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Despite the fact that the carbohydrate microarray has seen increasing use within the field of glycobiology, the surface
chemistry of the glycoarray remains largely unexplored. Motivated by the need to develop surface analytical techniques
to characterize carbohydrate-modified surfaces, we developed a quantitative X-ray photoelectron spectroscopy (XPS)
and surface plasmon resonance imaging (SPR imaging) method to study glycan biosensors. We performed a comparative
analysis on the relative coverage of mixed self-assembled monolayers (SAMs) on gold, consisting of a thiol-functionalized
trimannoside (ManR1,2ManR1,2ManR-OEG-SH) at varying concentrations (0-100%) mixed separately with two
thiol-containing polyethylene glycol oligomers. XPS C1s core level analysis was used to identify the O-C-O functionality
unique to the carbohydrate acetal moiety and to separate and quantify the relative coverage of sugar in carbohydrate/
OEG mixed SAMs. XPS spectra of the mixed SAMs demonstrated a proportional increase in the acetal signature of
the glycan with increasing sugar concentration. To relate surface glycan density with biological function, we carried
out a kinetic analysis of Concanavalin A (ConA) binding to SAMs of varying densities of carbohydrate using SPR
imaging. We observed protein binding that was highly dependent on both glycan density and the nature of the
OEG-thiol used in the mixed self-assembly. These results illustrate the utility of surface analytical techniques such
as XPS and SPR in carbohydrate biosensor characterization and optimization.

1. Introduction

While advances in DNA and protein technologies have made
significant contributions to industrial and academic research,
investigators studying the biological functions of carbohydrates
have been stymied by a paucity of tools relevant to the burgeoning
field of glycomics. Glycans, in the form of glycoproteins,
glycolipids, glycosylaminoglycans, proteoglycans, and other
glycoconjugates, are known to be involved in inflammation,1

cell-cell interactions,2 pathogen-host adhesion,3 signal trans-
duction,4 and development,5 among many other vital biological
processes.6 However, the structural diversity, complexity, and
microheterogeneity of carbohydrates and glycoconjugates has
limited synthetic access and made difficult the task of isolating
defined standards from natural sources. With upward of half of
all proteins containing some glycan modification (N-, O-, or
O-Phos-linked), the challenges associated with their study have
slowed progress in glycobiology as well as our broader
understanding of the majority of biological systems that include
glycosylated constituents.

Advances in carbohydrate synthesis are beginning to spin-off
new biophysical methods to study glycoconjugates and their
many roles in biology.7 At the forefront of these new tools is the
carbohydrate microarray. Drawing upon the strengths of its DNA
and protein predecessors, the glycochip’s popularity with the
glycomics community is due primarily to its promise as a platform
for high-throughput screening of glycan binding partners.
Carbohydrate-mediated adhesion events frequently involve low

affinity interactions. Therefore, a carbohydrate microarray must
display the glycan in a fashion that is readily accessible to
interrogating biomolecules, and the system must have low
nonspecific adsorption of analyte to nonbinding glycans or
underivatized portions of the array. To this end, several published
carbohydrate microarrays have successfully demonstrated the
platform’s ability to study carbohydrate-protein,8 carbohydrate-
nucleic acid,9 and carbohydrate-cell interactions.10 However,
like other array-based technologies, little is known about the
effects of surface chemistry, method of immobilization, density
of attached glycan, and glycan accessibility on microarray
performance.

Surface analysis methods such as X-ray photoelectron
spectroscopy (XPS)salso known as electron spectroscopy for
chemical analysis (ESCA)shave seen little application in the
study of glycan-modified surfaces, necessitating well-defined
standards to serve as references for surface characterization. Due
to the lack of standardization in glycochip fabrication chemistries
in the literature, it is necessary to use a representative covalent
immobilization method to develop surface analytical techniques
for these glyco-modified surfaces. The basic goal is to immobilize
defined glycans such that they are in a native conformation,
solvated, and accessible at the surface, and able to interact in a
specific manner with their natural binding partners (peptide,
nucleic acid, small molecule, cell, or virus). Toward this aim,
XPS and surface plasmon resonance (SPR) imaging methodolo-
gies will be invaluable for the characterization and optimization
of glycoarray surfaces.

The intricacy of self-assembled monolayer (SAM) formation
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characterize the bulk properties of SAMs on metals11 and in
microarray based sensors.12 These advances have improved our
understanding of the behavior of small molecules at the surface.
Despite an abundance of literature on single-component and mixed
SAMs, there are few generalizations to apply to the chemical
states and relative coverage of mixed SAMs on surfaces.
Radiometric labeling is one of the most commonly used techniques
to quantify SAMs. While radiometric labeling can give accurate
information about relative coverage, it does not provide insight
into the chemical state of mixed SAMs, and the use of radioactivity
is undesirable for many laboratories.

In the last three decades, XPS has been used to quantify the
chemical state of biomaterials,13 DNA,14 proteins,15 peptides,16

sugars,17 whole cells and isolated cell walls of Gram-positive
bacteria,18 and mixed SAMs19 at both bulk and micrometer scale
resolutions.20 Advances in XPS techniques have more recently
enabled researchers to obtain chemical information from complex
structures on microarray-based biosensors.12 However, the
application of advanced XPS techniques to study carbohydrate-
modified surfaces, a material essential to glycochip fabrication,
remains underexplored.

In this study, XPS was used to quantify surface states of
carbohydrate/OEG mixed SAMs. To undertake this study, we
had to consider that elemental analysis would not provide
sufficient information to distinguish the relative coverage of
carbohydrates and OEG in the mixed SAMs on the surface, as
both the carbohydrate and OEG are composed primarily of oxygen
and carbon atoms. Fortunately, carbohydrates have a unique
chemical signature due to the existence of an acetal (O-C-O)
moiety which is not present in OEG (see Scheme 1, acetal
highlighted in red). Therefore, the O-C-O functionality in C1s

narrow scan XPS analysis was used as a label to determine the
relative proportion of carbohydrate in mixed OEG SAMs,
enabling the systematic determination surface coverage of a model
carbohydrate trimannoside in mixed SAMs without using
radiometric labeling.

The information obtained using XPS was correlated with SPR
observations to examine the effect of surface glycan density on
carbohydrate-protein interactions. Carbohydrate-mediated pro-
tein binding has previously been studied using SPR21 and SPR
imaging.22 This approach is advantageous because it is label-
free, measures real-time binding, and consumes minimal quantities
of analyte, and it is possible to examine multiple interactions in
a single experiment.23 For the purposes of this study, it was
necessary to use a well-characterized model lectin (carbohydrate-
binding protein) to correlate XPS surface density measurements
with SPR. The mannose-specific lectin Concanavalin A (ConA)
was ideal for this role. ConA is a 104 kDa plant lectin with four
binding sites (a tetramer with dimensions of 63.2, 86.9, and 89.3
Å24). It was employed to optimize the binding interaction with
carbohydrate microarrays of different surface glycan densities.
ConA-mannose binding is well-characterized and has an
adsorption coefficient in the order of 106 M-1,22 an excellent
model lectin to validate our XPS surface density characterization.

2. Experimental Section
Materials. Triethylene glycol mono-11-mercaptoundecyl ether

(OEG), 1, 95% was purchased from Aldrich and used as received.
High analytical grade ethyl alcohol was purchased from Decon
Laboratories, Inc. OEG was dissolved in 25% ethanol solution in
ultrapure water and prepared as a 4 mM stock. Omni Pur phosphate
buffered saline (PBS) was purchased from EMD chemicals, Inc.,
Germany. CanaValia ensiformis Concanavalin A (ConA, jack bean)
was obtained from MP Biomedicals, LLC, Ohio, and succinyl-
concanavalin A (SConA) was obtained from Sigma. Both were used
without further purification. ConA (MW ) 104 kDa) was dissolved
in PBS, and a 1 µM (0.104 mg/mL) stock solution was prepared.
This stock solution was further diluted at various concentrations,
down to 12.5 nM (1.3 µg/mL) by serial dilution in PBS. SF-10 glass
substrates were purchased from SCHOTT Glass Technology, Inc.
Culture well silicon sheet (silicon rubber, 1 mm thick) was obtained
from Grace Bio-Laboratories. Needles (18 gauge, KDS181P) with
blunt ends were purchased from Kahnetics to punch holes in the
silicon rubber. Ribonuclease A (RNase A) and ribonuclease B (RNase
B) from bovine pancreas were purchased from Sigma and were
dissolved in PBS to prepare 2 mg/mL solutions. Bovine serum
albumin (BSA) from Omni Pur and urea (certified ACS) from Fisher
Scientific were obtained and used as received.

Preparation of Au Substrate. Three different types of gold
substrate were used for this study. First, SpotRead16 (GWC catalog
number SPR-1000-016) gold substrates were purchase from GWC
Technologies, Madison, WI. These chips have 16 gold spots of 1
mm spot diameter on a hydrophobic substrate. The second type of
substrate used was 18 mm × 18 mm piranha-solution-cleaned SF-
10 glass onto which 2 nm Ti and 45 nm gold films were deposited
using electron beam (EB) evaporation. The protocols for coating the
glass followed GWC recommendations, and the EB evaporation
was performed at Washington Technology Center (WTC). Finally,
for XPS analysis, 1 cm round glass coverslips (Fisher Scientific)
were coated with Ti-bonded Au, as described above.
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Scheme 1. Assembly of Mixed Sugar/OEG SAMs on Gold
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OEG-Thiols. Thiol-functionalized OEG and linear trimannoside
2 were prepared as previously described in the literature.25 Briefly,
all structures were synthesized, purified by flash chromatography or
size exclusion, and fully characterized by NMR, ESI mass
spectrometry, and MALDI-ToF. Thiols were stored neat under argon
at -20 °C and freshly dissolved in DI H2O immediately prior to
self-assembly.

Self-Assembly of OEG- and Sugar-Thiols on Gold. Gold
substrates were cleaned by exposure to UV radiation for 20 min
under oxygen atmosphere using a Novascan PSD-UV cleaner and
followed by two washes with water and ethanol. SAMs of 1, 2, and
3 as well as mixed SAMs of 1 + 2 and 2 + 3 (Scheme 1) were
achieved by dispensing 0.5 µL of 2 mM thiol from a micropipet and
onto each of the gold spots. The spotted chips were left to self-
assemble at room temperature for 3 h. To prevent evaporation of
the solutions, the spotted substrates were placed in a small glass
humidity chamber which was filled with 25% ethanol solution and
was tightly sealed. After SAM formation, the substrate was washed
thoroughly with water and 75% ethanol, repeated three times. To
prevent nonspecific binding on the gold surface, OEG backfilling
was carried out for 3 h with 4 mM OEG-thiol and the substrates were
again washed three times with water and 75% ethanol. Next, the
substrates were gently dried with a stream of argon and stored at
4 °C. To pattern different mixed SAMs onto a single Au substrate,
thiols were assembled on GWC SptReady16 slides, or holes were
punched in a silicon rubber sheet using an 18 gauge needle and
placed on plain EB gold coated SF10 glass slide for incubation.
SAMs were used without further modification for SPR analysis
(Scheme 2).

SPR. SPR imaging was performed on the SPRimagerII from
GWC Technologies to study protein binding with carbohydrate
SAMs. The GWC system was operated at room temperature using
a standard flow cell and a peristaltic pump (BioRad-EconoPump)
at 100 µL/sec. All surfaces were passivated with 1 µM bovine serum
albumin (BSA), rinsed with 8 M urea, and equilibrated in PBS prior
to lectin binding. Data acquisition utilized an average of 30 images/
frames at each specific point and SPR signal converted to normalized
percentage change in reflectivity according to GWC protocol. Urea
(8 M) was used to regenerate the carbohydrate surfaces following
protein binding.

XPS. The surfaces of trimannoside 2, OEG mixed with 2 at
different concentration, and 1 SAMs were characterized using X-ray
photoelectron spectroscopy (XPS) on a Kratos Axis Ultra XPS
instrument using monochromated Al KR radiation at the University
of Washington Surface Analysis Recharge Center (SARC) operated
by NESAC/BIO personnel. Survey spectra were acquired at constant
pass energy, and the elemental quantification was carried out using
computer aided surface analysis (CasaXPS) software for XPS data
analysis. Lower pass energy was used for high-resolution scans of
core levels of carbon and gold. To quantify different chemical

environments present in the narrow scan spectra, the SAMs were
specified by a line shape (GL), relative sensitivity factor, position,
full width half-maxima, and area constraints. Full details of each of
these parameters for different types of SAMs are included in the
Results and Discussion section.

3. Results and Discussion

Quantitative elemental analysis on the modified gold surfaces
was obtained using XPS to characterize the covalently im-
mobilized thiol-functionalized trimannoside 2 in mixed SAMs
with OEG 1. The percent atomic concentration of oxygen (O)
and carbon (C) was obtained and the O/C ratio was plotted against
the percentage of 2 in solution (mixed with 1) used for self-
assembly (Figure 1). The theoretical values of O/C for 2 (chemical
formula C24H44O18S) and 1 (chemical formula C17H36O4S) are
0.75 and 0.24, respectively. Experimentally obtained O/C ratios
for 2 and 1 were 0.65 and 0.26, respectively. These were in
decent agreement with expected O/C values. The O/C values of
1 mixed 2 SAMs demonstrated a linear increase with greater
concentrations of 2 in solution. However, the slope of the O/C
ratio as a function of concentration of 2 was significantly less
than the predicted slope. Based on these observations made by
XPS elemental analysis, the relative coverage of sugar-thiol 2
on the surfaces appears to be about 20-30% less than that of
the concentration in solution used during SAM formation. While
this result seem plausible - as the bulkier carbohydrate may
assemble slower on gold than the OEG-thiol - it appears that the
O/C ratio does not accurately represent the surface glycan
composition in the mixed SAM. The O/C ratio can be influenced
by minor impurities at the surface, including carbon contamination
of the gold surface due to environmental exposure after UV/
Ozone cleaning and adsorption of water and other contaminants
on the sugar and OEG SAM during transfer into the XPS analysis
chamber (see the Supporting Information for wide scan XPS
spectra of the bare gold and mixed SAMS). It has previously
been shown that brief exposure of functional surfaces to the
environment during routine handling can alter surface chemi-
stry;26 hence, the absorption of water to the OEG/sugar SAMs
makes the O/C ratio difficult to correlate to surface coverage of
glycan in mixed SAMs. These results place additional emphasis
on the need to develop a more robust method for the quantitative
assessment of surface-carbohydrate composition.

Since both carbohydrate and OEG contain oxygen and carbon,
it is difficult to distinguish the source of carbon and oxygen in
XPS wide scan spectra. Therefore, to characterize the ratio of

(25) Ratner, D. M.; Adams, E. W.; Su, J.; O’Keefe, B. R.; Mrksich, M.;
Seeberger, P. H. ChemBioChem 2004, 5(3), 379.
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7957.

Scheme 2. SPR ImagIng Arrays of Mixed Sugar/OEM SAMs on
Gold Interrogated by ConA

Figure 1. Surface oxygen to carbon (O/C) ratio of SAMs at different
concentrations of 2 with long OEG 1 on gold obtained from wide scan
XPS spectra.
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2 to 1 mixed SAMs, XPS C1s core level analysis was performed
to quantify the O-C-O functionality unique to the carbohydrate
acetal moiety which is not present in 1 (the acetal in 2 is highlighted
in red in Scheme 1). Since the acetal is only present in the
immobilized sugar, it can be used as a label to determine relative
coverage of carbohydrates in mixed SAMs with alkanethiols or
OEG-alkanethiols. This novel method for characterizing surface
glycan composition appears to offer a significant advantage over
conventional radiometric methods to determine surface density
by eliminating the need to handle radioactive materials. Instead,
it relies upon traditional XPS analysis techniques.

Figure 2 shows the high-resolution C1s XPS spectra for mixed
SAMs of 2 mixed with long OEG 1 at various concentrations,
long OEG 1, and gold thin films. The position of C-C/C-H in
C1s spectra was specified, and peaks of different carbon
environments were fixed relative to the C-C/C-H peak. The
C1s spectra for the mixed and pure SAMs of 2 were fitted with
three peaks: hydrocarbon (C-H/C-C) at 284.6(0.1 eV, alcohol/
ether (C-OX) at 286.3 ( 0.1 eV, and acetal (O-C-O) at 287.6
( 0.1 eV. The increase in binding energy relative to hydrocarbon
of each oxygen bond with carbon is 1.6 ( 0.1 eV. The XPS
high-resolution C1s spectrum of 1 was fitted with only two peaks
as hydrocarbon (C-H/C-C) at 284.6 eV and alcohol/ether
(C-OX) at 286.3 eV. The C-C/C-H peak in the 1 XPS spectrum
was shifted by 0.5 eV binding energy relative to the case of 2
and was corrected to the standard (284.6 eV) binding energy for

hydrocarbons. A C1s high-resolution spectrum of the bare gold
surface was obtained, and no significant carbon oxidation peak
was observed. Therefore, from these spectra, it was clear that the
acetal peak was uniquely associated with the carbohydrate (2).

Quantitative analysis of the percentage of XPS C1s signal due
to the acetal in mixed SAMs of long OEG (1) and trimannoside
(2) was plotted as a function of the concentration of sugar-thiol
2 in solution. In the case of 30% trimannoside, the surface
coverage was lower than predicted; however, the experimentally
obtained proportion of acetal carbon (O-C-O) in the C1s spectra
was very similar to the calculated percentage in OEG 1 mixed
2 SAMs at all other points. Therefore, the estimated coverage
of 2 at the surface in OEG/sugar mixed SAMs appears to be
largely dependent on the ratio of the sugar-thiol and OEG-thiol
in the solutions used for self-assembly. The molecular weight
of the trimannoside 2 (652.7 Da) is nearly twice that of the
alkanethiol OEG 1 (336.5 Da), but at densities greater than 30%
glycan this difference does not appear to significantly impact the
kinetics of mixed self-assembly by the two thiols. This is useful
information for designing future microarray surfaces comprising
mixed SAMs of glycans with OEG, as it suggests that we can
exercise great control over the ratio of thiols in mixed SAMs by
varying the concentration of thiols in solution. This assumption
for carbohydrate/OEG-thiol mixed SAMs had been made
previously27 but not confirmed experimentally.

To validate the above observation, it was necessary to look
at the chemical uniformity and coverage of the mixed sugar/
OEG SAMs. However, it is difficult to accurately quantify the
relative number of molecules on the surface of a SAM. To
overcome this, we used XPS to determine the proportion of
Au-S binding which can be correlated to thiol orientation and
total coverage of different types of SAMs.28 Figure 4 shows
Au4f high-resolution XPS spectra of SAMs consisting of the
trimannoside 2, mixed sugar/OEG, OEG 1, and Au. The Au
spectrum of the carbohydrate SAM was fitted with four peaks,
and the chemical shift relative to the Au (4f7/2) peak is quoted
in parenthesis: Au (4f7/2) at 78.9 eV (0 eV), Au-S (4f7/2) at 80.1
eV (1.2 eV), Au (4f5/2) at 82.8 eV (3.9 eV), and Au-S (4f5/2)
83.5 (4.6 eV). Similarly, XPS Au4f spectra for the mixed sugar/
OEG SAMs were fitted with four peaks. Bare Au had only two
peaks associated with Au (4f7/2) and Au (4f5/2), whereas thiol-

(27) Liang, M. N.; Smith, S. P.; Metallo, S. J.; Choi, I. S.; Prentiss, M.;
Whitesides, G. M. Proc. Natl. Acad. Sci. U.S.A. 2000, 97, 13092.

(28) Bain, C. D.; Troughton, E. B.; Tao, Y. T.; Evall, J.; Whitesides, G. M.;
Nuzzo, R. G. J. Am. Chem. Soc. 1989, 111, 321.

Figure 2. XPS high-resolution C1s spectra of SAMs at different
concentrations (100, 80, 50, and 30%) of linear trimannoside 2 with
long OEG 1 on gold.

Figure 3. Proportion (%) of acetal O-C-O of SAMs at different
concentrations of 2 with long OEG 1 obtained from XPS high-resolution
C1s spectra. Theoretical proportion (%) shown as line;[, experimental
data.
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containing SAMs had two additional peaks associated with Au-S
(4f7/2,5/3). The relative proportion of Au-S (due to thiol-gold
binding) in Au4f XPS spectra was approximately the same for
the sugar-thiol SAM, mixed sugar/OEG SAM, and pure OEG
1 SAM. This shows that the total number of thiols bound to gold
in the different SAMs was equivalent. Taken together, these
observations demonstrate our ability to accurately obtain the
density profile of sugar/OEG mixed SAMs on gold using XPS.

To delve further into the interplay between biomolecules and
this sugar/OEG SAM model system, spot arrays of trimannoside
2 and mixed sugar/OEG 1 were used for SPR imaging
measurements to investigate the significance of glycan surface
density on protein binding. A typical SPR sensorgram of the
mannose-specific plant lectin ConA binding pure and mixed
SAMs of linear trimannoside (2) is shown in Figure 5. The proteins
RNase A and B served as negative and positive controls for
ConA binding due to the presence of a large asparagine-linked
glycan containing mannose residues in RNase B, which is
completely absent in RNase A. An OEG background subtraction
was performed to eliminate any signal from nonspecific binding
by ConA to the surface. ConA binding was found to be quite
reproducible, even following 10 rounds of regeneration using 8
M urea to strip off ConA from the carbohydrate/OEG mixed
SAMs. The observed data showed >95% reproducibility on
regenerated surfaces (data not shown).

Quantitative analysis was performed to study the effects of
glycan surface density in long OEG 1 mixed SAMs on ConA

binding, as shown in Figure 6a. These results clearly demonstrate
that ConA binding to the long OEG 1 mixed SAMs was nearly
nonexistent when the carbohydrate concentration was less than
60%. Binding rapidly increased between the ConA and sugar/
OEG mixed SAMs, with the greatest ConA binding at 100%
trimannoside 2 on gold. To validate this binding data, we used
the divalent form of ConA, succinyl-ConA (SConA, see Figure
6b), to see if the same trend would be observed with this close
relative to ConA. The binding ratio of SConA to ConA was
nearly constant, at roughly 0.5, across the density profile. This
would be predicted if SConA and ConA had similar affinities
for the sugar SAMs, as the mass of SConA is half that of ConA.
Therefore, the total SPR response for SConA should be about
50% that of ConA, just as we observed.

These observations demonstrate that the length of thiol-linked
sugar 2 and OEG 1 plays an important role in the accessibility
of surface-bound glycan to interrogating protein binding partners,
as one might expect. This is evident in the trend of low ConA
binding to mixed sugar 2/OEG 1 SAMs composed of less than
60% carbohydrate, which could be explained by steric hindrance
by the taller OEG 1. This appears to support our intuition that
backfilling the surface with a longer OEG significantly reduces
the bioavailability of surface-bound carbohydrate. As such, we
propose that ConA is unable to bind trimannoside 2 when the
relative proportion of alkanethiol OEG 1 is greater than 50% due
to masking of the surface glycan functionality. To confirm that
steric hindrance by alkanethiol OEG 1 of the trimannoside 2 is
responsible for reduced ConA binding, a short OEG-thiol
3slacking the 11 carbon alkane chainswas synthesized (see
Scheme 1). Using the short OEG-thiol 3, a mixed SAM density
profile of 2 was achieved following a similar procedure as
described above.

Spot arrays of short OEG-thiol mixed carbohydrate SAMs
were prepared for SPR imaging using the same procedure as that
of the long OEG mixed SAMs. The only exception was the use
of short OEG-thiol for backfilling the surface, to prevent possible
steric crowding of the glycan by the long OEG-thiol 1. Figure
7 shows a typical SPR density profile observation of a ConA
binding to mixed sugar/short OEG-thiol (2/3). RNase B and
RNase A were used as positive and negative controls for ConA
specific binding to the surface.

Quantitative variation of ConA binding to different surface
densities of trimannoside mixed SAMs with short OEG 3 shows
a markedly different profile from that of ConA binding to mixed
sugar/OEG SAMs using the longer alkanethiol OEG 1 (Figure
8). Relative binding of ConA rises dramatically with increasing
concentration of trimannoside from 0% to 40%. Contrast this
rise with that observed using mixed SAMs using the long OEG
1, where little if any binding was observed on SAMs with less
than 60-70% glycan (refer to Figure 6a). Interestingly, as the
carbohydrate composition in the mixed SAM increases beyond
40-60%, there is a plateau and slight decrease in overall ConA
binding. At high surface densities, the immobilized glycan appears
to become less readily bound by the interrogating protein (in this
case ConA). A number of explanations for this phenomenon are
possible, including increased steric crowding at the surface by
neighboring carbohydrates or carbohydrate-carbohydrate in-
teractions between surface-bound glycans. While the underlying
cause remains elusive, this observation has been replicated for
other mixed carbohydrate/OEG SAMs on gold (data not shown)
and appears to be valid for a variety of surface-bound glycans.

Figure 4. XPS high-resolution Au4f spectra of SAMs at different
concentrations (100, 80, 50, and 30%) of trimannoside 2, mixed with
OEG 1 on gold.
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These results warrant further investigation into the role of optimal
surface density of immobilized glycan for protein binding and
possible reasons for diminished carbohydrate-protein interactions
on high-density sugar SAMs on gold.

The adsorption coefficient of ConA interacting with a surface
density profile of trimannoside (2) was obtained to study the
effect of immobilized glycan surface density of the trimannoside
on ConA binding for both long OEG (1) and short OEG (3)
mixed sugar SAMs. The adsorption coefficient (KADS) for the
binding of ConA to mixed SAMs was obtained from relative
protein surface coverage at equilibrium as a function of the protein

concentration shown in Figure 9. KADS values at different densities
were obtained by

KADS ) (1 ⁄ [P])(θ ⁄ 1- θ) e-2aθ (1)

where θ is described as the relative protein surface coverage,
which is derived from the obtained ratio of relative refractivity

Figure 5. SPR response to the adsorption of ConA on SAMs at different concentrations of trimannoside 2 with long OEG 1. All the results were
after OEG background subtraction, and RNase A and RNase B were used as negative and positive controls.

Figure 6. SPR response of ConA and SConA binding to SAMs of
varying density of trimannoside 2 mixed with long alkanethiol OEG 1.
(a) Binding of ConA with SAMs at different concentrations of 2 with
long OEG 1 obtained after normalizing with 100% 2. (b) Comparison
of ConA and SConA binding to trimannoside 2 density profiles on gold.

Figure 7. SPR sensorgram of ConA binding to a density profile of
trimannoside 2 in mixed SAMs with short OEG 3. Background subtraction
was performed to normalize the data to the sort OEG-thiol. RNase A
and RNase B were used as negative and positive controls for mannose-
specific ConA binding.

Figure 8. Relative binding of ConA with mannoside SAMs at different
concentrations of glycan 2 mixed with short OEG 3. SPR results were
normalizing with RNase B.
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changes with ConA concentration in solution. Relative coverages
for all the surface density profiles were averaged with maximum
refractivity obtained individually at a mixed carbohydrate/OEG
SAM surface for 1 µM ConA concentration in the solution. The
constant a is known as the Frumkin interaction parameter, which
is an indication of attractive or repulsive interactions of adsorbing
molecules on the surface. In this case, a positive Frumkin
interaction parameter was obtained; this is associated with
attractive forces at the surface. These calculations were valid
with the assumption that the interaction between multivalent
ConA (P), and binding site of the sugar 2 (M) follows first order
kinetics (P + M f PM). The adsorption coefficient for ConA
binding to the trimannoside SAM was 3.1 ( 1.4 × 106 M-1 and
was similar to previously observed ConA binding with mannose-
derivatized surface KADS (5.6 ( 1.7 × 106 M-1).22 Decreasing
concentration of 2 mixed SAMs with the long OEG 1 reduced
the KADS values. Mixed SAMs obtained at 80 and 60% 2 in 1
had KADS 1.9 ( 1.1 × 106 M-1 and KADS 1.3 ( 0.6 × 106 M-1,
respectively.

4. Conclusions

We have successfully developed an XPS C1s core level analysis
method to quantify the unique O-C-O functionality of
carbohydrate acetals in immobilized monolayers of thiol-modified
sugars on gold. The C1s acetal signal was used as a label to
determine the relative coverage of carbohydrate in mixed glycan/
OEG SAMs. This method is more accurate than the XPS O/C
ratio, which appears to significantly underestimate the coverage
of immobilized glycan due to adsorption of water during routine
handling. The ratio of OEG to sugar in OEG/sugar mixed SAMs
was established to be largely dependent on the ratio of the sugar-
thiol and OEG-thiol in the solutions used for self-assembly. SPR
quantitative analysis has shown that the relative length of sugar-
thiol and OEG-thiol plays an important role in the accessibility
of the surface-bound glycan to protein binding partners, suggesting
that the selection of linker chemistries and inert backfilling
molecules is essential to the performance of a carbohydrate
microarray/biosensor. Finally, our results suggest that additional
studies are required to establish the role of carbohydrate density
in optimizing protein-glycan interactions on mixed SAMs on
gold.
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Figure 9. Relative ConA surface coverage obtained from SPR as a
function of ConA concentration on SAMs at different concentrations of
trimannoside 2 with long OEG 1. SPR response was normalized with
1 µM concentration of ConA in solution.
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