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Abstract: Infrared—visible sum frequency generation (SFG) vibrational spectroscopy, in combination with
fluorescence microscopy, was employed to investigate the surface structure of lysozyme, fibrinogen, and
bovine serum albumin (BSA) adsorbed on hydrophilic silica and hydrophobic polystyrene as a function of
protein concentration. Fluorescence microscopy shows that the relative amounts of protein adsorbed on
hydrophilic and hydrophobic surfaces increase in proportion with the concentration of protein solutions.
For a given bulk protein concentration, a larger amount of protein is adsorbed on hydrophobic polystyrene
surfaces compared to hydrophilic silica surfaces. While lysozyme molecules adsorbed on silica surfaces
yield relatively similar SFG spectra, regardless of the surface concentration, SFG spectra of fibrinogen
and BSA adsorbed on silica surfaces exhibit concentration-dependent signal intensities and peak shapes.
Quantitative SFG data analysis reveals that methyl groups in lysozyme adsorbed on hydrophilic surfaces
show a concentration-independent orientation. However, methyl groups in BSA and fibrinogen become
less tilted with respect to the surface normal with increasing protein concentration at the surface. On
hydrophobic polystyrene surfaces, all proteins yield similar SFG spectra, which are different from those on
hydrophilic surfaces. Although more protein molecules are present on hydrophobic surfaces, lower SFG
signal intensity is observed, indicating that methyl groups in adsorbed proteins are more randomly oriented
as compared to those on hydrophilic surfaces. SFG data also shows that the orientation and ordering of
phenyl rings in the polystyrene surface is affected by protein adsorption, depending on the amount and
type of proteins.

Introduction Previous studies with various analytical tools have produced
a vast amount of information regarding protein adsorpt#i¥. 23
These results have consistently shown that nonspecific protein
adsorption is a complex phenomenon involving a series of
dynamic steps from initial contact at the interface to the final

The adsorption of proteins from solution onto solid surfaces
has attracted much attention due to its scientific importance and
application in many areds? In the medical and food processing
industries, for example, it is usually required to remove adsorbed
proteins since even a small amount of deposited protein May (g \jartin, B. D.; Gaber, B. P.; Patterson, C. H.; Turner, DLENGMUIrL998
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to adverse_ blolog_lcal_ consequer?éeg.On the _other hand, J.; Tendler, S. J. BLangmuir 2001, 17, 7402-7405.
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structural rearrangements on the solid substrate. The choice ofadsorption behaviors, layer formations, and degrees of dena-
solid substrate and physiological adsorption conditions (e.g., turation on various surfaces have been well characterized.
temperature, pH, and the concentrations of bulk protein solu- Lysozyme is regarded as a hard protein because it resists
tions) is known to significantly affect the overall adsorption denaturation and exhibits concentration-dependent layer forma-
kinetics, the amount of adsorbed proteins, and the degree oftion. Soft proteins like BSA, however, undergo denaturation
denaturatior::21324 The interactions between proteins and relatively easily upon adsorptidA:16 Fibrinogen is a larger
underlying solid substrates generally dictate the adsorption molecule with high surface affinity, which usually displaces
affinity as well as the structure of adsorbed proteins via preadsorbed protei$#3In this paper, SFG results are presented
denaturation, leading some amino acid residues to adopt afor the orientation and ordering of some amino acid residues in

preferred orientation.
The spatial orientation of amino acid residues in adsorbed

protein molecules adsorbed on hydrophilic silica and hydro-
phobic polystyrene surfaces as a function of surface concentra-

proteins on solid substrates plays an important role in subsequention.

biological events such as replacement, coagulation, and forma-
tion of an adsorption-resisting layer against other approaching

proteins and cell? This is especially important in biofouling
and biocompatibility applications since the coagulation of
proteins followed by cell adhesion is the first step in bacterial
growth, contamination, and implant rejection. Studies of surface
structure, such as amino acid orientation in adsorbed proteins

helps us understand and predict complex adsorption behavior

with the ultimate goal of designing surfaces that either prevent
protein adsorption or form highly oriented protein layers.
For the past decade, infraredisible sum frequency genera-

tion (SFG) vibrational spectroscopy has been used to extract

information on surface structures from small molecules such

as water, acetonitrile, and carbon monoxide to large molecules
such as self-assembled monolayers, polymers, and proteins af .

various interfaces-222540 Fluorescence microscopy has yielded

information regarding the relative amounts of adsorbed proteins

on various surface¥:4142We, therefore, reason that SFG, in
combination with fluorescence microscopy, will reveal the

surface structure of adsorbed proteins as a function of protein

concentration on various surfaces.
In this study, we have investigated the effects of surface

Experimental Section

SFG. The theory and experimental setup of SFG have been described
in detail elsewheré**> Briefly, infrared—visible SFG vibrational
spectroscopy involves a second-order nonlinear optical process in which
two input beams, with frequencies, and wyis, overlap in a medium
to generate an output at the sum frequensy,. As a second-order

'nonlinear optical process, SFG is forbidden in media that possess
inversion symmetry but allowed at surfaces and interfaces where

inversion symmetry is broken. The intensity of the SFG sighgl,is
proportional to the square of the surface nonlinear susceptibility:

Ay
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protein concentration, substrate hydrophobicity, and the naturewhere yne®, xr®, Aq, wq T, ) un, and oum are the nonresonant
of proteins on the spatial orientation of amino acids in adsorbed contribution, resonant contribution, oscillator strength, resonant fre-

proteins using infraredvisible SFG vibration spectroscopy and

fluorescence microscopy. We have chosen lysozyme, fibrinogen,

and bovine serum albumin (BSA) as model proteins since their
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Somorjai, G. AJ. Am. Chem. So200Q 122, 10615-10620.
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7016-7023.
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124, 13302-13305.
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3861
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104, 576-584.
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(42) Mao, H.; Yang, T.; Cremer, P. S. Am. Chem. So@002 124, 4432~
4435,

quency, width, average over orientation distribution, infrared dipole,
and Raman tensor, respectively. The oscillator strengihig related

to the number density of contributing oscillatorsg),(an orientation
averaged coordinate transformation, and the product of derivatives of
both the polarizability and dipole as shown in eqs 2 andg3m.
Therefore, the vibrational mode must be both infrared and Raman active
for a sum frequency signal to be resonantly enhanced. SFG spectra
were collected with thesgs,ispir polarization combinations§p, which
specifically probes thgyzcomponent ofA;, a 27-component tensor.
Additional spectra were collected with thgspisS: polarization
combination §p9, which is sensitive to thgzy component ofA,.

Laser System and Data Collection.SFG spectra were obtained
with a passive-active mode-locked Nd:YAG laser (Leopard, Con-
tinuum, Santa Clara, CA). The 1064 nm light generated has a pulse
width of ca. 20 ps and the laser operates at a 20 Hz repetition rate.
Radiation is sent to an optical parametric generator/amplifier (OPG/
OPA) stage (LaserVision, Bellevue, WA) where tunable infrared
radiation is produced in addition to frequency-doubled radiation at 532
nm. The OPG/OPA consists of two parts. The first is an angle-tuned
potassium titanyl phosphate (KTP) stage pumped with 532 nm light to
generate near-infrared radiation between 1.35 and/n85This output
is then mixed with the 1064 nm fundamental in an angle-tunable
potassium titanyl arsenate (KTA) stage to produce a tunable infrared
beam from 2000 to 4000 crh (7 cnm® fwhm). The tunable infrared

(43) Schaaf, P.; Oardin, P.; Schmitt, ALangmuir1987, 3, 1131-1135.
(44) Shen, Y. RNature 1989 337, 519-525.
(45) Shen, Y. RSurf. Sci.1994 299/30Q 551-562.
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Table 1. Representative Physical Properties of Model Proteins -[CD D+_ {CDz D_]_
2 n n
layer formation H H D. D
protein mass (Da) size (nm) pl properties refs

lysozyme 14 000 4 3x3 11.1 monolayer, 15, 16,47 H H D 0
multilayer

fibrinogen 340000 4%5x5 5.5 monolayer 43, 46 PS-d PS-d

BSA 69000 7x4x4 4.8 monolayer 56,63 3 8

Figure 1. Structures of partially deuterated polystyrene (®BB-and
aLysozyme is known to form a monolayer at low surface concentration, Perdeuterated polystyrene (Rig-

but multilayers are observed when the bulk concentration is high (see refs
15 and 16).

separately in protein-free PBS just before data collection. During the
beam is combined with the 532 nm radiation at the sample interface at data collection, samples are located in a closed container with saturated
incident angles of ca. 80and 40, respectively, with respect to the  vapor to prevent adsorbed proteins from dehydrating.
surface normal. The SFG signal generated from the sample is collected  Fluorescence measurements to determine the concentrations of
by a photomultiplier tube, sent to a gated integrator, and stored digitally. proteins adsorbed on surfaces were carried out on a Nikon Diaphot
For each scan, data is collected with 200 shots/data point in8 cm 200 inverted microscope using axi@hase 1 DL objective. Fluores-
increments in the 28663100 cm* range and normalized by SFG  cence images were taken with the same objective in fluorescence mode
intensity from a Z-cut quartz crystal measured at the sample stage.with a 100 W mercury arc lamp. Images were recorded with a digital
Although NH, OH, and amide bonds are of great significance for the color CCD camera (Diagnostic Instruments model 1.3.0) that was driven
identification of adsorbed proteins, our primary experiments focused by the manufacturer's spot image collection software. Texas Red-
on the CH stretch region, since adsorbed proteins are more likely to conjugated BSA (Molecular Probes), Alexa Fluor 594-conjugated
be covered with hydrocarbon-rich amino acids. In addition, obtaining fibrinogen (Molecular Probe), and tetramethylrhodamine isothiocyanate-

strong infrared intensity in the amide bond stretch range is not possible (TRITC-) conjugated lysozyme were used to prepare protein solutions
due to present instrumental limitations. For a given condition, SFG at concentrations of 1.0, 0.2, 0.04, and 0.008 mg/mL.

measurements were repeated many times to increase the signal-to-noise | aheling of TRITC on lysozyme was carried out by use of

ratio (at least three and five times fasp and sps polarization tetramethylrhodamine 5-isothiocyanate (5-TRITC, G isomer, Molecular

combinations, respectively) and data were averaged to produce the ﬁ”a|Probes), as described elsewht#¥.Briefly, ca. 15 mL of lysozyme

spectra presented in this paper. _ solution at a concentration of 20 mg/mL was prepared in a 0.2 M
Sample Preparation and Fluorescence MicroscopyThe water sodium bicarbonate (SigmsAldrich) solution. 5-TRITC (5 mg)

used in the preparation of protein solutions and in the cleaning of the gissolved in 0.5 mL of DMSO was slowly added to the lysozyme
experimental apparatus was produced by a Millipore water purification solution with stirring. The reaction was allowed to proceedt and

system with a minimal resistivity of 18.0 &#-cm. BSA (99%, Sigma then stopped by adding 0.1 mL of 1.5 M hydroxylamine (Sigma
Aldrich) was used as received, but fibrinogen (type 1V, 95% clottable, - a\drich). The solution was stirred for another hour. Finally, TRITC-
Sigma-Aldrich) and lysozyme (95%, SigmeAldrich) were purified labeled lysozyme was separated on a Sephadex G-25 column (Sigma

by size-exclusion chromatography on Sephadex G-100 and G-25a|drich) and the concentration was determined by adsorption
columns (SigmaAldrich), respectively, before use. The concentrations measurements at 280 nm on a YMsible spectrometer (Shimadzu

of purlfled prOteinS were determined by abSOrptiOI"I measurements atuv_2100) The dye_to_protein ratio was ca. :|_37 which is in good
280 nm on a UV-visible spectrometer (Shimadzu UV-2100) with  agreement with previous datdn this work, fluorophore-labeled
extinction coefficients of 2.64 and 1.51 mL/(emg) for lysozyme and  proteins were used to determine the surface concentration, while SFG
fibrinogen, respectivel§?*’For all proteins, solutions at concentrations  experiments were carried out with unlabeled proteins. Both labeled and
of 1.0, 0.2, 0.04, and 0.008 mg/mL were prepared with the use of 32 ynjapeled proteins were absorbed on surfaces under the same experi-

mM phosphate-buffered saline (PBS) at pH 7.0. Representative physicalmental conditions to achieve identical surface concentrations and
properties of these proteins are listed in Table 1. structures.

Silica disks (diameter 0.5 in., thickne¥sin., Esco Products) were
cleaned in hot chromic acid for several hours, rinsed with copious Results

guantities of purified water, and dried at room temperature before use. S . .
Clean silica surfaces are generally regarded as hydrophilic, since (@) Determination of the Relative Surface Protein Con-

surfaces are terminated by fitratable silanol groups-C8i)¢ A centration by Fluorescence MicroscopyThe relative amounts
hydrophobic polystyrene thin film surface was prepared by spin-casting Of Protein adsorbed on hydrophobic polystyrene and hydrophilic
the polymer in toluene (3.0 wt %) at 3000 rpm onto a clean silica Silica surfaces were determined by fluorescence measure-
surface. Partially deuterated polystyrene @S-MW ~249 600, ments!119.50As the labeled protein molecules contain a nearly
Polymer Source, Inc.) and perdeuterated polystyrenedgPSAW identical number of conjugated fluorophores and their quantum
~372 000, Polymer Source, Inc.) were used in order to separate theyields are nearly constant regardless of the protein conformation,
contributions to the SFG signal from the adsorbed proteins and measured fluorescence intensities are proportional to the amount
qnderlying polystyrene (see Figure 1 for sFructures). After casting, the of gdsorbed protein for a given arbe®50 The results are
films were anr_lealed at 7¢C fgr 12 h. Ellipsometry measurements presented in Figure 2. For lysozyme, the relative amounts
showed the thickness of the films to be about 300 nm. - . .
adsorbed on both hydrophilic and hydrophobic surfaces increase

Protein adsorption on both hydrophilic silica and hydrophobic . . . . .
polystyrene surfaces was carried out in bulk protein solutions with in proportion to the bulk protein concentration (Figure 2a).

different concentrations for 5 days to allow complete denaturation. Solid Similarly, more fibrinogen and BSA molecules are present on
substrates with adsorbed proteins were rinsed to remove IooselybOth_ hydrophlllc_: and hydrophot_llc surfaces When adsorptlon IS
coagulated proteins by use of protein-free PBS. Samples were storedcarried out at higher bulk protein concentrations (Figure 2b,c).

(46) Human Protein DataHaeberli, A., Ed.; WILEY-VCH: Weinheim, 1998. (49) Brinkley, M. Bioconjugate Chenml992 3, 2—13.

(47) LysozymeOsserman, E. F.; Canfield, R. E.; Beychok, S., Eds.; Academic (50) Horsley, D.; Herron, J.; Hlady, V.; Andrade, J. D. Proteins at
Press: New York, 1974. Interfaces: Physicochemical and Biochemical Studieserican Chemical

(48) ller, R. K.The Chemistry of SilicaWiley: New York, 1979. Society: Washington, DC, 1987; pp 29805.
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50 Table 2. Oscillator Strengths for CHs(s) and CHs(a) Modes
a. Lysozyme Obtained from Fitting the Data in Figures 3 and 4 to Eq 1
40
" Polystyrene bulk protein Achys around 2875 cm =t Aciya) around 2960 cm—*
proteins concn (mg/mL) ssp sps ssp sps

= 20 ili
S Silica lysozyme 1.0 407019 0 196023 1.94+0.21
<10 0.2 413+018 0 1.75:0.24 1.98:0.20
- - 0.04 4114021 0 2.03£0.19 1.94+0.22
§ b. Fibrinogen { 0.008 426+£020 0 1.90+0.22 1.82+0.23
£ 50 Polystyrene fibrinogen 1.0 459019 0 1.54-0.24 2.15+0.19
8 40 — 0.2 354+ 021 0 1.75-0.26 1.95+0.21
8 130 Silica 0.04 3.05£024 0 1.68£0.25 1.55+0.24
5 2 0.008 231+027 0 1.54£0.25 1.50+0.24
g BSA 1.0 500+ 021 0 219%0.19 2.00+0.24
g 10 0.2 4204019 0 2.03:022 1.71+0.25
g 01 Bsa 0.04 372£016 0 2.03:0.21 1.324+0.24
g % Polystyrene 0.08 3114020 0 2.00:0.23 1.11+0.27

60

40 Silica polarization combination used wasp with respect to SFG

20 signal, visible input, and infrared input components, respectively.

The solid lines represent least-squares fits of the raw data to eq

%0 02 04 06 08 10

1 to obtain oscillator strengthd\), peak positions, and widths.
Bulk Protein Concentration (mg/mL)

Some representative fitting parameters are listed in Table 2. The
Figure 2. Relative amounts of protein adsorbed on hydrophilic silica and fitted SFG spectra show that there are four vibrational modes

hydrophobic polystyrene surfaces as a function of bulk concentration for :
(a) lysozyme, (b) fibrinogen, and (c) BSA. These results are obtained by around 2853, 2875, 2940, and 2960 CniThey are assigned

measuring the fluorescence intensity of tetramethylrhodamine isothio- 10 the CH symmetric stretch [Ck{s)], CHs symmetric stretch

cyanate- (TRITC-) conjugated lysozyme, Alexa Fluor 594-conjugated [CHs(s)], CHs Fermiresonance [C¥F)], and CH asymmetric
fibrinogen, and Texas Red-conjugated BSA by fluorescence microscopy. stretch [CH(a)] modes, respectiveW.‘SS

ote hat more rotein molecles adsorh on Iydrophobl Sufaces 1NN Several features are observed in the SFG spectra. Alfough
lines denote fitted data. the amounts of lysozyme adsorbed on silica surfaces signifi-
cantly vary depending on the bulk protein concentration, the
It was also found that hydrophobic polystyrene surfaces SFG spectra do not show considerable differences (Figure 3a).
immobilize more proteins than do hydrophilic surfaces for a In contrast, fibrinogen and BSA molecules adsorbed on silica
given bulk protein concentration over the concentration range surfaces exhibit concentration-dependent SFG signal intensities
investigated (ca. 1.5, 1.8, and 1.5 times more for lysozyme, and peak shapes (Figure 3b,c). In Figure 3b, the SFG signal
fibrinogen, and BSA, respectively). This result is in good intensity of the CH(s) mode at 2875 cm proportionally
agreement with previous repotst7,56-52 increases with the number of fibrinogen molecules adsorbed
(b) SFG Studies of Adsorbed Proteins on Hydrophilic on hydrophilic surfaces, while the GH#F) and CH(a) modes
Silica Surfaces.Figure 3 shows SFG spectra in the CH stretch around 2940 and 2960 crh exhibit nearly constant signal
region for lysozyme, fibrinogen, and BSA adsorbed on hydro- intensity, regardless of the adsorption conditions. A similar trend
philic silica surfaces from solutions with different bulk protein is also observed in the SFG spectra for BSA adsorbed on
concentrations (1.0, 0.2, 0.04, 0.008, and 0.0 mg/mL). The hydrophilic silica surfaces (Figure 3c). Differences in the

1.2
a. Lysozyme b. Fibrinogen CH®)
1.0
08 ’
”/\,7/\‘2""5’2"‘ - 0.2 mg/mL 0.2 mg/mL
0.6 : g '

AN Sagsenn N o] AN s

0.4 .
008 mg/mL A A 0008 mg/mL AN 0.008 mg/mL.

02 - '

0.0 mg/mL 0.0 mg/mL 0.0 mg/mL

2800 2900 3000 2800 2900 3000 2800 2900 3000 3100

Wavenumber (cm™')

SFG Intensity (A.U.)

?

E

Figure 3. SFG spectra of (a) lysozyme, (b) fibrinogen, and (c) BSA adsorbed on hydrophilic silica surfaces. Deposition of proteins is carried out in bulk

protein solutions with concentrations of 1.0, 0.2, 0.04, 0.008, and 0.0 mg/mL. Filled circles denote collected data and the solid lines areddtaffdro
which peak positions, widths, and oscillator strengths can be obtained. The beam polarization combinati@srafequency)s (visible), andp (infrared),
respectively. Note that the SFG signal intensity is independent of the lysozyme bulk concentration but changes with solution concentratimyéor fibr
and BSA.
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0.6
a. Lysozyme b. Fibrinogen c.BSA /Cﬂg(a)
0.5 .

.p,.—;.-"' > 1.0 mg/mL . 1.0 mg/mlL4 ) 1.0 mg/le
~ 0.4 B T -
o) A
< S 0.2 mg/ml e 0.2 mg/mL 0.2.ma
»03¢1° *
§ . Iy 0.04 mg/mLJ poayes _3"/. \‘ 0.04 mg/mL| e % 0.04 mg/va
£ 021" ° A
E M&m& 0.008 mg/mL| . 0.008 mg/mL
7] e e R - o W. |

0.1 .
0.0 mg/mlL| 0.0 mg/mL 0.0 mg/mL,
Mg i e Vs o o
0.0 T y T T

2800 2900 3000 2800 2900 3000 2800 2900 3000 3100
Wavenumber (cm')
Figure 4. SFG spectra of (a) lysozyme, (b) fibrinogen, and (c) BSA adsorbed on hydrophilic silica surfaces deposited from bulk protein solutions with

concentrations of 1.0, 0.2, 0.04, and 0.008 mg/mL. Filled circles denote collected data and the solid lines are data fit to eq 1. The beam polarization
combinations ars (sum frequency)p (visible), ands (infrared), respectively. The SFG signal intensity was multiplied by 4.

2T, Lysozyme b. Fibrinogen c. BSA vy VBV,
CHy(s) . 1.0 mg/mL CH(®)

N WM TR

S . : -

? e Soor, 4 D o

12}

5 06} .04 mg/mL

=

O 04

= | 0.008 mg/mL
0.2

0.0
2800 2900 3000 2800 2900 3000 2800 2900 3000 3100
Wavenumber (cm™!)

Figure 5. SFG spectra of (a) lysozyme, (b) fibrinogen, and (c) BSA adsorbed on hydrophobic polystyresg $éBSaces. The protein deposition is carried
out in bulk solutions with concentrations of 1.0, 0.2, 0.04, 0.008, and 0.0 mg/mL. The beam polarization combinai¢msrarfeequency)s (visible), and

p (infrared), respectively. Note that while more protein molecules adsorb on hydrophobic surfaces than on hydrophilic surfaces, the SFG sitigml inten
are lower.

concentration-dependent SFG spectra for adsorbed proteins ar¢a) mode at 2960 cnt increases with the number of fibrinogen
attributed to differences in the orientation and ordering of the and BSA molecules adsorbed on hydrophilic surfaces.
amino acid residues in these proteins at the surface. (c) SFG Studies of Adsorbed Proteins on Hydrophobic

To obtain additional information for the orientation and Polystyrene SurfacesFigure 5 shows SFG spectra collected
ordering of methyl groups in adsorbed proteins, SFG experi- from proteins adsorbed on hydrophobic polystyrene g See
ments were conducted with thspspolarization combination Figure 1) surfaces using the same bulk protein solutions with
and the results are shown in Figure 4. Curve-fitting parameters identical adsorption times. SFG spectra contain several features
for the SFG spectra in Figure 4 are listed in Table 2. All SFG for the CH stretch modes in the 2800 and 3000 tmange,
spectra contain feature around 2960 ¢éntorresponding to the  but the CH(a) mode at 2960 crt is no longer observed. In
CHgs(a) mode, but do not contain the @ld) mode, which Figure 5a, the SFG intensities of these features generally increase
normally appears around 2875 thnSome spectra, particularly  in proportion to the surface lysozyme concentration. This is
those in Figure 4a, contain a broad SFG peak between 2890opposite to that observed for hydrophilic surfaces, where the
and 2920 cm?, but it is uncertain which vibrational mode(s) SFG signal intensity is nearly independent of the lysozyme
are responsible for the observed signal intensity. In Figure 4a, concentration (see Figure 3a). The SFG spectra for fibrinogen
the intensities of the C#a) mode for lysozyme on hydrophilic  and BSA on hydrophobic surfaces are somewhat similar
silica surfaces are nearly comparable, regardless of the surfaceompared to those for lysozyme except for the fact that
concentration. Fibrinogen and BSA molecules adsorbed on silicafibrinogen molecules adsorbed at lower bulk concentrations
surfaces, however, exhibit concentration-dependent SFG signal0.04 and 0.008 mg/mL) do not exhibit an observable SFG signal
intensities (Figure 4b,c). The SFG signal intensity of thesCH intensity (Figure 5b). In general, the SFG signal for adsorbed
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from fluorescence microscopy may provide structural informa-
tion regarding amino acid residues containing methyl groups
in adsorbed protein®.At present, however, we cannot identify
the amino acids that are responsible for the SFG signal intensity
since all proteins contain a number of amino acid residues with
methyl groupg/8:47.56
Figure 6. Vibrational normal modes for phenyl rings in polystyrene. It is well-known that the extent of denaturation primarily
proteins on hydrophobic surfaces exhibits less intensity than depends on the surfaf:e coverage of the adsorbed PRt

If there are less protein molecules on the surface, they are more

that for hydrophilic surfaces at a given adsorption condition, . . . . .

. . ; likely to spread out until the process is prevented by neighboring
despite more protein molecules present on hydrophobic surfaces. . :
Aqain. we propose that the differences in the SEG sianal proteins. Conversely, less structural rearrangement is allowed
Again, propos . Al more proteins are deposited on the surface from solutions
intensity for proteins between hydrophilic and hydrophobic

surfaces are due to the structural differences in adsorbed roteinWith higher bulk protein concentrations. The other important
on surfaces P Tactor for denaturation is the surface hydrophobié#j57.58

- . . . A tei ignifi t structural t
In addition, the SFG spectra in Figure 5 contain several .f(.isorbed. pro slns undergo signi |cdan sfruc ura rearrangemenh
features in the 30003100 cn1? range that are responsible for It Interactions etween proteins and surfaces are strong enoug
the CH stretch modes of the phenvl ring in the underlvin to overcome the internal structure of proteins sustained by
. . pheny? ring . YNG9 §isulfide bonds and hydrogen bondihgln addition, the nature
polystyrene. This is confirmed by experiments with perdeuter-

. of proteins is also known to affect the denaturation process.
ated polystyrene (P8s, see Figure 1 for structure) that does . " L .
; . . While soft proteins like BSA undergo significant denaturation
not contain CH bonds. Without adsorbed proteins, a large peak . . . .
at 3073 cmi and a shoulder around 3053 chare observed by losing a-helix content upon adsorption on silica surfaces,
. . ' hard proteins like lysozyme tend to resist denaturation under
They are responsible for the andv;, modes, respectively (see

) . . the same experimental conditiofs-3
53,54 m
Figure 6)>***It was found that the SFG intensity of themode (a) Proteins on Hydrophilic Silica Surfaces.For quantitative
slowly attenuates, as more lysozyme molecules are present.

Fibrinogen adsorption yielded similar effects on the intensity analysis, we obtained the oscillator strengths of the(§}-ind

of the v, mode. However, the SFG intensity of themode is CHs(a) modes Acys) and Ackga) from the SFG spectra of

more rapidly suppressed and a new mode around 3027 cm proteins adsorbed on hydrophilic surfaces in Figure 3 (see Table

i 2). The magnitude of the oscillator strength rafi@y,syActya),
appears, as more fibrinogen .molecules are present. In both Cas€%ontains information regarding the relative orientation of methyl
the intensity of thev, mode is less affected, compared to the

case of BSA adsorption, where even a small amount of BSA groups in adsorbed proteifis:® Simply, as theAcuys/Acre)

deposition completely suppresses the intensity ofthmode ratio increases, amino acids containing methyl groups tilt less
(Figure 5¢c) Thepresul)t/s ingiF():ate that the structurye and orientationWith respect to the surface normal. Figure 7a showsAtigs/
of the undérlying phenyl ring in the polystyrene substrate is Achya ratio plotted as a function of relative surface protein

- . . "~ concentratiofP for lysozyme, fibrinogen, and BSA.
affected by protein deposition, presumably due to the interaction ' .

. : : For lysozyme, theAc ratio is nearl nstan
between phenyl rings and adsorbed protein molecules. or lysozyme, s/ Ackya) ralio is nearly constant

Although we attempted to obtain SFG data with tes regardless of the surface concentration. The results suggest that

o S . - . the spatial orientation of methyl groups in adsorbed lysozyme
polarization combination, the signal-to-noise ratio was too low P y! group ysozy

to extract any reliable structural information. This is presumabl 's not affected by the surface number density. Other structural

due to the rgndom and isotropic orientatic;n of mert)h | arou 3; information can be obtained from the concentration-independent

. . P Y group magnitude of the oscillator strength of the §$) mode Pcriys)

in adsorbed proteins as shown in the SFG data collected under - S "
S L - shown in Figure 7b. This implies that the number density of

the ssppolarization combination shown in Figure 5.

SFG-active methyl groups is comparable, although a different
number of lysozyme molecules are present on the surface. On
the contrary, théAchysyAchs) ratios for fibrinogen and BSA

In Figures 3-5, the SFG signal intensity for the CH stretch increase with surface number density, indicating that SFG-active
modes in the 28003000 cnt! range varies with protein methyl groups in fibrinogen and BSA become less tilted with
concentration, surface hydrophobicity, and the nature of proteinsrespect to the surface normal as more protein molecules are
adsorbed. This indicates that the spatial orientation and orderingPresent on the surface. Furthermore, the magnitudécafs)
of amino acids in adsorbed proteins are significantly affected increases proportionally with the surface protein density (see
by the adsorption conditions via different denaturation and layer Figure 7b).
formation behaviors after proteins are initially adsorbed on solid ~ We attempted to obtain more quantitative structural informa-
substrates. The SFG signal intensikyy, is governed by the tion on the average orientation of methyl groups in adsorbed
surfa_ce n_l‘?mber der?sny a_nd O_”entatlon average of the hyper_(SS) The relative surface concentration is defined as the ratio of fluorescence
polarizability for a given vibrational mode. Thus, we propose intensity for adsorbed proteins at a given bulk concentration normalized to
that the SFG data and relative surface concentrations obtainedg, that obtained in solution with a concentration of 0.008 mg/mL.

Peters, T. JAIl about Albumin Biochemistry, Genetics, and Medical
Applications Academic Press: San Diego, 1996.

V4, (3027 cmt) V4,(3053 cm'!) v, (3073 cm!)

Discussion

(51) Chen, J.; Dong, D. E.; Andrade, J. ID.Colloid Interface Scil982 89, (57) Norde, W.; Zoungrana, TBiotechnol. Appl. Biochenl998 28, 133—
577—-580. 143.

(52) Norde, W.; Lyklema, JJ. Colloid Interface Sci1978 66, 257—265. (58) Yan, G.; Li, J.-T.; Huang, S.-C.; Caldwell, K. D. Rroteins at Interfaces

(53) Gautam, K. S.; Schwab, A. D.; Dhinojwala, Rhys. Re. Lett.200Q 85, Il: Fundamentals and ApplicationsHorbett, T. A., Brash, J. |., Eds.;
3854-3857. American Chemical Society: Washington, DC, 1995; pp-2868.

(54) Zhang, D.; Dougal, S. M.; Yeganeh, M. Bangmuir 200Q 16, 4528— (59) Hirose, C.; Yamamoto, H.; Akamatsu, N.; DomenJKPhys. Chenml993
4532. 97, 10064-10069.
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Figure 8. Calculatedyyyzad/|xyzyad ratio for the methyl group in adsorbed
proteins as a function of tilting angléy, and angle distributiong.

Actiy (AU)
&~

Fibrinogen (B)

the possible solutions occurs 6§ = 35° ando = 0° (a 0

2 i " ' " i ' function; see lines 1 and a in Figure 8). Another possible solution
o 15 20 25 30 35 40 is o = 0° and o = 24° (intersection of line 1 ang-axis in
Relative Surface Concentration [n/n - ¢.008)] Figure 8). The latter solution implies a broad distribution for
Figure 7. (a) Ratios of the oscillator strengths of the £#) and CH(a) the tilting angle. The first solution implies that if we assume
modes AcrysyAchy(a), and (b) oscillator strength magnitude of the 4) the methyl group orientation distribution isdafunction (@ =

mode Ackys), for lysozyme @), fibrinogen @), and BSA @) asafunction g0y the tilting angle do, is found to be about 35 Similarly, if

of the relative surface concentration of proteins adsorbed on hydrophilic ' .

silica surfacess we assume that all methyl groups are perpendicular to the
surface o = 0°), the distribution of the tilting angles, is found

proteins at the interface by analyzing the SFG spectra obtainedto be about 22

under the spandspspolarization combinations (Figures 3 and For methyl groups in adsorbed lysozyme, the fitting param-

4). Details on calculating the orientation of molecules at surfaces eters in Table 2 yield gyyzad/|xyzyad ratio in the range of 0:9

can be found elsewhe?&33.6061|n brief, for the CH(a) mode 1.0, regardless of the surface concentration. From Figure 8, the

of a methyl group with G, symmetry, it can be shown that tilting angle of methyl groups in adsorbed lysozyme is found
to lie between 43and 46, with respect to the surface normal

Ayyzas _  [60SOL— [Gos’ 9] 4 for the case of & function distribution ¢ = 0°). The [yyyzad/
l%yzyasl = | o< 0] | (4) lxyzyad ratio of fibrinogen, however, is more concentration-
’ dependent. When it is adsorbed in the solution with a concen-
God o= fll cod' 0 1(0) sin 6§ do (5) tration of 0.008 mg/mL, the ratio is ca. 1.1, which corresponds

to a tilting angle of 46 from the surface normal, with &
function distribution. Methyl groups become less tilted when
adsorbed at higher bulk concentrations. Thgzad/|)yzyad ratio

is about 0.7, producing a corresponding tilting angle ¢ff46m

the surface normal for & function distribution. Methyl groups

in adsorbed BSA show similar concentration-dependent tilting
angle behavior, in which thigyyzad/|xyzyad ratio is in the range

of 1.8—-1.1 with equivalent tilting angles between®4énd 53

' from the surface normal with & function distribution.

The concentration-dependent tilting angles for methyl groups
in adsorbed lysozyme, fibrinogen, and BSA seem to be related
to differences in the layer formation and denaturation properties
of these proteins. Previous circular dichroism (CD) and X-ray
reflectivity studies have shown that lysozyme exhibits a
negligible degree of structural denaturation even when a small
amount is present on silica surfadéd31516xX-ray reflectivity
data have also revealed that lysozyme exhibits concentration-
dependent layer formation properties on silica surfaeé%At
(60) zhuang, X.; Miranda, P. B.; Kim, D.; Shen, Y. Rhys. Re. B 1999 59, lower bulk concentrations, lysozyme forms a monolayer with a
(61) }ﬁfjﬁ;%_‘?“gkamatsu’ N.: Domen, Kppl. Spectrosc1962 46, 1051 thickness close to the length of the molecular axis of native

1072. lysozyme. When the bulk protein concentration is raised, a

wherex,y,zdenotes the lab frame coordinates, with ghaxis
along the surface normal(6) is the distribution function of
the orientation angles, arttis the angle between the molecular
axis of the methyl group and the surface normal. Tyg;ad/
lxyzyad ratio can be obtained from fitting parame#gylisted in
Table 2. More realistically, surface methyl groups are expected
to have a range of possible orientations. To account for this
the orientation distribution functiorf(0), is introduced as a
Gaussian,P(0) = exp[—(0 — 60042073, where o is the
distribution width for the tilting angledy with respect to the
surface normal.

Figure 8 shows the calculategly;ad/|)xyzyad ratio of the
methyl group as a function of tilting angl®,, for several
distribution widths ¢ = 0°, 10°, 20°, 30°, 40°, and 50). Figure
8 also indicates that there are many solutions for a given value
of |xyyzad!l)tyzyad. FOr example, ifiyyyzad/|xyzyad is 0.5, one of
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a. Lysozyme b. Fibrinogen c. BSA
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Figure 9. Proposed model for the orientation of methyl groups in (a) lysozyme, (b) fibrinogen, and (c) BSA adsorbed on hydrophilic silica surfaces with
different surface concentrations. Although proteins are hydrated, water molecules are omitted for clarity. The dimensions of the adsorbédgaokein
figure are not the same. It is difficult to describe the adsorption of protein molecules on hydrophobic polystyrene surfaces by a simple model.

multilayer with a similar footprint is formed with corresponding have revealed that BSA forms a monolayer with a thickness
enhancements in the layer thickness. Therefore, we can expectlways less than 40 A on silica, indicating that adsorption is
that SFG-active methyl groups on the surface have a similar carried out with its long axis parallel to the surf#éeThe
number density with a relatively identical orientation due to increase in the layer thickness with bulk protein concentration
the negligible degree of denaturation and layer formation suggests that the extent of denaturation is reduced as the surface
properties on surfaces, regardless of the bulk concentration.concentration increases. Thus, we suppose that the spatial
Figure 9a illustrates the molecular packing and orientation of orientation and ordering of amino acids depends on the surface
methyl groups of lysozyme molecules on silica surfaces with concentration, as illustrated in Figure 9c. A more compact
different surface concentrations. This model explains the packing of BSA molecules on the surface causes methyl groups
concentration-independent SFG signal intensity for thg(®H  to tilt less with respect to the surface normal, as in the case of
mode in Figures 3a and 4a. fibrinogen. This might be responsible for the concentration-
Fibrinogen molecules exhibit different adsorption properties dependent SFG spectra presented in Figures 3c and 4c.
on silica surfaces in terms of denaturation and layer formation.  (b) Proteins on Hydrophobic Polystyrene SurfacesThe
CD data have shown that the-helix content of fibrinogen SFG spectra for lysozyme, fibrinogen, and BSA adsorbed on
adsorbed on hydrophilic surfaces decreases somé/Bdip- hydrophobic surfaces in Figure 5 exhibit different features
sometry measurements have revealed that the layer formationcompared to those obtained from hydrophilic surfaces shown
by fibrinogen is affected by the bulk protein concentrattén. in Figure 3. Since the Cifa) mode at 2960 cnt is not
By comparing molecular dimensions and surface coverages,observed, the ratio of the oscillator strengths of they@Hand
fibrinogen has been proposed to form a monolayer with its long CHz(a) modes ActysyAcksa] iN the SFG spectra of both
axis parallel to the surface when the bulk protein concentration surfaces cannot be compared. However, curve-fitting results
is low. The layer becomes thinner by spreading if the adsorption reveal that the magnitude of all CH stretch modes is generally
is conducted at even lower concentrations. Upon raising the proportional to the relative surface concentration. Moreover, the
surface coverage, some fibrinogen molecules begin to adopt aSFG signal intensity for these modes is much weaker compared
conformation with their long axes perpendicular to the surface, to the corresponding hydrophilic surface, despite the higher
giving rise to the corresponding layer thickness, as illustrated surface protein concentration.
in Figure 9b. According to this model, SFG-active methyl_groups In general, protein adsorption on hydrophobic surfaces is
on surfaces have a different number density and orientation consjderably different from that on hydrophilic surfaces. The
depending on the surface concentration. As more fibrinogen major difference is that hydrophobic interactions between
molecules are present on the surface, we assume that methyhyoteins and surfaces are more likely to cause a significant
groups tilt less with respect to the surface normal, as indicated yreakdown in the secondary structure. In fact, neutron reflec-
by the concentration-dependent SFG spectra shown in Figures;jyity and calorimetry studies have independently shown that
3b and 4b. lysozyme loses a considerable amount of secondary structure
Unlike these two proteins, BSA easily undergoes denaturation on hydrophobic surfaces, despite its structural stability on
on hydrophilic silica surfaceS:'* It was observed that the  hydrophilic surface$*58 Fibrinogen and BSA are also known
o-helix content of BSA was reduced by ca. 50% after adsorption tg |ose a larger amount af-helical structure on hydrophobic
on hydrophilic silica surfaces by CD spectroscépin addition, surface$864Therefore, we assume that the orientation of SFG-

BSA exhibits different layer formation properties compared to active methy| groups in these proteins is more random]y
those for lysozyme and fibrinogen. Ellipsometry measurements

(63) Su, T. J.; Lu, J. R.; Thomas, R. K.; Cui, Z. F.; Penfold).JPhys. Chem.
(62) Yongli, C.; Xiufang, Z.; Yandao, G.; Nanmming, Z.; Tingying, Z.; Xinqi, B 1998 102 8100-8108.
S.J. Colloid Interface Scil999 214, 38—45. (64) Lu, D. R.; Park, KJ. Colloid Interface Sci1991, 144 271—-281.
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distributed and less concentration-dependent. This might be Summary and Conclusions

responsible for the SFG spectra with less intensity on hydro-  \we conducted SEG experiments for lysozyme, fibrinogen,
phobic surface compared to the corresponding hydrophilic and BSA adsorbed on hydrophilic and hydrophobic surfaces
surfaces, despite a higher number density (see Figures 3 andyith different surface protein concentrations in order to correlate
5). Therefore, the increase in the surface number density of the macroscopic adsorption conditions with the spatial orienta-
methyl groups is responsible for the simultaneous enhancemention of amino acid residues. Our SFG data shows that the
in the SFG signal intensity for all GHx = 2 and 3) stretch  grientation of methyl groups in adsorbed proteins is intimately
modes in Figure 5. affected by the degree of denaturation and the difference in the
Protein adsorption affects the orientation and ordering of |ayer formation, which is governed by the surface concentration
phenyl groups in the underlying polystyrene surface. In Figure of adsorbed protein, the hydrophobicity of the solid substrate,
5, the SFG signal intensity at 3073 chattenuates when protein  and the nature of the protein used. On hydrophilic surfaces,
molecules are present on the surface. This peak is responsiblaysozyme molecules yield nearly concentration-independent SFG
for the totally symmetric stretch mode of the phenyl ring,( spectra, whereas the signal intensity for fibrinogen and BSA
see Figure 6). As the phenyl ring in polystyrene tilts ca® 20 jncreases with surface concentration. The results indicate that
with respect to the surface nornféf*our SFG results indicate  the orientation of methyl groups in adsorbed lysozyme is
that thev, mode is partially blocked after protein deposition. concentration-independent, but those in BSA and fibrinogen
Considering the reduction in the SFG signal intensity, BSA binds pecome less tilted with respect to the surface normal with
to polystyrene surfaces in such a way as to affecttheode increasing protein concentration. However, methyl groups in
more significantly than do fibrinogen and lysozyme. Curve- protein adsorbed on hydrophobic surfaces appear more randomly
fitting shows that the magnitude of the mode is not affected  griented and produce a weaker SFG signal, even though more
by protein adsorption. Interestingly, the, mode around 3027 protein molecules are deposited on the surface compared to on
cm-* appears with an increasing number of fibrinogen and BSA hydrophilic surfaces. In addition, SFG results reveal that the
molecules on the surface. orientation and ordering of phenyl rings in hydrophobic

These results show interesting trends. Although the relative polystyrene surfaces are affected by protein deposition.
amounts of proteins adsorbed on polystyrene surfaces cannot
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