 50 mM sodium tetraborate buffer (pH 8.5)
was prepared and filter sterilized (0.22 wm pore size filter,
Millex, Sigma-Aldrich, Switzerland). The grafting reaction
was carried out by adding N-hydroxysuccinimidyl ester of
methoxypoly(ethylene glycol) propionic acid (Nektar, USA)
and allowing to react for 6 h at room temperature. Subse-
quently, the reaction mixture was dialyzed (Spectra-Por, mo-
lecular weight cutoff size of 6—8 kDa, Spectrum Laborato-
ries Inc., USA) for 48 h against de-ionized water. The
grafting ratio of the polymer was determined by 'H NMR.
The product was freeze dried and stored at —20 °C before
use. Human serum albumin [molecular weight (MW)
=66.4 kDa], rabbit Immunoglobulin G (IgG) (MW
=150 kDa), fibrinogen (MW =340 kDa, all from Sigma Ald-
rich Chemie GmbH, Germany), blood serum (Precinorm U,
Roche, Switzerland), and fresh frozen plasma were used for
the protein-adsorption studies. Streptavidin alexa fluor488
(MW =52.8 kDa, Invitrogen, Switzerland) was used for con-
focal laser scanning microscopy.

B. Substrates

TiO, and Nb,Os thin films (15 nm) were sputter coated
onto silicon wafers (WaferNet GmbH, Germany) and Nb,Os
(6 nm) onto Pyrex wafers (SensorPrep Services, USA) using
reactive magnetron sputtering (PSI Villigen, Switzerland).
Prior to use, the oxide-coated substrates were cleaned by the
following protocol: (i) 10 min sonication in 2-propanol and
(ii) 2 min oxygen-plasma cleaning in a plasma cleaner/
sterilizer PDC-32G instrument (Harrick, Ossining, NY,
USA). The Nb,Os5 coated Pyrex substrates were prepatterned
with photoresist (S1818, Shipley, USA) according to the pro-
cedure described by Falconnet ef al.%® Finally, these samples
were sonicated in water for 10 min and plasma cleaned for
5 s in an oxygen plasma prior to functionalization.

C. Surface modification

Gradients were prepared based on a procedure adapted
from Morgenthaler er al.’® The PLL-g-PEG was gradually
adsorbed onto an oxide surface by an immersion process. A
concentration of 0.02 mg/ml PLL-g-PEG in HEPES 2 and a
total immersion time of 17 min were used. The substrate was
dipped gradually with a linear motion drive (OWIS GmbH,
Germany), according to a stepwise immersion program
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(LABVIEW software V7.1, National Instruments). After this
gradual coating step the substrates were rinsed immediately
with HEPES 2 and ultrapure water and dried under a nitro-
gen stream. When biotinylated gradients were prepared, the
gradual coating step was performed in a 0.02 mg/ml PLL-
g-PEG/PEG-biotin solution with the same immersion pro-
gram. After rinsing and drying the substrate was backfilled
with nonfunctionalized PLL-g-PEG (0.1 mg/ml) for 40 min.

As references, homogeneously coated surfaces were pre-
pared according to a previously published protocol34 and
bare, oxide-coated surfaces were immersed in HEPES 2 for
17 min.

D. Protein adsorption

All single proteins were adsorbed from a 0.1 mg/ml so-
Iution in HEPES 2. Gradient and reference samples were
exposed to the protein solution for 15 min, then subjected to
rinsing with HEPES 2 and ultrapure water, and finally dried
under a stream of nitrogen. Serum and plasma were used as
received without further dilution. Variable angle spectro-
scopic ellipsometry measurements were carried out in a dry
state.

E. Variable angle spectroscopic ellipsometry (VASE)

The dry thicknesses of polymer and protein adlayers were
determined by VASE (M-2000F, L.O.T. Oriel GmbH, Ger-
many). Measurements were conducted under ambient condi-
tions at three angles of incidence (65°, 70°, and 75°) in the
spectral range of 370—1000 nm. Spectroscopic scans were
taken after every step (after cleaning, after PLL-g-PEG ad-
sorption, and after protein adsorption) every 3 or 5 mm
along the sample. Three samples were analyzed for each type
of protein. Measurements were fitted with the WVASE32
analysis software using a multilayer model for an oxide layer
on silicon and an organic adlayer (polymer and protein). The
n and k values for the oxide layers were fitted, and the ad-
layer thickness for both the PLL-g-PEG and the proteins was
determzi%ned using a Cauchy model (A=1.45, B=0.01, and
C=0)."

F. X-ray photoelectron spectroscopy (XPS)

XPS analysis was performed using a VG Theta Probe
spectrophotometer (Thermo Electron Corporation, West Sus-
sex, UK) equipped with a concentric hemispherical analyzer
and a two-dimensional channel plate detector with 112 en-
ergy and 96 angle channels and a total aperture of 60°. Spec-
tra at 10 or 20 different locations on the gradient sample (line
scan with a point-to-point analysis spacing of 3.4 or 1.7 mm,
respectively) were acquired at a base pressure of 10~ mbar
or below using a monochromatic Al Ka source with a spot
size of 300 um. The measurements were repeated three
times for each type of gradient. The instrument was run in
the standard lens mode at 53° to the surface normal for sur-
vey spectra and in an eight-angle-channel mode for detailed
spectra, each channel covering a sector of 7.5° and having
the most grazing angle at 79.25° from the surface normal.
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The analyzer was used in the constant analyzer energy mode.
Pass energies used for survey scans and detailed scans were
200 and 150 eV, respectively, for titanium Ti 2p, carbon C
s, oxygen O ls, and nitrogen N 1s. Acquisition times were
approximately 30 min in total for high-energy-resolution el-
emental scans and 5 min for survey scans. These experimen-
tal conditions were chosen to obtain an adequate signal-to-
noise ratio in a minimum time and to limit beam-induced
damage. Under these conditions, sample damage was negli-
gible, and reproducible analyzing conditions were obtained
on all samples. All recorded spectra were referenced
to the hydrocarbon C ls signal at 285.0 eV. Data were
analyzed using the program CASAXPS (Version 2.3.5,
WWW.casaxps.com).

The signals were fitted using Gaussian-Lorentzian func-
tions and least-squares-fit routines following a Shirley itera-
tive background subtraction according to the protocol pub-
lished by Huang et al”

The different intensity ratios have been calculated by di-
viding the corresponding areas underneath the spectra. Since
the main aim of the XPS measurements was to observe
trends along the gradient, sensitivity factors were not
employed.

G. Molecular assembly patterning by lift-off (MAPL)

The MAPL technique was applied to Nb,O5 coated Pyrex
wafers (Sensor Prep Services, USA) as described by Falcon-
net et al.®® Briefly, photolithography was used to create sub-
strates with a patterned photoresist coating. After coating the
prepatterned substrate with PLL-g-PEG/PEG-biotin in a con-
centration gradient, the photoresist was lifted off in
1-methyl-2-pyrrolidone [peptide-synthesis grade (=99.5%),
Fluka Chemie GmbH, Switzerland]. Subsequently, the un-
covered background was backfilled with nonfunctionalized
PLL-g-PEG (0.1 mg/ml). The sample was placed in a
polydimethylsiloxane-based flow cell (12 mm in length) and
rinsed with buffer solution. The buffer solution was replaced
with streptavidin alexa fluor488 (20 ug/ml) for 40 min. Af-
ter rinsing with buffer, the sample was investigated using a
confocal laser scanning microscope (Zeiss LSM 510, Ger-
many) equipped with a 10X objective (0.3 numerical aper-
ture Phl Plan-Neofluar, Zeiss, Germany), an argon laser, and
the required filter sets. All images were taken with exactly
the same instrument settings, allowing for a quantitative
comparison.

H. Optical waveguide lightmode spectroscopy
(OWLS)

OWLS measurements were carried out in OWLS 110 in-
struments (MicroVacuum, Hungary) using a laminar flow-
through cell (8 X2 X 1 mm?). The formula of Defeijter et al.
was applied to calculate the adsorbed mass® with a refrac-
tive index increment (dn/dc) of 0.139 cm?/g for PLL-
g-PEG and 0.182 cm?/g for plroteins.38 The adsorbed mass
was further converted into EG monomer surface density ac-
cording to Pasche et al* Waveguides were initially placed in
the buffer immediately after the cleaning and allowed to soak
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FIG. 2. Upper panel: adsorption kinetics for a 0.02 mg/ml PLL-g-PEG so-
lution in HEPES 2 as measured by OWLS (adsorbed mass vs time, line) and
VASE (layer thickness vs time, [J). 17 min is needed to reach a plateau
value in the adsorption curve. Lower panel: direct comparison of layer
thickness from VASE and EG monomer surface density derived from
OWLS measurements for different adsorption times. A good correlation was
found between both techniques, allowing for a conversion of adsorbed thick-
ness into EG monomer surface density ngg.

overnight. The samples were exposed in situ to the PLL-
g-PEG solution at a concentration of 0.02 mg/ml. The ad-
sorption was subsequently monitored for 17 min. Then, the
polymer solution was replaced with buffer. Next the PLL-
g-PEG modified samples were exposed to full human serum
for 15 min before rinsing again with buffer solution.

lll. RESULTS AND DISCUSSION
A. Gradient preparation

The gradient-preparation method used was based on con-
trolling the adsorption kinetics. OWLS measurements were
applied to determine the adsorption kinetics for different
PLL-g-PEG concentrations (data not shown). For all concen-
trations a fast initial adsorption step was observed, followed
by slow surface rearrangements that allow the adsorption of
more polyrner.24 Huang et al. found that for a concentration
of 1 mg/ml, 95% of the adlayer is formed in the first 5 min
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FiG. 3. Thickness of the adsorbed polymer adlayer measured by VASE as a
function of position for different gradients. Upper panel: 20-mm-long, (@,
R?*=-0.9973) and 40-mm-long (O, R*=-0.9908) gradients on TiO, sub-
strates; lower panel: 20-mm-long (A, R*=-0.9981) and 40-mm-long (A,
R?>=-0.9966) gradients on Nb,Ojs substrates. A linear increase in thickness
was found for all types of gradients (see R? values). Similar slopes (similar
m values) are obtained for the same length on both oxide substrates (both
40-mm- and 20-mm-long gradients were prepared by the same immersion
program).

of the adsorption, while it takes 20 min to reach saturation.”

The time needed to form a complete adlayer increases as the
concentration of the solution decreases. We determined, by
means of OWLS, that for a concentration of 0.02 mg/ml
PLL-g-PEG, the saturation level is reached after an immer-
sion time of 17 min (Fig. 2, upper panel). Serum adsorption
was reduced by 99% compared to a bare TiO, coated sub-
strate on such a coating (data not shown). This is in spite of
the relatively low density of the PLL-g-PEG layer generated
from the 0.02 mg/ml solution (7.8+0.4 A). For comparison,
a layer formed from 1 mg/ml solution for 30 min is
11.7+0.4 A in thickness. The lower panel in Fig. 2 shows
the correlation between EG monomer surface density, ngg,
derived from OWLS and adlayer thickness from VASE mea-
surements for identical adsorption times. The correlation of
these data allowed us to switch between the two methods
using the conversion factor obtained by linear regression.



161 Morgenthaler et al.: Poly(L-lysine)-grafted-poly(ethylene glycol)-based surface-chemical gradients 161

20 20 4 TiO,
-;: 1.5 . '; 1.5 -
5, - - . . L] =
) RN K= vye ¥
= . LI . - é. &Sk N £a
(] LY E’
& 05 e & 05
c ) =

0.0 - . . 0.0 . : v ‘

Q 10 20 30 0 10 20 30 40
Position [mmi] Position [mm)]
2. 20,
0 0 Nb,O,

S 1.5 . =y 1.5
-, S,
o * £ -
5 1.0 .+_ 1ol T . v v,
2 - e P
2 - o L 2 ~
2 05 v, * 8054 =<
c c [=
£ c i=

003 10 20 30 40 005 10 20 30 40

Position [mm] Position [mm)]
o T sfTi2p v O1s(PEGYC1s
o C1s/Nb3d a O1s(T iD:)ITin

e O1s(PEG)/O1s(metal oxide)

> O1s(Nb,0,)/Nb3d

FIG. 4. Intensity ratios measured by XPS at 79.25° takeoff angle as a function of position for 40 mm gradients on TiO, (upper panel) and Nb,Os (lower panel)
substrates. Left column: both ratios that are sensitive to the surface coverage (C 1s/metal oxide) and O 1s (PEG)/O 1s (metal oxide) indicate the presence of
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—0.96], while the ratios relative to the composition of the substrate [O 1s (metal oxide)/metal oxide] or the adlayer [O 1s (PEG)/C 1s] remain constant (right

column) as function of the position.

We observed that when a substrate is immersed at a con-
stant speed for 17 min (for example, at 40 um/s for a 4-
cm-long sample), a nonlinear coverage gradient is formed,
corresponding to the shape of the adsorption curve as mea-
sured by OWLS (Fig. 2, upper panel). The immersion pro-
gram was therefore modified to generate a linear coverage
gradient by gradually changing the immersion speed by
means of a program based on an exponential function. This
gradient preparation method was used to generate two types
of gradients: PLL-g-PEG coverage gradients on bare oxide
surfaces [Fig. 1(b)] and functionalized PLL-g-PEG/PEG-
biotin gradients [Fig. 1(c)].

B. PLL-g-PEG versus oxide gradients

One-component PLL-g-PEG gradients were obtained by
the immersion of either a TiO, or a Nb,O5 coated substrate
according to a nonlinear speed program. Figure 3 presents
the results obtained by means of variable angle spectroscopic
ellipsometry for 20- and 40-mm-long gradients on TiO, (up-
per panel) and Nb,Os (lower panel) substrates. The same
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immersion program was used for both oxide substrates,
which leads to a very similar slope, indicating that the ad-
sorption kinetics on both substrates are comparable. A linear
increase in adlayer thickness can be found for all types of
gradients (all R? values are higher than —0.99). Grazing-
angle x-ray photoelectron spectroscopy measurements were
also performed on such gradients (Fig. 4). We expect that the
adlayer surface coverage decreases with decreasing immer-
sion time (expressed as position on the gradient). One pa-
rameter that is highly sensitive to variations in the adlayer
film thickness is the carbon/metal ratio, since these elements
are found either only in the adlayer (carbon) or in the sub-
strate (metal). The same information can be obtained when
considering the ratio between the O 1s (PEG) and the O 1s
(metal oxide) signals (left column). Finally, the fact that both
the ratios O 1s (PEG) versus carbon and O 1s (metal oxide)
versus metal oxide (Ti 2p or Nb 3d) remain constant along
the gradient suggests that the adsorbed adlayer consists pri-
marily of PLL-g-PEG.
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coverage a decreases continuously towards the loosely covered end. VASE
and XPS measurements correlate with each other.

To further compare VASE and XPS data a surface cover-
age parameter « was defined as the ratio between coated and
uncoated surface areas at a point X on the gradient. A bare
metal oxide surface exposed to HEPES 2 (a equal to zero)
and a homogeneously PLL-g-PEG-coated sample (« equal to
1) were used as references. We chose to use the C/Ti ratio
measured by XPS at an angle of 79.25° normal to the surface
to calculate «, since at such a grazing angle, the signals are
highly surface sensitive. « is then calculated from the ad-
layer thickness measured by VASE and the C/Ti ratio mea-
sured by XPS at individual positions on the gradient. The
results show that both relative surface coverages are found to
correspond well to each other and to decrease monotonically
along the substrate length with decreasing immersion time
(Fig. 5). The fact that zero coverage is not reached is mostly
due to the adventitious contamination that adsorbs when
exposing the gradient to ambient conditions during the
deposition.

C. Protein adsorption on PLL-g-PEG coverage
gradients

PLL-g-PEG coverage gradients on TiO, were exposed to
a series of different protein solutions. The thickness of the
PLL-g-PEG adlayer and the adsorbed protein layer was mea-
sured with VASE under dry conditions. Figure 6 represents
the relative adsorbed amount of proteins that are deposited
on a PLL-g-PEG coverage gradient compared to a bare TiO,
substrate (value=1) and a homogeneously coated substrate
as a function of the ethylene glycol monomer surface density
ngg. The measured dry thickness of the gradient polymer
adlayer was thereby converted into EG monomer surface
density, as proposed above. The amount of adsorbed protein
was found to decrease towards higher EG monomer surface
densities, which corresponds to the more densely covered
end of the gradient. Albumin, IgG, and fibrinogen adsorption
all decrease to below the detection limit of ellipsometry mea-
surements (estimated to be 5—10 ng/ em?) > at the PLL-
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FiG. 6. Relative amount of protein adsorbed on PLL-g-PEG coverage gra-
dients on TiO, plotted as a function of the EG monomer surface density,
ngg, calculated from OWLS/VASE adsorption data and NMR grafting ratios
of the bulk polymers. The adsorbed amount of protein has been normalized
by the values measured on the homogeneously coated and bare substrates.
Protein adsorption is found to decrease towards the more densely covered
end. The minimal PLL-g-PEG thickness at which protein adsorption is re-
duced to below 5% differs for each of the proteins (albumin, IgG, and
fibrinogen). Mixed protein solutions, such as plasma and serum, require a
higher EG monomer surface density to provide a protein-resistant coating.

g-PEG rich end as well as on the homogeneously coated
substrates. However, the minimal PLL-g-PEG thickness, at
which the protein adsorption falls below 5% (equals to at
least a 95% reduction) in comparison with bare titanium,
differs for each of the proteins: ngg (IgG) =9.5 nm™2, ngg
(albumin) =9.9 nm™2, and ngpg (fibrinogen) =11.6 nm™2,
This may be explained by the size, shape, and charge distri-
bution of the proteins. While albumin is a triangular protein
with a small molecular weight (MW of around 66 kDa), IgG
(Y shaped, MW of around 150 kDa) and fibrinogen (elon-
gated rod, MW of around 340 kDa) are substantially larger,
however, at physiological pH they are all slightly negatively
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FiG. 7. Ellipsometric adlayer thickness of a biotinylated gradient as a func-
tion of the gradient position. Results are shown after four different protocol
steps. A biotinylated coverage gradient was generated (step 1, linear increase
in thickness), which was then backfilled with unmodified PLL-g-PEG (step
2, constant layer thickness). Negligible serum adsorption was found on such
a functionalized gradient (step 3, no notable increase in layer thickness),
while the amount of immobilized streptavidin gradually increased along the
gradient (step 4, increasing thickness with increasing biotin density).

charged.5 Fibrinogen adsorbs on denser PLL-g-PEG layers
because it has the possibility to attach to the substrate via
various binding sites due to its elongated shape and high
molecular weight.5 This suggests the existence of some very
small uncovered patches (defects) present in the denser PLL-
g-PEG that allow fibrinogen to reach the substrate-polymer
interface and interact, whereas albumin and IgG need either
larger or more closely spaced uncovered patches to interact
with the surface, as suggested by the lower PLL-g-PEG cov-
erage needed to reduce adsorption.

Adsorption from two mixed protein solutions, human se-
rum and plasma, was not totally inhibited even on the high-
EG-monomer-surface-density end of the gradient. Serum ad-
sorption is reduced by 90%, whereas plasma adsorption is
only reduced by 60%. There are two possible reasons, one
being that both protein solutions were used at high concen-
trations, without further dilution. The chance for protein ag-
gregation is higher at high concentrations. Such aggregates
are less mobile than single proteins, which could possibly
lead to an increased sedimentation that is difficult to remove
with a short rinsing step. Another reason for the higher
amount of protein adsorbed from plasma could be the pres-
ence of clotting factors, such as fibrinogen, that would lead
to an increased aggregate formation.

D. PEG versus PEG-biotin gradients

Functionalized PLL-g-PEG gradients were prepared in
two subsequent immersion steps, as described above. Figure
7 displays the adlayer thickness after the different steps of
the protocol as a function of the position on the gradient. A
one-component PLL-g-PEG/PEG-biotin gradient (Fig. 7,
step 1) was backfilled with unmodified PLL-g-PEG, which
gradually filled up the empty sites on the surface (Fig. 7, step
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2). When exposing such a functionalized gradient to serum, a
minimum adsorption (below the detection limit) was to be
found all over the sample (Fig. 7, step 3), showing that the
functionalized gradient coating is protein resistant. However,
when the substrate was exposed to streptavidin, a gradient in
adsorption along the substrate was found, being higher at the
highly biotinylated end (Fig. 7, step 4). This demonstrates
that the attached functional groups are active and available
for specific immobilization.

E. Patterning of PLL-g-PEG/PEG-biotin gradients

Falconnet et al. have presented a simple method to pattern
substrates by a combination of standard photolithography
and molecular self-assembly termed MAPL.% The combina-
tion of the gradient approach with the MAPL technique al-
lows for the generation of an array of discrete surface
patches with variable bioligand concentrations along the
direction of the gradient. This was demonstrated by the
fabrication of a gradient of PLL-g-PEG and PLL-
g-PEG/PEG-biotin on a Nb,Os5 surface covered with prepat-
terned photoresist. After photoresist removal and backfilling
with nonfunctionalized PLL-g-PEG, biotin-functionalized
patches were created in a protein-resistant background. Such
gradient patterns were visualized by adsorption of fluores-
cently labeled streptavidin and imaged by means of confocal
laser scanning microscopy. Figure 8 depicts the fluorescence
intensity of the surface-immobilized streptavidin, which de-
creases along the gradient when moving from the high to-
wards the low biotin-density end of the sample. The size of
the flow cell allowed us to image only 12 mm in the middle
of the 20-mm-long gradient. This means that the highest
measured fluorescent intensity (here set as 1) represents the
most densely packed biotin spots within the flow cell but not
on the full gradient, whereas the intensity at low biotin den-
sity, which corresponds to 15 mm along the gradient, is not
equal to zero. Even if we lose a certain part of the informa-
tion given by the gradient, it is important to use a flow cell to
exchange the solutions, because drying effects, which might
induce denaturation of certain proteins, would influence the
outcome of our experiments. Two images taken at the ex-
treme ends of the gradient in the flow cell are provided in
addition to the fluorescence-intensity plot (at around 5 mm
from the ends of the gradient). This array of discrete patches
with variable biotin concentrations in a background that is
resistant to streptavidin adsorption readily allows for the use
of such gradients in the biosensor and molecular recognition
area.

IV. CONCLUSIONS

We have presented a method to prepare chemical gradi-
ents from the polycationic graft copolymer PLL-g-PEG on
oxide surfaces. First, PLL-g-PEG coverage gradients were
prepared by controlling the adsorption time of the molecules
during an immersion process. Single-component gradients
from functionalized PLL-g-PEG may be backfilled with non-
functionalized PLL-g-PEG to generate two-component gra-
dients with functional groups such as biotin presented in a
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FiG. 8. Fluorescence intensity taken from confocal fluorescence microscopy
images as a function of position on patterned biotinylated PLL-g-PEG gra-
dients functionalized with fluorescently labeled streptavidin. The fluores-
cence signal decreases along the gradient, corresponding well to the trend
found on unpatterned samples (Fig. 7). Images taken at a distance of 5 mm
(left) and 15 mm (right) on the gradient, corresponding to both ends of the
flow cell we used, are given as indicated by the arrows.

protein-resistant background. Proteins of different sizes and
shapes were adsorbed onto single-component gradients. We
have shown that the adsorption of smaller (albumin) and
irregularly shaped (IgG) proteins can be inhibited by rela-
tively less dense PLL-g-PEG layers than those required to
prevent the adsorption of fibrinogen. Two-component gradi-
ents with biotinylated and nonfunctionalized PLL-g-PEG
were also prepared and characterized. Such gradients, com-
bined with patterning techniques, can be useful, high-
throughput, and cost-effective tools in the study of biointer-
faces, especially for probing the effect of bioligand
concentration on specific interactions.
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