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in the bulk solution and species attached to various types of
The nonspecific binding of human immunoglobulin G (hIgG) surfaces. Practical problems such as improvement of sensi-

and bovine serum albumin (BSA) was studied on gold surfaces tivity and specificity of immunoassays and decreasing the
modified by self-assembled alkyl thiol monolayers (SAMs) with interaction of human fluid (blood, tear, saliva) proteins with
the following terminal groups: CH3, C6H4OH, COO0, NH2, OH,

the surfaces of materials for use in clinical implants (6),and oligoethylene oxide (OEO). The kinetics of hIgG and BSA
contact lenses (7), and dental alloys (8) are related to proteinadsorption and desorption were monitored in real time utilizing
adsorption activity and surface properties.the surface plasmon resonance (SPR) technique with a flow cell.

Extremely sensitive methods available for studying a bio-The surface concentration of hIgG molecules adsorbed on the
molecule’s interaction with a surface include surface plas-SAMs decreased in the order: CH3 ú C6H5OH ú COO0 ú NH2

ú OHú OEO SAM surfaces. Binding of BSA to the SAM surfaces mon resonance technique (9, 10), ellipsometry (11–17), total
decreased in the order: C6H5OH ú CH3 ú COO0 ú NH2 ú OH internal reflection fluorescence spectroscopy (18), and tech-
ú OEO. The results show that on the OEO SAM, the surface niques based on protein labeling. Enzyme-linked antibodies
concentration of these proteins was less than 0.5 ng/cm2 (the detec- (19) and radioactive isotopes, for example, can detect pico-
tion limit of our SPR device) and approximately 103 times less molar concentrations of analytes in solution. The detection
than that on the hydrophobic CH3-terminated SAM surfaces. The limits of these techniques are not usually determined by
kinetics of the binding curves for the adsorption of the proteins

either the specific biochemical reactions involved or the mea-
are described in terms of multiple states of adsorbed proteins that

surement techniques employed (fluorescence, radioactive ra-involve multipoint hydrophobic, electrostatic, and hydrogen bond
diation, evanescent surface electromagnetic waves, or lightinteractions for the different surfaces and protein lateral interac-
polarization) to observe protein adsorption. In most cases,tions caused by the unfolding of adsorbed proteins. q 1997 Academic

sensitivity is limited by the nonspecific adsorption of bio-Press

molecules, which in turn depends on the biophysical andKey Words: protein adsorption; self-assembled monolayers;
SAMs; SPR. chemical properties of the adsorbed surface. It is well known

(1, 2) that proteins adsorbed on a surface, as a rule, partially
loose their bioactivity due to conformational changes in sec-
ondary structure and/or nonoptimal orientation and distribu-INTRODUCTION
tion on the surface. The protocols for preparation of surfaces
(3) and the conditions of mass transport (20, 21) significantly

Understanding the processes involved in the interactions influence the protein adsorption response. Therefore, quanti-
of biomolecules with surfaces to which biomolecules are tative comparison of data obtained from different labora-
adsorbed has significant scientific and practical value (1–3). tories becomes difficult. The investigation of protein adsorp-
Many of the techniques that are currently used for investiga- tion kinetics and the detailed structure of protein films offers
tion of biomolecular interactions in model systems, such as many challenges and difficulties. To obtain reproducible ex-
antigen–antibody complexation (4), cells receptor recogni- perimental data, it is necessary to use appropriate techniques
tion of polypeptides or proteins (5), and DNA hybridization that are sensitive enough to detect submonomolecular layers.
are based on the specific interaction between biomolecules The characteristics of the sorbent surfaces used should be

well defined (22), and mass transport conditions must be
controlled during experiments.1 To whom correspondence should be addressed at Biotechnology Divi-

sion, NIST, 222/A353, Gaithersburg, MD 20899. Over the past decade, the technique of preparing self-
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ing the reflected light intensity versus the angle of the inci-
dence of the light beam within the prism. It is known (9)
that the SPR minimum position, as measured by the angle
of the light incident on the metal surface, depends on the
thicknesses and refractive indexes of all layer structure com-
ponents on the metal surface and the optical properties of
the medium that is in contact with the sample surface. This
phenomenon is used for measurement of protein adsorption
on the modified gold surface in real time. When the thickness
of the protein layer increases during adsorption, SPR shifts
and minima location correspond to the amount of protein on
the surface.

The purpose of this report is to examine by SPR, in real
time, the adsorption kinetics of the proteins BSA and hIgG
to a well-defined gold surface modified by alkyl thiols (Table
1) with different terminal functional groups: CH3, COO0,

FIG. 1. Diagram of surface plasmon resonance technique applied to OH, PheOH, NH2, and OEO. BSA and hIgG were chosen
protein adsorption detected on a SAM-modified gold surface. A, A*, B, and because: (i) they are important to immunoassay design, (ii)
C indicate proteins in the solution that can change conformation during

their adsorption characteristics have been well studied on airreversible or reversible adsorption. R is the reflection coefficient, w is the
variety of surfaces (1–3), and (iii) they have opposite netangle of laser beam incidence, u is the angle of total internal reflection.
charges.

assembled monolayers (SAMs) from solutions containing MATERIALS AND METHODS
alkyl thiols and v-functionalized alkyl thiols has been devel-
oped (23) for modifying noble metal (Au and Ag) surfaces. Materials
Gold surfaces modified using SAMs with various terminal

BSA and human IgG were purchased from Sigma Chemi-groups provide surfaces with a wide range of different char-
cal Company (St. Louis, Missouri).2 Proteins were dissolvedacteristics (23). Moreover, these surfaces are at least quasi-
in 50 mM sodium phosphate buffer, pH 7.4, to a final concen-crystalline, stable, and reproducible. It has been shown (24,
tration 0.5 mM. All protein solutions were prepared with25) that the SAM surface is a well-defined system for exam-
high purity (18.2 MV) water. Before use, the buffer wasining the interaction between proteins and surfaces and en-
filtered through a 0.2 mm filter and degassed with argon. Theables one to test ideas regarding the mechanisms of these
CH3 and NH2 thiols were purchased from Aldrich Chemicalinteractions.
Company (Milwaukee, Wisconsin). The COO0, OH, andAn excellent method for the in situ investigation of
OEO thiols were prepared according to previously publishedprotein adsorption is surface plasmon resonance (SPR) (9,
literature procedures (27). The PheOH thiol has been not10, 20). This method enables the direct monitoring, with-
previously described in the literature. Details of the synthesisout labeling the analyte, of the kinetics of the interactions
of this compound will be reported elsewhere. Purity of allbetween proteins and a surface in real time. The observa-
thiols (ú98%) was determined by proton nuclear magnetiction of a SPR shift, during protein layer formation on a
resonance (1H NMR) on a Bruker FM-400 spectrometersurface, gives information about the surface concentration
which indicated the presence of disulfide (õ2%) as the onlyof the proteins (10, 26).
significant impurity.The SPR excitation on metal films is observed (Fig. 1) as

a dark band in the p-polarized light reflected from the bottom
Sample Preparationof a glass prism coated with a thin (Ç50 nm) metal film.

The SPR phenomenon is dependent upon the coupling of The samples were polished glass substrates of size 20 mm
light with surface modes associated with collective electron 1 14 mm 1 2 mm. Before deposition of the gold film the
oscillations within the metal film. Plasmon resonance may be glass substrates were cleaned by washing with (1) detergent,
achieved by employing an evanescent wave resulting from a (2) Nochromix-sulfuric acid solution (overnight), (3) dis-
light beam being totally internally reflected inside a medium
of higher dielectric constant that is interfaced with one of a

2 Certain commercial equipment, instruments, and materials are identifiedlower dielectric constant. An example of this is a glass prism
in this paper to specify adequately the experiment procedure. In no case,

interfaced with a buffer. In the widely used Kretschmann does such identification imply recommendation or endorsement by the Na-
configuration (9), a thin metal film is deposited on the base tional Institute of Standards and Technology nor does it imply that the

material or equipment is necessarily the best available for the purpose.of a prism. The SPR resonance may be observed by monitor-
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TABLE 1
List of Alkyl Thiols Used for Self-Assembled Monolayers Formation on the Gold Surfaces

# Name of Alkyl Thiol Chemical Formula Abbreviation

1 16-hexadecanethiol HS(CH2)15CH3 (CH3)
2 16-mercaptohexadecanoic acid HS(CH2)15CO2H (COO0)
3 16-mercaptohexadecanol HS(CH2)16OH (OH)
4 p-(12-mercapto-1-oxododecanyl) phenol HS(CH2)11COC6H4OH (PheOH)
5 2-aminoethanethiol HS(CH2)2NH2 (NH2)
6 Oligoethylene oxide (11-mercaptoudecyl hexa(ethylene oxide)) HS(CH2)11(OCH2CH2)6OH (OE)

tilled water until the pH of water was Ç6, (4) concentrated Software, which was designed for the SPR setup, con-
trolled the collection of real-time experimental data, smooth-sodium hydroxide solution (15–20 min), (5) distilled water

until the pH of the water was Ç6, (6) high purity (18.2 MV) ing of the experimental curves, and fast least-squares fit by
linearization of a fitting Gaussian function to find the SPRwater, and (7) high purity (99.99) acetone and then dried in

a nitrogen gas stream. The gold film was deposited on the minima position (in pixels) and SPR line width. The time
to measure one point was Ç10 s. The measured detectionpolished glass substrate surface in a thermal metal evapora-

tion device (Denton Vacuum model DV-502A) at vacuum limit of the SPR device was {0.1 pixel of the CCD. To
carry out experiments close to the detection limit, the sam-of 1007 torr. The rate of gold evaporation and the film thick-

ness were controlled by a quartz resonance sensor. The con- ples, buffers, and protein solutions must be prepared as de-
scribed here. Any inhomogeneity in the solutions, impurities,ditions of gold film preparation, to give a gold film thickness

of 490 Å, were evaporation rate 12 Å/s and annealing time or gas bubbles will lead to increased noise. Moreover, during
the initial stages of incubation of a sample surface in the45 min. Immediately after removal from the vacuum cham-

ber (not more than 3–5 min), each sample was introduced buffer or even in water, a SPR minimum shift is observed.
The reasons for the effect are not clear. It is possible thatinto a 1 mM solution of thiol in ethanol. Incubation time

was overnight. Before making measurements, all samples this may be the result of swelling of the layer or exchange
of alcohol with water molecules inside the SAM layer lead-were washed in 200 proof anhydrous ethyl alcohol for 30

min and then dried in a nitrogen gas stream. Each sample ing to changes in the optical properties of the SAM layer.
Secondary Ion Mass Spectroscopy (SIMS) showed a largewas prepared separately.
C2H5O

0 line with freshly prepared CH3 SAM surfaces (un-Contact angle measurements were carried out using a
published results). The baseline usually stabilized after aRame-hart, Inc., NRL C.A. goniometer.
40–60 min exposure to the flowing buffer. After the baseline

The SPR Apparatus had stabilized, protein solution (0.5 mM) was introduced to
the cell at the constant flow rate of 2.4 mL/s.The SPR setup consisted of an optical measuring unit, a

flow cell (volume 30 mL), a peristaltic pump, a manual injec-
tion system, and a computer with the appropriate software
specially designed for this device. The optical measuring
unit consisted of a semiconductor laser (750 nm), a polarizer
to create p-polarized light on the bottom of the prism, a
beam expander to increase beam size by approximately a
factor of ten, a cylindrical lens to focus the laser beam on
the sample with an angle distribution of Ç107, and a CCD
detector with 512 pixels. The main elements of the setup
were a glass prism and a flow cell (Fig. 2) with a sample
that is in optical contact with the glass prism. These elements
were mounted on a rotating optical table with an angle reso-
lution of 0.0017. The prism allowed the possibility of chang-
ing the laser beam incidence angle while simultaneously
keeping the reflection beam in the same position on the CCD

FIG. 2. Diagram showing the flow cuvette for SPR measurements: 1,detector. This means that if the prism rotated around the
glass prism; 2, sample; 3, Teflon base with input and output flow channels;

axis that passed through the sample center, only the point 4, optical rotating table; 5, Teflon-encapsulated O rings. Measurement aper-
of nonreflectance (Fig. 1), caused by the SPR excitation, ture was Ç5 1 1 mm, cuvette volume Ç36 mL, flow rate Ç0.0024 ml/s,

velocity of the fluid Ç1.2 mm/s.shifted across the reflected beam.

AID JCIS 4586 / 6g1a$$$162 12-18-96 01:47:32 coida
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that correlated the multilayer structure characteristics and
the position of the SPR angle. The theoretical model (26)
used for calculations contained five media with parameters
shown in Table 2. This model gave a linear dependence
between the angle and layer thicknesses (it is only true
for thicknesses less thanÇ400 Å) where 1 Å corresponded
to 0.00837, or one pixel of the SPR device corresponds to
0.60 Å.

Usually the values of the protein layer effective thick-
nesses dp and effective refractive indexes np obtained by
fitting a theoretical model with experimental data for films of
less than 100 Å thickness have a considerable experimental
scatter (12, 13). This scatter is covariant. Over- or underesti-
mation of np corresponds, respectively, to under- or overesti-
mations of d. The value of surface concentration M is calcu-
lated by the following formula, which is true for noninter-
acting particles (12)

M Å dp(np 0 nb)/(dn/dc), [1]

FIG. 3. The observed shift in the SPR minima versus the bulk refractive where nb is the refractive index of the buffer and dn/dc Å
index of a water-glycerol solution. Arrows indicate the times when the 0.182 mL/mg (11). Using observed optical constants M can
solutions were changed. Concentrations of the glycerol in the water were

be determined with great accuracy in spite of fluctuating0, 4.06, 7.33, 12.18, and 40.6 mg/mL, respectively, to refractive indexes n
values of dp and np (12) due to the covariance of these twoof the solutions.
parameters. The relationship between the surface concentra-
tion and pixel number was calculated using Eq. [1] and the

The calibration of the SPR device was carried out by parameters from Table 2. Thus, 1 pixel Å 2.4 ng/cm2, and
two different methods. These two methods determined the the detection limit is less than 0.5 ng/cm2.
relationship between the angle of the incidence of the light Estimation of the calibration error for M was made by
beam and the pixel number. The first was based on the glass changing the refractive indexes and thicknesses in model
prism geometry used for surface plasmon excitation. The calculations. The resulting calibration error was less than
angle was varied in the range of 1.57 using an optical rotation 7%. To improve on this will require additional investigations
table. A linear correlation between the angle of the prism to estimate M using methods based on protein labeling or
and pixel number was found (data not given). A simple atomic force microscopy (AFM) studies.
calculation showed that one pixel corresponded to 0.00487.

The second method was based on the dependence of RESULTS
the SPR minima location on the bulk refractive index of
the media that is in contact with the sample surface. Figure Figures 4, 5, and 6 present our experimental results for
3 shows the SPR minima shift versus the well-known bulk hIgG and BSA adsorption on a series of SAM modified gold
refractive index of a water-glycerol solution. These mea- surfaces. Figure 4 shows the kinetics of adsorption of hIgG
surements showed that one pixel corresponded to a change
in the bulk refractive index of the solution of 3.0 1 1005.

TABLE 2Using a theoretical model (26) for calculations and experi-
Parameters Used for Calculation of the Correlation between themental data (Fig. 3), it was found that one pixel corre-

SPR Minima Shift in Angle (degrees) During the Growth of thesponded to 0.00537. This value correlated well with data
Biomolecular Layer (#4) Thickness (d)observed using the first method of the calibration. The

difference was probably caused by the interaction of glyc- # Media n k d (Å)
erol molecules with the surface. All curves in Fig. 3 show

1 Glass prism 1.515 0.0 `a fast and a slow portion of the SPR shift. The slow portion
2 Gold film on the prism base 0.174 4.86 490is probably due to the interaction of glycerol molecules
3 SAM layer on gold film 1.45 0.0 21with the surface leading to the formation of an intermedi-
4 Protein layer on SAM surface 1.40 0.0 0–400

ate layer on the gold surface. 5 Buffer solution 1.335 0.0 `
The relation between thickness or surface concentration

Note. n and k are the real and imaginary parts of the refractive indexes.and pixel number was established by model calculations
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98 SILIN, WEETALL, AND VANDERAH

FIG. 4. (a) Kinetics of hIgG adsorption on gold surfaces modified with CH3, PheOH, COO0, NH2, OH, and OEO SAMs. Arrow 1 shows time when
the protein solution flow was started (hIgG concentration 0.5 mM), arrows marked w show time when washing was begun. (b) Initial stages of hIgG
adsorption on the SAM surfaces. MT represents adsorption process with mass transport limitation.

(0.5 mM) on the different SAMs upon exposure to protein OH (58) ú OEO (õ0.5) with little desorption of protein
(especially for CH3 and PheOH) upon an extensive subse-solutions and subsequent protein free buffer washes w. The

surface concentrations (ng/cm2) decreased in the order CH3 quent buffer wash. The highest hIgG surface concentration
was obtained on the hydrophobic CH3 SAM, and the lowest(239) ú PheOH (230) ú COO0 (208) ú NH2 (161) ú

FIG. 5. (a) Kinetics of BSA adsorption on gold surfaces modified with CH3, PheOH, COO0, NH/
2 , OH, and OEO SAMs. Arrow 1 shows time

moment when protein solution flow was started (BSA concentration 0.5 mM), arrows marked w show time when washing was begun. (b) Initial stages
of BSA adsorption on the SAM surfaces. MT represents adsorption process with mass transport limitation.
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was obtained on the moderately hydrophilic OEO SAM. The
OEO data in Fig. 4 is different from the other SAMs, show-
ing hIgG adsorption for three different protein concentra-
tions of 0.5, 1.6, and 5.7 mM (points 1, 2, and 3, respectively)
and subsequent buffer washes (points w). As can be seen,
even a tenfold increase in protein concentration resulted only
in a slight SPR shift that is reversed with subsequent buffer
washing. The data in Fig. 4b also shows that the initial
adsorption rates of hIgG vary for the different SAMs with
the largest rate being observed for the PheOH SAM and the
smallest for the COO0 SAM. In addition, at 0.5 mM hIgG,
the rate of adsorption diminished with time but saturating
levels of adsorption (i.e., dM/dt Å 0) were not observed for
all these SAMs even after one hour (data not shown).

Figures 5a and 5b show the adsorption kinetics of BSA
on the different SAMs upon exposure to protein solution
and subsequent protein free buffer washes. The surface con-
centrations (ng/cm2) decreased in the order PheOH (111) ú
CH3 (83) ú COO0 (68) ú NH2 (63) ú OH (10) ú OEO FIG. 7. Increasing of the SPR width (dotted lines) versus time of hIgG

adsorption on CH3 and OEO SAM surfaces. Solid lines are kinetics curves(õ0.5) with no significant desorption of BSA upon subse-
for these surfaces. Measurements of the SPR shift and SPR width werequent buffer wash. The highest BSA concentration was ob-
carried out simultaneously.tained on the PheOH SAM and the lowest was on the OEO

SAM. Similar to Fig. 4, the OEO data in Fig. 5 are different
from the other SAMs showing BSA adsorption for different
protein concentration solutions (0.5 and 5.0 mM). The OEO

adsorption rates for BSA were similar to those obtained fordata for BSA again show that a large increase in protein
hIgG with the largest rate observed for the PheOH SAM.concentration resulted in only a slight SPR shift (no BSA
Like hIgG, saturating levels of adsorption (dM/dt Å 0) wereadsorption observed for 0.5 and 1.65 mM concentrations),
not observed for BSA on most of these SAMs. Moreover,which is reversed with subsequent buffer washing. Initial
for the PheOH SAM and the NH2 SAM surface adsorption
curves continued to increase after washing was begun.

Comparison of the data for hIgG (Fig. 4) and BSA (Fig.
5) shows that, except for the OEO SAM, adsorption of hIgG
was consistently higher than BSA. The ratio of the [hIgG]/
[BSA] for the OH SAM wasÇ6/1; for the CH3 SAM, COO0

and NH2 SAM the ratio was Ç3/1; and for the PheOH SAM
the ratio was Ç2/1. The adsorption concentration of hIgG
was highest on the CH3 SAM, whereas the adsorption con-
centration of BSA was highest on the PheOH SAM.

Figure 6 shows the adsorption kinetics of hIgG (solid
lines) and BSA (dashed lines) onto different OEO SAM
samples upon exposure to different protein concentrations
and upon subsequent protein-free buffer washes.

The SPR width dependent on the molecular level sur-
face inhomogeneity and, probably, can be a very good
indicator of protein distribution and orientation on the
surface. Figure 7 shows the SPR width changes versus
time of hIgG adsorption on the CH3 and OEO SAM sur-
faces. As can be seen, as the time of adsorption increasedFIG. 6. Influence of the difference in bulk refractive index of protein

solutions (np 0 nb) to the SPR shift. np and nb are bulk refractive indexes on the CH3 SAM surface the SPR width increased signifi-
of the protein solutions and buffer, respectively. Solid lines correspond to cantly. For this surface a minimum in SPR width was
the hIgG solutions, and dotted lines to BSA solution. Protein concentrations

observed after an adsorption time of approximately 8 min.for curve 1 is 5.7 mM, 2 is 5.0 mM, 3 is 1.6 mM, and 4 and 5 are 0.5 mM.
In the case of OEO SAM surface the SPR width did notArrows indicate time of introduction of the solution into the flow-cell and

washing with buffer. change. Our results for SPR width dependence on protein
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adsorption for all studied surfaces will be presented else- and desorption that lead to multiple states of adsorbed pro-
teins on the surface (3). The presence of multiple states ofwhere.
adsorption probably is reflected in the changes in the SPR
width versus adsorption time (Fig. 7). It is also necessary toDISCUSSION
point out (see Fig. 5 curves PheOH and NH2, where one

Our experimental kinetic curves show fast changes at ini- does not observe the decrease in protein adsorption after
tial stages of adsorption and significantly slower changes at beginning of washing) that by the same reasoning, Eq. [1]
later stages of adsorption. The influence of mass transport cannot be used to prudently calculate surface concentration
in our experiments was estimated by the methodology devel- for all cases.
oped in (20) Consistent with earlier studies of hydrophobic surfaces

(1–3, 15), we observed that the CH3 SAM surface (contact
ml Å 0.98D2/3(u/hl)1/3, [2] angle Å 1057) strongly adsorbed both BSA and hIgG. The

strength of adsorption was indicated by a protein surface
concentration (M) of approximately 85 and 260 ng/cm2, re-where ml is the mass transfer coefficient, D is the diffusion

coefficient of hIgG and BSA, u is a linear flow rate of the spectively, and a resistance to desorption of protein during
washing (see Figs. 4 and 5, CH3 curves). This strong interac-solution, l is the length for the biospecific active surface,

and h is the channel height. Calculations, using experimental tion is likely a complex process. Figure 7 shows an overall
increase in SPR width with minimum during the first 8 minparameters presented in Fig. 2 caption and the methods sec-

tion, and using D Å 3.26 1007 cm2/s for BSA and 2.3 1007 after exposure to protein solution. The broadening of the
SPR line can be a result of the radiative damping of surfacecm2/s for hIgG (20) resulted in values of ml Å 1.59 1 1004

cm/s and 1.2591 1004 cm/s for BSA and hIgG, respectively. plasmon (26) due to increasing in inhomogeneity (molecular
level roughness) of the sample surface during protein adsorp-These values are on the order of one to two times larger

than those usually obtained for rates of protein adsorption tion. In the case of the OEO surface, where little protein is
adsorbed (Fig. 7, curve OEO), very little change in SPR(12, 13). For comparison, in Figs. 4b and 5b curves (MT)

show the hypothetical (one-exponent) protein adsorption width was observed. We suggest that, in the case of the CH3

surface, the increase in SPR width and the observation of aprocess that corresponds to a rate constant equal to ml. As
can be seen, mass transfer, a limiting step in the kinetics of minimum in the SPR width is indication of changes in pro-

tein distribution and conformation during adsorption. Proba-protein adsorption studies in nonflow experiments, is not a
major factor under these experimental conditions. bly, protein adsorption to this surface is a multistep process

most likely initiated by hydrophobic residues on the proteinThe experimental results presented in Figs. 4–6 show that
the nature of the SAM surface more strongly influences the surface. The initial interaction is then followed by multipoint

interactions due to various degrees of the protein denatur-amount of the adsorbed protein than the nature of these
particular proteins (charge, amino acid sequence, shape, ation and/or cooperative effects (3). The low level of desorp-

tion of proteins from the CH3 surface is consistent withetc.). The difference between the surface concentrations of
BSA and hIgG adsorbed on a given SAM surface is signifi- strong adsorption forces and further supports the hypothesis

of multipoint protein-surface interactions.cantly less in terms of the number of the adsorbed molecule
per cm2, for these two proteins, than in terms of the mass Surprisingly, the PheOH SAM surface also strongly ad-

sorbed the studied proteins. The contact angle of this surface(ng)/cm2 because the molecular weight of the BSA is approx-
imately half that of hIgG. As a rule, a higher molecular is 367, and, therefore, the surface can be considered hydro-

philic. Nonspecific adsorption of proteins to hydrophilic sur-weight protein would more strongly interact with a surface
due to increased multipoint attachments (1, 3) of the protein faces has been reported to be relatively low (1, 2). The

terminal group of PheOH SAM can interact with BSA andto the surface and, therefore, have higher binding energies
of protein-surface interaction. This may result in an increase hIgG in three ways: (i) hydrogen bonding with either the

hydrogen or the oxygen atoms of the hydroxyl group, (ii)in protein surface concentration. Our attempts to apply first-
order kinetics to calculate adsorption rates using a one-expo- with the carbonyl group via either hydrogen bonding (oxy-

gen atom only) or Schiff base formation, and (iii) p 0 pnent model did not give a good fit to the experimental data.
A two-exponent model, one that includes two reversible ad- interactions between p electrons in the protein and the p

electrons of the phenol ring. At pH 7.5 the phenol surfacesorption processes, gave a better fit, but the calculation does
not provide a unique solution, since the results depend on is essentially neutral (pKa of simple phenols Ç10) and could

form hydrogen bonds. The influence of hydrogen bonds onthe starting fitting parameters. The real model of protein
adsorption is much more complex and involves many pro- protein binding energy through the OH group, most likely,

is significantly lower as seen (Figs. 4 and 5) in the examplecesses such as protein-interface interactions, protein orienta-
tions on the surface, conformational changes accompanied of the aliphatic OH-terminated SAM surfaces. The influence

of C|O groups on BSA and IgG adsorption would be de-with protein unfolding, lateral protein-protein interactions,
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pendent on the their orientation on the surface. A preliminary
surface-enhanced Raman spectrum (SERS) of the PheOH
SAM on the gold surface (spectrum not presented here, will
be published later) shows very weak intensity of the C{S
and C|O vibrations and relatively strong phenol vibration
lines. From surface selection rules it is known that bonds
that are oriented parallel to the surface display weaker SERS FIG. 8. Cartoon shows possible variant of protein spreading on the
intensity than those that are oriented perpendicular to the surface. Before (a) and after (b) spreading the effective thickness deff. of

the protein layer can be the same.surface. Thus, we conclude that the C{S and the C|O
bonds are, on average, oriented parallel to the surface. This
suggests that (i) the tilting angle of this aryl-alkyl thiol is would expect BSA to be highly oriented on this surface.

Finally, desorption rates are consistent with these arguments.much larger than 307 and (ii) the surface of this SAM is
defined by the phenol ring and much less by the carbonyl Adsorption via small positively charged domains would

mean fewer points of attachments, localization of charge,group. We believe that the protein-surface interaction in this
case is due to the high value of the interfacial-free energy and minimization of denaturation, thus increasing the proba-

bility of desorption. In this way the unfolding or denaturation(1) of the PheOH SAM surface due to p electrons system
of the phenolic group. Therefore, this surface adsorption levels of these proteins may be less than on the hydrophobic

surface.may be facilitated by p electron interactions of the phenolic
terminal group of the SAM with p electrons (amide bonds, The positively charged NH2 SAM surfaces are as hydro-

philic as the COO0 surface (contact angle less than 107);aromatic amino acids, etc.) on the protein molecules. BSA
was adsorbed to a greater extent on this surface than on however significantly less hIaG adsorbed to it (Fig. 4a). A

desorption of hIgG is observed on both these surfaces afterthe CH3 SAM. One possible reason for this could be the
distribution p electron containing residues on BSA’s surface. initiation of washing. For BSA (Fig. 5a), the quantity of

protein on NH2 and COO0 surfaces is approximately theTo confirm this supposition additional experiments are in
progress. same, and no changes in SPR response upon washing is

observed. Moreover, during washing, the kinetic curve in-The COO0 SAM is hydrophilic (the water contact angle
is less than 107 (27)). This surface is negatively charged creases slightly. (The same effect also was observed for

BSA on the PheOH surface.) Possibly it is the process ofunder our experiment conditions. As a rule, hydrophilic sur-
faces more weakly adsorb proteins (1–3) as compared with conformational changes which is being observed after wash-

ing was began. As the effective thickness of protein layerhydrophobic surfaces. However, our results show that both
hIgG and BSA are significantly adsorbed to this surface as cannot increase during the washing, these changes may be

due to increasing in the protein layer effective refractiveevidenced by surface concentrations only slightly less than
that observed for the CH3 SAM (Figs. 4 and 5, compare index that can be the result of the proteins spreading (Fig. 8)

on the surface. In cases where proteins significantly changecurves COO0 and CH3). This is surprising in light of the
fact that at pH 7.4 BSA is net negatively charged Ç018 conformation during adsorption, Eq. [1] probably cannot be

used to calculate surface concentration.(28) and hIgG is slightly positively charged (29). In our
experimental conditions (50 mM phosphate buffer) not all The hydrophilic OH SAM surface (contact angle Ç07),

as was expected, adsorbed significantly lower amounts ofcharges on the proteins are screened by the ions. It is known
(1) that electrostatic interactions provide relatively insig- the proteins. Under physiological conditions (pH 7.4) the

OH group (pKa Å 13) of this alkyl thiol retains the hydrogennificant contributions to protein adsorption at ionic strength
ú100 mM due to the screening of protein charge by counteri- on the OH group and is able to form hydrogen bonds with

side-end groups of polar protein amino acids. Probably aons. Also noteworthy is the fact that rates of desorption of
hIgG and BSA are largest for the COO0 SAM. Since we combination of multipoint hydrogen bond formation and the

lateral electrostatic repulsion (especially for BSA molecule)observe much lower surface concentrations of hIgG and BSA
on hydrophilic OH surfaces (Figs. 4 and 5, curves OH), we are responsible for hIgG and BSA adsorption on the OH

surface under our experimental conditions. The low molecu-believe these results suggest that protein-surface interaction
is electrostatic. While an electrostatic interaction between lar weight ion screening must also be taken into consider-

ation.the positively charged hIgG and the COO0 SAM is readily
rationalized, the case for BSA is not (BSA molecule has The OEO SAM is moderately hydrophilic based on con-

tact angle measurements (257 (32) and our data). The adsorp-three domains with net charges 010, 08 and 0, respectively
(28)). It may be, however, that although BSA has a net tion curves, or more correctly for this case, the SPR shift

versus incubation time in protein solutions, for hIgG andnegative charge, positive charges may still reside on the
protein surface and that adsorption could take place at these BSA on the OEO surface are shown in Figs. 4 and 5 (OEO

curves), respectively, and Fig. 6. These data show that ad-small positively charged domains. If this is the case, we
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sorption of hIgG and BSA, over a tenfold concentration smaller than on the hydrophobic CH3-terminated SAM sur-
faces.range (0.5–5 mM), is extremely low. The small SPR shifts

observed are due to bulk refractive index changes of the An increase in the SPR width was observed for surfaces
that adsorb proteins. We believed that this is the result ofhigher protein concentration solutions. (As already men-

tioned [Fig. 3], the SPR minimum position depends on the radiative damping of surface plasmons due to increasing
molecular level roughness of the sample surface as proteinbulk refractive index of the medium above the sample sur-

face.) To confirm this, different concentrations of hIgG and adsorption progresses.
Well-characterized surfaces fabricated using self-assem-BSA were applied (Fig. 6). Using the calibration results (Fig.

3) for water-glycerol solutions and known protein concentra- bled monolayers and the SPR technique accompanied with
a flow cell gave rise to the possibility of carrying out experi-tions, the refractive index increment dn/dc of bulk solution

containing protein was estimated. The value determined for ments under standard, reproducible conditions, and in a real-
time regime. The resistivity of the OEO SAM surface todn/dc was 0.201 mL/mg, which is in very good agreement

with the literature (12) (0.182–0.190 mL/mg). From ex situ protein adsorption may be used in future experiments to
create surfaces with specific properties and quantity of active(24, 25) measurements it was not clear how much protein

adsorbed reversibly on the OEO surface because the re- sites that can help in modeling and understanding of protein
adsorption on the interfaces.sulting thickness was measured after washing (25) which

was capable of removing all reversibly adsorbed proteins.
Usually, for a reversible adsorption process and small sur- ACKNOWLEDGMENTS
face concentrations, kinetic curves do not show fast changes
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