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Abstract
Long period x-ray standing wave fluorescence (XSW) and x-ray reflectivity techniques are employed
to probe the conformation of a Br-polyethylene glycol (PEG)-peptide adsorbate at the hydrated
interface of a polystyrene substrate. The Br atom on this Br-PEG-peptide construct serves as a marker
atom allowing determination by XSW of its position and distribution with respect to the adsorption
surface with angstrom resolution. Adsorption occurs on native or ion beam modified polystyrene
films that are spin coated onto a Si substrate and display either nonpolar or polar surfaces,
respectively. A compact, oriented monolayer of Br-PEG-peptide can be formed with the peptide end
adsorbed onto the polar surface and the PEG end terminating with the Br tag extending into the
aqueous phase. The 108 – 141 Å distance of the Br atom from the polystyrene surface in this oriented
monolayer is similar to the estimated ~150 Å length of the extended Br-PEG-peptide. This Br-
polystyrene distance depends upon adsorption time and surface properties prior to adsorption.
Incomplete multilayers form on the polar surface after sufficient adsorption time elapses. By contrast,
adsorption onto the nonpolar surface is submonolayer, patchy, and highly disordered with an isotropic
Br distribution. Overall, this combination of x-ray surface scattering techniques with a novel sample
preparation strategy has several advantages as a real space probe of adsorbed or covalently bound
biomolecules at the liquid-solid interface.

I. Introduction
The adsorption of proteins, peptides, and other molecular species onto the surfaces of
biomaterials is of fundamental importance in tissue engineering, biosensors, immunoassays
and protein arrays.1–3 Protein adsorption occurs immediately once a biomaterial is brought
into contact with physiological fluid and thus transpires well before cells arrive at the surface.
Cells therefore interact with this interfacial protein layer rather than with the native biomaterial
surface. The importance of these adsorption events has lead many studies to focus on the
correlation between surface properties, protein adsorption, and cellular response.4–7

Protein adsorption onto solid surfaces has been examined by various surface science techniques
including quartz crystal microbalance, x-ray photoelectron spectroscopy (XPS), Fourier
transform infrared spectroscopy, atomic force microscopy, time of flight secondary ion mass
spectrometry, and matrix assisted laser desorption ionization mass spectrometry.1–3 These
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techniques provide useful surface chemical information, sometimes even with high spatial
resolution. However, it is often difficult to extract unambiguous structural information on
adsorbed proteins and other species from such techniques. An additional shortcoming of
vacuum based surface analysis techniques is that dehydration can lead to denaturing of the
adsorbed layer, thereby perturbing the interfacial composition and structure. Consequently, it
is essential to perform in situ studies of molecular adsorption to complement the information
provided by vacuum based methods.

Synchrotron based x-ray methods are powerful real-space structural probes of adsorption
processes at the solid-aqueous solution interface because of the intensity, collimation,
polarization, and immense penetrative power of synchrotron radiation.8–11 The tunable nature
of synchrotron radiation also permits the use of element specific spectroscopic methods,
allowing one to investigate various marker atoms in an adsorbed species. Long period x-ray
standing wave fluorescence (XSW) and x-ray reflectivity techniques are employed in this work
to probe the conformation of molecular adsorbates at the hydrated interface of synthetic
biomaterials. Specular x-ray reflectivity can resolve several surface parameters including
interfacial roughness, film thickness, and electron density at the angstrom scale.12–16 The
surface roughness of buried interfaces can be investigated by x-ray reflectivity without cross-
sectioning, a unique capability amongst surface analytical techniques. However, x-ray
reflectivity is not sensitive to trace distributions of elements within a film, indicating the
importance of an additional element specific technique such as XSW. XSW is based on the
principle that the fluorescence yield of a marker atom within a film is proportional to the
strength of the electric field which varies as a function of the incident x-ray angle.17–20
Monitoring the intensity of the fluorescence yield allows the determination of the location and
distribution of the marker atom with respect to the surface plane. XSW techniques have the
advantage of element specificity and can provide information on the distribution of trace
species under aqueous solution with angstrom resolution. XSW has been successfully applied
to the characterization of various interfacial problems including membrane protein adsorption,
Langmuir-Blodgett films, self-assembled monolayers, biofilms on mineral surfaces, and
polymer films.8,10,19–23

The present study applies XSW to probe the conformation of a model peptide construct at the
solid-liquid interface. A bromine (Br) labeled-peptide-polyethylene glycol construct is used to
mimic the adsorption of small biological molecules. A 15 residue peptide is employed that
contains the Arg-Gly-Asp (RGD) motif shown to enhance cell attachment and growth.24–26
Finally, the polyethylene glycol (PEG) end of the construct is covalently bound with a Br
labeled phenylalanine (Phe or F) amino acid, which is used as the marker atom and fluorescent
tag. The Br-PEG-peptide construct is designed such that the end of the peptide is expected to
adsorb onto a polar surface with the PEG extending into the aqueous phase terminated by the
Br atom (away from the surface). The XSW experiments are designed to test this hypothesized
conformation of the Br-PEG-peptide construct. The Br-PEG-peptide is adsorbed onto a flat,
polar, amine-functionalized polystyrene film that is spin coated onto a flat silicon (Si) substrate.
Measurements of the Br fluorescence yield as a function of incident angle provides information
on the distance of the Br layer from the Si surface with ~10 Å resolution in the current
experimental configuration.

A polystyrene spacer is used to increase the distance of the Br-PEG-peptide from the Si
substrate. The critical period or XSW period at the critical angle for total external reflection
of Si is ~200 Å. Therefore the ~250 Å thick polystyrene spacer layer allows multiple standing
wave antinodes to pass through the Br tagged peptide layer,16 thereby increasing the
information available from the fluorescence yield profile.
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The polystyrene surface is amine-functionalized via the deposition of hyperthermal, non-mass
selected allylamine ions. The polyatomic ion deposition technique has been discussed
extensively in prior work.16,27–29 Polyatomic ion deposition is analogous to the radiative
oxidation of native polystyrene used to produce the common cell growth substrate known as
tissue culture polystyrene.30 It is found that polyatomic ion deposition produces an oxidized,
amine-functionalized polystyrene surface which is polar and flat on an angstrom scale over the
~1 cm length of the x-ray footprint.

II. Experimental Details
A. Preparation of Br-PEG-Peptide Adsorbed to Polar and Nonpolar Surfaces

The preparation of similar films by polyatomic ion deposition has been explained previously
and will only be summarized here.28,29 Si(100) wafers that are 6 mm thick and have a diameter
of 25 or 50 mm (Semiconductor Processing, Boston, MA) are cleaned and oxidized to produce
a uniform ~15 Å thick oxide layer.31 Polystyrene thin films are then prepared on the Si wafers
by spin coating a 0.6% solution of polystyrene (molecular weight: 2,330 Da, Aldrich,
Milwaukee, WI) in CH2Cl2 for 1 min at 6000 rpm.16,31 The thickness of the polystyrene layer
was previously determined by x-ray reflectivity to be ~250 Å.16 The surface cleanliness and
uniformity of the polystyrene film are examined via survey and valence band x-ray
photoelectron spectra, as described previously.32

Amine-functionalized polystyrene is produced via non-mass selected deposition of allylamine
ions under vacuum using a broad beam Kaufman ion source.28 Allylamine is the precursor
gas used to produce gaseous ions with kinetic energies of either 50 or 200 eV. Fragmentation
of allylamine ions in the source is monitored by an energy analyzer/quadrupole mass
spectrometer, which finds that fragmentation of the parent ion increases with ion energy.
Similar fragments are obtained for both ion energies, but their relative abundances vary
significantly. A larger abundance of the parent ion at m/z 56 and 57 corresponding to
[CH2=CH-CH2-NH1–2]+ and a m/z 39 fragment corresponding to [C2NH]+ are formed at 50
eV. A higher abundance of low mass fragments are formed at 200 eV, including m/z 39, m/z
30 corresponding to [CNH4]+ and m/z 28 corresponding to [CH2N]+ or [C2H4]+. 50 eV
allylamine ions are produced using the following parameters in the broad beam ion source: ~7
A cathode current, ~40 eV discharge voltage, 50 µA beam current, ~1 µA ion current on the
substrate, and 10 min deposition time. Similar parameters are used to produce 200 eV
allylamine ions except that the beam current is 2.5 mA and the ion current on the substrate is
~30 µA.

The Br-PEG-peptide construct used in this study is composed of the amino acid sequence Ac-
F(PEG)33GEEGYGRGDSPG-Am, and is synthesized in house (Protein Laboratory, Research
Resource Center, University of Illinois at Chicago) from phenylalanine (F) amino acid that
contains a Br atom (Fmoc-L-4-bromophe, Peptech Corp., Burlington, MA) and PEG (O-(N-
Fmoc-2-aminoethyl)-O’-(2-carboxyethyl)-undecaethylene glycol, Nova Biochem, Darmstadt,
Germany).

The peptide is dissolved in 0.1 M sodium phosphate buffer to a concentration of 100 µM. The
amine-functionalized surfaces are equilibrated with the buffer solution prior to adding the Br-
PEG-peptide solution to the surface. The time allowed for peptide adsorption is varied from
0.5 to 10 hr, after which the polystyrene surface is rinsed with buffer solution and de-ionized
water, then dried in a He gas flow. Br-PEG-peptide samples so prepared are immediately
analyzed as described below.
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B. X-ray Photoelectron Spectroscopy (XPS)
Details of the x-ray photoelectron spectrometer and data analysis used for analysis of the
substrates prior to adsorption are only summarized here since a full description has been
previously published.32 A monochromatic Al-Kα x-ray source (model VSW MX 10 with 700
mm Rowland circle monochromator, VSW Ltd., Macclesfield, Cheshire, UK) is utilized to
perform XPS experiments (15 keV, 25 mA emission current) with a 150 mm concentric
hemispherical electron energy analyzer (model Class 150, VSW) equipped with a multichannel
detector operated at constant energy mode. The photoemission is measured normal to the
surface and the pass energy is 22 eV correpsonding to ~0.75 eV energy resolution. All binding
energies are referenced to the C(1s) (aliphatic/aromatic) core level peak of native polystyrene
at 285.0 eV which is used as a charge reference for all other photoemission peaks. Peak fitting
is performed with Spectra software (VSW), using Shirley background and a 35:65 ratio
Lorentzian:Gaussian product line shape, with corrections for analyzer transmission function.
Three samples are analyzed and averaged for each ion energy. Error bars on the data correspond
to the standard deviation for the analysis of different data sets.

XPS analysis of Br-PEG-peptide adsorption onto 50 eV ion modified polystyrene coated Si
wafer is acquired utilizing a commercial instrument (Kratos Axis 165, Manchester, UK)
equipped with a monochromatic Al-Kα source (15keV, 10mA emission current), a 165 mm
radius hemispherical analyzer, and an eight channeltron detection system operated at constant
energy mode. The photoemission angle is measured normal to the surface and the pass energy
is 160 eV for the survey scans and 40 eV for the core level scans. Charge neutralization is
performed using the following conditions: 1.7 A filament current, 2.6 eV charge balance, 1.3
eV filament bias. Peak fitting is performed with Vision software (Kratos), using a Shirley
Background and a 30:70 ratio Lorentzian:Gaussian product line shape, with a correction for
analyzer transmission function.

C. Atomic Force Microscopy (AFM)
Surface morphologies of the amine-functionalized polystyrene surfaces are measured by AFM
(model Nanoscope IIIA, Digital Instruments, Santa Barbara, CA), utilizing tapping mode and
phase contrast for highest spatial resolution.16,28 Tapping mode is applied to avoid destruction
of the sample. Four 1×1 µm areas are scanned for each ion energy. The instrument software
calculates the RMS roughness for each spot and then the average is taken for each sample.

D. X-ray Standing Wave Fluorescence and X-ray Reflectivity
Long period x-ray standing wave fluorescence spectroscopy (XSW) and x-ray reflectivity
measurements are conducted on undulator beamline 13-ID-C located at the
GeoSoilEnviroCARS sector of the Advanced Photon Source (APS), Argonne National
Laboratory (Argonne, IL). An incident energy of 14.8 keV is produced using a liquid nitrogen
cooled double crystal Si (111) monochromator with Rh-coated double focusing mirrors.33,
34 The x-ray beam is collimated to 1.8 mm vertical and 20 µm horizontal.

Samples are placed in a vapor controlled Teflon sample cell which is covered with
polypropylene film. The sample cell is purged with helium passed through water bubblers to
create a humid environment (relative humidity >95%) during experiments, thereby hydrating
the adsorbed Br-PEG-peptide. The incident (I0) and reflected (I1) x-ray intensity are monitored
by using nitrogen-filled gas ionization chambers. Fluorescence spectra are acquired using a
13-element Ge solid state array detector (Canberra Industries, Meriden, CT) coupled to a digital
x-ray processor electronics (X-Ray Instrumentation Assoc., Newark, CA) as the incidence
angle is scanned from 0 to 0.35 degrees, which corresponds to range of 0 – 0.916 Å−1 in qz
space, using step sizes of 0.001° – 0.005°. The step size is determined to allow collection of
all significant fluorescence features. The deadtime corrected fluorescence yield spectrum from
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each detector element is averaged and the total area of Br Kα peak at 11.9 keV is integrated
using a Gaussian peak line shape on a linear background. The background subtracted data is
normalized to the incident intensity (Io), with a footprint correction applied.10 A relative scale
factor is applied to further normalize the data to unit intensity at θ ≈ 0.2°

Total external reflection conditions are employed to produce a standing wave above the surface
that has a defined period,

(1)

where θi is the incident angle and 2θ is the angle between the incident and reflected beam wave
vectors. The standing wave is generated due to the coherent interference of the incident and
reflected beam. The intensity of the standing wave will oscillate as a function of incident angle,
which for a standing wave generated in vacuum above a mirror surface can be described as

(2)

where R=|ER/Eo|2, ν = arg(ER/EO), and qz = 4πsinθi/λ. ISW(qz,z) is the intensity of the standing
wave, EO and ER are the complex electric field amplitudes of the incident and reflected beam
at the mirror/vacuum interface, qz is the magnitude of the wave vector transfer along the z axis,
and ν is the phase shift between the incident and reflected beam. ISW(qz,z) is calculated based
on the optical properties of the sample using a matrix method.35 The Br atoms will fluoresce
if the x-ray energy exceeds the binding energy of the inner shell electrons, due to the
photoelectric effect. The fluorescence yield, Y(qz,z) profile can be described by

(3)

where a Gaussian function is used for N(z) to describe the distribution profile of the Br atoms
averaged over the x-y plane.

X-ray reflectivity is collected simultaneously with the x-ray fluorescence data, using a bicron
detector. The reflectivity data measured consists of the x-ray intensity reflected from the sample
normalized to the incident intensity measured just prior to the x-rays striking the sample
surface. X-ray reflectivity curves are used to estimate the thickness, roughness, and relative
density of the polystyrene and Br-PEG peptide films, which are fixed as input parameters in
the subsequent fitting of the XSW data. X-ray reflectivity measurements are performed prior
to and following each XSW measurement to monitor the possible organic film degradation by
radiation damage, as discussed further below. Multiple data sets are collected for each sample
with each new data set acquired at a fresh spot on the sample, unless otherwise noted. The
reported fitting parameters are the average of at least three separate data sets, except for the
two data sets each used to obtain averages for the nonpolar and dry surfaces.

III. Results & Discussion
A. Preparation and Characterization of Nonpolar and Polar Surfaces for Adsorption

Figure 1 depicts the process used to produce both nonpolar (native polystyrene) and polar
(amine-functionalized polystyrene) surfaces subsequently used for adsorption of Br-PEG-
peptide. First, Si wafers are cleaned and oxidized31 to produce a uniform oxide layer that is
~15 Å thick with 2 Å RMS surface roughness measured by AFM. A polystyrene layer is then
spin coated onto the Si wafer under conditions previously shown by x-ray reflectivity and AFM
to produce a film of thickness of ~250 Å and roughness of 2 Å RMS.16

Next, the surface of the polystyrene film is functionalized with a mixture of primary and
secondary amine groups by non-mass selected ion deposition of gaseous allylamine ions at
either 50 or 200 eV kinetic energy. Table 1 summarizes the elemental percentages that are
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obtained via XPS for the clean oxidized Si wafer, spin coated polystyrene layer, and amine-
functionalized polystyrene. The nitrogen and carbon content in the amine-functionalized
polystyrene are consistent with the formation of amine and other nitrogen containing groups
on the surface, at higher concentrations from 50 eV ion deposition compared with 200 eV ion
deposition. Previous work with mass-selected allylamine ions found that primary amine
content was higher for deposition at lower ion energies.29 Water and air exposure of the amine-
functionalized films also is expected to form hydroxyl and other oxygenated species on the
two amine-functionalized surfaces, albeit to a different extent.

Table 1 also illustrates that the surface roughness increases directly with the kinetic energy of
the allylamine ions, from 3 to 6 Å RMS, due to an increase in fragmentation of both the
allylamine ions and the polystyrene layer with ion energy.16 X-ray reflectivity verifies that
allylamine ion deposition onto polystyrene produces a surface with roughnesses on the
angstrom scale over the macroscopic length scale of the x-ray footprint (data not shown).

B. Verification of Method: Fitting, Adsorbate Hydration, and Radiation Damage
Several steps in the XSW experiment must be verified before the results on adsorbate
conformation can be evaluated. The data fitting procedure, the method employed to hydrate
the adsorbate during x-ray surface scattering, and x-ray radiation damage to the sample are
discussed in this section.

The general strategy for fitting the x-ray data is to use x-ray reflectivity to obtain the film
thickness, roughness, and relative density parameters which are then used as input for the fitting
of the fluorescence yield profiles. Off-specular reflectivity was not measured due to the time
constraint of limiting radiation damage (see below) and so background scattering is not used
to correct the reflectivity scans. Thus, the primary use of the reflectivity is to determine the
thickness of each layer. The roughness values are also obtained by fitting the reflectivity data
and are lower limits of the actual interfacial roughnesses.

The samples are modeled as a three-layer composite consisting of the Br-PEG-peptide layer
of variable thickness, a polystyrene layer, and the Si substrate, as indicated in Figure 1. A
0.121° critical angle of Si for total reflection is used to fit all of the data sets and the reflectivity
scale is normalized to unity below the critical angle. The allylamine layer is modeled as part
of the polystyrene layer since the two cannot be readily distinguished by x-ray reflectivity due
to their lack of electron density contrast. Each layer is defined by the parameters of thickness,
interfacial roughness, relative density, and refractive index. The absorption code of Brennan
and Cowan36 is used to calculate the refractive index for a fixed, reference bulk density of
each layer. A Debye-Waller model is used to account for the interfacial roughness. The
refractive indices and interfacial roughnesses are held constant during the fit while the film
thicknesses and relative densities are varied. The complex refractive index is 2.209 × 10−6 +
1.541 × 10−8(i) for the Si layer; 1.173 × 10−6 + 3.975 × 10−10 (i) for the combined polystyrene
and allylamine layer and 1.153 × 10−6 + 6.942 × 10−10 (i) for the Br-PEG-peptide layer. Each
layer is characterized by its refractive index multiplied by its relative density ratio to scale the
layer.

Figure 2 (a) displays the x-ray reflectivity data collected for Br-PEG-peptide adsorbed for 2.5
hr on the smooth polar surface, formed by 50 eV allylamine ion deposition onto polystyrene.
The two spectra displayed in Figure 2 only vary in that the relative humidity of the He gas
blown across the substrate is either 0% or ~95%. Hydration of the Br-PEG-peptide layer is
apparent from the increases in thickness for the humidified film which is evident from the
change in the period in the large oscillations. Fits to the data in Figure 2 are shown in Table 2
and are made assuming the thickness of the bulk, hydrophobic polystyrene layer remains
constant for the dry and hydrated films at 250 Å. The fitting indicates that the Br-PEG-peptide
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film thickness on this smooth polar surface increases from 140 to 156 Å with hydration,
suggesting that water is incorporated into the hydrated peptide layer. Figure 2 (b) illustrates
the Br fluorescence yield profiles of the relatively dry versus hydrated Br-PEG-peptide again
adsorbed for 2.5 hr onto the smooth polar surface. Hydration of the Br-PEG-peptide sample is
obvious in the fluorescence yield profiles due to a shift in the peaks by 0.0012° to lower incident
angle. Fitting of the fluorescence yield profiles indicates the Br-polystyrene surface distance
increases from 129 to 141 Å under humid He, again indicating that water is incorporated into
the peptide layer. This hydration strategy avoids x-ray scattering through a macroscopic water
layer, which considerably complicates data analysis. All x-ray scattering results discussed
below are recorded under humid He vapor.

The fits in Figure 2 (a) match the phase and amplitude of the reflectivity data, except at higher
scattering angles. The slight miss-fit at larger scattering angle could be a result of thickness
variations in the film or background scattering, which in turn will lead to an underestimate of
the interfacial roughness values. The poorer match between fit and data at higher scattering
angles may also arise from variations in Br-PEG-peptide layer thicknesses that may also occur
here. Nevertheless, the parameters derived from these fits provide a good model for analysis
of the XSW data, thus indicating a relatively minor impact of the high scattering angle miss-
fit.

X-ray reflectivity is also used to assess radiation damage of the samples. Figure 3 displays x-
ray reflectivity scans of Br-PEG-peptide adsorbed for 2.5 hr to the smooth polar surface,
collected successively at the same position on a single sample. Each individual reflectivity scan
is acquired within ~7 min and there is ~35 min of x-ray beam exposure between the first and
last scan displayed in Figure 3. Analysis of the x-ray reflectivity data indicates that the Br-
PEG-peptide film thickness decreases from 168 to 159 Å by the commencement of the fifth
scan. This indicates that ~30 min of x-ray exposure is allowable here before damaging the
sample, sufficient time to collect two reflectivity scans separated by measurement of the
fluorescence yield profile. Comparison of these two reflectivity scans for a given sample spot
is used to verify that the sample is not significantly altered by radiation damage within the
analysis time. Subsequent experiments showed further attenuation of the x-ray beam permits
measurements with dramatically lower beam damage (data not shown). Thus, it is found that
radiation damage can be controlled despite the susceptibility of this adsorbate system to such
unintentional modification. Translating the sample to analyze a fresh spot on the film is also
used here, as it was shown previously to minimize radiation damage of Langmuir-Blodgett
films.37

C. Conformation of Adsorbed Br-PEG-Peptide
The peptide construct was designed such that the peptide end should adsorb onto a polar surface
with the PEG end extending into the aqueous phase with Br at the farthest point from the
substrate. Given the expected ~150 Å length of an extended Br-PEG-peptide, the Br distance
from the Si substrate under this adsorbate configuration would be approximately twice the
critical period of Si, allowing two antinodes to traverse through the Br layer as the incident
angle is increased up to the critical angle. X-ray scattering confirms this hypothesized
conformation at the solid-aqueous interface of the polar surface under conditions described
further below. The native polystyrene film is referred to below as the nonpolar surface. 50 and
200 eV allylamine ion deposition onto polystyrene are referred to below as the smooth and
rough polar surfaces, respectively.

Figure 4 (a) displays x-ray reflectivity scans for Br-PEG-peptide on the smooth polar surface
for adsorption times of 0.5, 2.5, and 10 hr. Drastic differences in the reflectivity scans are
apparent as the Br-PEG-peptide adsorption time is increased. The 0.5 hr adsorption displays a
polystyrene film thickness of 248 Å and a Br-PEG-peptide thickness of 116 Å. The thickness
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of the polystyrene is held constant at 250 Å during the fitting process, whereupon the Br-PEG-
peptide layer thickness is found to increase to 156 Å for a peptide adsorption time of 2.5 hr.
This increase in the peptide layer thickness with adsorption time strongly suggests the growth
of a full monolayer after several hours.

Analysis of the fluorescence yield profiles indicates growth of a compact monolayer within
2.5 hr adsorption, in agreement with the reflectivity data. The XSW data also indicates that the
Br-PEG-peptide adsorbs with the peptide end down on the polar surface with Br extending into
the aqueous phase. Figure 4 (b) illustrates the Br fluorescence yield profiles as a function of
Br-PEG-peptide adsorption time on the smooth polar surface, which are fit to generate the Br
spatial distribution with respect to the Si surface. The maxima in the fluorescence yield profiles
are shifted by 0.0015° to a lower incident angle as the adsorption time increases, indicating an
increase in the distance of the Br-polystyrene surface distance. The reduction in fluorescence
signal beyond the critical angle of Si is due to the abrupt decrease in the reflected beam intensity
in this region. There are slight differences between the two shorter adsorption times. The Br-
polystyrene surface distance increases from 108 Å for 0.5 hr adsorption to 141 Å for 2.5 hr
adsorption, while the distribution width decreases slightly from 13 to 10 Å.

These Br-polystyrene surface distances are consistent with formation of a compact monolayer
with the peptide end adsorbing to the polar surface and Br extending away from the surface,
especially given that the length of the fully extended Br-PEG-peptide is ~150 Å. XPS data on
the adsorbed Br-PEG-peptide also supports the formation of a monolayer: 0.5 hr of adsorption
onto the smooth polar surface displays 0.10 ± 0.02 % Br, 2.5 hr of adsorption displays 0.17 ±
0.01%, and 10 hr of adsorption displays 0.18 ± 0.01 % Br. While the precise adsorption time
at which monolayer formation is complete has not been determined here, the leveling off of
surface Br content at 2.5 hr is consistent with monolayer formation. No Br is observed on the
smooth polar surface prior to adsorption of the Br-PEG-peptide.

Figure 4 (a) also displays x-ray reflectivity for the 10 hr adsorption which appears distinctly
different from the corresponding data for the shorter adsorption time. The thickness of the
peptide layer increases to 449 Å for the 10 hr adsorption, indicating the presence of a thicker
and/or an additional layer. The primary oscillations in the 10 hr reflectivity data also begin to
dampen out, suggesting formation of an incomplete multilayer atop the monolayer. The 449
Å Br-PEG-peptide layer thickness corresponds to three layers, but the 12 Å roughness of this
multilayer may be underestimated, leading to an over estimate of the film thickness and an
under estimate of the relative density.

A dramatic change in the XSW is also observed between 2.5 and 10 hr with the Br-polystyrene
surface distance increasing to 332 Å with a 92 Å distribution. The 10 hr data support the
formation of athicker and/or an additional layer with a random Br orientation or multiple Br
layer formation. Both the 10 hr reflectivity and XSW data would likely be better fit by multiple
Br-PEG-peptide layers, but this is beyond the current scope of the data analysis code.

Figure 5 (a) illustrates the x-ray reflectivity measured for Br-PEG-peptide adsorbed for 2.5 hr
on the nonpolar, smooth polar, and rough polar surfaces, with the results of the fits summarized
in Table 2 and Table 3. The reflectivity data acquired for the peptide adsorbed on the two polar
surfaces are very similar with the variations observed mostly due to differences in film
thickness (see below).

Figure 5 (a) shows the oscillations in the reflectivity scan are damped out for the Br-PEG-
peptide adsorbed on the nonpolar layer and the fits indicate a layer thickness of <50 Å with a
roughness of 30 – 40 Å and a lower relative density. Fitting the subtle oscillations in the
nonpolar data is difficult, so the nonpolar fits are less accurate than those for the polar surfaces.
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Nevertheless, the nonpolar surface reflectivity results are consistent with a very rough
submonolayer or incomplete coverage of the Br-PEG-peptide.

The reflectivity results suggest that the Br-PEG-peptide conformation is distinctly different on
the nonpolar versus the polar surface. Figure 5 (b) also displays dramatic differences between
the Br fluorescence yield profiles for the Br-PEG-peptide adsorbed for 2.5 hr on the two polar
surfaces versus adsorption onto the nonpolar surface. The fluorescence yield profile for Br-
PEG-peptide adsorption onto the nonpolar surface displays only one broad peak near the critical
angle of Si. The peak reaches a maximum at the critical angle of Si, suggesting that the Br layer
is closer to the polystyrene with a broader distribution on the nonpolar surface. The
fluorescence yield profile is consistent with an anisotropic orientation of the Br-PEG-peptide
on the nonpolar surface, resulting in a broad Br distribution relative to the thickness of the Br-
PEG-peptide layer. By contrast, there are two well resolved peaks present in the fluorescence
yield profiles of the Br-PEG-peptide adsorbed onto the polar surfaces, suggesting that the Br
layer is well above the Si substrate since more than one antinode of the standing wave interacts
with the Br layer. As observed for the reflectivity data, the fits to the fluorescence data from
the nonpolar surface are the most difficult and therefore the least accurate of those presented.
An improved fit to the nonpolar XSW data would likely have been obtained by replacing the
Gaussian distribution of Br with a random distribution, but this is beyond the capability of the
data analysis code. Nevertheless, the fits indicate a random, low coverage submonolayer of
Br-PEG peptide on the nonpolar surface, with a Br-polystyrene distance of 9 Å and a Br
distribution width of 17 Å. Oriented adsorption of the Br-PEG-peptide forms only on a polar
surface while a patchy, disordered, partial monolayer with an isotropic Br distribution forms
on the nonpolar surface.

Slight variations in the thickness and roughness of the underlying films for the smooth versus
rough polar surfaces lead to differences in x-ray surface scattering. A shift in the first minimum
and period of reflectivity (Figure 5) indicate a difference in the thickness of the two films. A
shift of 0.004° in the peaks of the fluorescence yield scans is also observed between the two
polar surfaces. Much of this difference can be attributed to changes in the thickness and
roughness of the polystyrene layer induced by the different kinetic energy allylamine ions. The
effects of ion kinetic energy on polystyrene morphology have been previously discussed for
the deposition of gaseous fluorocarbon ions.16 Briefly, a rougher surface is produced in
vacuum (prior to the aqueous adsorption step) by higher kinetic energy ions that simultaneously
deposit onto and sputter away the polystyrene layer. This leads to a thinner and rougher
polystyrene substrate that nevertheless presents similar polar amine and oxygenated moieties
for the subsequent aqueous adsorption of Br-PEG-peptide.

IV. Conclusions
X-ray reflectivity and x-ray standing wave (XSW) fluorescence yield profiles of the Br-PEG-
peptide construct provides quantitative information on the position and distribution of the Br
marker atom with respect to the adsorption surface. A compact, oriented monolayer of Br-
PEG-peptide can be formed with the peptide end adsorbed onto a polar surface and the PEG
end terminating with the Br tag extending into the aqueous phase. The distance of the Br atom
from the substrate and its narrow spatial distribution is similar to the estimated length of the
extended Br-PEG-peptide, indicative of a compact and possibly ordered monolayer.
Incomplete multilayers also begins to form on the polar surface after sufficient adsorption time
elapses. By contrast, adsorption onto the nonpolar surface is submonolayer, patchy, and highly
disordered with an isotropic Br distribution.

The combination of x-ray surface scattering techniques with a novel sample preparation
strategy has several advantages for probing molecular adsorption at the liquid-solid interface.
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The polystyrene spacer layer shifts the adsorption event beyond the 200 Å critical period of
the Si substrate, increasing the information available from XSW. The critical period is
characteristic of the material used as the reflecting substrate and is independent of incident x-
ray energy. For example, polished gold, silver, and aluminum oxide have critical periods of 77
Å,38 97 Å, 19 and 159 Å,10 respectively. Therefore, a similar spacer layer would be required
with any of these substrates to obtain angstrom resolution conformation information on
interfacial molecular species. Polyatomic ion deposition in vacuum is a versatile technique for
chemical modification of polystyrene and many other potential spacer layers27 that maintains
the high spatial uniformity required for x-ray surface scattering.

XSW is advantageous because it is a real space probe of the conformation of adsorbed or surface
bound biomolecules on polymeric substrates. These results demonstrate the ability of XSW to
study the adsorption of biomolecules at the solid-aqueous interface by the use of chemical
tagging of the adsorbate with a heteroatom that fluoresces during x-ray irradiation. This element
specific strategy will work under dilute aqueous conditions which make it suited to many
applications including the study of biomaterials-protein interactions, DNA and protein arrays,
cell-surface interactions, and receptor-ligand interactions. Furthermore, XSW has been
demonstrated with a wide range of heteroatoms beyond Br including iodine, iron, zinc, and
selenium. The combined use of x-ray reflectivity, XSW, and atomic force microscopy
constitute a powerful strategy for the elucidation of the structure of adsorbed biomolecules on
surfaces.
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Figure 1.
Schematic for preparation of nonpolar surface consisting of polystyrene layer spin coated onto
clean, oxidized Si wafer. Smooth and rough polar surfaces are prepared by deposition of 50 or
200 eV allylamine ions, respectively, to form an oxidized, amine-functionalized polystyrene.
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Figure 2.
(a) X-ray reflectivity and (b) Br fluorescence yield of adsorbed Br-PEG-peptide under both
dry and hydrated conditions, respectively. Br-PEG-peptide adsorbed for 2.5 hr onto the smooth
polar surface (50 eV allylamine ion deposition onto polystyrene).
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Figure 3.
Evaluation of radiation damage by recording x-ray reflectivity successively from the same spot
for Br-PEG-peptide adsorbed onto the smooth polar surface for 2.5 hr. Reflectivity scans
separated by the time periods indicated.
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Figure 4.
(a) X-ray reflectivity and (b) Br fluorescence yield as a function of peptide adsorption time.
Br-PEG-peptide adsorbed for 0.5 – 10 hr onto smooth polar surface.
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Figure 5.
(a) X-ray reflectivity and (b) Br fluorescence yield for Br-PEG-peptide adsorbed for 2.5 hr
onto the nonpolar, smooth polar, and rough polar surfaces.
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Table 2
Fitting parameters for Br-PEG-peptide adsorbed on smooth polar surface.

Adsorption Time:
Hydration:

0.5 hr
Hydrated

2.5 hr
Dry

2.5 hr
Hydrated

10 hr
Hydrated

Layer 1: Si Substrate
Thickness (Å) 1.00 × 108 1.00 × 108 1.00 × 108 1.00 × 108

Roughness (Å) 2.7 2.7 2.7 2.7
Relative Density 1 1 1 1

Layer 2: Polystyrene + Allylamine
Thickness (Å) 248 ± 2 250 ± 1 249 ± 1 248 ± 6
Roughness (Å) 3.5 ± 0.8 3.5 ± 0.5 4.0 ± 0.2 3.5 ± 0.4
Relative Density 0.89 ± 0.02 0.91 ± 0.06 0.98 ± 0.05 0.81 ± 0.01

Layer 3: Br-PEG-peptide
Thickness (Å) 116 ± 5 140 ± 1 156 ± 2 449 ± 8
Roughness (Å) 6 ± 1 4 ± 1 8 ± 1 12 ± 6
Relative Density 0.87 ± 0.02 0.84 ± 0.05 0.89 ± 0.02 0.64 ± 0.10
Br-Polystyrene Distance (Å) 108 ± 5 129 ± 1 141 ± 2 332 ± 17
Br Distribution (Å) 13 ± 2 10 ± 1 10 ± 0.5 92 ± 15
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Table 3
Fitting parameters for Br-PEG-peptide adsorbed on rough polar and nonpolar
surface.

Sample:
Adsorption Time:
Hydration:

Rough polar
2.5 hr

Hydrated

Rough polar
10 hr

Hydrated

Nonpolar
2.5 hr

Hydrated
Layer 1: Si Substrate

Thickness (Å) 1.00 × 108 1.00 × 108 1.00 × 108

Roughness (Å) 2.7 2.7 2.7
Relative Density 1 1 1

Layer 2: Polystyrene + Allylamine Layer (rough polar only)
Thickness (Å) 222 ± 0.1 221 ± 0.2 250 ± 1
Roughness (Å) 5 ± 1 8 ± 0.1 10 ± 2
Relative Density 0.87 ± 0.01 0.87 ± 0.01 0.75 ± 0.1

Layer 3: Br-PEG-peptide
Thickness (Å) 137 ± 3 313 ± 14 <50
Roughness (Å) 8 ± 1 16 ± 4 30 – 40
Relative Density 0.91 ± 0.02 0.73 ± 0.04 0.48 ± 0.04
Br-Polystyrene Distance (Å) 130 ± 6 204 ± 16 9 ± 5
Br Distribution (Å) 11 ± 2 104 ± 10 17 ± 5
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