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This conditioning film imparts a uniform net negative charge
The irreversible adsorption of mussel adhesive proteins (MAP) to the surface and masks the substratum properties (3) . The

from the marine mussel Mytilus edulis has been investigated on microorganisms attach to the conditioning film through adhe-
polystyrene (PS) and poly(octadecyl methacrylate) (POMA) sur- sive structures composed of proteinaceous and exopolysac-
faces using angle resolved X-ray photoelectron spectroscopy

charide molecules. Therefore, any serious study of microbial(XPS) , attenuated total reflection Fourier transform infrared
adhesion to submerged surfaces must include the characteriza-(ATR-FTIR ) spectrometry, and atomic force microscopy (AFM).
tion of molecular interactions with the conditioning film.Angle resolved XPS was used to quantify the elemental composi-
Since the conditioning film which forms on the surface in thetion with depth of the upper 90 Å of the surface, and AFM was
marine environment is still poorly defined, simplification ofused to obtain the surface topography. The adsorption pattern of
its composition is essential in order to provide for a degreeMAP, revealed by AFM images, is distinctly different on the two
of control that will enable the interactions at these surfacespolymer surfaces and suggests that the substratum influences pro-

tein adhesion. The depth profiles of MAP, obtained from angle to be characterized. The goal of this research is to characterize
resolved XPS, show differences in nitrogen composition with depth the interactions these proteins have when they are associated
for MAP adsorbed to PS and POMA. Infrared spectra of hydrated with two polymer surfaces displaying different functionalities,
adsorbed MAP revealed significant differences in the amide III as is illustrated in Fig. 1.
region and in two bands which may originate from residues in the The mussel adhesive proteins (MAP), which contain My-
tandemly repeated sequences of MAP. This data demonstrates that tilus edulis foot proteins one and two (MeFP-1 and MeFP-
the chemistry of the polymer film that is present at the protein– 2) , were used as a model protein conditioning film. MeFP-
polymer interface can influence protein –protein and protein–sur-

1 and MeFP-2 have a highly conserved repeat pattern. Theface interactions. q 1996 Academic Press, Inc.
MeFP-1 protein has a well-characterized structure consistingKey Words: mussel adhesive protein; protein adsorption; XPS;
of repeating hexa- and decapeptide motifs and has an openATR-FTIR; AFM.
conformation with very little secondary structure (4, 5 ) .
These qualities make this protein an ideal model condition-
ing film since the open conformation and repeat patternINTRODUCTION
makes the functional groups fully accessible for surface in-
teractions. MeFP-1 and MeFP-2 also have novel composi-In the marine environment, microorganisms adhere tena-
tions, with elevated levels of 3,4-dihydroxyphenyl-L-alanineciously to virtually every known solid surface. Despite many
(L-DOPA) and 4- and 3-mono- and di-transhydroxyprolineyears of research effort, the molecular interactions that are
(Hyp) . These functional groups may confer an adhesiveresponsible for microbial adhesion and fouling of surfaces
character to the proteins by enabling interactions using qui-remain obscure. An understanding of these interactions would
none redox chemistry (6, 7) . However, these protein–sur-contribute to the development of surfaces that resist coloniza-
face interactions have yet to be demonstrated. Characteriza-tion of microorganisms. One reason why the molecular inter-
tion of the specific protein–surface interactions is a prerequi-actions are not understood is because microbial adhesion to
site to the understanding of microbial attachment and foulingsurfaces is a multifactorial process that involves many types
of surfaces.of bonding (1) . To further complicate the situation, it has

been shown that prior to microbial adhesion, a proteinaceous MATERIALS
conditioning film forms on the surface of the substratum (2) . Adsorbates, Solvents, and Substrates

Purified MAP from Mytilus edulis was obtained from
1 To whom correspondence should be addressed. Swedish Bioscience Laboratory (Floda, Sweden) and stored
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308 BATY ET AL.

FIG. 1. Schematic diagram of the interactions being investigated between the MAP proteins (MeFP-1 and MeFP-2) and between the protein and
polymer surfaces of (a) polystyrene and (b) poly(octadecyl methacrylate).

desiccated at 0407C. The amino acid composition according alcohol saturated with potassium hydroxide for 10 min. The
crystals were then removed and immediately placed in anto the supplier is (per 1000 residues) : 83 Asp, 74 Thr, 97

Ser, 64 Glu, 69 Pro, 132 Gly, 68 Ala, 50 Val, 25 Ile, 29 ultrasonic bath of ultra pure water. They were then gently
scrubbed with undiluted Micro cleaning solution using cot-Leu, 30 Tyr, 12 Phe, 27 His, 115 Lys, 41 Arg, 41 Hyp, and

70 3,4-dihydroxy-L-phenylalanine (L-DOPA). Acetic acid- ton swabs. The crystals were rinsed in a hard stream of ultra
pure water and immersed in a series of ultrasonic solventurea polyacrylamide gel electrophoresis (PAGE) indicated

that the MAP preparation consisted of 80% of the two L- baths, for 5 min each in ultra pure water (twice) , ethanol,
and chloroform. The crystals were then immediately driedDOPA containing proteins, MeFP-1 and MeFP-2, in equal

quantities. Two non-L-DOPA containing proteins contrib- under a stream of hydrocarbon free, dry nitrogen and trans-
ferred to an inert atmosphere (dry N2) chamber, prior touted 20% of this preparation. The protocol for the PAGE

was performed using previously described methods and the silanization. The above cleaning procedure was performed
immediately before the silanization reaction to prevent anyidentification of MeFP-1 (130 kD ) and MeFP-2 (45 kD)

were made according to previously published results (8 ). adsorbed materials from contaminating the surface.
Auger electron spectroscopy, using a Phi Model 595 scan-Both MeFP-1 and MeFP-2 contain the unusual catecholic

functionality L-DOPA. ning Auger microprobe, indicated that the composition of
the outermost surface region of the germanium substratum,Dichloromethylsilane (Aldrich 97%) was used as re-

ceived. Hexadecane (Aldrich 99/%) was purified by pas- when cleaned by this protocol, was 9.1 { 1.4% carbon, 6.5
{ 2.0% oxygen, and 83.9 { 2.2% germanium.sage through Super I Basic Alumina (Fisher Scientific) five

times. All solvents including chloroform, ethanol, and tolu-
ene (Aldrich) were HPLC grade. Silanization Procedure

Optically smooth germanium (111) wafers (Exotic mate-
The germanium crystals were silanized with dichloro-rials Inc., Costa Mesa, CA), 2.54 cm in diameter and 1-mm

methylsilane to improve the adhesion of the polymer filmsthick, were cut into 1 cm 1 1 cm pieces using a diamond
and to prevent film delamination in aqueous solution. Alltipped stylus and spin coated with either polystyrene (PS)
silane monolayers were prepared under an inert atmosphereor poly(octadecyl methacrylate) (POMA) for the X-ray
of dry N2. Monolayers of dichloromethylsilane were formedphotoelectron spectroscopy (XPS) and atomic force micros-
by immersing clean Ge crystals into a freshly prepared solu-copy (AFM) studies. For the attenuated total reflection Fou-
tion of dichloromethylsilane in n -hexadecane. All glasswarerier transform infrared (ATR-FTIR) spectroscopy studies
used was cleaned with ‘‘piranha’’ solution, consisting of acylindrical germanium internal reflection elements (IRE )
70:30 mix of concentrated H2SO4 and 30% H2O2 , respec-(Spectra Tech, Stamford, CT) were used.
tively. [WARNING: Piranha solution reacts violently, evenPS (Aldrich Secondary Standard ) was prepared as a 1.5%
explosively with organic materials (9) .] Individual solutions(w/v) solution in toluene. POMA (Aldrich ) was prepared
were prepared by mixing a solution that was 5 1 1003 Mas a 1.5% (v/v) solution in toluene.
dichloromethylsilane in n -hexadecane. Each solution was

PREPARATION OF SUBSTRATUM stirred for 5 min before a germanium crystal was introduced.
The reaction vessel was then capped and stored at room

Ge Cleaning Procedure temperature for 12 h. Upon removal from the silane solution,
the crystals were immediately rinsed with 50 ml of chloro-The germanium crystals were immersed in an ultrasonic

bath of a cleaning solution that was a mixture of isopropyl form. They were then removed from the inert atmosphere
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309PROTEIN ADSORPTION TO POLYMER SURFACES

and extracted in a sohxlet extractor with hot chloroform for at a rate of 0.5 ml/min for 60 min. The samples were re-
moved and dried in hydrocarbon free dry air overnight.30 min to remove any excess silane. They were then cured

in an oven at 1127C for 3 h. Contact angle measurements
were performed with water to estimate the quality of the SURFACE CHARACTERIZATION
silane film. Surfaces with contact angles less than 1007

Atomic Force Microscopy Imagingproved inadequate for polymer adhesion and were discarded.

All surfaces were imaged using a Nanoscope III AFM
Preparation of Polymer Surfaces (Digital Instruments, Inc., Santa Barbara, CA) with a 350D

scanner and a 3-101 optical head. The instrument was used inPS and POMA polymer films were spin cast onto presilan-
contact mode using square pyramid microfabricated siliconized, germanium fragments for the XPS and AFM studies.
nitride cantilevers which were 100 mm in length and had aPS was used as a 1.5% (w/v ) solution in toluene and POMA
spring constant of 0.38 N/m. The images were recordedwas used as a 1.5% (v /v ) solution in toluene. Presilanized
using 1 mm 1 1 mm and 5 mm 1 5 mm scan areas at 512germanium crystals were completely covered with polymer
scans per area with a scan rate of 2 s01 . All images weresolution and then immediately spin cast at 3500 rpm for 2
acquired in air and were stable with time and reproducible.min. The polymer films were dried at room temperature for

24 h.
Angle Resolved X-Ray Photoelectron SpectroscopyFor the ATR-FTIR studies the cylindrical germanium IRE

were silanized as described above. PS and POMA were dip XPS spectra were obtained from a Surface Science Instru-
coated onto germanium IRE at a speed of 0.5 cm/s. ment Model SSX-100 spectrometer. A 5 eV flood gun was

X-ray photoelectron spectroscopy (Surface Science In- used to offset charge accumulation on the samples. A 600-
struments, Model SSX-100, 600-mm diameter spot size, mm diameter spot size was scanned using a monochro-
monochromatized aluminum Ka source) of the polymer matized Aluminum Ka X-ray source at 350 W and pass
films indicated that the films were continuous ( i.e., no ger- energies between 25.0 eV (resolution 1) and 150 eV (resolu-
manium or silane was detected) . Recent AFM images ac- tion 4) . Elemental composition was calculated on peak areas
quired in the Fluid Tapping mode and cold-probe XPS analy- from the C 1s, N 1s, and O 1s core levels. Relative peak
sis indicate that the spin cast polymer surfaces are stable areas were calculated by fitting the high resolution C 1s, N
when hydrated (manuscript in preparation ) . 1s, and O 1s peaks with Gaussian functions. Before the

variable angle study was conducted an initial survey at 807
Protein Adsorption Protocol ( from the surface) was completed. Depth profiles were per-

formed using variable angle XPS data collected at takeoffFor the XPS and AFM studies the polymer coated germa-
angles of 107, 227, 357, and 807. The elemental compositionsnium substrata were placed in a glass flow cell with entrance
at the initial 807 survey were compared with the final 807and exit tubing ports to allow for protein adsorption and
angle study to ensure no X-ray damage had occurred duringsubsequent rinse. For ATR-FTIR adsorption experiments,
analysis. The data were collected with the wide angle accep-the polymer coated germanium IRE were placed within a
tance lens masked with a 127 slit. The binding energy scalestainless steel flow chamber (Circle Cell, Spectra Tech,
was referenced by setting the CHx peak maximum in the CStamford, CT). Fluid was introduced and displaced through
1s spectrum to 285.0 eV (10) .entrance and exit ports at each end of the Circle Cell.

All protein films were deposited onto freshly prepared
ATR-FTIR Spectrometry

polymer surfaces after the 24 h drying period. A stock solu-
tion of 1 mg/ml MAP was prepared in dilute HCl (pH 2.5) The time course of MAP adsorption in a hydrated state

was followed by ATR-FTIR spectrometry. During the timewith deionized double distilled water, deaerated with N2 .
The stock solution was stored at 57C. A 50 ml aliquot of this course of each experiment infrared (IR) spectra were ac-

quired every 5 min. A Perkin Elmer Model 1800 Fouriersolution was added to 0.45 ml of dilute HCl (pH 2.5) . For
the XPS and AFM studies this mixture was delivered into transform infrared (FT-IR) spectrophotometer equipped

with a liquid N2 cooled, medium range mercury–cadmium–the flow cell containing the substratum that was to undergo
protein adhesion. MAP was allowed to adsorb by raising the telluride detector (5000–580 cm01 ) was used to collect the

ATR-FTIR spectra. Interferograms were double-sided, apod-pH to 8.0 by delivering a 0.5 ml aliquot of a pH 10.9 solution
into the reaction chamber, bringing the concentration of the ization was a weak Beer –Norton function, and the range

was 4000 –700 cm01 with an interval of 1 cm01 and nominalprotein to 50 mg/ml. For the ATR-FTIR studies a 50 mg/ml
MAP solution was prepared as above before delivery into resolution of 2 cm01 ; 50 interferograms were averaged per

spectrum. Water vapor bands were removed by subtractionthe flow cell. After a 1 h adsorption, the substratum was
rinsed of any unadsorbed protein by flowing an aqueous of a pure water vapor spectrum; fluctuations in intensity of

the strong water band at 1640 cm01 resulted in the appear-solution at pH 8.0 through the reaction chamber at a rate of
100 ml/min for 3 min. The ATR-FTIR Circle Cell was rinsed ance of this band in the difference spectra. This residual
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water absorption band was removed by subtracting out a surface coverage of the protein is continuous based on this
technique.pure water spectrum using the ratio of areas of the absorption

water band centered at 2120 cm01 as a normalization factor
Angle Resolved X-Ray Photoelectron Spectroscopy(11) . Variation in absorbance values resulting from slight

differences in alignment of the flow chamber on the optical Angle dependent XPS of the surfaces studied in Fig. 2
bench and coating with polymer films were normalized by further reveals the differences in MAP adsorption to PS and
using the area of the water absorption band at 1640 cm01

POMA surfaces. A detailed examination of the C 1s region
(area: 1540 to 1740 cm01 ) as an internal standard (12) .

of clean PS and POMA and of MAP adsorbed to PS and
Areas of spectral features were computed for the region

POMA at takeoff angles of 807 and 107 are given in Fig. 3.
bounded by the data curve and a linear baseline drawn be-

Each peak is contributed by different chemical groups. The
tween the two endpoints of the integration.

C 1s peak at a binding energy of 291.6 eV is attributed to
Protein surface coverage was estimated based on area of

the pi– pi* transition in the aromatic rings of the polystyrene.
the amide II band using published correlations. Adsorption

The peak at 288.5 eV arises from the N{C|O and
conditions of Fink et al. (12) resemble approximately those

O{C|O functionalities on the protein and in the methac-
here (saline solution, pH 7.4 on germanium). Extinction

rylate chain, respectively. The C 1s peak at a biding energy
coefficients for solution phase bovine serum albumin com-

of 286.6 eV is attributed to the C{N and C{O functional-
pare favorably with our estimates (within 80%). Fink et ities in the protein and the C{O{C functionality of the
al. (12) obtained correlations for adsorbed human albumin, POMA. The dominant peak in both sets of spectra is at 285.0
immunoglobulin, and fibrinogen. Using their data, a factor eV. This peak originates from the aliphatic carbon in both
for conversion of amide II areas to surface coverage in mg/

the polymers and the protein.
cm2 can be estimated. This conversion factor is 0.26 { 0.12

Comparing the C 1s regions of MAP adsorbed to PS at
mg/cm2 per unit area amide II (absrcm01 ) .

807 and 107 takeoff angles reveals a decrease in the aliphatic
peak at 285.0 eV and disappearance of the peak associated

RESULTS with the pi– pi* transition. The disappearance of the pi–pi*
transition and the decrease in the aliphatic peak relative to

Atomic Force Microscopy Imaging the 286.6 and 288.5 eV peaks from the protein indicates that
at a takeoff angle of 107 the signal from the PS has disap-

MAP adsorbed to clean PS and POMA from a solution
peared from the spectra and signal intensity arises only from

with a bulk protein concentration of 50 mg/ml was imaged the protein. The C 1s region of MAP adsorbed to POMA
using AFM. Figure 2 shows AFM contour images of 1 mm reveals an increase in the peak at 286.6 eV relative to the1 1 mm areas of the two substrata before MAP adsorption

285.0 eV peak at the lower takeoff angle. This also indicates
(2a, 2d) and 1 mm 1 1 mm (2b, 2e) and 5 mm 1 5 mm (2c,

a greater contribution from the protein to this C 1s spectra.
2f ) areas after MAP adsorption. Before MAP adsorption,

The elemental compositions at the different angles were
the polymer surfaces are extremely smooth with almost no

used with the calculated escape depths for each angle to gain
surface features and with RMS surface roughness values of

insight on the elemental depth distribution of the proteins
1.035 and 0.546 nm for PS and POMA, respectively.

adsorbed to the polymer surfaces. The escape depths were
Adsorption of MAP to the PS surface resulted in the for-

calculated using parameters for organic compounds to calcu-
mation of closely packed, repeating structures as shown in

late the inelastic mean free path and subsequently the escape
Fig. 2b. Cross-sectional analysis of these features shows an

depth using equations previously defined (13) . Table 1 indi-
average height of 9.48 { 3.05 nm and a width of 33.02 {

cates that nitrogen is increasing with depth when MAP is
7.82 nm. The 5 mm 1 5 mm scan area, shown in Fig. 2c, adsorbed to PS, whereas, this trend is reversed on POMA.
reveals that the features observed at high magnification cover This indicates that MAP adsorbed to the polystyrene surface
larger areas of the surface, suggesting that the surfaces are

shows a nitrogen distribution that is enriched at the surface
homogeneous and have continuous protein coverage. In con-

of the adsorbed protein film. In contrast, the MAP adsorbed
trast, MAP adsorbed to the POMA surface displays very

to the POMA surface displays a depth profile that shows the
different protein features that appear to be linearly ordered

nitrogen enrichment from the adsorbed protein at a maxi-
as revealed in the 1 mm 1 1 mm scan area in Fig. 2e. Cross-

mum at the polymer surface.
sectional analysis reveals that these features have an average
height of 2.45 { 1.35 nm and a width of 68.4 { 3.91 nm. ATR-FTIR Spectrometry
The 5 mm 1 5 mm scan area, shown in Fig. 2f, shows the
protein features on this surface to be very heterogeneous, Figures 4a and 4b show ATR-FTIR spectra of MAP ad-

sorbed onto PS and POMA polymer films after the 60 minwith larger more complex fibrous structures. These features
extend 19.36-nm high and 179.69 nm in width, with some rinse period. The time course of adsorption/desorption was

followed based on the areas (1591 to 1493 cm01) of theas long as 2.4 mm. Because of the heterogeneous nature of
MAP on this surface it is difficult to determine whether the amide II band (indicated by (iii) in Figs. 4a and 4b) . This
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FIG. 2. AFM contour images of (a) 1 mm 1 1 mm area of PS before protein adsorption, (b) 1 mm 1 1 mm area of MAP adsorbed to PS, (c) 5 mm
1 5 mm area of MAP adsorbed to PS, (d) 1 mm 1 1 mm area of POMA before protein adsorption, (e) 1 mm 1 1 mm area of MAP adsorbed to POMA,
and (f ) 5 mm 1 5 mm area of MAP adsorbed to POMA.
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FIG. 3. C 1s spectra of clean PS ( a) and POMA (d) and of MAP adsorbed to PS (b,c) and POMA (e, f ) at takeoff angles of 807 and 107.

is shown in Fig. 4c for each of the two surfaces (PS and respectively. Spectral features in the region from 1300 to
1200 cm01 ( iv) are typically attributed to amide III vibra-POMA). Adsorption appears to be irreversible. The surface

coverage of MAP at the end of the rinse period on PS and tions which are sensitive to protein secondary structure (14–
16) and less obscured by the large water band centered atPOMA surfaces, estimated from the correlations specified

in the Methods section, is 0.045 { 0.021 and 0.066 { 0.031 1640 cm01 than the amide I and II bands. In this region the
spectrum of MAP on PS and POMA differ significantly.mg/cm2 , respectively.

Comparison of the spectra presented in Figs. 4a and 4b Distinct features centered at 1150 (v) and 1083 cm01 (vi )
in both spectra are unusual for adsorbed proteins. The bandreveals a number of differences in spectral features. (Fea-

tures are indicated in Figs. 4a and 4b by lower case Roman centered at 1150 cm01 is especially prominent in the MAP
on POMA.numerals.) A band centered at 1740 cm01 ( i) is evident in

MAP on POMA which does not appear in the spectrum of
DISCUSSIONMAP on PS (although there is a slight band centered at 1730

cm01 in this spectrum). The amide I band (ii ) is centered The results presented here, demonstrate that the functional
groups that are present at a polymer surface can influenceat 1645 and 1654 cm01 in the MAP on PS and POMA,
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TABLE 1

Mean atomic percenta

Take-off Escape
Sample angle depth C O N

MAP adsorbed to PS 80 84.3 78.8 { 6.3 13.5 { 4.4 6.2 { 3.2
35 49.1 76.5 { 7.5 15.8 { 3.5 7.5 { 3.6
22 32.1 74.3 { 8.4 16.0 { 4.8 8.5 { 4.3
10 14.9 72.8 { 8.5 16.7 { 4.6 8.9 { 4.2

MAP adsorbed to POMA 80 84.3 90.6 { 1.5 6.2 { 1.6 1.5 { 0.1
35 49.1 92.1 { 0.6 6.6 { 0.3 1.0 { 0.1
22 32.1 92.7 { 0.4 6.5 { 0.1 0.6 { 0.1
10 14.9 94.8 { 0.6 4.7 { 0.9 0.5 { 0.5

a Taken from three separately prepared surfaces.

protein–protein and protein–surface interactions. The pro- chains of the MAP. The resulting surface topography after
MAP adsorption to PS reveals homogeneous, repeatingtein –surface interactions that can occur in the polymer–

protein systems studied here are limited to two categories: structures that would suggest this type of MAP–surface
interaction. Furthermore, the dimensions of these featuresone surface capable of undergoing MAP–surface pi– pi bond

overlap interactions (PS) and one with no favorably ener- on the PS surface are representative of individual MeFP-
1 and MeFP-2 molecules (21 ) . In order to maximize thegetic MAP–surface interactions (POMA). The PS surface

provides a hydrophobic surface with an aromatic character pi –pi interactions with the surface, the MAP will orient
the aromatic side chains facing the polymer surface. Thisand a medium surface free energy, and the POMA surface

provides a hydrophobic low energy surface with an aliphatic reasoning is supported by the decreasing nitrogen compo-
sition with depth in the XPS data. Since there are nofunctionality.

There are four mechanisms that have been proposed to energetically favorable MAP interactions with the POMA
surface, the catecholic functional groups of the adsorbedplay important roles in MAP– MAP and MAP– surface

interactions: hydrogen bonding, metal-ligand complexes, protein are free to interact with each other and form
charge-transfer complexes, as shown in Fig. 5. In this caseMichael-type addition compounds derived from o-qui-

nones, and charge transfer complexes (17) . Olivieri et al. the adsorption of the protein on a surface that appears to
have no favorably energetic mechanisms for interactions( 18) have collected data that suggests that MAP can orient

itself toward oxide surfaces enabling the L-DOPA residues is most likely driven by van der Waals forces, arising
from the cross-linked protein with the surface. This resultsto interact with the surface through hydrogen bonding.

Hansen et al. ( 19 ) have recently found that MAP interacts in the aggregated protein structures and the apparent linear
order of the protein shown in the AFM images on thiswith stainless steel by complexing and binding with sur-

face metals. The Michael-type addition compounds are polymer surface. Furthermore, the smaller linear features
on the POMA surface are representative of cross-linkeddriven by the catechol oxidase enzyme that is cosecreted

with the proteins in the natural system ( 20) . In the system MeFP-1 and MeFP-2 on the surface (21 ) . The larger,
fibrous structures on the POMA could arise from aggre-studied here, there are no divalent cations or metal ions to

provide metal –ligand complexation. There are no enzyme gated or cross-linked MAP. In either case, the AFM im-
ages suggest that the differences in surface chemistry ondriven reactions because the catechol oxidase does not

survive the purification procedures for the MAP proteins these two polymer surfaces strongly influence protein ad-
sorption. Recent images obtained under fully hydratedand there are no functionalities present on the surface

to allow hydrogen bonding interactions. However, at an conditions by AFM in Tapping Mode suggest that dehy-
dration is not responsible for the gross differences ob-elevated pH of 8 (approximately that of sea water and the

pH during adsorption ) the catechol functionality on the served by MAP on these surfaces.
When MAP adsorption to PS and POMA was evaluatedL-DOPA can undergo a spontaneous reverse dismutation

to the o-quinone that is capable of interacting through a under hydrating conditions by ATR-FTIR, spectral differ-
ences further suggested different protein interactions withquinhydrone charge-transfer complex, illustrated in Fig.

5. The PS surface that displays an aromatic functionality the chemically distinct polymers. Differences in IR spectral
features in the amide III region of proteins have been attrib-would inhibit this MAP–MAP interaction because of the

ability of PS to undergo pi–pi overlap interactions with uted to differences in secondary structure (14– 16) . Al-
though it is difficult to make specific assignments unless thethe aromatic functionality of PS and the aromatic side
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summation at particular frequencies, making them visible
above the background. An attempt to identify these bands
as arising from specific residues by comparison with ATR-
FTIR spectra of aqueous solutions of various compounds
has so far been unsuccessful. Nevertheless, there is a resem-
blance between the contrasting spectral features which ap-
pear for MAP on PS and POMA and those reported for
adsorption of the blood plasma protein, fibronectin, on a
series of functionalized polyurethanes (15) . Notably, differ-
ences were observed in the amide III and I regions, and a
band appeared to varying degrees in the 1720– 1740 cm01

region. The latter band arises from the carbonyl group and
appears when a carboxylate functionality is protonated ( i.e.,
salt to acid form) (22) . For fibronectin, the appearance of
this band was most prominent for the polyurethanes having
the most hydrophobic functionalities. It was hypothesized
that the acidic residues of the adsorbed protein entered a
region of low dielectric constant proximal to the hydrophobic
surface, shifting the equilibrium toward the protonated form.
The MAP protein MeFP-2 is rich in acidic residues and it
is speculated that it may mediate bridging between MeFP-
1 (21) . It is possible that the highly interconnecting pattern
observed in the AFM images of MAP adsorbed to POMA
results from this crosslinking reaction of MeFP-1 with
MeFP-2.

Some degree of caution is necessary in interpreting the
spectral features in the region from 1200 to 1300 cm01 as
arising purely from the amide III resonance frequencies.
Both L-DOPA and tyrosine exhibit bands in this region. In
fact, the band at approximately 1250 cm01 has been pre-
viously attributed to the L-DOPA residues (18, 23) . There-
fore, the differences in this region for MAP on PS and
POMA may indicate differences in the interaction between
these residues and the polymer functional groups. These
differences in protein– surface interactions between an aro-

FIG. 4. ATR-FTIR spectra of adsorbed MAP to PS ( a) and POMA matic surface (PS) and an aliphatic surface (POMA) are
( b) . Roman numerals indicate spectral features discussed in the text. (c) also indicated by the contrasting shape of the bands centered
Time course of adsorption (60 min) and rinse (60 min) followed by the at 1150 and 1083 cm01 .
area of the amide II band (iii) . Open circles represent PS and closed circles

The research presented here demonstrates that the func-POMA.
tional groups that are present on the PS and POMA poly-
mer surfaces will influence MAP–MAP and MAP–sur-proteins consist entirely of one domain, differences observed
face interactions. The XPS, AFM, and ATR-FTIR datain this amide III region (1200– 1300 cm01 ) do indicate a
demonstrates that differences in surface interactions candifference in the hydrogen bonding pattern between the am-
be correlated through these complementary analyticalide linkages of MAP on the PS and POMA surface. There-
techniques.fore, the IR results are consistent with the XPS and AFM

data which indicate that MAP organization and/or orienta-
tion are different on the PS and POMA surfaces. Of the
three methodologies used, ATR-FTIR has the least spatial
resolution. Since these spectral differences represent an aver-
age over the entire IRE surface (approx. 2.5 cm2) it is un-
likely that the phenomenon is confined to a small region of
the surface.

The bands centered at 1150 and 1083 cm01 may originate FIG. 5. Quinhydrone-charge transfer complex of the catechol function-
ality of MAP.from residues whose repetitive motif results in resonance
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