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Abstract: Sum frequency generation (SFG) vibrational spectroscopy has been applied to investigate
molecular responses of bovine serum albumin (BSA) molecules adsorbed at different interfacial environ-
ments. Molecular level and in situ SFG studies demonstrate that albumin molecules have different adsorption
behaviors when contact with fused silica, polystyrene, and poly(methyl methacrylate). Adsorbed albumin
molecules exhibit different structural changes when exposed to different chemical environments, including
air, water, and hydrophobic solvents. This paper provides direct molecular insight into protein responses
to different interfacial environments.

Introduction at interfaces at the molecular level in sttul® However, the

_ o _ study of protein adsorption by SFG has been repéftédbut
_Protein adsorption is the first process that happens when e SEG technigue has not yet been widely applied in this area.

biomaterial interacts with a biological system; the structure of This is perhaps because of the complicated structure of protein

adsorbed proteins determines finally whether an implanted o|ecyles. Unlike small adsorbed molecules, a layer of adsorbed
material will be accepted or rejected by the body (biocompatible proteins may not be treated as a simple interface. In general,

or not). Because of its critical importance to biomedical devices, nder the dipole approximation, SFG signals come from

protein adsorption on biomaterial surfaces has been studied bymaterials without inversion symmetry within the optical figtc?:

a myriad of surface-sensitive methods for decddésiowever,

it is still difficult to determine chemical and structural informa-

Typically, bulk materials have inversion symmetry, thus SFG
signals can be canceled out and no net bulk signals are detected.

tion of adsorbed protein molecules, and details about how Because an adsorbed protein layer cannot always be treated as
protein molecules respond to different interfacial environments 3 simple interface, a more general model, in particular thin-
are still not clear. AFM and FTIR-ATR have been shown to be film theoryl should be app||e%f Under this theory' the local

important tools for studying protein adsorptitri! Unfortu-

nately, they provide little chemical information or lack sufficient

optical field across the protein thin film can be considered to
vary according to the refractive indices across the film. To

intrinsic surface sensitivity, respectively. As of yet, no thorough simplify the analysis here, we comparatively study bovine serum
molecular-level interrogations of interactions between proteins albumin (BSA) adsorption on three different substrates with

and biomaterials in situ have been achieved.

similar refractive indices to avoid the spectral changes induced

Recently, SFG has been developed into a powerful tool to by the local field effect. We show that protein molecules behave
study various interfacial structures including molecules adsorbeddifferently at different interfaces.

*To whom correspondence should be addressed. E-mail: zhanc@

umich.edu.

(1) Baier, R. EApplied Chemistry at Protein Interface&merican Chemical
Society: Washington, D. C., 1975.

(2) Brash, J. L., Horbett. T, A., Ed®roteins at Interfaces, Physicochemical
and Biochemical StudiefAmerican Chemical Society: Washington, D.
C., 1987.

(3) Horbett, T. A., Brash, J. L., Ed®roteins at Interfaces Il, Fundamentals
and ApplicationsAmerican Chemical Society: Washington, D. C., 1995.

(4) Ortega-Vinuesa, J. L.; Tengvall, P.; LundstroniThin Solid Films1998
324, 257-273.

(5) Sit, P. S.; Marchant, R. Bthromb. Haemost1999 82, 1053-1060.

(6) Ta, T. C.; McDermott, M. TAnal. Chem200Q 72, 2627-2634.

(7) Chittur, K. K. Biomaterials1998 19, 357—-369.

(8) Lenk, T. J.; Horbett, T. A.; Ratner, B. D.; Chittur, K. Kangmuir1991,

7, 1755-1764.

(9) Kossovsky, N.; Nguyen, A.; Sukiassians, K.; Festekjian, A.; Gelman, A.;

Sponsler, EJ. Colloid Interface Scil994 166, 350—355.
(10) Jakobsen, R. J.; Cornell, D. @ppl. Spectroscl1986 40, 318—-322.
(11) Jakobsen, R. J.; Wasacz, F. Appl. Spectrosc199Q 44, 1478-1490.

13302 = J. AM. CHEM. SOC. 2002, 124, 13302—13305

Experiment

Details of the SFG technique, our SFG setup, and the experimental
geometry have been published and will be briefly reported #efé.

) Shen, Y. RThe Principle of Nonlinear OpticdViley: New York, 1984.

) Miranda, P. B.; Shen, Y. R. Phys. ChemB 1999 103 3292-3307.

) Walker, R. A.; Gruetzmacher, J. A.; Richmond, GJLAm. Chem. Soc

1998 120, 6991-7003.

) Bain, C. D.J. Chem. Soc., Faraday Tran995 19, 1281-1296.

) Kim, J.; Cremer,P. SI. Am. Chem. So@00Q 122 12 37112 372.

) Kim, J.; Cremer, P. S. ChemPhysCh2001, 8/9, 543-546.

) Kim, G.; Gurau, M.; Kim, J.; Cremer, P. Sangmuir2002 18, 2807
2811.

) Zyss, J.; Oudar, J. IPhys. Re. A 1982 26, 2028-2048.

(20) Hirose, C.; Akamatsu, N.; Domen, Rppl. Spectrosc1992 46, 1051

1072.

(21) Guyot-Sionnest, P.; Shen, Y. Rhys. Re. B 1987, 35, 4420-4426.

(22) Wilk, D.; Johannsmann, D.; Stanners, C.; Shen, YPRys. Re. B 1995

51, 10 05710 067.

10.1021/ja026881m CCC: $22.00 © 2002 American Chemical Society



Molecular Responses of Proteins

ARTICLES

SFG is a process in which two input beams at frequensig@sually
in the visible range) and, (usually a tunable infrared beam) mix in

Research shows that the degree of BSA adsorption and
adsorption kinetics vary on different surfades*® Here, using

a medium and generate an output beam at the sum frequerey, SFG, we demonstrate in situ that BSA molecules also have
+ w,. If w, is scanned over the vibrational resonances of molecules, different structures at different interfaces

then the SFG signal is resonantly enhgnced, thus producing awbraponal We will only discuss the EH stretching bands and ignore
spectrum characteristic of the material. As a second-order nonlinear

optical process, SFG spectral intensity will be zero in a medium with the broad O,H peak§ around 3200 and 34OOJCIWhI(,:h mainly
inversion symmetry under the electric-dipole approximation. SFG c0me from interfacial water molecules—@i stretching resuits
spectra can be detected from the material where the inversion symmetryVere also repeated and confirmed using BSfODsolutions,
is broken. Most bulk materials have inversion symmetry, thus they do Where no spectral interferences betweerHCsignals and water
not generate SFG signals. We believe that SFG can be applied to studyO—H bands were involved. SFG-€H stretching signals have
orientation or conformation changes of interfacial protein molecules, been used to determine conformations of small molecules at
where inversion symmetry is broken. various interface$® Here, C-H signals come from the hydro-

In our lab, sum frequency spectra were collected by overlapping a phobic side chains of BSA molecules. Therefore, SFG spectra
visible and a tunable IR beam on a surface or interface, at incident - pe used to elucidate conformations of BSA molecules, e.g.,

angles of 60 and 54, respectively. The visible beam_had a wavelength they can be used to differentiate the “hydrophobic” or “hydro-
of 532 nm, and was generated by frequency-doubling the fundamentalphilic,, conformation of a protein molecule, and their relation

| f 2 | idth f EKSPLA Nd:YAG | . . . .
output pulses of 20 ps pulse width from an EKS d:YAG laser to the hydrophobicity of the contacting media.

The IR beam, tunable from 1000 to 4300 @mwas generated from T
an EKSPLA optical parametric generation/amplification and difference .BSA on Fuseq SI|!CaSFG Spectrum c(I)IIecjted from the fused
silica/BSA solution interface is shown in Figure la. Ne-&

frequency system based on LBO and Aggafystals. The diameters
of both beams on the sample were about 0.5 mm. The sum frequencystretching signals from albumin molecules can be detécted.
signal was collected by a photomultiplier tube. In this work, SFG spectra This is due to either a lack of protein adsorption at this interface
with the ssp polarization combination (s-polarized SFG output, s- or no net alignment of functional groups such as methyl, phenyl,
polarized visible input, and p-polarized infrared input) were collected. or methylene of adsorbed BSA. The fused silica was removed
The experimental geometry used to collect signals from polymer/protein from the albumin solution and was washed by water to remove
solution and fused silica/protein solution interfaces was similar to that loosely deposited BSA. The spectrum was collected from the
for co_IIectmg s_pectra from the polymer/water interface, which was fused silica in air, and strong -€H signals were detected,
described previousl§2° o . L

. . indicating that albumin adsorbed to the fused silica interface

BSA was purchased from Sigma 9%, fatty-acid free). The BSA . -

solution concentration was 1 mg/mL in deionized water with no buffer (Figure 1b). The posslblllty that BSA molecules vygre transferred
added. Each protein solution had a pH level near 7. Deuterated from th(.a. BSA solution/air interface to fu§ed silica when the
polystyrene (d-PS) and deuterated poly(methyl methacrylate) (d- fused silica was removed from the solution can be excluded
PMMA) were purchased from Polymer Sources, Inc. and used as because the sample was washed several times by water before
received. Polymer films were prepared by spin coating. A spin coater SFG spectra were collected in air. Because of the similar

from Specialty Coating Systems was used to spin coat 2 wt % polymer/ refractive indices of fused silica-(1.45), BSA solution{1.34),

toluene solution at 3000 rpm on fused silica (1" diameter and 1/8”
thickness, from ESCO Products) to make polymer films. The polymer
films were dried at 80°C for 12 h. Before contact with protein or

polymer coatings, fused silica substrates were left in a potassium
dichromate/sulfuric acid solution for 24 h, and subsequently heated in

the same solution for 30 min. Then they were rinsed thoroughly using
deionized water and dried in a dry, Ntream. Fused silica has a very

and the adsorbed protein layerX.4), the local field differences
across the film can be ignored. Thus, the conclusion can be
made that the absence of-El signals is due to the lack of net
alignment of C-H groups at the fused silica/BSA solution
interface. BSA at the fused silica/solution interface is in contact
with hydrophilic environments at both sides. The resulting

small contact angle, water can spread on it. The water contact angles?dsorbed protein layer adopts a hydrophilic configuration. The

for PS and PMMA are~91° 2728 and ~72°, 230 respectively. Thus,
the three surfaces we will study here have very different surface
hydrophobicity.

Results and Discussion

We have collected SFG spectra of BSA molecules from the
BSA solution/fused silica, BSA solution/d-PS, and BSA solu-
tion/d-PMMA interfaces. We also collected SFG spectra from
adsorbed BSA molecules on fused silica, d-PMMA, and d-PS
exposed to different environments, including air, water, and
hydrophobic solvents. The BSA structure was widely stuéfied.
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hydrophobic groups would tend to stay inside the BSA film
with no net alignment, thus no SFG signal could be detected.
When the adsorbed BSA molecules were exposed to air, which
is hydrophobic, G-H signals were detected. This is possibly
due to the fact that hydrophobic parts of BSA tend to face
toward the air.

An SFG spectrum was also collected from the fused silica/
water interface after we contacted the adsorbed BSA on fused
silica with water. Again, G H signals disappeared (Figure 1c),
due to the recovery of the hydrophilic configuration of the
adsorbed BSA layer. The-€H signals were detected again after
the sample was exposed to air (Figure 1d), indicating that
configuration changes are reversible. We can detect these
reversible cycles repeatedly. The-8 signals changed only
slightly each time when the sample was exposed to air, probably
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Figure 1. SFG Spectra collected from (a) silica/BSA solution interface; D
(b) silica/air interface after silica was removed from solution and washed n
by water; (c) silica/water interface after the sample contacted water again; (O]
(d) silica/air interface after the sample was again removed from water; (e,f,g) 3—) 01 T T T T
silica/benzene or silica/ Cgbr silica/FC-75 interface after procedures (a)
and (b) and contacting the sample with benzene ,G&IFC-75. Spectral 2800 3000 3200 3400 3600 3800
intensities in 1e,f,g are multiplied by 2. Wavenumber (cm")

due to some S.I.IghF desorption of adsorbed albun,“n m0|ec,u,|es igure 2. SFG spectra collected from (a) d-PS/BSA solution interface;
on the fused silica in water. When we contacted this fused silica (b) d-psyair interface after the sample was removed from solution and
sample with a hydrophobic liquid, such as benzene, carbonwashed by water; (c) d-PS/water interface after the sample contacted water;

tetrachloride, or FC-75 (a hydrophobic fluorinated solvent from (d) d-PS/air interface again; (e) d-PS/FC-75 interface after procedures a
and b and contacting the sample with FC-75; (f) d-PS/BSA solution interface

3M), C—H .S|gnals were S“." Y'S'ple and quite similar to One in the wide spectral range. The spectral intensity in 2e has been multiplied
another (Figure 1e,f,g). This is different from the fused silica/ py 2.
water situation. FC-75 has a refractive indexi(3) similar to
water, and different from benzene-1.5) and CCJ (~1.46). collected from the d-PS/air interface—&l signals repeatedly
Therefore, we believe that differences in SFG spectra at changed as we further alternately contacted the sample with
hydrophobic solvent and water interfaces can be attributed to water and air (e.g., Figure 2d). This phenomenon of reversible
different configurations of interfacial BSA molecules, rather than changes of €H signals is similar to the fused silica/air or water
different local field effects at these interfaces. When we removed interfaces. However, the details of these changes are different.
the samples from these hydrophobic solvents and exposed them According to our calculations, for our sample geometry, the
to air again, the spectra collected were similar to the ones Fresnel coefficients of the BSA layer at the d-PS/air interface
collected before contact, indicating that the adsorbed BSA should be~2 times greater than those at the d-PS/water
molecules on fused silica were not desorbed by contact with interface. The intensity of SFG signal for the d-PS/air interface
hydrophobic solvents. The SFG spectral intensity in air (Figure is therefore weighted about four times greater than that of the
1b,d) is much stronger than those in solvents (Figure 1le,f,g), d-PS/water interface due to the difference in Fresnel coefficients.
mostly due to the different Fresnel coefficients for the different However, the magnitude of the observed BSA signal from the
interfaces. d-PS/air interface is comparable to that of the d-PS/water
BSA on d-PS.An SFG spectrum has been collected from interface, which means that it is much weaker after normaliza-
the deuterated polystyrene (d-PS)/BSA solution interface (Figure tion. The different SFG intensities of BSA molecules at the
2a,f). Strong C-H signals were detected, demonstrating that d-PS/air interface and the d-PS/water interface (after normaliza-
the adsorbed BSA film could not have a hydrophilic configu- tion) observed here indicate that they have different configura-
ration at this interface. The d-PS surface is relatively hydro- tions at these two interfaces. We believe that at the d-PS/water
phobic, thus the hydrophobic components of BSA would adopt interface, the hydrophobic methyl groups prefer to orient toward
a preferential alignment. When the sample was removed from the d-PS. At the d-PS/air interface, the methyl groups can orient
the BSA solution, washed by water, and exposed to air, SFG toward both air and d-PS sides and cause partial cancellation
signals were still visible (Figure 2b). When we contacted the of SFG signals.
sample with water again, strong—& signals were detected When we contacted the sample with FC-75 instead of water,
(Figure 2c), with different features compared to the spectrum C—H signals were still detected (Figure 2e), but with weaker
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intensity (the intensity shown in Figure 2e was multiplied by a
factor of 2). Because the refractive indices of water and FC-75 d-PMMA/EC-75 X2

are very similar, different SFG intensities of BSA molecules at M

o
o

the d-PS/water interface and the d-PS/FC-75 interface indicate
that they have different configurations at these two interfaces.
As the d-PS/air interface, at the d-PS/FC-75 interface, methyl
groups also can orient toward both d-PS and FC-75 sides to
cause partial cancellation of the SFG signal.
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SFG Signal (a. u.)

Because FC-75 and air are hydrophobic contacting media, 20 1
whereas water is hydrophilic, spectral features should be more .
similar for BSA molecules at the d-PS/air and d-PS/FC-75 b d-PMMA/AIr
interfaces. It is interesting to see that spectral features of BSA 10 1

molecules at the d-PS/water interface are similar to those at the

d-PS/FC-75 interface, but quite different from those at the d-PS/

air interface. The distorted methyl symmetric stretching peak 0
of BSA molecules at the d-PS/air interface and the undistorted

methyl symmetric stretching peak at the d-PS/water and the - v
d-PS/FC-75 interfaces indicate that interferences between the 2800 2900 3000 3100

methyl symmetric stretching peak and the nonresonant back- Wavenumber (cm )

ground at varlou§ interfaces are dlfferent..One pOSS.|b|e eXplana_Figure 3. SFG spectra collected from (a) d-PMMA/BSA solution interface;
tion for the undistorted methyl symmetric stretching peak of (b) d-PMMA/air interface after the sample was removed from solution and
BSA molecules at the d-PS/water and d-PS/FC-75 interfaces iSwashed by water; (c) d-PMMA/water interface after the sample contacted
that the average absolute orientations of methyl groups perhapgvater; (d) d-PMMA/FC-75 interface after procedures a and b and contacting
align toward the d-PS in both cases. As mentioned, at the d-PS/Lheeeﬁan’:‘S't? ‘I’i"gg‘ E C;Zf;;gfc')?tgns'“es of the spectra in Figure 3a,c,d have
water interface, methyl groups should orient toward the d-PS P y '

Sid? due to the hydrophobicity of the d-PS. For the d'PS/,FC' BSA on d-PMMA. We have also studied BSA structures at
75 interface, the methyl groups of_ BSA molecules_, can orient . yeuterated poly(methyl methacrylate) (d-PMMA)/BSA solu-
toward both the d-PS and FC-75 sides, perhaps with less order;, interface, and at the d-PMMA/air, d-PMMA/water, and

at_the I_:C-_75 side than at the_ d-PS side. Thus, th(_a overall _ pMMA/EC-75 interfaces (Figure 3al). The results are
orientation is toward the d-PS side, as the d-PS/water interface jyiormediate to those from interfaces involving fused silica and

Therefore, vibrational peaks of BSA molecules at the d-PS/ § pg This is reasonable since the surface of d-PMMA is
w_ater and d-PS/FC-75 interfaces can have similar |n_ter_ferencesd0minated by ester methyl grodpand thus is more hydrophilic
with tthe nonresonant background and generate similar SFGy,5, d-PS, but not as hydrophilic as fused silica.
spectra.

For the d-PS/air interface, the methyl groups can orient toward Conclusion
both the air and d-PS sides. Probably due to the more ordered
structure of methyl groups at the air side, the overall orientation ~ Our SFG results show clearly that the configuration of
of methyl groups at the d-PS/air interface orients toward the adsorbed BSA films at different interfaces can be varied. The
air. This shows that the preferential absolute orientations of adsorbed BSA film can form a “hydrophilic” configuration
methyl groups are in opposite directions at the d-PS/air and Petween two hydrophilic media (fused silica/BSA solution), and
d-PS/water interfaces. Because of the different interferences@ “hydrophobic” configuration between two hydrophobic media
between the methyl groups and the nonresonant background(Polymer/air or polymer/hydrophobic solvent). When the film
the methyl symmetric stretching peak of BSA at the d-PS/air is in contact with two media of different hydrophobicity, the
interface is distorted. This explains the different spectral features configuration exhibits a preferential alignment of hydrophobic
of BSA molecules at the d-PS/air and d-PS/water interfaces. 9roups. Configurational changes may include orientation and/
This conclusion was also confirmed by our BSA adsorption OF conformational changes of adsorbed BSA molecules, and they
studies on PS. The aromatic—& Signa|5 of PS also have are Closely related to the hydI’OphObICIty of the contact media.
different interferences with the methyl symmetric stretches of Our results confirm that hydrophobic effects are a significant
BSA molecules at the PS/air and PS/water interfaces. factor directing the adsorption behavior of globular proteins.

The behavior of BSA on d-PS is totally different from the
case of BSA on fused silica. The spectral features of BSA
molecules at the fused silica/air interface and the fused silica/
FC-75 interface are similar. At both interfaces, methyl groups
orient away from fused silica and toward the hydrophobic
medium, air or FC-75. JA026881M

d-PMMA/Solution X2
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