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Abstract
Self-assembled monolayers (SAMs) bearing pendant carbohydrate functionality are frequently
employed to tailor glycan-specific bioactivity onto gold substrates. The resulting glycoSAMs are
valuable for interrogating glycan-mediated biological interactions via surface analytical
techniques, microarrays, and label-free biosensors. GlycoSAM composition can be readily
modified during assembly using mixed solutions containing thiolated species, including
carbohydrates, oligo(ethylene glycol) (OEG) and other inert moieties. This intrinsic tunability of
the self-assembled system is frequently used to optimize bioavailability and anti-biofouling
properties of the resulting SAM. However, until now, our nanoscale understanding of the behavior
of these mixed glycoSAMs has lacked detail. In this study, we examined the time-dependent
clustering of mixed sugar+OEG glycoSAMs on ultraflat gold substrates. Composition and surface
morphologic changes in the monolayers were analyzed by X-ray photoelectron spectroscopy
(XPS) and atomic force microscopy (AFM), respectively. We provide evidence that the observed
clustering is consistent with a phase separation process in which surface-bound glycans self-
associate to form dense glycoclusters within the monolayer. These observations have significant
implications for the construction of mixed glycoSAMs for use in biosensing and glycomics
applications.
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Introduction
Glycans are ubiquitous in biological systems, found throughout cells as poly- and
oligosaccharides, glycoproteins, glycolipids, glycosaminoglycans and other
glycoconjugates.1 More than half of all eukaryotic proteins bear a carbohydrate as the result
of post-translational modification.2 These glycans play vital roles in a myriad of biological
processes, including cell trafficking,3 cell-cell signaling,4 the immune response,5 and host-
pathogen interactions.6 For example, glycans in the cell membrane facilitate pathogenic
invasion and release of influenza virus7 and HIV,8 as well as tumor progression.9 The
biomedical significance of glycomics, the comprehensive study of the roles played by
glycans in biology, has inspired a variety of carbohydrate-based tools, including microarrays
and biosensors. These carbohydrate-modified sensing platforms are currently being used to
interrogate interactions between glycans and their binding partners,10 to identify host-
associated carbohydrate receptors bound by pathogens,7,11 to screen carbohydrate-based
vaccines,12 and to develop synthetic inhibitors of carbohydrate-mediated host-pathogen
interactions.13 However, the performance of carbohydrate-modified arrays and biosensors is
highly dependent on the surface chemistries of the platform, specifically as they relate to
glycan surface density and molecular stability and presentation. These parameters ultimately
determine the bioavailability and bioactivity of glycan-modified surfaces, placing a
significant burden on proper fabrication and characterization of these glycosylated
surfaces.14 Oligo(ethylene glycol) (OEG) moieties are commonly used to improve the
bioavailability and bioactivity of surface-bound biomolecules and to reduce the nonspecific
adsorption of proteins.15 For instance, we recently demonstrated that mixed sugar+OEG
glycoSAMs show increased binding towards carbohydrate-binding proteins when compared
to pure glycoSAMs.16 The mixed glycoSAM strategy also provides a facile method for
modulating surface glycan density via dilution in the monolayer with an inert species.
Tunable glycan surface density has substantial implications towards biosensor and array
design, as numerous studies have implicated a significant role for glycan density in
carbohydrate binding interactions17 and carbohydrate array performance.18

However, the tendency of mixed SAMs to phase separate at the nanoscale represents a
potential challenge towards molecular engineering of controlled glycan densities in mixed
glycoSAM-based sensors and arrays. In binary alkanethiol SAMs, separation occurs during
self-assembly and is driven thermodynamically by alkane chain van der Waals interactions
that vary in strength based on chain length.19 In mixed SAMs of amide-containing
alkanethiols and n-alkanethiols of similar overall length, spontaneous phase separation has
also been observed and is driven presumably by hydrogen bonding between amide groups.20

Even very weakly interacting self-assembled molecules – with similar size, terminal
functional groups, and intermolecular interactions – can phase separate into nanoscale
domains within the mixed SAM system under ambient conditions.21

It is likely that glycoSAMs will behave similarly to other mixed SAMs in this respect.
Carbohydrates are known to participate in intermolecular interactions and self-association
via carbohydrate-carbohydrate binding.22 For instance, glycoconjugate clusters were
observed in lipid rafts, their formation driven by interactions between carbohydrate
headgroups.23 Additionally, submicron-sized domains of GM1
(monosialotetrahexosylganglioside) have been observed in phospholipid monolayers.24 This
self-associative property of carbohydrates has significant implications in carbohydrate-
modified biosensor and array design, as clustering within the mixed SAMs could affect
glycan bioactivity. While the influence of density and molecular presentation on glycoSAM
bioactivity is widely accepted,25 phase separation in these glycosylated mixed SAMs has not
been studied in detail.
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In this study, we examined the phase separation behavior of a mixed glycoSAM system
assembled from synthetic OEG-thiolated glycans (tri- and tetra-mannosides) and OEG thiol
on ultraflat gold substrates. X-ray photoelectron spectroscopy (XPS) and atomic force
microscopy (AFM) were employed to monitor changes in the elemental composition and
nanoscale features of our glycoSAMs over time. Although chemically stable over prolonged
storage, our glycoSAMs displayed nanoscale phase separation and clustering into two
domains, with morphology dependent on the relative sugar concentration during assembly.
These results demonstrate that phase separation processes play a significant role in dictating
molecular presentation and density in glycoSAMs and must be taken into account in glycan
sensor and array design.

Materials and Methods
Reagents and Materials

All chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO) and Acros
Organics (West Chester, PA) and used as received without further purification. A synthetic
trisaccharide (a linear polymer of three mannose residues) bearing a terminal oligo(ethylene
glycol) thiol (sugar, 1), a synthetic tetrasaccharide (a linear polymer of four mannose
residues) bearing a terminal oligo(ethylene glycol) thiol (sugar, 3), and hydroxyl-terminated
oligo(ethylene glycol) thiol (OEG, 2) were synthesized as previously described.26 Thiols
were dissolved in ultrapure water and stored at −20 °C. Silicon wafers (Silicon Valley
Microelectronics, San Jose, CA) were soaked in ultrapure water overnight, sequentially
sonicated in acetone, methylene chloride, acetone, and methanol, and dried under a stream
of argon. Mica was Grade V-1 Muscovite (Structure Probe, Inc, West Chester, PA).

Preparation of Au Substrates
Two different types of gold substrates were used for this study. Polycrystalline gold
substrates were prepared from cleaned Si wafers using an e-beam evaporator (CHA,
SEC-600 E-beam Evaporator) at the Washington Technology Center. Ti (5 nm) and Au (10
nm) were consecutively deposited at a rate of 1.0 Å/s and 5.0 Å/s, respectively.
Additionally, “ultraflat” single-crystalline gold substrates were prepared from freshly
cleaved mica using a thermal evaporator (BOC Edwards AUTO306 Vacuum Coater).
Before deposition, the mica was preheated to 325 °C for 2 h to enhance the formation of
large Au(111) terraces. The deposition rate was 1.5-2.0 Å/s for the first 30 nm, followed by
0.2 Å/s until the thickness reached approximately 110 nm. This method produced atomically
flat Au(111) terraces 300 to 400 nm across.

SAM Formation on Au Substrates
Pure SAMs of sugar (1), OEG (2), and sugar (3), as well as mixed SAMs of sugar(1)+OEG
and sugar(3)+OEG, were prepared by immersing fresh Au substrates in aqueous thiol
solution for 23-25 h in the dark and at room temperature (Scheme 1). The total thiol
concentration in the incubation solution was 0.1 mM. After incubation, samples were
washed with pure ethanol and dried under a stream of nitrogen. All samples were stored
under argon, in the dark, at room temperature. Samples analyzed immediately following the
self-assembly period are denoted ‘Day 0’, samples analyzed 24 h following self-assembly
are denoted ‘Day 1’, and so on.

Atomic Force Microscopy (AFM)
AFM images were taken using a SPM Dimension 3100 (Veeco) in an air-tapping mode at
room temperature. The images were acquired using a soft-tapping silicon tip (FESP, 2.8 N/
m, radius 8 nm (≤ 12 nm), Veeco), with 512 × 512 data acquisition at 1.0-1.5 Hz scan rate.
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The z-limit was set at 1 μm. The instrument noise floor was 60-75 pm (root mean square
roughness of 1 nm×1 nm scan at 2.94 Hz). At least three different locations on each sample
were scanned. Within a single gold grain on mica, a 300 nm×300 nm ultraflat terrace region
was imaged and used for data analysis.

X-ray Photoelectron Spectroscopy (XPS)
XPS measurements were performed on a Surface Sciences Instrument S-probe spectrometer
equipped with a monochromated aluminum Kα X-ray source and a hemispherical electron
energy analyzer. Compositional survey and detailed scans (N 1s, O 1s, and S 2p) were
acquired using a pass energy of 150 eV. High-resolution spectra (C 1s and S 2p) were
acquired using a pass energy of 50 eV. For the high-resolution spectra, peak binding
energies were referenced to the C 1s (C-O) peak at 286.3 eV. The S 2p spectra acquired for
these SAMs have a doublet structure due to the presence of the S 2p3/2 and S 2p1/2 peaks. S
2p doublets have 1.2 eV splitting and a 2:1 peak ratio. The two sulfur doublets are assigned
to bound thiol (162.0 and 163.2 eV) and unbound thiol species (163.5 and 164.7 eV).27

Given this information, curve fitting of the XPS data indicates the relative levels of bound
and unbound thiol. Three spots over two replicates of each sample were analyzed. The
compositional data represent the averaged values from these spots. Data analysis was
performed on the ESCA 2000 data reduction software.

Image Processing and Analysis
AFM images were zero-order flattened and first-order X or XY plane fitted using
Nanoscope software (Veeco). To obtain the apparent percent areal coverage of each
component of our binary system (i.e., “short” and “tall” domains) AFM images were
imported into ImageJ (NIH, Bethesda, MD) and binarized using the Auto Local Threshold
plugin (v1.2, Gabriel Landini) implementing a Bernsen thresholding algorithm,28 as used
elsewhere.29 The local threshold radius was selected such that it was larger than the largest
features of the images. ImageJ’s “Measure” operation with the “Area Fraction” parameter
selected was used to calculate the fractional coverage of each domain in the binarized
images. The percent coverage values were insensitive to changes to the thresholding
algorithm.

Line profile cross sections of AFM images were obtained by drawing straight-line selections
and using the “section” function in the Nanoscope software (Veeco). To estimate the height
difference between the short and tall domains the tapping depths in 300 nm×300 nm regions
(512×512 depth values) were plotted as a histogram. Careful analysis of the AFM images
indicated that the height histogram for mixed samples could be described by the sum of
three Gaussian curves with high goodness of fit (see Figure S1). Accordingly, the height
histograms were imported into MATLAB and fit to three Gaussian curves (of form

) using global nonlinear optimization with a wide range of initial guesses.
Height histograms with best-fit curves are given in supporting Figures S2 and S3. The
distance between the peaks of the short domain and tall domain Gaussian curves was
extracted from the best fit and used as an estimate for the “true” average short to tall domain
height difference (hereafter, inter-domain height differential,). This method permitted
reproducible and automated estimation of the inter-domain height differential across
numerous samples. After plotting versus time for ‘low’ and ‘high’ sugar samples, trendlines
were added to emphasize the dynamic differences between the sample sets. Trendlines were
constrained to pass through the origin using the constrained nonlinear optimization fmincon
in MATLAB and a curve of form Δ(t) = a − b · e−t/c.
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Results and Discussion
Initial observations of nanoscale clustering in mixed glycoSAMs

Electron-beam evaporated polycrystalline gold substrates are widely used for molecular self-
assembly, and are ubiquitous in surface plasmon resonance biosensing. Our preliminary
studies focused on glycoSAMs prepared on said polycrystalline gold substrates16 and are
strongly suggestive of nanoscale clustering within sugar+OEG assemblies. Figure 1 shows
the AFM images of bare gold, pure sugar (1) SAM, and mixed (1:1 molar ratio sugar (1) to
OEG (2)) glycoSAM surfaces. Gold grains of ~30 nm diameter are apparent in all samples.
While grains in both the bare gold (Figure 1a), the pure sugar SAM surface (Figure 1b), and
pure OEG SAM surfaces (not shown) appear smooth, the mixed glycoSAM surfaces showed
clusters between 0.5-1.0 nm in height on top of individual Au grains (arrows, Figure 1c).
The height difference between the clusters and background roughly equaled the theoretical
height difference between sugar and OEG. We reasoned that the clusters on the mixed
glycoSAMs might be sugar-thiols that had segregated from surrounding OEG molecules into
nanoscale clusters. Previous work demonstrating phase separation within nanoscale gold
clusters resembling our polycrystalline substrate lends plausibility to this segregation
hypothesis.30

Since the polycrystalline samples were stored in the dark for several days before topographic
analysis, we questioned whether time was a factor in cluster formation. To our knowledge,
storage time has not been examined as a factor in thiol phase separation. Additionally, a
well-recognized factor in the phase separation of thiols is the molar ratio of adsorbates
during incubation,31 and our preliminary results prompted us to explore what role this
variable may play in our system. Finally, substrate characteristics like crystallinity and
roughness are known to influence thiol assembly32 and surface mobility.33 Polycrystalline
gold, however, has variable surface roughness and crystallinity, and is difficult to image at
high-resolution using AFM (as evidenced by the faintness of the clusters in Figure 1c).
Thus, to control surface roughness and obtain high-resolution images, mica substrates coated
with single-crystalline “ultraflat” gold were used in this study of the clustering phenomenon
of glycoSAMs.

XPS analysis: SAM quality and elemental stability
Pure OEG, pure sugar (3), and mixed sugar(3)+OEG SAMs on ultraflat Au substrates were
analyzed by XPS immediately following 24 hours of self-assembly. XPS detected the
expected species from the thiol monolayer (C, O, S), as well as the substrate (Au). The
chemical environments of carbon and sulfur species on pure sugar and mixed sugar+OEG
surfaces were obtained from XPS high-resolution spectra (Figure 2). Consistent with the
previous peak assignments by our group,16 the carbon species were assigned to hydrocarbon
(C-C/C-H), ether/alcohol carbon (C-O-X), and sugar acetal carbon (O-C-O) with
characteristic binding energies of 284.6, 286.3, and 287.6 eV, respectively. Sulfur species at
162.0 eV for Au-bound thiol and at 163.5 eV for unbound thiol, as well as the expected
doublet splitting, were observed. Only a minimal amount of unbound thiol was present,
indicating the SAMs were of high quality. Oxidized sulfur species indicated by higher
binding energies (>166 eV) were not detected. These results indicate that our pure and
mixed glycoSAMs contain minimal adventitious hydrocarbon and have the expected thiol
species bound to the surface in a monolayer.

To determine the stability of our system, the surface elemental composition of a set of
samples (pure sugar (3), pure OEG, 2:1 molar ratio sugar:OEG, and 1:2 molar ratio
sugar:OEG) were examined by XPS. As shown in Figure 3, XPS O/C ratios remained
relatively unchanged for both pure and mixed glycoSAM surfaces over 28 days of storage,
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indicating the surfaces are stable under the storage conditions used (i.e., under argon, in the
dark, at room temperature). Two readings on a single ‘Low’ sugar Day 0 sample were
uncharacteristically high and similar to one another (0.03 percent difference), consistent
with adventitious contamination during sample handling. We have included the
contaminated readings in Figure 3 for transparency (circles), but have separated them from
the “uncontaminated” data. In addition to the stable XPS O/C ratios, sulfur levels (S 2p) also
remained stable over the study period (data not shown). This supports the conclusion that
both pure and mixed surfaces were elementally stable during the study period.

It is also worth nothing that “complete” assembly in an OEG SAM system – that is, a
surface at equilibrium with the incubation solution – may be “submonolayer” in the
traditional sense. It is known, for example, that OEG-based thiols form loosely packed
SAMs compared to the canonical alkanethiol SAM.34 We reason that with this increased
disorder the film thickness would be lower than corresponding alkanethiols.

AFM analysis: Time-course study of glycoSAM surfaces
Maintaining stable and uniform SAMs is critical, particularly for studies involving long-
term storage. However, it is well established that thiol-based SAM surfaces are susceptible
to both elemental35 and morphological changes over time.36 We stored our samples under
an inert argon environment to limit oxidation and contamination by adventitious
hydrocarbon; additionally, samples were kept in the dark to prevent degradation due to UV
exposure. As previously described, our XPS results establish the high quality and stability of
both our pure and mixed SAMs (Figures 2 and 3). AFM tapping mode imaging provided a
means of examining the morphological quality and stability of our surfaces at discrete time
points over a prolonged storage period.

The clusters observed on the aged mixed glycoSAM surfaces on polycrystalline Au
substrates led us to examine the nature of the hypothesized phase separation and its time-
dependency. First, we sought to confirm the morphological stability and uniformity of bare
gold and pure SAMs. Using AFM, we compared the morphology of bare ultraflat gold, pure
OEG, and pure sugar (3) samples before and after a 28-day storage period (Figure 4). The
overall morphology of the pure samples showed minimal change over four weeks, such as a
roughening of the pure OEG samples and the formation of depressions in the pure sugar
samples, consistent with aging due to slight oxidation during handling.35d

We proceeded to examine a mixed glycoSAM surface. Ultraflat gold was incubated in two
mixed thiol solutions to form glycoSAMs: ‘low’ sugar (2:3 molar ratio of sugar:OEG) and
‘high’ sugar (4:1 molar ratio of sugar:OEG). Samples imaged by AFM immediately after
self-assembly were relatively homogenous, with faint nodules visible in the ‘low’ sugar
samples (Figure 5, Day 0). When the samples were imaged 24 hours later (Day 1), two
distinct patterns emerged: a clustered island-like pattern (‘low’ sugar glycoSAM) and an
interconnected continuous pattern (‘high’ sugar glycoSAM). Over time, these features
coalesced to reveal two easily distinguishable domains: a “short” domain (i.e., dark areas in
the AFM images) and a “tall” domain (i.e., bright areas in the AFM images). In both ‘low’
and ‘high’ sugar glycoSAMs, the tall domain features grew larger in cross-sectional
diameter and remained discrete over the 28-day study period. We observed the time-
dependent clustering phenomenon repeatedly across many sets of glycoSAM samples of
various molar ratios of sugar to OEG (see Figure S4). Images of samples stored for greater
than five months were qualitatively similar to those taken of Day 28 samples.

We assessed the domain areal percent coverage by thresholding and binarizing AFM
images. Despite the domain coarsening over the study period, the domain coverage
remained stable for both the ‘low’ sugar and ‘high’ sugar mixed glycoSAM surfaces (Figure
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6). The tall domain coverage was around 25 to 30 percent for the ‘low’ sugar glycoSAMs
and 55 to 60 percent for the ‘high’ sugar glycoSAMs.

Our XPS analysis determined that 1:2 and 2:1 sugar:OEG (33% and 66% sugar) SAMs were
qualitatively similar, with stable oxygen, carbon, and sulfur signals over the entire study
period. Although the molar ratio of the ‘low’ and ‘high’ sugar samples presented in Figures
5 and 6 (40% and 80% sugar) differ slightly from those used in the XPS analysis, it is
reasonable to believe that their elemental composition is also stable. Conversely, the 1:2
sugar:OEG XPS data is directly comparable to the 1:2 sugar:OEG AFM data presented in
Figure S4, showing that glycoclusters form without any change in surface elemental
composition. The stable areal coverage of the domains and stable elemental composition of
the surfaces as measured by XPS indicate that changes in overall surface composition do not
explain the observed clustering phenomenon.

Line profiles of AFM images of phase separated samples provide an intuitive perspective
into the height of the tall domain features relative to the surrounding short domain (Figure
7). The cross section of a ‘high’ sugar glycoSAM on Day 28 illustrates that the short domain
to tall domain height difference (inter-domain height differential,) is about 1.0 to 1.4 nm.
This height difference roughly equates to the theoretical height difference between sugar (3)
and OEG (2). Factors like tip convolution and variable surface softness in response to
tapping make it difficult to measure confidently the “true” height of the tall features relative
to the short features. Nevertheless, this evidence – in combination with the proportionality
between the molar ratio of sugar during incubation and tall domain coverage – leads us to
believe that the clustered tall domain features are primarily sugar thiol and the short domain
features are primarily OEG thiol.

Assuming that the tall and short domains correspond to pure sugar and pure OEG,
respectively, the domain coverage represents the apparent ratio of immobilized sugar to
OEG. Under this assumption, one might expect 40% sugar (2:3 sugar to OEG) and 80%
sugar (4:1 sugar to OEG) incubation solutions to result in 40% and 80% tall domain
coverage, respectively. However, it is well established that the surface composition of mixed
SAMs may differ significantly from the incubation solution composition depending on
assembly kinetics.37 The coverage relationship was indeed below identity in our system,
with OEG thiol appearing to adsorb somewhat preferentially. Nevertheless, the
proportionality between sugar molar ratio during incubation and tall domain percent
coverage was replicated in 33% and 75% sugar incubation solutions (data not shown). This
supports our belief that the tall domains are primarily sugar thiol and the short domains are
primarily OEG thiol.

The slightly preferential adsorption of OEG thiol is expected based on the principles of
collision frequency and steric hindrance. During incubation, the frequency of thiol collision
with the gold surface dictates the rate of adsorption, and is inversely related to the mass of
the adsorbate.38 Thus, OEG thiols will contact the surface more frequently than the larger
sugar thiols, leading to higher-than-expected OEG coverage. Additionally, competitive
adsorption favors less sterically hindered molecules,39 further favouring adsorption of OEG
thiol over the much bulkier tetrasaccharide-bearing sugar thiol.

We sought to characterize more rigorously the inter-domain height differential over time.
The depth values in flat, 300 nm×300 nm areas (512×512 depth values, each representing
many tapping event) on mixed glycoSAMs were plotted as histograms and analyzed. In a
perfect binary system, the histogram would be bimodal with little spread about the modes; in
reality, tip convolution, surface defects, and mixing at the interface of domains results in a
bimodal distribution with overlapping regions.40 Closer examination shows that our system
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is best described empirically as having three distinct domains: a short domain, a tall domain,
and an inter-domain region at the transition between the short and tall domains (Figure S2).
Each of these regions produce their own Gaussian-type distribution of tapping event heights,
which can be fit globally to estimate the mode of each domain, as has been done by others.41

The fitting procedure allowed us to extract, reproducibly, estimates for the “true” inter-
domain height differential (, Figure 8a). Figure 8b shows that increases over the course of
study until reaching a plateau. Interestingly, the ‘high’ sugar glycoSAM stabilizes quickly
(~Day 3) while the ‘low’ sugar glycoSAM stabilizes more slowly (~Day 7 to 13). This
indicates that clustering kinetics are related to the mole fraction of immobilized sugar, and
suggests that the sugar moieties are driving the phenomenon. This is consistent with the
coarsening seen in the AFM images in Figure 5 in which the ‘high’ sugar glycoSAM seemed
to reach a stable morphology around Day 3, while the ‘low’ sugar glycoSAM reached a
stable morphology around Day 13. At Day 28, is not statistically different for the ‘low’ and
‘high’ sugar glycoSAMs (p = 0.22, two-sample t-test; Δ ≈ 1.0 to 1.2 nm). Again, this is
consistent with AFM imaging data showing that samples stored for greater than five months
(Figure S4) are not noticeably different from Day 28 samples, suggesting that both ‘high’
and ‘low’ sugar glycoSAMs reach an equilibrium state by Day 28.

Δ is an indication of the molecular purity of each domain. At one extreme, a perfectly
homogeneous mixed SAM would have a of zero. At the other extreme, a completely phase
separated system would have the largest possible corresponding to the difference in height
between the thiols within the mixed SAM. An intermediate indicates phase separation with
some degree of mixing within each domain (i.e., the domains are not composed purely of a
single species). A computational study by Tielens et al. in a mixed SAM system containing a
mixture of acid- and alcohol-terminated thiols (analogous to sugar and OEG in our system)
found at least seven different equilibrium SAM conditions as a function of initial solution
molar ratios.31 Although we interrogated a limited number of molar ratios, it is striking that
both 40% and 80% sugar solutions phase separated and ultimately produced a similar. In
other words, despite widely varying solution compositions, the glycoSAMs ultimately
formed short and tall domains of similar composition. Thus, while varying solution
composition does influence the overall coverage of each component, it does not appear to
control surface composition and density at the nanoscale level relevant to interrogating
biomolecules.

Proposed nanoscale clustering mechanism
Based on XPS and AFM analysis, we attribute the time-dependent cluster formation in
mixed glycoSAMs to intermolecular attractive forces between immobilized thiolated-sugar
moieties. Immediately following submersion in the thiol incubation solution, sugar and OEG
thiols begin adsorbing on the gold surface. The adsorption process may not be perfectly
stoichiometric, depending on a variety of factors (e.g., sterics39 and sticking probability38),
but roughly follows the proportionality of the incubation thiol solution. Although initially
the thiols may be randomly distributed on the ultraflat gold, at the conclusion of self-
assembly from solution there is some evidence of early stage clustering (Figure 5, ‘Low’
sugar, Day 0), indicating dynamic exchange processes during SAM formation likely play a
role in phase separation. However, the majority of the observed phase-separation occurs
following incubation over the course of several days, despite storage under dark, inert
conditions. During storage, adsorbed sugar and OEG thiols laterally diffuse,42 facilitating
intermolecular interactions (i.e., sugar-sugar, sugar-OEG, and OEG-OEG).

An energetics argument first put forth by Weiss’ group36c, 43 and reiterated in work by
others44 simplifies binary SAM phase separation into two opposing terms: enthalpy of
interaction and entropy of mixing. Spontaneous phase separation will occur only when the
enthalpic contribution of self-associating adsorbates exceeds the entropy of mixing, which
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favors disorder. Mixed SAMs composed of thiolates capable of forming only one or two
hydrogen bonds have been observed to undergo phase separation.31, 44b, 45 In our case,
numerous potential intermolecular hydrogen bonds between adjacent sugar headgroups
offers even greater enthalpic stabilization. We thus attribute the phase separation in our
system to intermolecular hydrogen bonding between sugar headgroups (i.e., sugar-sugar).
Subsequently, the phase-separated domains coalesce and coarsen, as has been directly
observed by others.36c,43c Although we did not image the samples frequently enough to
directly observe coalescence or measure the phase mobility, we are planning future work
that will rigorously quantify these important aspects of the clustering phenomenon.
Eventually, the system appears to reach a thermodynamic equilibrium, as evidenced by the
stabilization of the surface morphology and inter-domain height differential after four
weeks. The proposed phase separation process is illustrated schematically in Figure 9.

Conclusions
We found that mixed SAMs of sugar and OEG thiols form nanoscale, segregated domains
over time that are not present in pure sugar or OEG SAMs. The surface morphology differed
depending on the molar ratio of sugar to OEG during self-assembly, with island-like or
continuous clustering occurring in ‘low’ and ‘high’ sugar composition incubation solutions,
respectively. Domain formation and coarsening occurred steadily over the course of four
weeks, as indicated by AFM images showing increasingly coalesced domains. Using XPS,
we determined that the oxygen to carbon ratio of our surfaces remained unchanged over
time, indicating stable surface composition. Likewise, the overall coverage of domains was
stable and correlated with the molar ratio of sugar to OEG during assembly, supporting the
conclusion that the tall and short domains are primarily sugar and OEG thiols, respectively.
Additionally, the differential height between the two domains increased steadily until
reaching a plateau around ~1.1 nm, roughly the theoretical height difference between pure
sugar and pure OEG thiol SAMs. This suggests that, in addition to coalescing, the domains
become increasingly pure and ordered over time. Given the decrease in entropy due to
domain formation, we reason that an offsetting enthalpic force drives the spontaneous
phenomenon, most likely intermolecular hydrogen bonding between sugar headgroups.
Clustering of sugar ligands on biosensing surfaces has been shown to have important
multivalent binding effects.46 The time-dependent clustering phenomena observed in our
glycoSAM system poses additional complications for interpreting binding studies, especially
among multivalent, density-dependent interactions. These results suggest that ligand-
clustering effects should be considered when interrogating glycoSAM bioactivity.
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Figure 1.
AFM of electron-beam evaporated gold. (a) Bare gold, (b) assembled monolayer of pure
sugar (1), and (c) mixed SAM composed of 1:1 molar ratio of sugar (1) to OEG (2). Features
consistent with nanoscale clusters are apparent within the gold grains in the mixed SAM
system (arrows), but not in the bare gold or pure SAM. Scale bar is 100 nm and applies to all
images.
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Figure 2.
XPS high-resolution spectra for (a) C 1s and (b) S 2p for pure sugar (3) (Sugar, top) and 2:1
sugar(3):OEG(2) (Sugar+OEG, bottom) SAMs on ultraflat gold. The carbon species are
assigned to hydrocarbon (C-H/C-C, 284.6 eV), ether/alcohol (C-O-X, 286.3 eV), and acetal
(O-C-O, 287.6 eV). The doublets observed in (b) are assigned to bound thiol species (162.0
eV and 163.2 eV, blue) and unbound thiol species (163.5 eV and 164.7 eV, red). Oxidized
sulfur species (>166 eV) were not detected.
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Figure 3.
XPS wide scan time-course analysis of oxygen to carbon (O/C) ratio indicates that the
overall composition of our SAMs remains stable over 28 days. ‘High’ sugar SAM is
composed of a 2:1 molar ratio of sugar (3) to OEG (2); ‘Low’ sugar SAM is composed of a
1:2 molar ratio of sugar (3) to OEG (2). The two data points for ‘Low’ sugar Day 0 that are
shown as overlapping circles (‘□’) are consistent with contamination during sample
handling and have been separated from the “uncontaminated” data.
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Figure 4.
AFM of ultraflat gold substrates bare, with pure OEG (2) SAM, and with pure sugar (3)
SAM before and after 28 days of storage (argon, dark). These results demonstrate that the
pure SAMs are morphologically stable under the storage conditions used. Scale bar = 100
nm.
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Figure 5.
Time-course topographic AFM analysis of mixed SAMs on ultraflat gold. ‘Low’ sugar
SAMs were prepared using a 2:3 molar ratio of sugar (3) to OEG (2), while ‘high’ sugar
SAMs were prepared using a 4:1 sugar:OEG molar ratio. The surface topography exhibits
time-dependent clustering behavior. Scale bar = 100 nm.
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Figure 6.
Domain coverage analysis. AFM images of mixed SAMs having 2:3 (‘Low’ sugar) and 4:1
(‘High’ sugar) molar ratios of sugar (3) to OEG (2) were binarized. (a) Representative Day
3, 7, and 28 images before and after binarizing. The tall domain coverage is the area fraction
of the white regions in the binary images. Local threshold radii: Day 3 = 8.8 nm; Day 7 =
11.7 nm; Day 28 = 20.5 nm. Scale bar = 100 nm. (b) Tall domain percent coverage over
time. The error bars correspond to 95% confidence intervals based on the coverage values
for multiple samples for each day.
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Figure 7.
Representative AFM topographic image and corresponding line profile of a mixed SAM on
ultraflat gold, 4:1 molar ratio sugar (3) to OEG (2), Day 28. The cross section analysis
illustrates a nanoscale height difference between the short domain (OEG) and the tall
domain (sugar). The inter-domain height differential () is consistent, ranging from 1.0 to 1.4
nm.
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Figure 8.
Inter-domain height differential () is (a) extracted from histogram data and (b) plotted versus
time for 2:3 (‘Low’) and 4:1 (‘High’) sugar (3) to OEG (2) mixed SAMs. Error bars
correspond to 95% confidence intervals for the estimate of for a set of samples on a given
day. Trendlines added for visual purposes. Inset: cartoon of AFM cantilever probing
monolayer of short and tall domains, with ‘depth’ and ‘Δ’ indicated.

Tantakitti et al. Page 21

Langmuir. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9.
Proposed time-dependent clustering in mixed SAMs of sugar (red/black) and OEG (light
blue/gray) thiols (sugar:OEG ratio in the illustration is roughly 1:3). (a) Immediately
following chemisorption, sugar and OEG molecules are randomly distributed across the gold
surface. (b) Over time, lateral diffusion of the bound thiols leads to sugar-sugar hydrogen
bonding interactions that result in the formation of small, packed domains of sugar-thiols.
(c) Small nanoclusters continually coalesce into larger clusters, becoming increasingly pure
and well packed until reaching an equilibrium state.
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Scheme 1.
Assembly of pure and mixed SAMs of sugar (1 & 3) and OEG (2) thiols on gold.
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