2836 Biomacromolecules 2007, 8, 2836-2844

PM-IRRAS Investigation of the Interaction of Serum Albumin
and Fibrinogen with a Biomedical-Grade Stainless Steel
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Polarization modulation infrared reflection absorption spectroscopy (PM-IRRAS) was applied to investigate the
interaction of bovine serum albumin (BSA) and fibrinogen with a biomedical-grade 316LVM stainless steel surface,

in terms of the adsorption thermodynamics and adsorption-induced secondary structure changes of the proteins.
Highly negative apparent Gibbs energy of adsorption values revealed a spontaneous adsorption of both proteins
onto the surface, accompanied by significant changes in their secondary structure. It was determined that, at
saturated surface coverages, lateral interactions between the adsorbed BSA molecules induced rather extensive
secondary structure changes. Fibrinogen’s two coiled coils appeared to undergo negligible secondary structure
changes upon adsorption of the protein, while large structural rearrangements of the protein’s globular domains
occurred upon adsorption. The secondary structure of adsorbed fibrinogen was not influenced by lateral interactions
between the adsorbed fibrinogen molecules. PM-IRRAS was deemed to be viable for investigating protein adsorption
and for obtaining information on adsorption-induced changes in their secondary structures.

1. Introduction Scheme 1. Three-Dimensional Model of Serum Albumin Showing
a High Content of the o-Helical Secondary Structure®

Protein adsorption at sokdiquid interfaces is a widespread
phenomenon encountered across various disciplines. In the field
of biomaterials and medical implants, it is widely accepted that
one of the initial events that significantly influences biocom-
patibility is the nearly instantaneous adsorption of proteins from
biological fluids onto biomaterial surfacésThis adsorbed
protein film may be beneficial for certain biomedical applica-
tions where the immobilization of specific proteins and enzymes
is necessary or desirable, such as in the case of immunoassays
and biosensors. However, for blood-contacting medical devices
(including cardiovascular stents, catheters, and heart valves),
the complex layer of adsorbed plasma proteins is generally Scheme 2. Three-Dimensional Model and Corresponding
unfavorable and could potentially lead to major complications, Schematic Diagram of Fibrinogen Showing the Protein’s Different
including thrombus formation, inflammatory tissue responses, Pomains and Secondary Structures®
and microbial infectiong:3

Two plasma proteins that are of particular interest when
studying the biocompatibility of blood-contacting implant
devices are serum albumin and fibrinogen. Serum albumin (MW
~ 66.3 kDa, dimensions of 15 3.8 x 3.8 nn¥)* is the most
abundant protein present in plasma (totaling up to 60%) with

blood concentrations ranging from 30 to 50 §/lits main G chain/ O aC domain—O
physiological function involves the transport of free fatty acids, o ) _ _
which are otherwise insoluble in plasma, to tisstieBhe Fibrinogen (MW~ 340 kDa) is the third primary plasma

protein’s (heart-shaped) globular structure is achieved by the Protein following serum albumin and immunoglobulins, with
folding of its polypeptide chain (containing 585 amino acid concentrations typically ranging from 1.5 to 4.0 gAlt is an
residues) into three-helical domain&® (Scheme 1). Because ~€longated, symmetrical dimer (Scheme 2) having approximate
of its high concentration, serum albumin arrives first at the dimensions of 47x 4.5 x 4.5 nn¥, and its distinguishable
implant's surface according to the laws of mass transport, and 'égions include two hydrophobic outer domains (D domains)
therefore plays an important role in the initial adsorption of Cconnected to a central globular hydrophobic domain (E domain)
proteins onto biomaterial surfaces. through two pail’s of three nonidenticathelix coils (A(l, Bﬂ,
andy chains)!! In addition, the terminus of thedchain forms
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Table 1. Chemical Composition of the Biomedical-Grade 316LVM Stainless Steel (weight %)@
Fe Cr Ni C Mo Mn S Si P Cu Sn Co N Nb
bulk 16.57 10.34 0.016 2.13 1.54 0.001 0.54 0.024 0.28 0.009 0.09 0.03 0.01

2 The data was obtained from the manufacturer (Atlas Stainless Steels) and confirmed by our chemical analysis.

: : Table 2. Frequency Range and Corresponding Secondar
fr.agments are .u“.lmately cleaved by the e.nZy.me thrgmpln to Structure Assci]gnme):]ts fo? Fitted Amide? Comgonent Ban();s
yield insoluble fibrin monomers that polymerize into an intricate  ppjied for the Conformational Studies of BSA and Fibrinogen
cross-linking pattern that stabilizes the aggregated platelet plugadsorbed onto 316LVM Stainless Steel
at the injury site'® In addition, fibrinogen is categorized as a
cell adhesive protein, and contains the RGD peptide sequence
known to bind and activate plateléts.Because of these
characteristics, fibrinogen adsorption on foreign surfaces has ~ 1615-1639 p-sheet

wavenumber
(cm™1) secondary structure assignment

been shown to render otherwise inert materials into thrombo- 1648-1659 a-helix
genic surface® 15 1663—1695 p-turns _
1695— COcoon stretching for Asp and

Since a comprehensive understanding of the mechanisms of ) i
protein adsorption is essential for the continuous development Glu COOH side chains*
of more biocompatible medical devices, the interfacial behavior  a asp: aspartate; Glu: glutamate.
of proteins has long attracted the interest of researchers. A wide
variety of experimental techniques have been applied to studygrease and polishing residues, the coupons were then successively
different aspects of protein interaction with solid surfaces, placed in a sonication bath for 5 min each in ethanol and acetone,

including enzyme-linkedimmunosorbent as¥gytadiolabeling-2° followed by abundant rinsing in deionized water.
ellipsometry?~24 total internal reflection fluorescenéez® 2.2. Protein Adsorption. BSA (Sigma-Aldrich Co., Cat. No. A0281)
optical waveguide lightmode spectroscdpy! 2®surface plas-  and fibrinogen (from bovine plasma, Sigma-Aldrich Co., Cat. No.

mon resonanc®, 32 neutron reflectivity?®3 electrochemical ~ F-8630) were both used as received. Stock solutions of the proteins
quartz crystal nanobalang&3 quartz crystal microbalanég3".38 were prepared by dissolving the appropriate amount of protein into 5
electrochemical impedance spectroscopy (E¥3);ray photo- mL of a 0.05 M phosphate-buffered saline (PBS, 0.16 M NaCl) solution
electron spectroscop;*! time-of-flight static secondary ion  at pH 7.4. The PBS solution was previously prepared by first dissolving
mass spectroscofyand IR-based techniques such as attenuated 0.68 g of anhydrous, monobasic potassium phosphateRRHSigma-
total reflection Fourier transform IR (FTIR)L843grazing angle ~ Aldrich Co., Cat. No. P5379) in 39.1 mL of 0.1 M sodium hydroxide
FTIR58 and circular dichroism? (NaOH, prepared from standbb N concentrate; ACP Chemicals, Inc.),
The purpose of this work is to investigate the interaction of followed by dilution with deionized water (Nanopure, resistivity of 18.2
two major p|asma proteins’ bovine serum albumin (BSA) and MQ cm) to yield a final volume of 100 mL. AdSOfptiOﬂ of the proteins
fibrinogen, with a biomedical-grade 316LVM stainless steel Was performed atroom temperature (295 K) by immersing the stainless
surface by means of the polarization modulation infrared St€€lcoupons in a separate beaker containing 20 mL of PBS to which
reflection absorption spectroscopy (PM-IRRAS) technique. aliquots of the stock protein solution were progressively added in order
Aspects of this interaction include the thermodynamics of to obtain thg desired bulk protein co_ncentr_ation. The coupons were
protein adsorption as well as the possible conformational left to equmbrat'e for 40_ mm,_at which point they wz_ere_carefully
changes that BSA and fibrinogen undergo upon adsorption to removed a'_]d _nnsed twice ‘_N'th abundant, clean delon_lzed water.
the solid surface. A biomedical-grade 316LVM stainless steel Thorough rinsing of the .Sta'nless steel coupons following protein
was selected as the substrate since it is a widely used materiaf’ldsorpnon was essential in order to properly remove nc.’nSpeC'f'C"’.l”y
for certain biomedical applications, particularly for vascular adsor_be_d protein from the steel sgrface._ Following protein adsorption
stents. It is also commonly used in a range of other biomedical and rinsing, the coupons were dried using a gentle stream of argon.
applications, such as hip prosthesis, screws, external fixations, 2> PM-IRRAS MeasurementsPM-IRRAS spectra were recorded
and so forth. To the best of our knowledge, this is the first report using a Bruker Optics PMASO external moglule.m conjunction with a
describing the application of the PM-IRRAS technique for |CNoOR 27 FT-IR spectrometer. A liquid nitrogen-cooled MCT
investigating the interaction of these two serum proteins with a detector was used in all experiments. The rinsed and dried coupons

were mounted in the PMA50’s sample holder. The wavelength setting
316LVM surface. PM-IRRAS offers a number of advantages on a Hinds PEM-90 was fixed at 1600 chwith a half-wave retardation

over other IR, IEChniqu,es', including significantly reduced (A/2) of 0.5. The sample was scanned for 5 min with 3 €nesolution
measurement times, elimination of a background reference SCaNgng an aperture setting of 6 mm, and the resulting absorption spectra

virtual elimination of atmospheric water vapor andQerfer-  yere recorded between 400 and 4000 &rThe incident beam angle
ences, and high signal-to-noise ratio, thus allowing characteriza-seq in all experiments was 85Manipulations of the resulting

tion of organic layers at very low surface concentrations (well apsorption spectra, including baseline corrections and smoothing, were

below a submonolayer level). performed using Bruker OPUS Spectroscopy v.5.0 software in interac-
tive mode.
2. Experimental 2.4. Amide | Band Fitting Procedure. Analysis of the experimental

amide | band was performed using the curve-fitting function of the
2.1. SubstratesThe investigated material consisted of flat, 316LVM  OPUS software and applying the iterative least-squares Levenberg
stainless steel (Atlas Stainless Steels, Quebec, Canada) coupons havinilarquardt algorithm. Four underlying component bands were selected
dimensions ca. Z 2 cm. The chemical composition of the stainless for the fitting procedure (Table 2). In addition, Gaussian profiles were
steel used in this research, given in Table 1, corresponds to a high-specified for each band, based on similar conformational studies in
purity austenitic low-carbon, low-sulfur stainless steel. Prior to im- the literature:1%4546 A fitting procedure was first performed on the
mersion in the protein solutions, all faces of the coupons were wet- Amide | band corresponding to the highest protein concentration. For
polished with 1500- and 4000-grit gradation emery paper to remove this initial analysis, the underlying component bands’ frequency
impurities and remnants of previously adsorbed protein. To remove position, width, and intensity were all allowed to vary from their init'@bv
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Figure 1. PM-IRRAS spectra of the 316LVM stainless steel surface
following immersion in PBS (pH 7.4) solution containing various BSA
concentrations: (@) 0gL™1, (b) 0.05gL%,(c)0.15gL™%,(d)0.30g
L=1, and (e) 0.60 g L~t. Temperature = 295 K.
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Figure 2. Dependence of the amide | integrated intensity (Aamide 1)
on the bulk equilibrium BSA concentration (cssa) at 295 K. The data
was obtained from PM-IRRAS spectra of the 316LVM stainless steel
surface following immersion in PBS (pH 7.4) solution containing

various BSA concentrations. Symbols represent the experimental
data, whereas the solid line represents the fitted Langmuir isotherm.
Inset: Linearized form of the Langmuir isotherm describing the
adsorption of BSA onto 316LVM stainless steel at 295 K.

estimates until the best fit was obtained. The resulting frequency position
of each peak was then fixed, and only the width and intensity were
allowed to vary for all subsequent fitting at lower bulk protein

concentrations. This allowed for direct comparisons of the fitted peaks that th tein is indeed t the stainl teel f
within each set of experimental data. On the basis of guidelines provided at the proteéin IS indeed present on (he stainiess steel surtace.

in the literature'?43474&he fitted component peaks were each assigned Similar s_pectra_ were obtaine_d following immersion of the
to specific secondary structures on the basis of their position (Table COUPONs in the fibrinogen solutions at the same temperature (not
2). The integrated areas of the fitted component bands are directly Shown).
proportional to the relative proportions of the secondary structure they ~ 3.1.2. Adsorption IsothermBigure 1 demonstrates that, with
represent, and were thus expressed as a percentage of the total amidgn increase in BSA concentration in the bulk solution, the overall
| area. intensity of the amide | band also increases, indicating progres-
sively greater surface concentrations of BSA. This trend is
shown more clearly in Figure 2, in which the curve displays a
shape characteristic of a Type | adsorption isotherm. The protein
3.1. Thermodynamics of BSA and Fibrinogen Adsorption. surface concentration increases with an increase in bulk BSA
3.1.1. PM-IRRAS SpectrBM-IRRAS was first applied in this  concentration, and then levels off into a plateau at a bulk BSA
research to investigate the thermodynamics of BSA and concentration of ca. 0.6 g &, indicating that saturated
fibrinogen adsorption onto a biomedical-grade 316LVM stain- (monolayer) BSA coverage is reached. A similar behavior was
less steel surface. When studying surface-adsorbed proteinsbserved with fibrinogen (Figure 3), although the saturated
using IR techniques, the spectral region of interest includes the syrface concentration was not reached in the fibrinogen bulk
amide | and amide Il bands. These bands, which are charac-splution concentration range investigated. However, our mea-
teristic of all proteins, arise from the different vibrational modes syrements on the interaction of fibrinogen with the 316LVM
of the polypeptide backbone. The amide | band occurs ap- syrface using EI§ showed that when increasing the fibrinogen
proximately between 1600 and 1700 cthand represents  pjk solution concentration above the highest value presented
mainly 80% of the €O stretching vibration of the amide group Figure 3, the corresponding fibrinogen surface coverage

coupled to approximately ist%ﬂ\l stretching and 10% in-  qjickly reaches a plateau, thus confirming that the adsorption
plane N-H bending modes® The amide Il band represents ot finringgen on 316LVM also obeys a Type | adsorption
mainly 60% N-H bending coupled to some-€N stretching isotherm.

40%) of the protein’s amide grouf%In this study, the analysis . . . .
(40%) b groups y y The ultimate aim of these adsorption experiments was to

was focused on the amide | band of the PM-IRRAS spectra o 8 .
obtain insight on the thermodynamics related to the adsorption

due to its strong, well-defined signal, in addition to the - -
possibility of later extracting information on the secondary ©f BSA and fibrinogen onto a 316LVM stainless steel surface

structures of the surface-adsorbed BSA and fibrinogen mol- USing PM-IRRAS. In order to extract such information, it is
ecules. necessary to model the experimental data using an adsorption
For the spectroscopic equilibrium adsorption experiments, the isotherm. Our previous restfifsshowed that the adsorption of
stainless steel coupons were immersed in PBS (pH 7.4) solutionsProteins on charged metal surfaces is a reversible process
containing various concentrations of either BSA or fibrinogen characterized, however, by very slow desorption kinetics. Other
long enough to ensure that an equilibrium state was reachedstudie8!>? have also shown that the protein adsorption/
(ca. 40 min). Following thorough rinsing and drying, the desorption cycle is reversible in terms of the protein secondary
coupons were then analyzed using PM-IRRAS, as previously structure changes. Taking the observations from references 50
described. Figure 1 shows a set of selected PM-IRRAS spectra52 into account, and on the basis of our previous protein
in the amide region of the 316LVM stainless steel surface adsorption studi€8%%5356 and studies of other research
following its immersion in PBS solutions containing increasing groups$®57-% the Langmuir isotherm was selected to model
BSA concentrations at 295 K. The PM-IRRAS spectra indicate the adsorption data obtained from the PM-IRRAS experimeélgv

3. Results and Discussion
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K. Using the calculate®,4s values, a fundamental thermody-
namic parameter, the Gibbs energy of adsorptitGags (J
mol~1), can be calculated:

. 1 —AG,q4
06 B.y= ex;{ ) 3
%1 Csolvent RT ( )

1.0

0.8

0.6

0.4
03 wherecsonent(mol L™1) is the molar concentration of the solvent,
which, in this case, corresponds to watgfafer= 55.5 mol L),
R (J mol* K1) is the gas constant, afd(K) is the temperature
of the system. By applying eq 3, the apparent Gibbs energy of
03 04 05 06 adsorption associated with the adsorption of BSA and fibrinogen
0038 . i i /UM , onto the 316LVM stainless steel at 295 K was calculated to be
000 003 006 009 012 015 018 021 —44.1 kJ mot! and—49.0 kJ mot?, respectively. These highly
Cp /gL negativeAG,qsvalues indicate a highly spontaneous and strong
adsorption of both BSA and fibrinogen onto the 316LVM
stainless steel. The difference between the two values is due to
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Figure 3. Dependence of the amide | integrated intensity (Aamide 1)
on the bulk equilibrium fibrinogen concentration (cri,) at 295 K. The

data was obtained from PM-IRRAS spectra of the 316LVM stainless the difference in the molar weights of the two proteins, which
steel surface following immersion in PBS (pH 7.4) solution containing is in accordance with the results in the literatéfre.

various fibrinogen concentrations. Symbols represent the experimen- Using EIS, a higher value of apparent Gibbs energy7.2

tal data, whereas the solid line represents the fitted Langmuir kJ mol?, has been reported for the adsorption of BSA on a

isotherm. Inset: Linearized form of the Langmuir isotherm describing

the adsorption of fibrinogen onto 316LVM stainless steel at 295 K. 316L stainless steel surface at 299 K in phosphate buffer pH

7.055 This Gibbs energy was calculated indirectly by measuring
Since the area under each amide | band (integrated intensity)the corrosion rate of 316L (in the absence and presence of BSA),
is proportional to the protein surface concentration, the Langmuir which could be the reason for its higher value when compared

isotherm can be expressed as to the value in the present study. Other studies investigating
the adsorption of BSA onto a platindhand titaniuni* surface
AnaxBadL using cyclic voltammetry reportedGags values of—48.0 and
A= TBadé: @) —48.2 kJ mot?, respectively, in phosphate buffer pH 7.4 and

at 298 K. Using EIS, our laboratory determined the apparent

whereA is the integrated area of the amide | peak (&MAmax Gibbs energy of adsorption of BSA on a positively charged Pt
is the integrated area of the amide | peak at the maximum €lectrode surface of45.5 kJ mof* in phosphate buffer pH
(saturated) protein surface concentratiofmol L™ = M) is 7.4 at 298 K

the equilibrium concentration of the protein in the bulk solution, ~ €oncerning fibrinogen adsorption, we obtained in another
and the parameteBags (L mol~1), known as the adsorption  Study using EIS aAGags value of —=50.1 kJ mof* for the
affinity constant, reflects the affinity of the protein toward adsorption of fibrinogen onto the same 316LVM stainless steel
surface adsorption sites at a constant temperature. It is possibléurface at 295 K, which is in very good agreement with the

to further rearrange eq 1 to yield a linearized form of the Value reported here. A study applying different experimental
Langmuir isotherm: techniques reportefG,qsvalues ranging from-49.6 to—50.8

kJ moi! for the adsorption of fibrinogen onto a platinum surface
c__1 , c ) at 298 K3® whereas cyclic voltammetric studies on the adsorp-
A BuBrax  Anax tion of fibrinogen onto a titanium surface repori&G,qsvalues
of —39.9 kJ mof! at 295 K and—54.2 kJ mof! at 310 K5
Therefore, on the basis of eq 2, for the Langmuir isotherm to From the results presented in ref 67A&aqsvalue of—52.0 kJ
be considered valid for both protein systems under investigation, mol~* could be calculated for the adsorption of fibrinogen on
a plot of ¢/A versus concentratiomshould yield a straight line  hydrophilic glass in phosphate buffer pH 7.4 at 298 K.
with parameterd\max and Bygs derived from the slope and the Therefore, although a divergence is to be expected because
intercept, respectively. Indeed, the inset to Figure 2 demonstratesf the different surfaces investigated, the electrolytes used, the
the linear trend (correlation coefficieRE = 0.9994) displayed  sensitivity of the different applied techniques, and the overall
by the data recorded for the adsorption of BSA onto the stainlessdifficulty in reproducing similar experimental conditions by
steel surface at 295 K. For the fibrinogen adsorption experi- different research groups, tle5,4svalues obtained using PM-
ments, a linear trend was also observed (inset to Figure 3,IRRAS in the present research are comparable to the values
coefficientR? = 0.9907). As a result, the Langmuir isotherm previously reported in the literature. This demonstrates the
was deemed applicable in describing the adsorption of both potential of implementing the PM-IRRAS technique to inves-

proteins onto the 316LVM stainless steel surface. tigate the equilibrium adsorption behavior of proteins and to
3.1.3. Gibbs Energy of AdsorptioAs previously mentioned,  extract the associated Gibbs energy of adsorption.
the adsorption affinity constaiBags can be obtained from the 3.1.4. Surface Conformatiort is also worth noting from

intercept of the linearized plot. For the experimental data Figures 2 and 3 that the ratio between gy values calculated
presented in Figure 2, the maximum integrated intensity and by fitting the adsorption data iSAfaxFidfAmax,zsAexp = 2.3.
adsorption affinity constant for the adsorption of BSA onto the Knowing that the integrated intensity of the amide | peak (Figure
steel surface at 295 K was found to Bgaxssa = 0.52 and 1) is proportional to the number of=€0 stretching vibrations,
Badgsssa= 1.15 x 10° L mol~1, whereas the data in Figure 3  this result suggests that the number of the fibrinogen’s amino
yielded Amax.rib = 1.21 andBags rip= 6.05 x 10° L mol~* for acids per unit of 316LVM surface area (which is the total
the adsorption of fibrinogen onto the same steel surface at 295number of amino acids plus the number of acidic amino ac&'fj&/
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is also ca. 2.3 times that achieved by the BSA’'s amino acids. Therefore, since the 316LVM stainless steel used in this
Assuming both proteins are adsorbed on the 316LVM surface research corresponds to a hydrophilic surface, and taking into
with a “side-on” orientation, and taking the dimensions of the account the PM-IRRAS results discussed above and later in the
molecules listed in the Introduction, the theoretical close-packed text (Section 3.2.3), it is reasonable to presume that fibrinogen
monolayer concentrations of each protein can be calculated tois indeed adsorbed on the surface in a “bent” conformation with
be 4.73x 10* molecules/crhfor fibrinogen versus 17.54 theoa.C domains folded under the molecule, while the adsorbed
10" molecules/crifor BSA. Further, the total number of amino  BSA molecule unfolds to a certain extent.
acids in fibrinogen is 2875, 685 of which are acidic amino 3.2. Secondary Structure Changes of Adsorbed BSA and
acids?® while 585 amino acids form the serum albumin Fibrinogen. The secondary structure of proteins plays one of
molecule, 101 of which are acidic amino acfi$aking into the major roles in determining the degree of their activity in
account the above theoretical surface concentration values ofspecific physiological processes. For example, deviations in the
the proteins and the total number of amino acids contributing original (native) secondary structure of enzymes may lead to
to the amide | response (i.e., the total number®fCstretches),  their complete deactivation, or loss of their selectivity, and the
the theoretical ratio betweeax rio aNdAmax sais calculated  same could be said for surface-immobilized antibodies/antigens.
to be 1.4. This value is lower than the ratio between the Consequently, deviations in the native secondary structure of
correspondingimax values obtained from the experimental data serum albumin and fibrinogen, as a (possible) result of their
in Figures 2 and 3,Amax FifAmaxesAexp = 2.3, and could be interaction with the biomaterial’s surface, may lead to the loss
explained in the following way. of their physiological activity/selectivity, increased corrosion
Our analysis of the BSA amide | band (Section 3.2.2, Figure of metallic biomaterials, irreversible fouling of the biomaterial's
5) shows that, at saturated BSA coverages, a significant degreesurface, an increase in its thrombogenicity, and so forth
of secondary structure of the molecule is lost upon adsorption Therefore, it is of major importance to investigate the secondary
on the 316LVM surface. This indicates that the adsorbed BSA structure of serum albumin and fibrinogen adsorbed on the
molecule most likely unfolds on the 316LVM surface which, biomaterial's surface so as to determine the extent of loss in
in turn, results in a lower surface concentration of the protein their secondary structure with respect to their respective native
when compared to the above theoretical value calculated onstates.
the basis of the dimensions of native (nondenatured) BSA. 3.2.1. Deconolution of PM-IRRAS Spectrin order to obtain
Furthermore, the analysis of the fibrinogen amide | band insight on the secondary structure of BSA and fibrinogen
suggests that the protein adopts a “bent” conformation upon adsorbed onto the 316LVM stainless steel surface, the amide |
adsorption (as discussed in further detail in Section 3.2.3), thusbands of the PM-IRRAS spectra were analyzed. The confor-
lowering the projected length of the molecule below the value mational sensitivity of the amide | band can be mainly attributed
for the fully extended molecule (45 nm). Such a surface to hydrogen bonding and coupling between transition dipole
conformation would, in turn, accommodate a larger number of moments, which leads to splitting of the bafidhe extent of
fibrinogen molecules adsorbed on the unit area of the 316LVM this splitting depends on the orientation and distance of the
surface than if these were adsorbed in a completely flat dipoles, and therefore provides information on the geometrical
(extended) configuration. Taking into account these two op- arrangements of the peptide groups in the protein’s polypeptide
posing conformation changes occurring upon adsorption of BSA chain. As a result, the amide | band observed in the spectrum
and fibrinogen on the 316LVM surface, it is now obvious why is actually a complex composite consisting of various overlap-
(Amax,FidAmax,BsAexp IS greater thanAmax,ridAmax,ssAcalc ping component bands that each represent different secondary
Our observation can further be substantiated by findings Structures. The most widely implemented approach to extracting
reported by previous studies that have implemented atomic forcethis encoded structural information consists of an iterative least-
microscopy to characterize the structure of surface-adsorbedsguares curve-fitting technique, already explained in Section 2.4.
fibrinogen%26%-71 High-resolution images of fibrinogen adsorbed Prior to presenting the results obtained from the conforma-
on atomically flat mica and highly oriented pyrolytic graphite tional study, it is important to have knowledge of the secondary
(HOPG) (which serve as model hydrophilic and hydrophobic structure of BSA and fibrinogen in their native states. Spectro-
surfaces, respectively) indicate that the surface wettability scopic studies in the literatuf&1527374have reported the
influences fibrinogen’s adsorbed conformation. Marchin é®al.  secondary structure distribution of BSA in solution to be-53
observed that most fibrinogen molecules adsorbed on the 60% o-helix, 5-22% f-sheet, 3-13% f-turns, and approxi-
hydrophobic HOPG surface were characterized by a trinodular mately 16-30% random coils (Scheme 1). Studies investigating
morphology, whereas the majority of fibrinogen molecules the secondary structure of fibrinogeri>’® have reported the
adsorbed on the hydrophilic mica surface appeared more distribution of fibrinogen’s secondary structural elements as 30
compact and globular, thus suggesting a “bent” conformation. 37%a-helix, 21-30%f-sheet, 12-19%/3-turns, and 16:39%
Analogous observations were made by Gettens & aid Ta random structures (Scheme 2). Therefore, BSA can be pre-
et al.7! who also investigated the adsorption of fibrinogen on dominantly characterized by its higlr-helical content, while
HOPG and mica, as well as by Lin et &.who studied the fibrinogen’s secondary structure can be predominantly charac-
adsorption of fibrinogen on Cil and OH-terminated self-  terized by both thex-helical andj-sheet content.
assembled monolayers (SAMs). On the basis of these findings, As a representative example of the conformational analysis
adsorption models have been proposed where fibrinogen isperformed in this research, the experimental PM-IRRAS spectra
believed to adsorb onto hydrophobic surfaces through its recorded for the adsorption of BSA onto the 316LVM stainless
hydrophobic D and E domains, leaving the hydrophdi€ steel surface were selected for discussion. Figure 4A shows the
domains free in solution to interact with other fibrinogen amide | band fitted with its resulting component peaks.
molecules. Conversely, it is hypothesized thatdi@domains Secondary structures were assigned to each fitted component
fold under the fibrinogen molecule when it adsorbs onto peak based on their position (Table 2), and their content was
hydrophilic surfaces, thereby producing the compact, globular expressed as a percentage of the total experimental amide | band
conformation. area. Figure 4A shows that the sum of the fitted underl)e'ﬁgv
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Figure 5. Changes in BSA's (O) a-helix and (A) -sheet content as
a function of protein concentration in the bulk solution, obtained from
fitting the experimental PM-IRRAS spectra of BSA adsorbed on the
316LVM stainless steel surface following immersion in a PBS (pH

x
pw 7.4) solution at 295 K. Solid lines are included only as a visual aid,
< and do not represent efforts to model the experimental data.
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Figure 4. Amide | band fitted with its underlying component bands. § 201
Symbols (O) represent the experimental PM-IRRAS spectrum of the ]
316LVM stainless steel surface following immersion in a PBS (pH N D N N
7.4) solution containing (A) 2 g L=* and (B) 0.15 g L™! of BSA at 10 4 o A
295K. The sum of the component bands yields the overall simulated
amide | band (dark line passing through the symbols), which fits the
experimental band contour well. Secondary structures of the com-
ponent bands were assigned as follows: (a) f-sheet, (b) a-helix, (c) 0 T T T T T T T T
p-turns, and (d) S-turns and COcoon Stretching modes of —COOH 000 003 006 009 012 015 018 021 024
groups in acidic amino acids (Asp and Glu). e/ O L'

component bands yield a simulated amice | band (soldine) [0UE0, Cheees s S 0) et (0 e conen

that is in very good agreement with the experimental band experimental PM-IRRAS spectra of fibrihogen adsorbed on the

Como_ur (symbols). A goo_d agreeme_nt was observed bet\’veené}lGLVM stainless steel surface following immersion in a PBS (pH

the simulated and experimental amide | bands even for the 7.4) solution at 295 K. Solid lines are included only as a visual aid,

spectra recorded at lower protein concentrations in the bulk and do not represent efforts to model the experimental data.

solution (Figure 4B). When analyzing the experimental PM-

IRRAS spectra associated with the adsorption of fibrinogen onto gradually decreases, from ca. 59% to ca. 25%, as the concentra-

the 316LVM stainless steel, the same fitting methodology was tion of the protein in the bulk solution increases. Taihelix

implemented, and a very good agreement between the simulatedoss seems to be accompanied by a gradual increase in the

and experimental data was also obtained. pB-sheet content from ca. 12% to 35%. This implies that, with
Sincea-helix andg-sheet are the two dominating secondary an increase in the surface and equilibrium bulk concentration

structures in BSA and fibrinogen, this study focused on the of BSA, a part of theo-helix structure transforms into the

conformational changes of the two proteins by investigating the -sheet structure. At a bulk BSA concentratidray L1, the

changes of theio-helix and-sheet secondary structures. In  protein’s secondary structure is defined by an almost equal

addition, most studies investigating the conformational changespercentage of thei-helix and5-sheet content. Therefore, the

of these two proteins in the literature have also focused on theresults in Figure 5 clearly demonstrate that, with respect to the

o-helix andp-sheet secondary structures, which allowed us to native state, a significant portion of BSA’s secondary structure

compare our results to the literature results. Figures 5 and 6is lost upon its adsorption to the 316LVM surface (a ca. 58%

show the respective changes in tiidelix andf-sheet contents  decrease in ther-helix content and>100% increase in the

of BSA and fibrinogen as a function of bulk protein concentra- S-sheet content). This, in turn, indicates unfolding of the protein

tion at 295 K, as obtained from fitting the experimental PM- upon adsorption.

IRRAS spectra. Similar findings were reported by Roach et%alho found
3.2.2. Changes in the Secondary Structure of Adsorbed BSAthat BSA lost a large percentage of itshelical content, while

The results presented in Figure 5 indicate thabtfeelix content a concurrent increase in thfesheet component was observed

of BSA adsorbed onto the 316LVM stainless steel surface when the protein adsorbed on a SAM-modified gold-coated %@



2842 Biomacromolecules, Vol. 8, No. 9, 2007 Desroches et al.

surface. Ishiguro et &P also reported that BSA adsorbed onto  Scheme 3. Effect of Adsorbed Fibrinogen's Configuration on the
a solid poly tris(trimethylsiloxy)silylstyrene surface had a ©-Helix Signal Observed in the Spectrum, as Determined by the
smallera-helix content than that of dissolved BSA, whereas Surface Selection Rule of the PM-IRRAS Technique®

the content off-structures was larger. To the best of our
knowledge, no data on the investigation of the secondary
structure of BSA adsorbed on stainless steel is available in the
literature, which prevents independent direct verification of our
results. Nevertheless, the significant reduction indhleelical
component of BSA following its adsorption onto the stainless
steel observed in this research is consistent with several studies
that have also reported a lowetr-helical content for BSA
adsorbed on some other materials, including shica;!
polystyrene particle®: hematite?? and ceramic particle¥.

Further, comparison of the results presented in Figures 2 and (b) strong net signal
5 shows that lowera-helix and highers-sheet content is 21n (a), only a weak net signal would be observed in the spectrum if
obtained with increasing concentrations of BSA in the bulk fibrinogen were adsorbed in a completely flat configuration, since the dipole
solution, i.e., increasing surface coverage. This may indicate Moments of the coiled coils would cancel. In (b), a stronger net signal
. R . would be observed in the spectrum if fibrinogen were adsorbed in a bent-
that, at higher surface coverages, lateral interactions betweenyye configuration.

the adsorbed BSA molecules induce more extensive structural
changes in the protein. Furthermore, fheheet is a more stable i the o-helical content of fibrinogen upon adsorption onto
secondary structure than thehelix, which would explain the  3)umina and hydroxyapatite ceramic particles. Chan and Brash
favoredf-sheet increase from a thermodynamic reasoning, t00. reported that thei-helix content of fibrinogen was reduced to
Similar conclusions were reported by Ishiguro ef@who noted  approximately half its value in the native state after desorption
that the conformational changes of BSA adsorbed onto poly of the protein from glass.
tris(trimethylsiloxy)silylstyrene could be described solely as a  gince ca. 70% of fibrinogen’s totak-helical content is
function of adsorption amount. Results by Koutsoukos &t al.  ,¢ibyted to the coiled coils that connect the protein’s outer D
also indicated that albumin molecules arriving first at a hematite yomains to the central E domé&h{Scheme 2), it can be assumed
surface underwent minimal structural changes, whereas mol-ipa+ thea-helix signal observed in the PM-IRRAS spectra arises
ecules arriving later underwent conformational changes that Weremainly from contributions of the coiled coils. Consequently,
most likely attributable to lateral interactions. the observed reduction in the-helical content of surface-
3.2.3. Changes in the Secondary Structure of Adsorbed adsorbed fibrinogen (Figure 6) relative to the content of native
Fibrinogen.In the case of fibrinogen, the results presented in fibrinogen could also be partially attributed to a decrease in
Figure 6 indicate that fibrinogen adsorbed onto the 316LVM the angle between the protein’s coiled coils. According to the
stainless steel surface hag@heet content that appears to be surface selection rule of the PM-IRRAS technique, only bonds
relatively constant at ca. 12%. However, compared t@tbbeet having a transition dipole moment component perpendicular to
content in native fibrinogen (2130%); 57577 the results in  the surface will be observed in the recorded spectrum, and
Figure 6 demonstrate that the protein losses a significant amounttherefore the technique may be applied to infer the molecular
of the B-sheet content upon adsorption. Thesheet value in  orientation of the surface-adsorbed fibrinogen molecules. There-
Figure 6 is also lower than that reported by both Azpiazu et al. fore, if the fibrinogen molecules were adsorbed in a completely
(30%)Y° and Yongli et al® (21%). Since the former study flat configuration on the stainless steel surface (Scheme 3a),
determined that most of fibrinogeryssheet content is present  only a weaka-helix signal (coming from other domains of the
in the two globular D domains (Scheme 2), the lowesheet protein, which contain ca. 30% of the to@helical content)
content obtained in the present research could indicate that awould be detected in the spectrum because the dipole moments
certain degree of unfolding of fibrinogen’s D domains occurs from the pair of coiled coils would cancel. On the other hand,
upon adsorption to the stainless steel. Tunc &t allso observed  a neto-helix signal would be observed in the spectrum if the
a decrease in thgs-sheet content of fibrinogen upon its fibrinogen molecules were adsorbed on the surface in any type

adsorption to silicon wafers. In another studdya similar of bent configuration (Scheme 3b).
decrease in thg-sheet content was also reported for fibrinogen  On the basis of this reasoning, it can be deduced from the
adsorbed onto alumina and hydroxyapatite particles. results in Figure 6 that the fibrinogen molecules adsorb in a

Additionally, Figure 6 also indicates that fibrinogen adsorbed “bent” configuration on the 316LVM surface. This conclusion
onto the 316LVM stainless steel surface appears to have anis in agreement with the literatfi®f® 7t and is also supported
a-helical content of ca. 30% that is relatively constant for the by the results discussed in Section 3.1.4 from which it was
investigated concentration range. The fact that this value is in determined that thé\max rifAmax,asa ratio is higher than that
the lower range of those reported in the literature{30%) calculated on the basis of the dimensions of the two proteins in
could indicate some minor structural rearrangements of fibrino- a native state.
gen’s coiled coils and/or unfolding of the protein’s globular 3.2.4. Adsorption Driing Force.The results obtained in this
domains upon adsorption to the 316LVM stainless steel surface,research show that BSA and fibrinogen change secondary
since it has been determined that the D domains of the fibrinogenstructure and conformation to a certain extent upon adsorbing
molecule also contains some helical structure (ca. 35@jher to the 316LVM stainless steel surface. Thermodynamic inves-
studies have also reported adsorption-induced conformationaltigations of various proteins have found protein adsorption onto
changes in ther-helical content of fibrinogen. Yongli et &. solid surfaces to be a spontaneous process characterized by
reported a gradual decrease in théelix content of fibrinogen negative values of the apparent Gibbs energy of adsorption. In
(from 35.4% to 15.1%) during adsorption, rinsing, and desorp- this research, this has also been shown to be the case for BSA
tion from TiO; particles. Brandes et #l.noted a similar decrease  and fibrinogen adsorption onto a 316LVM stainless steel sur&aBQ/
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(Section 3.1.3). Our and other studies have found the entropy (5) Roach, P.; Farrar, D.; Perry, C. @. Am. Chem. So@005 127,
gain to be the primary contribution to the overall Gibbs energy 8168-73. ,

of adsorption, thus indicating that protein adsorption is often ~ (®) '-'7“'7':2' Y.; Zhou, M. Y.; Zhang, FAppl. Radiat. 1s0t199§ 49,
an entropically driven proce$349:50.545Therefore, changes in @ gp;mdr A. AMethods Enzymoll986 128 320-39.

the secondary structure of BSA and fibrinogen observed in the  (g) sygio, S.: Kashima, A.: Mochizuki, S.: Noda, M.. Kobayashi, K.
present study would consequently cause an increase in the Protein Eng.1999 12, 439-46.

rotational mobility along the polypeptide chain, and thus lead  (9) Brown, J. H.; Volkmann, N.; Jun, G.; Henschen-Edman, A. H,;

to larger conformational entropy that would contribute to the Cohen, CProc. Natl. Acad. Sci. U.S.2000 97, 85-90. _
overall entropy gain that drives the adsorption proééssis (10) fﬁiﬂgiz' S'\i:;z\é\ggz;é'apéeﬁggwer”e“ C.; Kroh, L. . Colloid
. A - | .
worth mentioning that anoth.er factor that a[so contrlputes to an (11) Mosesson, M. W. Siebenlist, K. R.. Meh, D. Ribrinogen 2001
entropy gain is the dehydration of the protein and stainless steel 936 11-30.
Sl_JrfaCéG Adsorption of BSA and fibrinogen may displace  (12) Feng, L.; Andrade, J. CProteins at Interfaces II: Fundamentals
highly ordered water molecules that are aligned at the charged and Applications Horbett, T. A., Brash, J. L., Eds.; American
stainless steel surface, thus increasing the disorder at the Chemical Society: Washington, DC, 1995; Chapter 5.
molecular level and leading to an additional entropy §ain. (13) f;sg,?;i.ézalmaz, J. C.; Sprague, EJA/asc. Inte. Radiol.2001,
(14) Bailly, A. L.; Laurent, A.; Lu, H.; Elalami, I.; Jacob, P.; Mundler,
4. Conclusions O.; Merland, J. J.; Lautier, A.; Soria, J.; Soria,CBiomed. Mater.

Res.1996 30, 101-08.

The PM-IRRAS results show that BSA and fibrinogen adsorb  (15) fghg;Té ;-Ggéhqgfbe“’ T. A Ratner, B. IThromb. Haemostasis
spontaneously and strongly on the 316LVM stainless steel ' - . .
surface, as evidenced by the large, negative apparent Gibbs (16) zségvigs}’j;b\gv” Hansberry, M. R.; Kelso, D.Aal. Biochem1995
energy values obtained at the investigated temperature. Both (17) weber, N.; Wendel, H. P.; Ziemer, Biomaterials2002 23, 429
proteins change secondary structure upon adsorption. 30.

The a-helix content of BSA adsorbed onto the 316LVM  (18) Bentaleb, A.; Abele, A.; Haikel, Y.; Schaaf, P.; Voegel, J. C.
stainless steel surface gradually decreases as the concentration  Langmuir1999 15, 4930-33. _
of the protein in the bulk solution increases, accompanied by a (19) g-hgﬁ)sr:; eJd BM;S”&E;;;ZE?;%%“ de Aguilar, P.; Bertrand, P.
gradual Increase in th’é-sheet Coment'. This S.UQQGStS that at (20) Wagner, M. S.; Horbett, T. A.; Castner, D. Biomaterials2003
higher surface concentrations, lateral interactions between the 24 1897-908.
BSA molecules induce more extensive secondary structure (21) Armstrong, J.; Salacinski, H. J.; Mu, Q. S.; Seifalian, A. M.; Peel,
changes. L.; Freeman, N.; Holt, C. M.; Lu, J. Rl. Phys.: Condens. Matter

The secondary structure of fibrinogen adsorbed onto the 2004 16, S2483-91. _
316LVM surface is not influenced by lateral interactions —(22) JHogkr f Vl\zrog " Rod;hle.;TKurratl,l RP-? BGO”I'a PJ-? F:f‘msc‘e”ré-

RO ; ., lextor, M.} spencer, N. D.; Tengvall, P.; Gold, J.; Kasemo, b.

bet}"’ee” the adtsoi.bed. ﬂgrmoggn r;:o”eculc;s, ahs e‘t"dentce? bya  Ciloids Surf. B: Biointerface2002 24, 155.-70.
sur ace'conc?” raton m_ ependennelix an ﬁ's ee Con ent. (23) Malmsten, M.; Lessen, BRroteins Interfaces 1995 602 228—
However, while thex-helix content of the adsorbed fibrinogen 38.
is only slightly lower than that reported for native protein, its  (24) Seitz, R.; Brings, R.; Geiger, Rppl. Surf. Sci2005 252, 154-7.
B-sheet content decreases by ca. 50% upon adsorption. This (25) Toscano, A.; Santore, M. M.angmuir 2006 22, 2588-97.
indicates a small degree of structural rearrangement of fibrino- (26) \';flvo"gﬁaflln, S. l;-;EJorgJenFS)ﬁn, L. gugérgg)/é;{éfgasony U.; Norde,

n’ il il lar ructural rearrangements of th - Froxjaer, S.eur. J. Fharm. Sl : :
g€ S. C,O ed coils, but a ge st U.Ctu alrea .a gements 0 the (27) Ngankam, A. P.; Mao, G. Z.; Van Tassel, P.LRngmuir2004 20,
protein’s globular domains upon its adsorption to the stainless

steel surface, respectively. The PM-IRRAS results also indicate (,g) ?(i?rit’m,'q_; Walivaara, B.; Marti, A.; Textor, M.; Tengvall, P.;
that the fibrinogen molecule adsorbs in a “bent” configuration Ramsden, J. J.; Spencer, N.Colloids Surf., B: Biointerface$998
on the 316LVM surface. 11, 187-201.

It was demonstrated that the PM-IRRAS technique is a viable (29) Wegner, G. J.; Wark, A. W.; Lee, H. J.; Codner, E.; Saeki, T.; Fang,
tool for investigating the adsorption behavior of proteins at S. P.; Corn, R. MAnal. Chem2004 76, 5677-84.

biomaterial surfaces, as well as for obtaining information on  G% goho%pTgnégF;?_GégOSt“”" E. Yan, L; Whitesides, G.Udngmuir

the a_dsorptic_)n-i_nducec_i changes in the seconda_ry structure of (31) Evans-Nguyen, K. M.; Fuierer, R. R.; Fitchett, B. D.; Tolles, L. R.:
proteins. This is particularly advantageous, since a better Conboy, J. C.; Schoenfisch, M. Bangmuir 2006 22, 5115-21.
understanding of these adsorption-induced conformational and (32) Huang, Y. W.; Gupta, V. KJ. Chem. Phys2004 121, 2264-71.
structural changes is crucial for the future development of more (33) Forciniti, D.; Hamilton, W. A.J. Colloid Interface Sci2005 285

biocompatible materials. 458-68. _
(34) Petrash, S.; Cregger, T.; Zhao, B.; Pokidysheva, E.; Foster, M. D.;
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