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Abstract

To understand and predict protein adsorption behavior, we must first understand the fundamental
interactions between the functional groups presented by the amino acid residues making up a protein
and the functional groups presented by the surface. Limited quantitative information is available,
however, on these types of submolecular interactions. The objective of this study was therefore to
develop a reliable method to determine the standard state adsorption free energy (AG®,q4s) of amino
acid residue—surface interactions using surface plasma resonance (SPR) spectroscopy. Two problems
are commonly encountered when using SPR for peptide adsorption studies: the need to account for
“bulk-shift” effects and the influence of peptide—peptide interactions at the surface. Bulk-shift effects
represent the contribution of the bulk solute concentration to the SPR response that occurs in addition
to the response due to adsorption. Peptide—peptide interactions, which are assumed to be zero for
Langmuir adsorption, can greatly skew the isotherm shape and result in erroneous calculated values
of AG®,4s. T address these issues, we have developed a new approach for the determination of AG
°ads Using SPR that is based on the chemical potential. In this article, we present the development of
this new approach and its application for the calculation of AG° 44 for a set of peptide—surface systems
where the peptide has a host—guest amino acid sequence of TGTG-X-GTGT (where G and T are
glycine and threonine residues and X represents a variable residue) and the surface consists of
alkanethiol self-assembled monolayers (SAMs) with methyl (CH3) and hydroxyl (OH) functionality.
This new approach enables bulk-shift effects to be directly determined from the raw SPR versus
peptide concentration data plots and the influence of peptide—peptide interaction effects to be
minimized, thus providing a very straightforward and accurate method for the determination of
AG ° 445 for peptide adsorption. Further studies are underway to characterize AG° 445 for a large library
of peptide-SAM combinations.

[. Introduction

It is widely recognized that protein—surface interactions are of fundamental importance in the
field of biomaterials because of the governing role that they play in the biological response to
an implanted material. 1> To understand the importance of these events, it is first necessary to
recognize that cells in the body generally do not have receptors for synthetic materials and thus
lack the inherent ability to respond directly to chemically stable materials that are made from
nonbiologically based plastics, metals, or ceramics. However, when these types of materials

are implanted in the body, proteins that are soluble in the blood and interstitial fluids rapidly
coat the surface of the implant. This represents the critical event that makes the implant surface
bioactive. Cellular response to an implanted material is then dictated by the types of proteins
that adsorb to the implant's surface and the bioactive state of those proteins, which, in turn, is
directly influenced by the protein adsorption process.G’7 Unfortunately, it has proven to be
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extremely difficult to understand and control these types of interactions quantitatively because
of the complexities involved.8-10 on a fundamental level, however, protein adsorption
behavior can be considered to be represented by the combination of the individual interactions
among the amino acid residues making up a protein (of which there are 20 different types coded
for by DNA), the solvent environment (i.e., water molecules, salt ions, and pH), and the
functional groups presented by a surface. These types of interactions can be characterized by
the change in standard-state free energy associated with their adsorption to a functionalized
surface (AG°,gs), With this information then used to provide an initial understanding of the
submolecular events that govern protein adsorption behavior.

Vernekar and Latour developed one of the first experimental model systems for the
determination of AG °,qs for peptide—surface interactions using surface plasmon resonance
(SPR) spectroscopy.6 They used a G4-X-G4 host—guest model peptide system on OH- and
COOH-functionalized gold—alkanethiol self-assembled monolayer (SAM) surfaces, where G
represents glycine and X was either glycine (G) or lysine (K) using the standard one-letter
amino acid code. With this system, the G4-K-G,4 peptide was found to exhibit a very strong
adsorption response on the COOH-SAM surface, with a AG °,45 value of —6.9 + 0.2 kcal/mol
(mean £ 95% confidence interval (Cl)) at 25 °C obtained by fitting a Langmuir adsorption
model to the adsorption isotherms. The other three systems (G4-K-G4 on the OH-SAM and
G4-G-G4 on both the OH- and COOH-SAMs) exhibited no detectable adsorption response.
This prevented the fitting of the Langmuir model to the data, with AG °,45 then simply
considered to be zero for each of these systems because of the lack of a measureable response.
Along with the initial development and application of a method using SPR to determine AG
°ads for peptide—-SAM systems, their study also identified several limitations with the approach
that was initially developed. First, the G4-X-G,4 form of the host—guest peptide was determined
to possess very limited solution solubility when G was used for the guest residue (i.e., X = G),
and its overall peptide molecular weight was fairly small, which limited the sensitivity of the
detection of adsorption events using SPR. Second, the method used by Vernekar and Latour
required the use of the OH-SAM surface, which was determined to be nonadsorbing, to
measure the bulk-shift effects that were then used for the correction of the COOH-SAM surface
data. Although this was a reasonable assumption for the systems evaluated, it added complexity
and a potential source of error to the method. Third, because the Langmuir model used in their
study could not be fit to an isotherm that exhibited nearly zero adsorption, the free energy of
adsorption for weakly adsorbing systems could not be directly determined by their method but
instead had to be assumed to have a zero value. Although not addressed by Vernekar and Latour,
their method also provided no means to address differences in peptide—peptide interactions at
the surface but simply assumed that these types of interactions did not occur. Similar methods
to these have also been used by Husson et al.11.12 for the measurement of a broader selection
of peptide—surface combinations, with their studies having the same limitations as the prior
study by Vernekar and Latour.

To address these problems, we have further developed the experimental system initially
designed by Vernekar and Latour by using a chemical potential approach to solve each of the
previously encountered problems. We have redesigned the host—-guest peptide model for
improved solubility and detection by SPR, developed a direct method to account for bulk-shift
effects for each individual peptide—surface system, revised the adsorption model for use with
SPR isotherm data to enable adsorption free energy to be directly determined for even very
weakly interacting systems, and developed a method to minimize the effects of peptide—peptide
interactions for the calculation of AG °,q4s. In this article, we present this revised approach,
demonstrate its use to determine the adsorption free energy for a new set of peptide-SAM
surface systems, and address various experimental factors and their influence when conducting
these types of experiments with SPR.

Langmuir. Author manuscript; available in PMC 2009 June 1.
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II. Analytical Model

Il.a. Key Issues

To determine AG °,qs accurately for peptide adsorption using SPR, two key issues must be
addressed: the need to account for (1) “bulk-shift” effects and (2) the influence of solute—solute
interactions on the surface.

Because SPR measures the refractive index change of the medium within a distance of about
300 nm of the surface, 13 it is sensitive to both the molecules adsorbed at the interface and the
molecules suspended in the medium.13 This latter contribution, known as the “bulk effect”,
introduces a component into the SPR signal that is linearly proportional to the mass
concentration of the analyte in the solution.14 Therefore, to determine the amount of SPR
signal that is due to the adsorption process, the bulk shift contribution must be subtracted from
the raw SPR signal that is obtained during the adsorption experiment.

Peptide—peptide interactions present another problem that can greatly skew the shape of the
adsorption isotherm and result in erroneous calculated values of AG °ygs. AG °4s IS determined
from the equilibrium constant, Keg, of a reversible adsorption process, which represents the
partition coefficient for the concentration of the solute on a surface versus its concentration in
bulk solution. Ideally, the value of Keq could be determined as the initial slope in the linear
region of the adsorption isotherm, which represents infinite dilution conditions, in order to
minimize effects from solutesolute interactions at the surface.1° Unfortunately, this requires
the measurement of adsorption events for solution concentrations that typically extend well
below the detection limit of currently available commercial SPR instruments. To get around
this problem, an adsorption model, such as the Langmuir model, is generally used to calculate
AG °44s 0N the basis of the overall shape of the isotherm. This, however, creates additional
complications because solute—solute interactions may occur on the surface as the surface sites
become filled, which can substantially influence the shape of the isotherm and invalidate the
application of the Langmuir adsorption model. If the Langmuir model is still used despite the
occurrence of solute—solute interactions, then substantial error will be introduced into the
calculated value of AG °44s .~°"

To address both of these problems, we have adapted our analytical model to enable bulk-shift
contributions to be directly determined from the raw SPR signal versus solution concentration
plots for each individual peptide—surface system and to enable the effects of solute—solute
interactions on the isotherm shape to be minimized so that AG °,45 can be accurately determined
from the resulting adsorption data.

II.b. Model Development

For a reversible adsorption process under equilibrium conditions, the chemical potential of an
adsorbed peptide must be equal to its chemical potential in solution, which can be expressed
as

us=pp with  pu=u®+RTIn(a) and a=yC/C°
Us=pJ+RTIn (ysCs/C®) =pp=pp+RTIn (yp,Cp/C°)

Under dilute conditions, y = 1.0, and defining C° = 1.0 M gives

A,uOZ,US — ,ugz — RTIn(C,/Cy) :Angs o
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where w is the chemical potential of the peptide, superscript “0” designates standard-state
conditions, subscripts s and b designate the states of the peptide when it is adsorbed to the
surface or in bulk solution, respectively, a and y are the activity and the activity coefficient of
the peptide, respectively, C is the concentration of the peptide, and R and T are the ideal gas
constant and absolute temperature, respectively.

The concentration of the peptide at the surface (C;) can be expressed as

Ci=q/6+Cy 2)

where q is the excess amount of peptide per unit area adsorbed on the surface compared to that
under bulk solution conditions (i.e., C) and ¢ is the thickness of the adsorbed layer.

The excess amount of solute adsorbed to the surface, g, can be directly measured by SPR and
related to the standard parameters that are used to characterize an adsorption process, which
can be expressed asl

P+S = PS ©

where, P, S, and PS represent the peptide in solution, the available surface sites for peptide
adsorption, and the adsorbed peptide on the surface, respectively. Assuming a reversible
adsorption process and again assuming unity activiti/ coefficients, the change in the free energy
of the adsorption process can be expressed asl6,11,24

K:(_):(_")/%_

which can be rearranged to qz% )

where K is the equilibrium constant for the adsorption reaction expressed in eq 3, Xps and Xg
are the mole fractions of surface sites occupied and unoccupied by the peptide, respectively,
and Q is amount of peptide adsorbed at surface saturation. The final expression represented by
eq 4 represents the classic Langmuir adsorption model.2>-29

During an SPR experiment to measure the adsorption of a peptide to a surface, the overall
change in the SPR signal reflects both the excess amount of adsorbed peptide, g, and the bulk
shift response, which is linearly proportional to the concentration of peptide in solution.14 This
can be expressed as

SPR=g+mCy= +mCy,

Cy
Cp+CoK-! (5)

where m is the proportionality constant between the peptide concentration in the bulk solution
and the bulk shift in the SPR response. Equation 5 can be directly fit to a plot of the raw SPR
signal versus peptide solution concentration, Cy, to solve for the parameters of Q, K, and m,
which enables bulk-shift effects (represented by mCy) to be directly accounted for by each
individual peptide-surface system.

As introduced above, however, fitting the Langmuir adsorption model to a solute adsorption
isotherm has the inherent problem that the shape of the isotherm is often influenced by solute—
solute interactions, with the subsequent values of Q and K in egs 4 and 5 being directly affected,
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in which case the value of K may not provide an accurate representation of AG °,q4s. Solute—
solute effects are minimized, however, when adsorption takes place under the condition where
the bulk solution concentration (Cy) approaches zero. As shown from the last expression in eq
4, under this condition the relationship between g and Cy, becomes

%)Cb

@, 0™ ( Co ®

with g thus being linearly related to Cy, under these conditions. Unfortunately, the relationship
between g and Cy, at very low concentrations is not experimentally accessible because of the
sensitivity limitations of SPR. However, the adsorption behavior can still be determined under
these conditions using the values of Q and K obtained from fitting eq 5 to the SPR response
over the experimentally accessible range of peptide solution concentrations, with these values
then plugged into eq 6 to calculate ()c,,—.o. By this approach, Q and K essentially serve only
as fitting parameters for the purpose of estimating the linear response of the isotherm plot as
Cyp approaches zero. Therefore, while the influence of solute—solute interactions may affect the
actual values of Q and K, they should not influence the ability of Q and K to serve as fitting
parameters to estimate the initial slope of the isotherm, thus separating the effects of solute—
solute interactions from the determination of AG °,qs, as addressed in the following paragraph.

Equation 6 can now be combined with egs 1 and 2 to derive an expression for the chemical
potential based on the experimentally determined parameters Q and K for situation in which
Cyp approaches zero, thus minimizing peptide—peptide interactions, which gives

(€9, o=@, _/5+Cr= (%) Co+Cp= (%+ 1) G,

with AGS, = - RTIn|(Cy) /Co|= = RTIn (&5+1)

ads Cp—0 sC°

(7)

Equation 7 thus provides a relationship for the determination of AG°,4s for peptide adsorption
to a surface with a minimal influence of peptide—peptide interactions based on experimentally
determined parameters Q and K and the theoretically defined parameter ¢.

We will next address how ¢ is determined and evaluate the sensitivity of the calculated values
of AG°,q4s to the value of this parameter.

The ¢ parameter is determined by assuming that its value is equal to twice the average outer
radius of the peptide, with the peptide represented as being spherical in shape. Under these
assumptions, a peptide's volume can be estimated from its molecular weight and the average
value of a protein's molar specific volume in solution. The average experimentally determined
molar specific volume for a soluble peptide or protein is approximately 0.73 cm3/g.30 For a
TGTG-X-GTGT peptide with X representing an amino acid with an average residue molecular
weight of M,, = 118.9 Da,31 which results in M,, = 769.3 Da for the peptide, the value of
Rpep (radius of a peptide molecule) is calculated as32

Voop=4Rpug= (0.73%2) (e ) or

pr=[% (0.73%)(%“ )(WTA)] 606 A .

Av

which gives 6 = 2Rpep = 12.1 A, where Vpep is the molecular volume of the pe:ftide and Nay
is Avogadro's number. Molecular dynamics simulations with similar peptides 3 show this to
be a very reasonable value for the adsorbed layer of this peptide.

Langmuir. Author manuscript; available in PMC 2009 June 1.
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Although it would be ideal not to have to rely on the use of a theoretically derived parameter
for the calculation of AG®4qg, it can be shown that the value of AG®,ys is actually fairly
insensitive to the value of J. The sensitivity of AG°,q4s to the value of ¢ can be evaluated by
assessing how AG®,qs is affected by the value of ¢ under different conditions of adsorption.
Equation 7 provides the relationship between AG°,q4s and o, and the differentiation of eq 7 with
respect to J gives

d o\ 0K
a5 (AClu) =RT ((QK+6C°) 5) ©

For the case of a relatively strongly adsorbing system (e.g., when QK > 6C®), eqs 7 and 9
respectively become

0K OK )

AG® :[—RTI (_+1)J ~ —RT1 (
[ ads] — i 5CO —— n oCc° (10)

d
and 5 (Angs)

[
=RT| —————
(QK+6C®) 6

QK>5C0 QK>6C0 (11)

As an example of what these expressions represent, for the situation where T = 298 K and
QK =56C°, the value of AG°,¢s is equal to about —1.0 kcal/mol, with AG®,45 becoming even
more negative for a larger of QK/5C* ratio. Using the value of ¢ calculated from eq 8 (i.e., J =
12.1 A), eq 11 shows that the sensitivity of AG®,qs to the value of ¢ is only d(AG®,4s)/dd =
0.050 kcal/mol/A. 1t should also be noted that under these conditions the difference between
AG°®4qs for two different peptide—surface systems (i.e., AAG®,q4s) becomes

o . (0K)
AAGads :(AGads)g - (AGad‘)l =—RTIn ((QK)? )

(12)

in which case the parameter ¢ divides out of the relationship altogether. Taking the other
extreme condition (i.e., when QK < §C®), egs 7 and 9, respectively, become

K
|ace, | :[—RTln(Q—H)] ~ —RTIn(1)=0
ads QK<6C° oCe QK <5C° (13)
1d 0K _RT (QK\ _
dnd[& (AngS) :RT[(QK+6C°)6] - (5c0) ~
QK<5C0 lok<sco (14)

As an example of what these relationships show, under the conditions of T =298 K and QK =
(1/5)0C°, is AG®,¢s = —0.1 kcal/mol and d(AG°44s)/dé = 0.008 kcal/mol/A. Finally, to consider
the influence of the values of ¢ for the case where the value of AG°,qs is between —1.0 and 0.0
kcal/mol (e.g., when QK = ¢C®), the sensitivity of the value of AG®4qs to the change in J can
be expressed as

Langmuir. Author manuscript; available in PMC 2009 June 1.
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K
] :[—RTln(Q—H)J ~ ~RTIn(2)= - 041 kcal/mol
48 log=sco oC° OK=5C0 (15)
d 0K RT
S ]
[d6 o QK~5C0 (QK+6C0)6 QK=~6C° 26 (16)

When QK = dC° (in which case AG°,4s = —0.4 kcal/mol) and when using the calculated value
of 6=12.1 A, the expression in eq 16 shows a sensitivity of only d(AG®,4s)/dd = 0.025 kcal/
mol/A. These analyses thus show that AG°,; is fairly insensitive to the value calculated for
the theoretical parameter d, and when comparing AG°,gs values between two at least
moderately strongly adsorbing systems (i.e., for cases where AG°,q4s < —1.0 kcal/mol), the value
of AAG®,q4s is not dependent on the value of ¢ at all.

lll. Experimental Methods

Ill.a. Methods Overview

As introduced above, our adsorption studies were conducted using a host—guest model peptide
on functionalized gold—alkanethiol SAM surfaces. Adsorption isotherms for each peptide—
SAM surface system were generated by recording the adsorption response by SPR over a range
of solution concentrations, and a value for AG°,4s Was then calculated for each system using
the adsorption model described in section I1.

lll.b. Host—Guest Peptide Model

For our adsorption studies, we designed and had synthesized (SynBioSci Corporation,
Livermore, CA) a unique model peptide system in the form of TGTG-X-GTGT with
zwitterionic end groups, where G and T are glycine (-H side chain) and threonine (-CH(CH3)
OH side chain) and X represents the “guest” amino acid residue, which can be selected among
any of the 20 naturally occurring amino acid types. The threonine residues and the zwitterionic
end groups were selected to enhance aqueous solubility and provide additional molecular
weight for SPR detection whereas the nonchiral glycine residues were selected to inhibit the
formation of secondary structure, which, if present, would complicate the adsorption process
and make the data more difficult to understand. The variable X residue was positioned in the
middle of the peptide to best represent the characteristics of a midchain amino acid in a protein
by positioning it relatively far from the zwitterionic end groups. In this initial set of adsorption
studies, three different types of amino acids were used for the X residue to vary the overall
characteristics of the peptides, with X represented by either threonine (T; -CH(CH3)OH side
chain, polar character), aspartic acid (D; -CH,COOH side chain, negatively charged, pK = 3.9
34), or valine (V; -CH(CH3), side chain, nonpolar character). Each of these three peptides was
synthesized and characterized by analytical HPLC and mass spectral analysis by SynBioSci
Corporation (Livermore, CA), which showed that all of the peptides were >98% pure.

Ill.c. SAM Surfaces

The structural characteristics of SAMs are well known, and standard procedures were followed
while preparing our SAM surfaces, 3236 which we will summarize. The OH- and CHs-
terminated Au-alkanethiol SAMSs were synthesized from 11-mercapto-1-undecanol and 1-
dodecanethiol (Aldrich Chemical Co., Milwaukee, WI), respectively. The alkanethiols were
dissolved separately in ethanol (anhydrous (100%), denatured ethyl alcohol, Fisher Scientific,
Fair Lawn, NJ) to obtain 1 mM ethanolic solutions in preparation for SAM fabrication on gold

Langmuir. Author manuscript; available in PMC 2009 June 1.
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surfaces. The bare gold surfaces for the SPR experiments were purchased from Biacore (SIA
Au kit, BR-1004—05, Biacore, Inc., Uppsala, Sweden). Prior to use, the surfaces were
thoroughly cleaned by immersion into 50 °C piranha solution (70% concentrated H,SO4
(Fisher Scientific, Fair Lawn, NJ) and 30% hydrogen peroxide (Fisher Scientific, Fair Lawn,
NJ)) for 1 min and were rinsed with nanopure water. The surfaces were then immersed in a 50
°C ammonia solution (20% NH4OH (Fisher Scientific, Fair Lawn, NJ) and 20% hydrogen
peroxide with 60% DI water) for 1 min, rinsed with nanopure DI water, dried under a steady
stream of nitrogen gas (National Welders Supply Co., Charlotte, NC), and then immersed in
clean glass vials with each containing a 1.0 mM solution of either OH- or CH3-terminated
alkanethiols in ethanol. Each container was then backfilled with dry nitrogen gas and sealed.
The SAM-coated gold surfaces were stored in the solutions in a dark environment (at least 24
h) until used to prepare the biosensor surfaces. Before an adsorption experiment, each SAM
biosensor surface was ultrasonically cleaned (Branson Ultrasonic Corporation, Danbury, CT)
for 5 s in ethanol, rinsed copiously with ethanol and then nanopure DI water, and then dried
thoroughly in a stream of nitrogen gas. The SAM sensor chip was then mounted on the cartridge
that goes into the SPR instrument, docked with the SPR microfluidics channel, and promptly
used in an adsorption experiment. Prior to our adsorption studies, each type of SAM surface
was also characterized by ellipsometry (GES 5 variable-angle spectroscopic ellipsometer,
Sopra Inc., Palo Alto, CA), contact angle (CAM 200 optical contact-angle goniometer, KSV
Instruments Inc., Monroe, CT), and X-ray photoelectron spectroscopy (XPS, performed at
NESCA/BIO, University of Washington, Seattle, WA). All XPS spectra were taken on a
Surface Science Instruments S-probe spectrometer. The Service Physics ESCAVB Graphics
Viewer program was used to calculate the elemental compositions from peak area.

lll.d. SPR Adsorption Experiments

Adsorption experiments were conducted by SPR using a Biacore x instrument (Biacore, Inc.,
Piscataway, NJ). To maintain the experimental solutions of the peptides at a pH of 7.4, 10 mM
phosphate-buffered saline (PBS) (140 mM NaCl, pH 7.4) (Fisher Scientific, Fair Lawn, NJ)
was used as the running buffer. Before every SPR experiment, the buffer solution was filtered
with a vacuum filter system (Corning Costar, Corning, NY), followed by gentle heating for 15
min at 40 °C under a vacuum of 270—280 mmHg (Laboratory-Line Duo-Vac Oven, Laboratory-
Line Instruments, Inc., Melrose Park, IL) and sonication for 5 min for degassing.

Eight concentrations of each of the peptide solutions (0.039, 0.078, 0.156, 0.312, 0.625, 1.25,
2.5, and 5.0 mg/mL) were prepared in the filtered and degassed 10 mM phosphate-buffered
saline through serial dilutions from stock solutions of the peptide in clean vials. The pH of the
stock solutions was adjusted to 7.4 with 0.1 M NaOH (Sigma Chemical Co., St. Louis, MO)
or 0.1 M HCI (Mallinckrodt Chemical, Inc., Paris, KY). The actual concentration of the stock
peptide solution was calibrated by BCA analysis (BCA protein assay kit, prod. 23225, Pierce,
Rockford, IL) against a BSA standard curve, and the diluted concentration of each peptide was
further validated from a refractive index versus diluted concentration plot using a refractive
index meter (AR 70 automatic refractometer, Reichert, Inc., Depew, NY).

Once the biosensor SAM chip was docked inside the SPR instrument, the microfluidics flow
channels exposed to the SAM surface were flushed with the PBS solution at a flow rate of 50
uL/min for 2 to 3 min, followed by two surface preparation/regeneration injections that
involved a 50 uL injection of 0.3 vol % Triton X-100 (Sigma Chemical Co., St. Louis, MO),
followed by a “wash” operation (flushing buffer at high flow rate through the microfluidics
system for approximately 2 min). This is a standard procedure that has been demonstrated to
provide very stable and repeatable responses for peptide adsorption measurements using this
instrument.

Langmuir. Author manuscript; available in PMC 2009 June 1.
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After the initial surface preparation step was conducted and a stable SPR sensorgram trace was
obtained, each surface was finally prepared for an adsorption measurement by running 50 uL
of concentrated peptide solution injections (5.0 mg/mL) over the SAM surface several times,
followed by a PBS wash until a fully reversible adsorption signal was obtained. Preliminary
studies have shown that by this process a small amount of peptide (typically less than a few
percent of a monolayer) is irreversibly bound to each SAM surface, with this peptide believed
to be adsorbed at defects sites (e.g., grain boundaries, step defects, and vacancy defects) in the
SAM surface. Pretreatment of the surface in this manner enables these defect sites to be blocked
by irreversibly bound peptide, with the remaining SAM surface exhibiting reversible
adsorption behavior. Following this final surface pretreatment step, eight different
concentrations of each peptide solution were injected over each functionalized-SAM SPR chip
in random order at a flow rate of 50 xL/min, followed by 50 uL/min PBS buffer flow to desorb
the peptide from the surface. Then a blank buffer injection was administered to flush the
injection port, and a set of regeneration injections were then performed to prepare the surface
for the next series of peptide sample injections. Our previous studies have shown that these
conditions provide for an adsorption process that is not mass-limited and results in no detectable
level of degradation of the SAM surface.6

SPR sensorgrams in the form of resonance units (RU; 1 RU = 1.0 pg/mmz)13 Vs time were
recorded for six independent runs of each series of peptide concentrations over each SAM
surface at 25 °C and the data were then used to generate isotherm curves for analysis by plotting
the raw SPR signal vs peptide solution concentration. Equation 5 was then best-fitted to each
isotherm plot by nonlinear regression to solve for the parameters of Q, K, and m using the
Statistical Analysis Software program (SAS Institute, Cary, NC). The values of Q and K were
then used in eq (7) for the calculation of AG°,4s for each peptide-SAM system, with the value
of ¢ calculated for each peptide using eq (8) (value of J given in Table 1).

V. Results and Discussion

IV.a. Surface Characterization

Table 2 presents surface characterization data for the SAM surfaces, which show that the
contact angle and thickness values fall within the expected range for these types of surfaces.
10,37-43 These results confirm that the OH- and CH3-SAM s represent very hydrophilic and
hydrophobic surfaces, respectively, which should thus exhibit distinctly different adsorption
characteristics for the host—guest peptides.

Table 3 presents the atomic composition for the OH- and CH3-terminated SAMs from XPS.

Composition scans for the CHz and OH surfaces showed minimal levels of contamination with
a gold signal that is consistent with a 11- to 12-carbon alkanethiol SAM layer on gold and with
the compositions found to be in excellent agreement with theoretical values for these surface

types.

IV.b. SPR Adsorption Analysis

Figure 1 shows the raw SPR adsorption curves on a mass basis for each peptide on the OH-
and CH3—SAM surfaces. As shown, a rapidly rising signal response is generated as soon as the
peptide solution begins to flow over the surface. This rise is due to a combination of the bulk-
shift effect, which is linearly proportional to the concentration of the peptide in solution over
the surface,14 and the excess concentration of the peptide on the surface due to adsorption.
The SPR signal then stabilizes, which indicates that an equilibrated state has been achieved in
which the rate of peptide adsorption onto the surface is equal to the rate of desorption off of
the surface. It should be noted here that a slight amount of instrument drift also occurs during
this time, with the amount of drift being consistent for each peptide—-SAM combination and at
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each concentration. This effect gives the appearance of a small continual increase in the SPR
signal even after equilibrium is achieved; this issue is further addressed in section IV.c.
Following equilibration, the surface was exposed to the pure buffer solution at the same flow
rate as was used for the peptide sample, which results in a rapid drop in signal due to the bulk
shift effect. This response is followed by an exponentially decaying signal, which represents
the desorption of the peptide from the surface.

The reversibility of each adsorption process was assessed by comparing the SPR signal before
the injection of peptide solution and after the period of desorption. Reversibility represents an
essential condition for the application of egs 1-7 to the adsorption data for the calculation of
adsorption free energy from the adsorption isotherms. The data presented in Figure 1 clearly
show that the adsorption process for each of our peptide—SAM systems was fully reversible.
The differences in the SPR signals before the injection of peptide solution and after desorption
typically are less than 20 RUs, with these small measured differences being attributed to
instrument drift. The combination of an adsorption process that reaches an equilibration plateau
followed by a desorption process that is completely reversible satisfies the necessary conditions
for the determination of AG®,qs for each of our peptide—-SAM systems.

Adsorption isotherms for each of the peptide-SAM systems, which are shown in Figure 2,
were generated from the raw experimental data shown in Figure 1 by plotting the changes in
RU versus peptide solution concentration. Figure 2 also shows the best-fit curves for eq 5.
Values of the parameters Q, K, and m were determined by nonlinear regression using SAS and
these values were then used to calculate AG®,4s for each peptide—-SAM system using eq 7. The
resulting values for Q, K, m, and AG°,qs are presented in Table 4, with Q and K serving to
characterize the shape of the isotherm, m representing the bulk—shift effect, and AG®4g4s being
the calculated standard-state adsorption free energy.

The results presented in Table 4 for AG°,4s and show that the hydrophilic OH-SAM was
essentially nonadsorptive to these peptides with the absolute magnitude of AG°,4s being less
than 0.005 kcal/mol for each system. This behavior can be understood to result from the
stronger tendency of the hydroxyl functional groups on the SAM surface and the hydrogen-
bondable groups of the peptides to form hydrogen bonds with the surrounding water molecules
compared to their tendency to form hydrogen bonds with one another. In contrast, the
hydrophobic CH3—SAM strongly adsorbed the peptides with the values of AG®4qs for each
peptide on this surface being significantly lower than on the OH-SAM surface (p < 0.01). In
addition, the adsorption behavior of each peptide on the CH3—SAM surface was also
significantly different (p < 0.01), which shows that the use of this peptide model enables the
effects of the midchain amino acid residues to be clearly discerned. These results are in
excellent agreement with past theoretical studies that have been conducted by our group using
semiempirical quantum chemical calculations#4-46 and molecular dynamics simulations=°

7 to evaluate the interactions between different amino acid residues and functional groups
presented by SAM surfaces.

For comparison sake, we also calculated values of the standard-state free energy, AG
°Langmiur, USing the conventional Langmuir isotherm method from the following relationship:
AG®  =—RTIn(K)

Langmuir

(17)

where the values of K, which are presented in Table 4, were determined from fitting eq 4 to
Langmuir isotherm data (i.e., g vs Cy). The most striking difference between the values of
adsorption free energy between these two methods is seen for the OH-SAM surface, where
AG°Langmiur is calculated to be about —1.75 kcal/mol and AG°,s calculated by the new method
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is very close to 0.00 kcal/mol. As shown in Figure 2, the amount of peptide adsorbed on the
OH-SAM surface is barely detectable above the bulk shift response, which indicates a very
weak interaction for this surface. This then also represents a system where peptide—peptide
interactions can be expected to substantially inhibit the adsorption of peptides to neighboring
sites on the surface. In fact, as shown in Table 4, the value of the Q parameter for this surface,
which represents the amount of peptide adsorbed at monolayer coverage, is about 500 times
lower than for the CH3-SAM surface although the density of adsorption sites on this surface
(i.e., the number of functional groups per unit area) is theoretically the same for both of these
surfaces. As a result of this, for a given initial slope of the adsorption isotherm, which is equal
to QK/C® per eq 6, an artifactually low value of the Q parameter will result in an artifactually
high value of K, with a corresponding overestimation of the strength of adsorption for the
system per eq 17. The new method that we propose, however, keeps the Q and K parameters
grouped together (as shown in eq 7) and uses them in a combined manner to estimate the initial
slope of the adsorption isotherm where peptide—peptide interactions are minimized, thus
avoiding their influence on the calculation of adsorption free energy.

The hydrophobic CH3-SAM surface strongly adsorbed the TGTG-X-GTGT peptides with the
trend in adsorption affinity being measured to be V > D > T. For a hydrophobic surface such
as the CH3-SAM, the driving force governing the adsorption behavior can be expected to
depend most strongly on the overall hydrophobic characteristics of the peptide and the surface
and the corresponding influence of this on the water structure at the interphase between the
peptide and surface. Although still not fully understood, hydrophobic interactions are believed
to originate from the perturbed structure of water molecules adjacent to nonpolar functional
groups compared to the bulk solvent such that when two such functional groups are brought
together part of this ordered hydration shell is released to the bulk solution with a corresponding
increase in system entropy and subsequent decrease in free energy.48 For our peptide model,
the peptides differ only by the side-chain structure of the middle amino acid residue, and thus
the characteristics of this residue can be expected to primarily dictate the differences in the
observed adsorption behavior. The high affinity of the TGTG-V-GTGT peptide is consistent
with expectations due to the nonpolar characteristic of valine (V) with its {—~CH(CHs),} side
group. The lower adsorption affinity of the peptide when aspartic acid (D) and theonine (T)
amino acid residues were substituted for the middle residue can be explained by the relatively
hydrophilic characteristics of these amino acid residues compared to those of valine, with D
having a negatively charged side group and T having a polar side group. Both of these peptides,
however, still exhibited fairly strong adsorption to the CH3—SAM surface, which can be
attributed to the presence of nonpolar functional groups (e.g., CH, and CH3 groups) on each
of the amino acids present in each of these peptides. On the basis of our previous molecular
simulation studies33 with similar peptide-SAM surface systems, we propose that the TGTG-
D-GTGT and TGTG-T-GTGT peptides most likely adsorb to the CH3—SAM surface with the
hydrophilic components of the side groups of the D and T amino acid residues oriented away
from the surface and facing out toward the aqueous solution, with the nonpolar components of
the main-chain and the side-chain segments of the peptide adsorbed to the surface by
hydrophobic interactions. We are currently conducting molecular dynamics simulation studies
of these same peptide—SAM systems to provide further insights into the specific functional
group interactions that may be occurring to elucidate the differences in the adsorption behavior
of these peptides.

IV.c. Instrument Drift

The use of the raw SPR versus time plots shown in Figure 1 to generate the isotherm plots

shown in Figure 2 requires that conditions of adsorption equilibrium are reached by the end of
each sample injection period as evident by a plateau in the SPR versus time response curves.
As shown in Figure 1, however, the SPR signal for each peptide continues to rise slightly after
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the initial adsorption process occurs up until the time when pure buffer is injected to begin the
desorption phase of the experiment. This continued rise in the SPR signal over time is believed
to be due to instrument signal drift as opposed to being indicative of a failure to reach adsorption
equilibrium.

To confirm that this rise was due to instrument drift, the rise in SPR signal versus time was
calculated over the final 30 s of the peptide—sample injection period and compared with the
rise in SPR signal versus time following the injection of a sample of pure buffer solution. The
results from these pilot studies are presented in Table 5. As shown in this Table, the amount
of instrument-signal drift for the peptide solutions is not significantly different from that of
injections of pure buffer solution (p = 0.8214 and 0.5228 for the CH3— and OH-SAMs,
respectively), thus supporting the fact that this increase in the SPR signal over time following
sample injection is indeed due to instrument drift and is not due to a failure of the adsorption
processes to equilibrate during the adsorption experiments.

As shown in Table 5, the drift over the CH3-SAM surface was found to be significantly higher
than over the OH-SAM surface. Although we are uncertain about the exact cause of this
phenomenon, we believe that it may result from differences in the structure of the solvent within
these two very different interfacial environments. This can be expected to result in different
values of the refractive index local to the surface and differences in the sensitivity of the
refractive index to small changes in temperature, which could subsequently be reflected in
differences in the SPR signal drift. Most importantly, for our concerns, this is a reproducible
response that can be readily accounted for when using this instrument for peptide adsorption
experiments.

IV.d. Reversible vs Irreversible Peptide and Protein Adsorption Behavior

As noted above, one of the essential conditions for the application of the proposed methods
for the calculation of AG°,qs is that the adsorption process must be reversible, meaning that
when the surface is exposed to the peptide-containing solution, the peptide molecules
dynamically respond to the surface in a manner in which they are continually adsorbing to and
releasing from the surface. Under these special conditions, the resulting shift in peptide
concentration on the surface relative to the bulk solution can be related to the standard-state
adsorption free energy for the system. Accordingly, if such a dynamic process is occurring and
the surface is subsequently exposed to a peptide-free solution (i.e., pure bulk solvent), then the
peptide must fully desorb from the surface because peptides are no longer present in solution
to adsorb to the surface to replace the desorbing peptides. This is one of the primary telltale
signs that can be used to indicate adsorption reversibility.

As clearly shown in many studies involving larger structured polypeptides (e.g., proteins), the
adsorption process is generally found to be irreversible, especially on hydrophobic surfaces.
37,49 We believe that the difference between our model host—guest peptide and the general
experience with protein adsorption is due to the relatively small size of the peptide, the resulting
small number of functional group interactions involved, and the types of functional group
interactions involved in the adsorption process. However, even for our relatively small,
generally hydrophilic peptide, we have experienced guest residue types that result in
irreversible adsorption. For example, when using alanine (A) as the guest residue over the
CH3-SAM surface, which has a single methylene side group, the adsorbed peptides did not
desorb from the surface when the surface was flushed with bulk buffer solution within the time
frame of our experiment (Figure 3). We therefore did not attempt to use this adsorption data
to calculate the adsorption free energy for this system. These results suggest that, as a general
rule, adsorption reversibility may be obtained for only fairly small peptides with few functional
groups that strongly interact with the surface and that larger, structured polypeptides and
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proteins with numerous functional group interactions should be expected to adsorb in an
irreversible manner, especially on a hydrophobic surface.

IV.e. Relevance of Results to Protein Adsorption Behavior

The primary objective of this study was to develop an accurate experimental method that was
sufficiently sensitive to be able to be used quantitatively to determine differences in adsorption
behavior between different amino acid residues of a peptide and functional groups on a surface.
Although these results cannot be directly used to predict the adsorption behavior of more
complex structured proteins, which involve structural effects that are not represented in our
model system, we do believe that the general trends in functional group interactions that are
revealed from these studies should translate, at least qualitatively, to general trends that
influence the adsorption behavior of proteins to surfaces. Furthermore, in addition to providing
fundamental insights into these types of adsorption processes at the amino acid residue level,
we are also very interested in using these data as a basis for the development of molecular
simulation methods, which, once properlg validated, should be able to be used to predict
protein—surface interactions accurately.3

V. Conclusions

A new experimental method for the characterization of peptide adsorption has been developed
using a peptide model in the form of TGTG-X-GTGT on functionalized SAM surfaces. This
method was specifically designed for SPR spectroscopy to enable bulk-shift effects to be
directly determined and to enable the standard-state adsorption free energy (AG°,qs) to be
calculated with minimal influence from peptide—peptide interactions at the adsorbent surface.

In this article, we present the first application of this method to characterize the adsorption
behavior of a series of six different peptide—-SAM systems (TGTG-X-GTGT with X =V, D,
and T on CH3— and OH-SAM surfaces). The results from these studies demonstrate that the
developed method is sufficiently sensitive to determine significant differences for peptides
adsorbed on different types of surfaces and between peptides on a given SAM surface with
relatively minor differences in their amino acid sequence. This new method thus provides an
excellent experimental platform to characterize the thermodynamics of adsorption for peptide—
surface interactions. We are currently extending these methods to calculate AG°,4s for a broad
range of additional peptide-SAM surface combinations.

In addition to providing insights into the fundamental adsorption behavior of peptides on
functionalized surfaces, we will also be using the results of these studies as a benchmark data
set for the evaluation, adjustment, and validation of force field parameters for the development
of molecular simulation methods to enable protein—surface interactions to be accurately
simulated and predicted. The ability to predict protein adsorption behavior accurately as a
function of surface chemistry has applications to a broad range of problems in the fields of
nanobiotechnology and biomedical engineering.
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Figure 1.
Response curves (SPR signal (RU) vs time for TGTG-X-GTGT on OH- and CH3—-SAMs at
25°C.(A) X=V, (B) X=D, and (C) X =T on the OH-SAM surface and (D) X =V, (E) X =
D, and (F) X =T on the CH3—SAM surface. (For clarity, not all of the concentration curves are
listed for each peptide/surface pair because some of the low-concentration curves overlap one
another and are thus not separately distinguishable).
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Figure 2.

Adsorption isotherms for TGTG-X-GTGT on the OH- and CH3-SAM surfaces. (A) X =D,
(B) X=V, and (C) X =T. The curves represent the best fit of eq 5 to the data points. Error bars
represent 95% CI (N = 6).
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Figure 3.

Response curves (SPR signal (RU) vs time for TGTG-A-GTGT on CH3—SAMs at 25° showing
an irreversible adsorption process even for this small peptide. The large drop in the SPR
response when pure buffer was introduced at 90 s is primarily due to the bulk-shift effect.
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Table 1
Calculated Values of M,, and & for Each Peptide
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parameter TGTG-D-GTGT TGTG-T-GTGT TGTG-V-GTGT
M,, (g/mol) 7645 7515 7495
5 (A) 121 12.0 12.0
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Contact Angle (DI Water in Air) and Ellipsometry Results (Layer Thickness) for the OH- and CH3-Terminated Au—

Alkanethiol SAM Surfaces (Mean + 95% Confidence Interval (Cl), N = 3)

SAM surface contact angle (deg) thickness (A)
Au—S(CH,),,-OH 155+21 13.0+1.0
Au—S(CH,);,-CHg 110.0£3.0 11.0+1.0
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Table 3
Atomic Percentage (Composition) of OH- and CH3-Terminated Au-Alkanethiol SAM Surfaces As Determined by XPS

(Mean + 95% CI, N = 3)

SAM surface Au (%) C (%) S (%) O (%)
Au—S(CH,),,-OH 331+22 56.7 £3.0 28+22 75+0.9
Au—S(CH,);,-CHy 323+30 64.9+2.6 2.8+0.9 negligible
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Table 5
Evaluation of Signal Drift (RU/s) for Each SAM Surface (Mean + 95% CI; N = 9 for the Peptide Solutions, and N = 3
for the Pure Buffer Solutions)

signal drift (RU/s) on CH;SAMs signal drift (RU/s) on OH SAMs
peptide solution buffer peptide solution buffer
0.58 +0.08 0.60 +0.07 0.15+0.03 0.14 £ 0.07
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