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1. Introduction

Protein adsorption on solid surfaces is a very complex process

X-ray photoemission electron microscopy using synchrotron radiation illumination has been used to measure
the spatial distributions of albumin on a phase-segregated polystyrene/poly(methyl methacrylate) (PS/PMMA)
polymer thin film following adsorption from unbuffered, deionized aqueous solutions under a range of solution
concentrations and exposure times. Chemical mapping of the albumin, PS, and PMMA shows that the
distribution of albumin on different adsorption sites (PS, PMMA, and the interface between the PS and PMMA
domains) changes depending on the concentration of the albumin solution and the exposure time. The preferred
sites of absorption at low concentration and short exposure are the PS/PMMA interfaces. Albumin shows a
stronger preference for the PS domains than the PMMA domains. The exposure-time dependence suggests
that a dynamic equilibrium between albumin in solution and adsorbed on PS domains is established in a
shorter time than is required for equilibrating albumin between the solution and the PMMA domains. The
explanation of these preferences in terms of possible adsorption mechanisms is discussed.

adsorption by structuring and/or chemical patterning the surface
at a sub-micrometer scalé.1® Analytical tools such as that

that depends on various interactions between protein anddescribed in this work can provide useful feedpapk tq assist
substrate, as well as the state of hydration of the protein angSuch developments. At a more fundamental level, itis of interest
the surface, the structure of the protein, and the presence ofl® understand proteirsurface interactions in more detail,
other components such as buffer salts, coadsorbed speciesParticularly as related to the role of surface properties such as
Understanding and controlling protein adsorption is an important hydrophobicity and chemical functionality. The use of surfaces
issue in biomaterials since it is known that protein adsorption that present distinct regions having different surface properties
is the first event in the interaction of tissue with a material. in close proximity gives the possibility to investigate the effect
Different techniques have been used to study protein adsorption,of these properties “simultaneously” in a single material, on a

including Fourier transform infrared spectroscopy (FT4R),
surface plasmon resonance (SPR)ellipsometry?6 atomic
force microscopy (AFMY,® surface matrix-assisted laser de-
sorption ionization mass spectrometry (MALDI-M&jecondary
ion mass spectrometry (SIM&)11 X-ray photoelectron spec-
troscopy (XPS}213quartz crystal microbalance (QCNh>and
radiolabeling® While these techniques provide good analytical
sensitivity, in many cases they do not provide chemically
specific identification, and in others, they are not able to

visualize and thus locate sites of protein adsorption on laterally
heterogeneous surfaces. AFM has excellent spatial resolution

but only limited chemical sensitivity. SIMS combines both
chemical identification and mapping, but its spatial resolution
is currently of the order of lum. In many biomaterials

applications a major effort is underway to control protein
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competitive basis. Adsorption site preference on such surfaces
is of interest from both kinetic and thermodynamic viewpoints.
A kinetics perspective raises questions such as location of first
attachment and the evolution of regional preference over time
as the surface fills. This has been studied previously with much
more limited spatial sensitivity using protein adsorption on
surfaces with a compositional and thus hydrophobicity gradi-
ent2021|n this work the ability of X-ray spectromicroscopy to
map protein distributions relative to surface domains at high
resolution is used to study competitive adsorption on a chemi-
cally heterogeneous surface.

Recently, we demonstrated that synchrotron-based soft X-ray
microscopy techniques can provide the required combination
of chemical sensitivity, spatial resolution, and surface sensitivity.
Specifically, we have shown that scanning transmission X-ray
microscopy (STXM) can detect protein on complex polymer
surfaces, both in the dried state and fully hydrated $fatée
have also shown that X-ray photoemission electron microscopy
(X-PEEM) can map polymer surfaces at high spatial resolution
(~80 nm)?3 X-PEEM was shown to be capable of identifying
preferred sites of fibrinogen attachment at submonolayer levels
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on a phase-segregated polystyrene/poly(methyl methacrylate)that may have formed on the substrate surfaces. After 20 min
(PS/PMMA) blend surfacé exposure, each substrate was taken out of the albumin solution
Here we report the first of a series of papers describing a and incubated in fresh deionized water in another well. After 2
systematic investigation by X-PEEM and STXM of the adsorp- min, the substrate was moved to another cell with fresh
tion of human serum albumin (HSA) on the surface of a PS/ deionized water. This washing procedure was repeated four
PMMA blend at different conditions of concentration, exposure times for each substrate. The albumin-covered PS/PMMA
time, pH, temperature, ionic strength, and competitve adsorption.sample was then removed from the final well and dried by
This first paper focuses on methodological issues, and the usecarefully touching the edge of the Si wafer with lens paper.
of X-PEEM to probe the location of HSA on the PS/PMMA  For the exposure-time-dependence study, the PS/PMMA sample
blend surface when adsorbed from deionized water solutionswas exposed to a 0.01 mg/mL albumin solution for times of 5,
of various concentrations and after different exposure times. 20, and 60 min.
2.3. X-PEEM. The X-PEEM (PEEM2) at ALS bending
2. Experimental Section magnet beamline 7.34was used for this study. The principles
. and performance of the instrument have been presented exten-
2.1. Materials. 2.1.1. SubstratePS (MW = 1.07 M, 6 =

sively elsewher@® A schematic of the instrument is given in
1.06) and PMMA (MW= 312 K, & = 1.01) were obtained y d

Figure 1 of ref 23. Briefly, the sample is illuminated b
from Polymer Source Inc. and were used without further d y p Y

ificati i 0 | Idrich monochromatic X-rays, and the photoejected electrons are
purification. A 30:70 wiw PS/PMMA (1 wt %) toluene (Aldrich, oy tracted into an electrostatic imaging column by a high electric

99.8% anhydrous) solution was spun cast (4000 rpm, 40 s) ONtOfa 14 petween the sam g

) . ! ple and the objective lens and transported
clean O'B.X 0.8.cm native oxide Si wafers (111) (_WafngorId, with controlled magnification to a CCD camera. From the
Inc.), which had previously been degreased with trichloroeth- o spective of X-ray absorption, X-PEEM is a variant of the
ylene (Aldrich, +99.5% pure), acetone (Burdick & Jackson, 45| glectron yield method, which strongly emphasizes low

HPLC grade), and methanol (Caledon), and then rinsed undery ;i energy secondary electrons. The sampling depth (L/e
running deionized water. The PS:PMMA/Si substrates were ¢ v bEgMm ?())/r polymersyhas been .measuredpas %thﬁth (1/e)

anne?Ied at 166C for 12 h in a vacuum oven at a pressure of - gjonas effectively being integrated over the outer 10 nm of the
~10* Torr. Noncontact mode atomic force microscopy (AFM) sample. In this work, the light employed was elliptically
measurements were used to measure the thlck_ness of t_he I:)Spolarized with 76-80% right circularly polarized light. The
PMMA polymer film. The step height in the region of a fine  g|ecirostatic field at the sample was 9 kv/mm. The projector

Zcratqh showed t.r(;e film to .bF 4(;50 n.r?] thick. The dig((:jrﬁte voltage was then adjusted such that the resulting field-of-view
omains are ovoid PMMA islands with 5600 nm width, was between 40 and Gm.

ePAIed ) il s Conuous doriain o PS Bl image sequencéba the C 15 ecge were recoced o
several different areas of the sample and analyzed using

, : 0 o
10—290 nm size scale, amounting t.OZOA’ of the majority techniques described below to derive quantitative maps of the
domain. It is not cl_ear why the T"'”O”‘y PS component (30 W.t PS, PMMA, and HSA distributions. In contrast to X-PEEM of
%) forms the continuous domain, but the same morphology is hard materials, there are many challenges of X-PEEM measure-
observed for thlls.type of spun-coat sam_ple over a range of I:)S/ments of radiation-sensitive organic soft matter. Since the
PMMA colrgpos_ltlons and molecullzr nggrﬁas. btained previous X-PEEM work on PS/ PMM& and fibrinogen-

; 2'1'2';1&‘. umln.kHuman serum albumin (HSA) Wis obtained ¢, ered PS/PMMA4 we have optimized sample preparation,
rom Behringwer e AG, Marburg., Germany, and found to be data acquisition, and data analysis procedures extensively. The
homogeneous as judged by sodium dodecyl sulfate polyacry-PS;PMMA layer is kept thin€50 nm) and flat 10 nm rms)

Iamio_le gel ele_ctrophoresis (SDS-PAGE). Al th_e _albumin in order to avoid discharges. A 100 nm thick Ti filter is used to
solutions used in this work were prepared from deionized (DI) ,oqce second-order light in the C 1s region. The radiation

water. The 0.005, O'Ql' and 9'05 mg/mL albumin solutions were damage rates for all three components have been charactérized.
prepared by successive dilution from a 0.1 mg/mL albumin stock To reduce radiation exposure, a fast shutter has been imple-

solution. Albumin is highly soluble and does not denature in e nted \which, when used to blank the beam between successive
deionized water unless heated above®@and under strong ;.o points, reduces exposure 460% of that used during

: oo ; ;
alkaline conditions> The pH of the unbuffered albumin previous acquisition protocols. The incident flux was reduced

sr?lutlorr:s \.N?S _melasgrevtiltohbe &2|0.2, sléghélyhmor; acidic ;fo minimize damage while still providing adequate spectral
than physiological pH. We have also studied the adsorption of o.qqytion (the mechanism to reduce flux involves masking prior

albumin from phosphate saline buffer (PSB) solutions. Itis well- " o grating which reduces the grating illumination and, if

known that the change in ionic strength of a solution will affect done excessively, leads to degradation of the spectral resolution).

the range of electrostatic i_nteractions._ Infjeed, as will be i these improvements, our implementation of X-PEEM to
presented elsevx_/here, cha_nglng from d(_e|on|z_ed water 10 PSByoqe hiomaterials studies has evolved to the point where
leads to some differences in the adsorptlor) site prefgrences for a diation-sensitive systems such as PMMA can be measured
albumin, although smaller than those found in our previous study with minimal artifacts

on fibrinogen adsorptioft We present these results for adsorp- ’
tion from DI water as a base for comparison to the other aspects
of this extended study.

2.2. Protein Exposure.To prepare samples for the concen- 3.1. Reference SpectraThe spectra of PS, PMMA, and
tration-dependence study, three wells of a Fisher multiwell plate human serum albumin (HSA) were recorded using scanning
(2 cm diameter well) were filled with albumin solutions of transmission X-ray microscopy (STXM) on free-standing thin
different concentrations. The remaining wells were filled with films (PS, PMMA) or as a solvent-cast deposit on a silicon
deionized water. A piece of the PS/IPMMA/Si substrate was nitride window (HSA). The STXM energy scale was calibrated
introduced into each albumin solution and then the plate was using the sharp C Is- Rydberg lines in C@2° The calibrated
shaken gently in the horizontal direction to expel any air bubbles spectra were set to an absolute linear absorption scale by scaling

3. Data Analysis
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NI B B B eV energy shift is mainly associated with the change in energy
. of the C 1s level since the carbonyl carbon is in a less
Albumin electronegative environment in the amide @®NH) than in
the ester (REOOMe). This shift is small but clear and has been
documented previousRf. It forms the basis for chemical
differentiation of albumin (and other proteins) from PMMA (and
PMMA other esters). In addition, the shape of the low-energy side of
thes* c—o peak is different in the two species. These differences
assist differentiation of PMMA and albumin and thus the
5 um’* accuracy of the mapping is improved when longer range image
I PS sequences are used.
There are many factors in addition to the X-ray absorption

coefficient that determine the signal strength from a given point
on a surface, and thus the image contrast in X-PEEM. However,
for a flat sample, with materials likely to have similar work
function and similar scattering and propagation properties for
low-energy electrons, and in the absence of any charging effects
(all the case here), the X-ray absorption factor should dominate
the response. Thus, although fully quantitative results require
accurate information about the material dependence of sampling
depth and electron propagation, we believe the approach used
in this work, which uses quantitative reference spectra of the
pure materials and a measured sampling depth, will give results
for which the relative quantization of albumin on different parts
of the surface is meaningful, and that the quantization will suffer
at most from small systematic errors.

3.2. Chemical Mapping.Each image sequence was normal-
ized to ring current and the lo signal from an HF etched Si
wafer recorded under the same acquisition conditions. The lo
signal was divided by the intrinsic X-ray absorption 0¥%%ind

Linear absorption (um-1)
o

-
o

0 also by a linear energy term to account for the bolometric
1 " a1 M M M 1 . p .
response function of this type of detecti&rSince the energy
284 288 292 scale of the ALS 7.3.1 beamline can change significantly from
Photon energy (eV) day to day, each image sequence was carefully calibrated to

" i "
Figure 1. (a) C 1s X-ray absorption spectra of polystyrene (PS, red), '[Sr:\tntsr:t?oﬁ)qoz;tﬁlOgéhgoprﬁ::f’]gftghgég?én g:;etrlc) Clsc—c
poly(methyl methacrylate) (PMMA, green), and human serum albumin : :

(HSA, blue) recorded from pure materials. The spectra are plotted on  The normalized image stack was analyzed using the “stack
an absolute linear absorption scale (with offsets). The gray lines indicate fit” routine34 implemented in the analysis package, aXis2800.
the elemental respondg(b) Expanded comparison of the near edge This routine performs a least-squares fit to the spectrum at each
region. pixel in an image sequence to a linear combination of the

to match the elemental response of 1 nm at bulk densities (  'eference spectra of the pure materials, and to an additional
= 1.05, ppmma = 1.18, prsa = 1.0°%, computed from standard ~ “constant” (energy-independent) term. The fit coefficients are
tables of elemental X-ray absorptiéf2 These linear absorption ~ then assembled to form component maps which are maps of
spectra were the reference spectra used in fitting the C 1s imagehe spatial distribution of each component in the area imaged.
sequences of HSA-covered PS/PMMA. Although the energy Because the reference spectra are quantitative (the intensity scale
resolution of STXM (0.1+0.2 eV) is better than that of X-PEEM  Of each one is the signal expected from 1 nm of the material at
(0.4-0.5 eV), the sharpest features in the X-PEEM spectra of bulk density), the intensities of the component maps are correct
the samples studied in this work have the same width as theirrelative to each other. To give an absolute “thickness” scale to
counterparts in the STXM reference spectra due to the naturalthe component maps, it is necessary to set the scale for the total
breadth of the peaks. Furthermore, as discussed in the nexthickness. This is estimated to be 10 nm, based on the results
section, the recorded X-PEEM stacks are lo-normalized using of X-PEEM measurements of a series of pure PS thin films of
corrections for systematic line shape distortions that would varying thickness® In the case of the albumin map it is
otherwise give different X-PEEM and STXM line shapes. For important to note that thickness is “quantized” by the finite size
these reasons it is reasonable to use the STXM reference spectr@f the molecule. If aloumin is aligned with its smallest dimension
for the analysis of the X-PEEM measurements. (4 nm) normal to the surface, a thickness of 1 nm in a given
Figure 1 presents the optical linear absorption spectra of pureregion should be interpreted as one-fourth of the surface of that
PS, PMMA, and albumin thin films in the C 1s regions. The region being covered by a monolayer of albumin while the other
dark-gray lines are the Computed elemental resp%élhree three-fourths of the region is bare. EﬁeCtiVEly, the thickness
materials exhibit distinct C 1s spectra. The PS spectrum is Scale for the albumin component can be re-interpreted as a
dominated by the strong C 1s#C) — 7* c—c transition at 285.1 coverage scale, with a value of 4 nm representing saturated
eV. The albumin and PMMA spectra are each dominated by monolayer coverage.
strong C 1s(€&0) — 7*c—o transitions. However, the* c—o As an example of this process, the results from a stack fit
peak in albumin occurs at 288.20(6) eV, 0.25(8) eV below the analysis of the C 1s X-PEEM data for albumin adsorption from
7* c=o0 peak in PMMA which occurs at 288.45(6) eV. The 0.25 a 0.005 mg/mL solution for 20 min are presented in Figure 2
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d) sum PMMA blends prepared from high MW PS and PMMAAt
12 neutral pH, the HSA molecule has a size-of x 4 x 14 nm
in its folded form. Surface plasmon resonance studies of albumin
10 adsorbed on a pure polystyrene surfa¢ave been interpreted
in terms of a preferred adsorption geometry with the albumin
molecule aligned with its long axis parallel to the surface. Thus,
the albumin thickness values &f4 nm found for all of the
surfaces studied in this work correspond to adsorption at less
than one monolayer. This is also consistent with radio-labeling
results from similar preparatiods.
0

Figure 3a displays a color-coded composite map, which
reveals the spatial correlation of the chemical components. This
is obtained by combining the component maps of PS, PMMA,
e) histograms and albumin, with the PS signal in red, the PMMA signal in
green, and the HSA signal in blue. In Figure 3a the intensity
scale for each color is set so that the full range of each
component is mapped to the fulF255 range. Note that, to
see details more clearly, Figure 3 displays only the central 17
um x 17 um region of the full image shown in Figure 2. The
color-coded map shows a distinct blue band at the interface
between the PS and PMMA domains. The discontinuous PMMA
domains are turquoise rather than green, indicating the presence
of HSA on their surface, while the continuous PS domains are
purple, indicating significant HSA also on the PS domains.
Fibrinogen was also found to show interface preference when
it adsorbed on to similar PS/PMMA substrates from unbuffered

[\t

Pixel numbers (/100)
F-Y

2 4 6 8 10 12
Thickness (nm)

f) residual aqueous solutior¥.
0.005 To obtain the amount of albumin on different regions, signals

specific to the PS and PMMA domains were extracted by using
threshold masking of the component maps to select only those
pixels where the signal was above a defined threshold. The
interface signal from a~80 nm band at the PSPMMA
interface was obtained by selecting those pixels not present in
either the masked PS or masked PMMA maps. The amount of
each component (PS, PMMA, and albumin) in each region [PS,
PMMA, and interface] was then obtained by fitting the extracted
spectrum using the same reference spectra used in generating
the component maps by the stack fit. Figure 3b displays the

. . masks while panels fee) of Figure 3 display the curve fit to

Figure 2. Component maps of (a) PS, (b) PMMA, and (c) albumin - PP

for a PS/PMMMA blend substrate exposed to a 0.005 mg/mL HSA each extra_cted spectru_m. _The mtensmes_ln the_se spectra are
aqueous solution for 20 min, derived from pixel-by-pixel curve fits of th0Se obtained after adjusting the spectral intensity scale by the
a C 1s image sequence. The numbers in the upper and lower right ofsame factor which gave a thickness of 10 nm for the average
each component map are limits of the thickness gray scales in nm. (d) of the sum of the component maps. The points with estimated
Sum of the PS, PMMA, and albumin thickness component maps. (€) uncertainties are the experimental spectra. The dark solid curves
Histograms of the component and sum maps. The narrow distribution 5re the fits to the masked experimental spectra and the color

of the sum supports our assumption of similar work function and :
sampling depth for the various surface regions (PS, PMMA, and curves are the weighted reference spectra. The results of these

interface). The average value of the sum was set to 10 nm to set theitS areé reported in Table 1.
thickness scale. (f) Map of the residual of the fit. The gray scale inthe  3.3. Histogram Analysis of the Albumin Distributions. To
latter case is the deviation of the fit and the measured signal, averagedfyrther investigate the changes in albumin thickness on the

over all energies. different regions with changes in concentration and exposure
in the form of maps of each component: (a) PS, (b) PMMA, times, the albumin maps were segmented into three regions [PS,
(c) albumin, as well as (d) the sum of these components, (e) PMMA, and interface] and then histograms of those signals were
histograms of the thicknesses for each component and the sumderived. The same masks of the PS, PMMA, and PS/PMMA
and (f) the residual of the fit. The grayscale limits are the interface regions used to extract the spectra subjected to the
minimum and maximum thickness per pixel. Lighter intensities curve fit were used to subdivide the albumin component map
indicate locations where there is more of that component. The into three parts-albumin-on-PS, albumin-on-PMMA, and
thickness values were obtained by normalizing the sum of all @lbumin-on-interface-by taking the product of the albumin
three component map signals to the estimated total samplingcomponent map with each mask. The histograms of each of
depth of 10 nm. Note that the summed signal (Figure 2d) is those spatially segregated albumin signals are presented and
quite constant over the field of view, with a variation of about discussed in the Results section.

15%. This supports our assumption that the sampling depth is 3.4. Verification of Precision and Accuracy. Since the
similar in the chemically different regions. The component maps contributions of the albumin signal to the total signal are small
show that the PS domains are continuous and the PMMA and the changes in the amounts of absorbed HSA with exposure
domains are discontinuous, as found in previous studies of PS/conditions are relatively even smaller, to build confidence in

< 0 0
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is a good indicator of the amount of albumin present since
albumin is the only species wita N 1ssignal. However, the N
1s signal is much weaker than the C 1s signal, and thus the N
1s edge is less sensitive than the C 1s edge for quantitative
measurements. In addition, the N 1s signals do not give a
specific measure of the PS and PMMA components of the
substrate, although the morphology is readily visible due to the
P differences in elemental composition of PS and PMMA. The

. N 1s results (not shown in this work) are generally in agreement
PS PMMA Albumin with those from the C 1s edge, especially in terms of trends,

but there are some quantitative disagreements. Given that the
© PS C 1s signal has a balanced sensitivity to all three chemical
10 | components, we have chosen to present only the C 1s results.

We are still exploring how to improve the accuracy and
reliability of the N 1s measurement. We are also exploring how
to optimize O 1s edge measurements as an additional source of
S| chemical mapping information. PS is spectroscopically silent
at the O 1s edge, and the radiation damage rate is higher at the
O 1s edge than the C1s edge. Thus, of the three possible edges,
the O 1s edge provides the least specific and most unreliable
M S information about this particular system.

Third, in addition to the threshold masking technique
described in the preceding paragraph, which provides a con-
venient “single number” evaluation of spatial distributions, the
spatial distributions on the three chemically distinct regions of
the sample were characterized by examining the histograms of
pixel values of albumin thickness. The method was described
in detail in the previous section. Here, we note that these
distributions are broad relative to the mean thickness. This width
reflects the distribution of albumin thicknesses and not the
statistical uncertainty. When the spectra from a grouping of
pixels at a particular thickness level are selected, and the
spectrum of each of those pixels is analyzed independently, the
standard deviation of the derived albumin thickness from those
repeat analyses is of the order of 0.1 nm, whereas the histogram
Interface peaks have widths (fwhm) of the order of 1.5 nm.

Fourth, there are a number of parameters in the analysis which
can potentially affect the results. These include choice of fitting
51 method (stack-fit versus S\A), the fine details of the reference
spectra used (e.g., from PEEM versus from STXM, compensa-
tion for differences in energy resolution of PEEM versus STXM,
elimination of small effects of radiation damage in the reference

-
L=]

Intensity (relative) @)
(4]

-
o

®

0 spectra, etc.), and the energy range of the spectral data employed
PRI RS S SRR | (ideally, one wants to have as many energies where the X-ray
285 290 295 absorption of the components differ substantially, but relatively
Photon Energy (eV) few energies where the X-ray absorption of the components is

Figure 3. (a) Color-coded component map (left top, rescaled) for the the same; however, if too few energies are used, the statistical
(0.005 mg/mL, 20 min) albumin-covered PS/PMMA blend sample. The quality is reduced). All these factors were investigated in

color wheel which allows the viewer to determine the composition in  considerable detail. All reasonable choices gave similar quan-
mixed regions. (b) Masks used to exiract spectra of specific regions. tjtative results, and the same qualitative trends. The results

[red = PS> 4 nm, green= PMMA > 4 nm, blue= PS/PMMA . .
interface (all pixels not identified in the masks of the PS and PMMA presented herein represent the best choice of methodology,

domains)]. (e-e) Curve fits to the average C 1s spectra extracted from Wh'Ch is based on an extensive exploration of a complex and
the masked regions (data, points; fit, thick solid line; components, thin highly coupled parameter space.
lines). In summary, we believe these results and the estimated errors
cited represent a “best case” analysis. Clearly, systematic errors
our results, we carefully examined the various steps used toare possible. For example, if one changed the depth to which
optimize the analytical methodology. the total thickness is normalized, the amounts of protein would
First, at least two measurements were made for each of thechange in proportion. We justify the choice of 10 nm as the
adsorption conditions. To minimize the radiation damage, eachtotal depth contributing to the measured signal because the
measurement was performed on a fresh area. The albuminsampling depth for PS (thickness for which the signal drops by
distributions derived from the repeat results were in agreementi/e) has been measured to bet41 nm?2’ As is typical of
within the estimated uncertainties. systematic errors, selection of a different value to normalize
Second, the spatial distribution of albumin on the surface has the total thickness would change the reported albumin thick-
also been evaluated by measuring the N 1s edge. The N 1s signahesses by an amount larger than our estimated precision.
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TABLE 1: Concentration Dependence of Adsorption of HSA on PS/PMMA from De-ionized Water Solution: Composition of
PS, PMMA, and PS/PMMA Interfaces (Uncertainty: 4+0.1 nnv)

composite 0.005 mg/mL 0.01 mg/mL 0.05 mg/mL
region (nm/pixel) fite hist® fit hist. fit hist.

PS region PS 6.5 6.5 5.8

PMMA 14 1.3 1.6

albumin 2.1 2.1 2.2 2.2 2.6 2.6
PMMA region PS 2.3 1.9 2.3

PMMA 6.4 6.7 5.6

albumin 1.3 1.3 1.4 1.4 2.1 2.1
interfacial region PS 3.8 3.7 3.7

PMMA 3.7 3.7 3.5

albumin 25 25 2.6 2.6 2.8 2.8
ratio 1.6/1.0/1.9 1.6/1.0/1.9 1.2/1.0/1.3

(alb. on PS/PMMA/interface)

2 See text? Results from curve fit® Centroid of the albumin distribution histograms. See text.

However, such errors affect the scale, not the qualitative trendsis the one with a kinetic or thermodynamic advantage relative
with changes in adsorption conditions, and it is the latter we to adsorption on the PS or the PMMA domains. The albumin

stress in the rest of this presentation. thickness at the PS/PMMA interface increased by only 0.3 nm
as the concentration was increased from 0.005 to 0.05 mg/mL,
4. Results suggesting these sites get saturated at very dilute conditions.

4.1. Concentration Dependence of Albumin Adsorption. Albumin shovys a stronger preference fpr PS domains than for
The adsorption of albumin from deionized water solutions was PMMA domains at all three concentrations but the preference
studied at three different concentrations: 0.005, 0.01, and 0.059€ts smaller with increasing concentration. The albumin thick-
mg/mL, in each case for a fixed exposure time of 20 min. Figure N€ss on the PS domains remains almost the same as the
4 presents the color-coded composite maps for these threeconcentration changes from 0.005 to 0.01 mg/mL, but increases
systems, derived from stack fits of C 1s image sequences. Theby 0.4 nm from 0.01 to 0.05 mg/mL. The albumin thickness on
maps on the left are not rescaled, which means a commonthe PMMA domains also remains almost the same as the
thickness scale (min/max over all three components) is usedconcentration changes from 0.005 to 0.01 mg/mL while it
for all three components. The maps on the right are rescaled,increases by 0.7 nm as the albumin solution concentration is
which means that the intensity of each color is adjusted to fill increased from 0.01 to 0.05 mg/ml. Table 1 also shows that as
the full scale of the associated component map. The nonrescaledhe albumin amount increases, the strength of the PS signal
maps show there is a small but systematic increase in the amountlecreases. This is consistent with the fixed sampling depth and
of albumin adsorbed on the surface with increasing albumin thus the blocking of electrons from ionization of the polymer
concentration. The rescaled maps better show how the spatialsubstrate by the overlayer of adsorbed protein.
distribution of the albumin changes with increasing concentra-  Figure 5 plots the histograms of albumin distributions on

tion. _ o different regions—PS, PMMA, and the PS/PMMA interfacegor
As the albumin concentration increases, the nonrescaled mapshe three different concentrations. Each curve shows a Gaussian-
show that the color of the continuous PS domains changes fromjike distribution. The centroids of the histograms are listed in

‘red rather than purple” to “purple rather than red” and the Tapje 1. These numbers are very similar to the average of the
discontinuous PMMA domains also change from pure green to 4hmin thickness from the curve fit, as expected. The widths

afmlore tyrquoisehcc::or. These results show that the thickngssof the distributions reflect the stochastic nature of the adsorption
of albumin on both the PS and PMMA domains increases with . cass which means that various areas of each domain type

concentration. The rescaled maps C'e‘?‘”y show that the interfaceare not covered equally. When the spectra from individual pixels
of the P.S ".md PMMA remains blue in all three cases. These with similar values on each histogram curve are isolated and
r?g?étrsreg'g'g:é? ttik(])?wt,si?;gfe;ugtﬁien iﬁﬁggggJ&T;g?eﬁéct‘ecurve fit, the variation in the thicknesses from those fits is of
i Using the C(E)mponent map masking technique describea the _or_delr of 01 nm, Whlcdh. 'S ;he E?SIS for our estimated
above, spectra of the PS, PMMA, and interface were extractedStat's“cal premsmp reported in the tables. . .

and fit to obtain the relative amount of each component in each __4-2- Exposure-Time Dependencdhe adsorption of albumin
region. Table 1 presents the results of this quantitative analysis.ffom 0.01 mg/mL deionized water solutions was also studied
There is around 1520% PMMA in the masked PS region and  for three different exposure times: 5, 20, and 60 min. The results
20-25% PS in the masked PMMA region, which is associated for 20 min adsorption from 0.01 mg/mL albumin solution are
mostly with microdomaing? The interfacial region contains  the same as those in the previous section. We show the result
about the same amount of PS and PMMA, as expected from here again in order to give a systematic description of exposure-
the spatial location. What interests us most is the amount of time dependence. The (rescaled) color-coded maps of the three
albumin on the chemically different regions of the surface. These different exposure times are presented in Figure 6. In this case,
values are highlighted in Tables 1 and 2 in bold. The last row the color of the discontinuous PMMA domains changes
of Table 1 shows the ratio of albumin on different regions for dramatically from pure green to green-blue and even turquoise
the three concentrations studied. This analysis is consistent within some locations. In the case of the 5 min exposure, the strong
the qualitative information in the color-coded maps (Figure 4). blue signal in the color composite map is located at the PS/
The preferred site of albumin adsorption at lowest concentration PMMA interfaces but the blue at the interface becomes lighter
(0.005 mg/mL) is the PS/PMMA interface, which implies this with increasing exposure time.
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Figure 4. Concentration dependence (0.005, 0.010, and 0.050 mg/mL) of albumin adsorption on PS/PMMA: Color-coded component maps of
albumin-covered PS/PMMA for the indicated solution concentrations and an exposure time of 20 min. (left) Nonrescaled maps on a single thickness
scale for all three colors indicated by the upper scale; (right) rescaled maps with thickness limits as indicated by the lower intensity scaées. The si
of each image is 1@m x 10 um.

The results from curve fits to the extracted PS, PMMA, and near zero at 5 min to 1.4 nm at 20 min and still keeps increasing
interface spectra are shown in Table 2. These verify the trendsto 1.9 nm at 60 min. This suggests that adsorption of albumin
presented visually in the color-coded composite maps of Figure on the PMMA domains requires a longer time to saturate than
6. Similar to the concentration-dependence study, there is aroundhat on the PS domains. The albumin thickness on the PS/
20—30% PMMA in the masked PS region and around-20 PMMA interfaces shows a maximum of 3.0 nm for 5 min
30% PS in the masked PMMA region due to micro domé&fs. exposure but then decreases to 2.6 nm after 20 min, with no
In the case of the 5 min exposure, albumin has a very strong further change at longer exposure times.
preference for PS and PS/PMMA interfaces. This indicates that  Figure 7 plots the histograms of the albumin distributions on
the first sites of adsorption are the PS/PMMA interfaces at short the different regions-PS, PMMA, and the PS/PMMA inter-
exposure times, consistent with the result of the 20 min faces—for the three different exposure times. Each curve follows
adsorption from dilute albumin solution. The albumin thickness a quasi-Gaussian distribution except the histograms of albumin
on the PS domains increases slightly from 5 to 20 min and then distributions for 5 min adsorption, where the albumin distribu-
remains the same after 20 min. This suggests that adsorptiontion on the PMMA domains follows a decaying linear curve
onto the PS domains saturates in less than 20 min. The thicknessind a peak is not observed. The average albumin thickness on
of albumin on the PMMA domains increases dramatically from the PMMA domains is nearly zero. The albumin distributions
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TABLE 2: Exposure-Time Dependence of Adsorption of HSA on PS/PMMA from De-ionized Water Solution: Composition of
PS, PMMA, and PS/PMMA Interfaces (Uncertainty: 4+0.1 nnv)

composite 5 min 20 min 60 min
region (nm/pixel) fito hist® fit hist.c fit hist.c
PS region (nm/ pixel) PS 5.8 6.5 49
PMMA 2.3 1.3 2.9
albumin 1.9 1.9 2. 2.2 2.2 2.2
PMMA region (nm/pixel) PS 2.6 1.9 2.7
PMMA 7.2 6.7 5.4
albumin 0.2 d 14 1.4 1.9 1.9
interfacial region (nm/pixel) PS 35 3.7 3.7
PMMA 35 3.7 3.7
albumin 3.0 3.0 2.6 2.6 2.6 2.6
ratio 9/1.0/15 1.6/1.0/1.9 1.2/1.0/1.4
(alb. on PS/ PMMA/interface)
aSee text? Results from curve fit¢ Centroid of albumin distribution histogransNo peak in the histogram.
LI L I L L L micro phase-separated PS/PMMA blends is the domain bound-
a) PS 20 min ary, which we refer to here as the interface between the domains
utes . . . T
(our limited lateral spatial resolution precludes exact identifica-
tion of the location of the albumin within the domain boundary
region). At longer exposures, there is a redistribution of the
protein away from the interfaces and toward the PS and PMMA
domains (especially the PS domains). These trends, based on
the data in Tables 1 and 2, are presented in Figure 8 in the
form of log—log plots. As can be seen, the plots in Figure 8a
= are linear, thus suggesting in the case of the concentration
Q dependence that adsorption on the different surface regions
= | b) PMMA Conc. (mg/ml) follows the Freundlich isotherm mod& Adsorption on the PS
E 0.005 domains appears to achieve equilibrium quickly as indicated
° — 0.010 by the very small variation in albumin coverage with either
£ — 0.050 concentration or exposure time. As seen in Figure 8b, adsorption
5 to the interface at 0.01 mg/mL decreases and adsorption to the
Q PMMA domains increases with time. Indeed, the form of the
E time variation suggests that there may be exchange of protein
e between these two regions. The reversibility of aloumin adsorp-
e TP L tion on the PS/PMMA interfaces indicates that absorbed albumin
a molecules are not denatured. Why does this initial localization
and subsequent redistribution happen? Clearly, the answer to
c) Interface . ) . .
this question depends on the mechanisms of adsorption that are
in play, and their dependence on the surface properties of both
the protein and the adsorbing surface.
Globular proteins, including albumin, consist of hydrophobic
(nonpolar) and hydrophilic (polar, charged) regions, and thus
can engage in multiple mechanisms of adsorption including
hydrogen bonding, electrostatic interactions, and hydrophobic
T U intt_eractions. Norde a_ln_d Lyklerffahave _discussed these mech_—
0 1 ) 3 anisms and the driving forces behind them. Hydrophobic

4 . . . . . .

. . interactions play a major role in proteisurface systems; these
Albumin thickness (nm) are driven by entropy gain due to loss of structured water at
Figure 5. HiStOgramS of the thickness of albumin thickness on different the interacting Surfacesy and conformational re_ordering_ Ex-
regions for adsorption for 20 min from solutions of concentrations of amples where the adsorption is endothermic and/or where

0.005, 0.01, and 0.05 mg/mL. (a) Albumin on PS, (b) albumin on . .
PMMA, and (c) albumin on the interface. The sum of pixels for each protein and surface have net charge of the same sign are

region for each exposure condition was set to a common value to take ©MMON. In an aqueous environment, a protein adopts confor-
into account the fact that differently sized regions were imaged in the mations where the hydrophilic (polar, charged) amino acid
various samples. residues tend to be located externally and the hydrophobic

residues located internally. However, not all of the hydrophobic
on the PS and PS/PMMA domains for 5 min exposure have groups are “hidden” in the interior and not all of the hydrophilic
long tails into the thicker albumin region. The centroids of the groups are exposed externally to wa¥eiThus, proteins in
histograms are listed in Table 2 as an alternate estimate of theaqueous solution tend to have both hydrophobic and hydrophilic
average albumin thickness. patches on the exterior surface, although the surface must be
predominantly hydrophilic (or have a sufficient charge density)
if the protein is to remain molecularly dispers®d.

The major finding of this study is that the preferred first site Given the amphipathic character of proteins as described, it
of albumin adsorption (at short time and low concentration) on is perhaps not surprising that albumin prefers to locate initially

5. Discussion
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Figure 7. Histograms of the albumin thickness on different regions
for adsorption from a 0.01 mg/mL solution for exposure times of 5,
20, and 60 min. (a) Albumin on PS, (b) albumin on PMMA, and (c)
albumin on the interface. The sum of pixels for each region for each
exposure condition was set to a common value to take into account
the fact that differently sized regions were imaged in the various
samples.

PS domains are favored initially over the PMMA domains, thus
suggesting that the hydrophobic interactions expected to pre-
dominate between PS and albumin provide greater binding
energy than the interactions that occur when albumin adsorbs
on PMMA. As well as hydrophobic interactions, the latter may

O EETT A~ o

Figure 6. Exposure-time dependence (5, 20, and 60 min) of albumin
adsorption on PS/PMMA: Color-coded component maps of albumin-
covered PS/PMMA for the indicated times of exposure to an HSA

involve hydrogen bonding between the carbonyls of PMMA
and the amide nitrogens of albumin. Dipeldipole interactions
may also occur.

solution of 0.01 mg/mL. Only rescaled maps are displayed, with
thickness limits as indicated. The size of each image isfDx
10 um.

The redistribution of protein on the surface at higher
concentrations and longer times involving an apparent net loss
of protein from the interface regions is intriguing, though
at the boundaries of the PS and PMMA domains. The difference perhaps counter-intuitive. The driving force for such a process
in surface energy between PS and PMMA is significant as is not clear from an energy standpoint, but it suggests either
indicated by water contact angles of@&hd 76,*! respectively. that desorption/re-adsorption is taking place which results in
Thus, the more hydrophobic regions of albumin should tend to redistribution of albumin over the surface, or redistribution is
bind to the PS domains while the more hydrophilic regions occurring by surface diffusion (not involving desorption) as has
should bind to the PMMA domains. This preference is most been shown in other systerf%s*3 It might be possible to
easily accommodated by adsorption at the interfaces, as founddistinguish between these possibilities by investigating whether
here. redistribution occurs if the protein solution is replaced with

As the surface fills, sites which are kinetically most accessbile, solvent after, say, an adsorption time of 5 min. If it does, then
and/or those of lowest free energy, will be occupied first. In the diffusion rather than the desorptieresorption mechanism
the present case the preferred interfacial locations will at somewould be favored.
point be fully occupied and further adsorption will, perforce, Other work on protein adsorption where surfaces of delib-
occur on the domain surfaces. From the data at short time anderately varied chemical composition have been investigated
low albumin concentration it appears that the more hydrophobic includes that of Elwing and others using hydrophobicity
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T T T T T reported in the present paper, none of this patterning work
@ addresses the issues of differential adsorption kinetics and
redistribution of protein over the surface as a function of time,

although the latter may be important for biochip applications
0.4 H' where the dimensional stability of protein arrays may be critical.

6. Summary

Albumin adsorption on a patterned PS/PMMA blend has been
studied with X-PEEM at a spatial resolution better than 100

20 minutes

0.2 F
® alb on interface . . ;i .
A albonPS consistent with each other, showing that the preferred adsorption

& albon PMMA site at low concentration, and for short exposure, is the PS/
PMMA interfacial region. We suggest that competition between
polar and nonpolar interactions controls the first site of
0.0 1 . 1 ! 1 adsorption since it can be established on a short time scale. The
2.2 1.8 1.4 X-PEEM results indicate there is reversible adsorption on the
log ¢ (mg/ml) PS/PMMA interface. At longer exposure times, the system
T T T T T T T adopts a configuration in which the amount of albumin on the
@ PMMA and PS domains increases significantly and there is a
more even distribution over all three types of adsorption sites.

log (thickness) (nm/pixel)

05
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