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This paper demonstrates that surface plasmon resonance (SPR) spectroscopy can be used to measure
the nonspecific adsorption of proteins to self-assembled monolayers (SAMs) of alkanethiolates on gold in
situ and in real time. Mixed SAMs comprising hexa(ethylene glycol) and methyl groups that have values
of yme < 0.5 resisted the adsorption of four test proteins: RNase A, lysozyme, fibrinogen, and pyruvate
kinase. These four proteins adsorbed irreversibly to surfaces having values of yme > 0.5: the amount of
adsorbed protein correlated with yme.. The initial rate for adsorption of fibrinogen to a methyl-terminated
SAM (yme = 1.0) followed first-order kinetics. The combination of SAMs and SPR described here is
particularly well suited for investigations of the interactions of proteins with structurally well-defined

organic surfaces.

The adsorption of proteins to surfaces is a central
concern in systems in which man-made materials contact
biological fluids: examples include prostheses,! supports
for anchorage-dependent cell culture,? in-dwelling sen-
sors,’ and catheters.* While much has been learned about
the mechanisms of protein adsorption,® experimental
studies have been limited by a lack of well-defined surfaces
capable of presenting a wide range of groups. Self-
assembled monolayers (SAMs) of alkanethiolates on gold
are an excellent model system for studying the effects of
surface properties on protein adsorption.5=® In previous
work we have shown that SAMs terminated in oligo-
(ethylene glycol) groups resist the nonspecific adsorption
of protein as measured by ex situ ellipsometry;” however,
it was unclear whether this ex situ measurement ac-
curately reflected the partitioning of protein to the surface
in solution. Thereisaneed for abroadly and conveniently
applicable analytical technique that permits the in situ
measurement of protein adsorption in this system. Sur-
face plasmon resonance (SPR) spectroscopy has been used
extensively to measure the binding of proteins to surfaces
that are less well-defined than SAMs,® but much of this
work has employed home-built instruments that are not
readily available. Here we demonstrate that a commercial
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SPRinstrument!® has the characteristics required for use
with SAMs on gold as a technique for examining protein
adsorption:!! it has excellent sensitivity and is capable of
detecting adsorbed proteins in sub-monolayer quantities
with excellent signal-to-noise; it provides both thermo-
dynamic and kinetic information about adsorption; it
requires only modest quantities of protein; it does not
require the protein to be modified to introduce a chro-
mophore. This work demonstrates the effectiveness of
oligo(ethylene glycol)-terminated SAMs to resist the
nonspecific adsorption of protein in situ.
Experimental Design. In the SPR experiments
described here, a glass slide with a thin layer of gold (40
nm) supporting a SAM was mounted as part of a flow
cell.? p-Polarized light that is directed at the glass surface
causes excitation of plasmons at the metal—solution
interface.l® The excitation of surface plasmons is detected
as a minimum in the intensity of reflected light at the
resonance angle (6,,) (Figure 1A). The value of 6,, depends
on the dielectric constant of the interfacial region that is
in contact with the gold and depends (inter alia) on the
thickness of an adsorbed layer of protein. Our protocol
for measuring the adsorption of protein to these SAMs
consisted of allowing a solution of buffer (10 mM phos-
phate, 150 mM sodium chloride, pH = 7.2, T'= 25 °C) to
flow through the cell for 7 min, substituting a flow of a
solution of protein (1 mg/mL) in the same buffer for 7 min,
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Figure 1. Surface plasmon resonance spectroscopy can be used
to measure the adsorption of proteins to self-assembled mono-
layers in situ and in real time. (A) p-Polarized light is incident
on the substrate, and the angle at which the reflected light
shows a minimum in intensity is recorded. This angle () is
characteristic of the optical properties of the interface and
depends on the average thickness of a protein adlayer. (B) For
the experiments described here, a solution of buffer was flowed
through the cell, substituted with a solution of protein, and
then replaced with buffer. The SPR experiment records A6 (6,
— 0°) versus time (solid curve). The change in the index of
refraction of the protein-containing solution also causes a change
in Ox,; this contribution to the measured signal is indicated by
the dashed curve. The difference between the two curves
measures the amount of protein adsorbed to the SAM.

and then replacing with the original buffer for 8 min.14
The change in 6, from the initial value (A6 = 0y — 61°)
was recorded versus time (Figure 1B).

Adsorption of Protein to SAMs. We examined the
adsorption of four proteins—RNase A, lysozyme, fibrino-
gen, and pyruvate kinase!® —to mixed SAMs that con-
tained different mole fractions of the two alkanethiolates
S(CHz}mCHs (1) and S(CH2}11(00H2CH2)80H (2).? Figure
2A shows data for the adsorption of RNase A to several
mixed SAMs; the data for adsorption of lysozyme, fi-
brinogen, and pyruvate kinase to these SAMs were
qualitatively similar. SAMs with values of y; ranging
from 0 to 0.5 resisted almost entirely the adsorption of
protein. SPRreliably measured the low level of adsorption
of protein on these SAMs (~2% of a full monolayer); we
believe that this adsorption is due to defects in the SAM.
The resistance of these surfaces to protein adsorption is
consistent with our previous work using ex situ ellipsom-
etry.” The ellipsometric experiments left unresolved the
possibility that a weakly bound layer of protein was
removed from the surface when the substrate was rinsed
and dried prior to the measurement. The data in Figure
2A demonstrate that these SAMs do indeed resist the in

(14) The buffer was caused to flow through a rectangular cell (500
umwide x 50 um high) at a rate of 5 uL/min. The corresponding Reynold’s
number of approximately 10 suggests that the flow is laminar and not
turbulent.

(15) RNase A (R-5125), lysozyme (L-6876), pyruvate kinase (P-91386),
and fibrinogen (F-4883; 94% clottability) were purchased from Sigma
(catalog numbers are indicated). Solutions of proteins in PBS buffer
were prepared and filtered through 0.22 um filter units.
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Figure 2. (A) Data for the adsorption of RNase A to mixed
SAMs comprising 1 and 2 (1 mg/mL protein in 10 mM phosphate,
150 mM sodium chloride, pH = 7.2, T = 25 °C). The relative
change in the resonance angle (fy,) is plotted versus time for
each mixed SAM. The region of time during which protein was
present in the buffer is indicated above the plot. The curves are
offset vertically for clarity. The mole fraction of 2 in each SAM
is indicated on the right side of the plot. (B) Effect of
concentration of fibrinogen in the buffer on the amount of protein
adsorbed to SAMs terminated in methyl groups (y1 = 1.0). The
curves were adjusted vertically to have the same value of 6,
at the time when protein was introduced into the flow cell, The
concentration of fibrinogen for each response curve is indicated
on the right side.

situ adsorption of protein. Protein adsorbed to SAMs
having values of y; ranging from 0.6 to 1.0. Although a
small amount of protein (~5%) dissociated from the SAMs
in the first minute after the solution of protein was replaced
with buffer, the adsorption of protein on these SAMs was
essentially irreversible in the absence of detergents or
other proteins; only the amount of adsorbed protein
changed with the value of ¥; in the mixed SAMs. We
believe that these data are most consistent with mixed
SAMs that present domains of each alkanethiolate, rather
than a random arrangement of the two alkanethiolates
in the monolayer.

Measurement of Kinetics of Protein Adsorption.
Figure 2B demonstrates that the amount of fibrinogen
that adsorbed to a SAM comprising 1 depended on the
concentration of protein in solution. A plot of the initial
rates of adsorption (measured as A6/s) versus the con-
centration of fibrinogen gave a straight line (correlation
of R = 0.998) with a slope of 2448 deg M~! s7; this first-
order rate constant is consistent with a model for ir-
reversible and noncooperative adsorption of protein to the
SAM.!¢ We are unable to report an accurate rate constant
because the density of protein on the surface at saturation

(16) For a review of investigations of the kinetics of protein adsorption,
see: Ramsden, J. J. @. Rev. Biophys. 1994, 27, 41—-105.
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Figure 3. Quantitation of the adsorption of protein to SAMs
by in situ SPR and ex situ ellipsometry (conditions described
in text). (Top) The net change in resonance angle 10 s after
protein was removed from the flow cell is plotted versus yq for
each protein: RNase A (O), lysozyme (@), fibrinogen (O), and
pyruvate kinase (). (Bottom) The average thickness of the
layer of adsorbed protein on each SAM measured using ex situ
ellipsometry.”!” The curves serve only to organize the data
visually and do not represent a physical model.

was not constant but depended on the concentration of
protein in the flowing buffer (Figure 2B).

Comparison of in Situ SPR and ex Situ Ellipsom-
etry. Figure 3A shows the amount of protein that
remained adsorbed to each mixed SAM 10 s after the flow

Langmuir, Vol. 11, No. 11, 1995 4385

cell was flushed with protein-free buffer. The response
curves for binding of lysozyme, fibrinogen, and pyruvate
kinase to each mixed SAM reached a constant value during
the time that the surfaces were exposed to protein; this
behavior indicated that the strong adsorption sites on the
surface were all occupied. By contrast, the response curves
for adsorption of RNase A did not reach a constant value,
and the data do not measure the amount of adsorbed
protein at saturation. Figure 3B shows the amount of
protein that adsorbed to each mixed SAM as measured by
ellipsometry.’” Since the conditions (flow rate and
adsorption time) for the SPR and ellipsometric experi-
ments were different, a direct comparison of the two
methods is not possible; there is, nonetheless, a good
qualitative agreement between the two sets of data.

The combination of SAMs and SPR described here is
especially well suited for studies of adsorption of proteins
at surfaces: both nonspecific, irreversible adsorption of
the type examined here and biospecific adsorption to
surfaces presenting ligands can be examined.'®!® Studies
ofthese systems demand a sensitive analytical technique
capable of measuring the thermodynamic and kinetic
parameters of interactions of biomolecules with substrates
in situ and in real time.
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