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Abstract

Photoderivatized polymer-coated gold surfaces have been developed following a
perfluorophenylazide-based double ligation strategy. Gold-plated quartz crystal microbalance
(QCM) crystals were initially covalently functionalized with a monolayer of poly(ethylene glycol)
(PEG), using photo- or thermolytic nitrene formation and insertion. The polymer surfaces were
subsequently used as substrates for photoinsertion of carbohydrate-derivatized photoprobes,
yielding different recognition motifs for selective protein binding. The resulting robust and
biocompatible sensor surfaces were applied to a flow-through QCM instrument for monitoring
lectin—carbohydrate interactions in real time. The results clearly show the predicted lectin
selectivity, demonstrating the applicability of the approach.

Selective surface generation and functionalization form the basis for intense research in a
number of diverse areas such as chemical sensors, interface engineering, and
nanotechnology. A versatile method to covalent derivatization is based on the specific
chemistry of arylazides. Upon thermal activation or light irradiation, the azide functionality
in these structures becomes converted to a highly reactive nitrene species that readily inserts
into CH and NH bonds.! Especially perfluorophenylazides (PFPAs),2 which produce
markedly enhanced insertion yields, have thus been used to thermo- and photochemically
introduce functional groups in a range of entities, including proteins, nanostructures, and
synthetic polymers.3-2 The versatility of the PFPA chemistry makes it an attractive choice
for surface modification. Surfaces can either be globally modified by the technique, or
discrete areas can be addressed by arraying techniques such as photomasking and
conventional printing devices.
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The surface presentation of recognition motifs based on bioactive compounds is central for
many applications in bioanalytical and biomaterials science, and carbohydrates and
glycomimetic structures are in this context attracting increasing interest.10-14 Interactions
between cellular glycans and proteins have been found to be of special importance in many
biological processes, being involved in cell—cell interactions, cell communication, cell
proliferation, and cell death. This emerging significance prompts for new means to
analytically study these interactions. To date, various methods have been developed to
analyze interactions of carbohydrates and proteins, including biosensors, enzyme-linked
lectin assays (ELLAS) and cell assays, nuclear magnetic resonance, calorimetric techniques,
and, more recently, microarray technologies.1>23 Among these methods, the quartz crystal
microbalance (QCM) biosensor format is being increasingly adopted due to its convenient
means of operation coupled with high performance.24-33 Measurements can also be
performed in real time using native analytes without the need of any labeling procedures.

Efficient carbohydrate immobilization techniques to the sensor surface are a prerequisite for
the preparation of biosensor systems. In principle, three general strategies can be used to
enable carbohydrate presentation at sensor surfaces: direct covalent conjugation of
carbohydrate structures to the gold electrode, noncovalent adsorption of carbohydrates on a
modified surface, and covalent conjugation of carbohydrate-derivatives to a modified
surface. Because of the flow-through QCM system used in the present study, the covalent
methods are advantageous, leading to enhanced stability and durability of the surfaces. Most
methods based on direct coupling to the gold surface make use of thiol- or disulfide-
derivatized carbohydrate structures. These methods have proven their value, especially when
combined with alkyl- and/or oligoethylene linker regions, however, to some extent leading
to release of the compound from the surface due to the rather weak thiol-gold bond.3* For
this reason, new and robust methods of attachment need to be developed, generating high-
density, biocompatible surfaces.

This issue has been addressed in the present study. A range of carbohydrate structures was
covalently immobilized to polymer-coated gold surfaces, based on the versatility of
arylazide chemistry. A double surface ligation methodology was developed, and the
resulting carbohydrate-presenting matrices were subjected to binding and competition assays
between the carbohydrates and a panel of plant lectins.

EXPERIMENTAL SECTION

General

Commercially available starting materials for synthesis were purchased from Aldrich, Fluka,
Lancaster, and Senn Chemicals. Carbohydrate-derivatized photoprobes 4-6 (Figure 1) were
synthesized as previously reported.1®> Concanavalin A (Con A) from Canavalia ensiformis,
Ulex europaeus agglutinin-1 (UEA), and Pisum sativum agglutinin (PSA), were purchased
from Sigma. Viscum album agglutinin (VAA) was purified and checked for activity as
described.3° Reactions were carried out with anhydrous solvents under a nitrogen
atmosphere where appropriate. Chemical reactions were monitored with thin-layer
chromatography using precoated silica gel 60 (0.25 mm thickness) plates (Macherey-Nagel).
Flash column chromatography was performed on silica gel 60 (SDS 0.040-0.063 mm). 1H
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and 13C spectra were recorded with a DMX 500 instrument (Bruker) at 298 K in CDCl3
using the residual signal from CHCl3 (*H NMR, & = 7.25 ppm; 13C NMR, 8 = 77.0 ppm) as
an internal standard. Quartz crystal microbalance experiments were performed using an
Attana 100 instrument (Attana).

2,2’ -Dithioethyl Bis(4-azido-2,3,5,6-tetrafluorobenzoate) (3)

Synthesis of PFPA-disulfide 3 was performed according to Scheme 1. 4-Azido-2,3,5,6-
tetrafluorobenzoic acid? (1) (1.00 g, 4.3 mmol) was dissolved in CH,Cl, (20 mL) at 0 °C.
2,2’-Dithiodiethanol (2) (0.33 g, 2.1 mmol), N,N’-dimethylaminopyridine (DMAP, 0.05 g,
0.43 mmol), and 1,3-dicyclohexylcarbodiimide (DCC, 0.95 g, 4.6 mmol) were added to the
solution, and the mixture was allowed to warm to room temperature and stirred for 12 h.
After removal of the precipitated dicyclohexylurea by filtration, the reaction mixture was
recovered by extraction with CH,Cl,. The organic layer was washed with water and brine,
dried over Nay;SQy, and concentrated. Purification of the residue by flash column
chromatography (hexane/ethyl acetate 6:1) afforded compound 3 in 40% yield (0.49 g). 1H
NMR (500 MHz, CDCls) 6 3.03 (4H, t, J= 6.5 Hz, CH,-S), 4.62 (4H, t, J = 6.5 Hz, CH,—
OCO); 13C NMR (125 MHz, CDCl3) § 37.2, 64.4, 107.7, 124.0, 139.6, 142.1, 144.6, 147.7,
159.6.

Preparation of Carbohydrate-Derivatized Surfaces

Gold-plated 10 MHz quartz crystals (Attana) were initially immersed into a mixture of H,0,
(33%), NH3 (33%) and distilled water (1:1:3 v/v/v) at 80 °C for 5 min to clean the surfaces.
The resulting crystals were repeatedly rinsed with distilled water and dried under a stream of
nitrogen. The cleaned crystals were subsequently immersed into a solution of PFPA-
disulfide 3 (14 mM in CH,Cl,) (Figure 1) at room temperature in the dark overnight, rinsed
with CH,Cl, to remove excess compound 3, and dried under a stream of nitrogen. The
PFPA-activated crystals were immersed into a melt of poly(ethylene glycol) (M, 20 000) at
70 °C, after which the temperature was increased to 140 °C for 20 min. The resulting PEG-
coated crystals were withdrawn from the melt, sonicated in distilled water to remove
unbound PEG, and dried under a stream of nitrogen. The dried PEG-coated crystals were
subsequently immersed in solutions of PFPA-derivatized carbohydrates (10 mM in ethanol)
for 5 min. After drying under nitrogen, the crystals were irradiated with a medium-pressure
mercury UV-source (Hanovia) for 5 min. After UV irradiation, the crystals were finally
rinsed with ethanol and then dried under nitrogen.

QCM Conditions

Protein binding to the surfaces was monitored by frequency logging with Attester 1.1
(Attana) and recorded as the resulting frequency shifts (Af). A negative response shift is
indicative of increased surface mass resulting from protein binding. The fabricated crystals
were mounted in the flow-through QCM system and equilibrated with buffer solution (10
mM PBS, pH 7.4) prior to manipulations/measurements. Blocking of the surfaces was
performed by injection of bovine serum albumin (BSA) (10 mg/mL in PBS) until a stable
frequency baseline was obtained. A continuous flow of running buffer (PBS 10 mM, pH 7.4,
50 pL/min) was used throughout, and all test samples were prepared in the running buffer
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(PBS 10 mM, pH 7.4; injection volume: 50 pL). A maximum protein concentration of 10
UM was used for Con A, PSA, and UEA, whereas 5 uM was used for VAA due to its
comparatively low solubility. Bound lectins were released from the surfaces between
measurements by two successive injections of low pH buffer (PBS 10 mM, pH 1.5).

Estimation of Kp

The apparent K for the interaction between the a-0-mannopyranoside-functionalized
surface and Con A was estimated from binding experiments up to saturation. Increasing
concentrations (ranging from 5 nM to 10 pM) of Con A were injected over the QCM
surface, and the frequency decrease was recorded. The software package GraphPad Prism
(GraphPad) was adopted for nonlinear regression analysis determining the apparent Kp
using eq 1, where Af is the frequency difference at a certain concentration, Afya« the
maximum frequency difference (maximum binding), and [L] the lectin concentration.

_ Afmax[L]

MR @

RESULTS AND DISCUSSION

In order to acquire a stable and biocompatible sensor, suitable for the QCM flow-through
system, a polymer-based surface was addressed. A polymer coating of the crystal gold
electrodes would produce an acceptor structure for the carbohydrate derivatization and
simultaneously isolate the electrode layer from the interaction interface. A range of
polymers were initially envisaged, including poly(2-ethyl-2-oxazoline) (PEOX),
poly(ethylene glycol) (PEG), and poly(ethylene oxide) (PEO). Of these, the PEG- and PEO-
type polymers were chosen for the present application due to their reputed biocompatibility,
known to prevent nonspecific protein and cell adhesion. However, these polymers cannot be
permanently physisorbed to the gold electrode, in contrast to, for example, polystyrene,32 for
which reason a covalent surface ligation strategy was developed. PFPA-Chemistry was in
this case preferably chosen, thus leading to a double surface ligation methodology in
combination with the carbohydrate derivatization.

The perfluorophenylazide-based double surface ligation method is outlined in Figure 1. The
gold surfaces of the QCM crystals were first covalently activated to establish a PFPA layer.
This was achieved by allowing a PFPA—disulfide derivative (compound 3) to bind to the
gold surface using conventional disulfide to gold coupling. This PFPA-activated surface was
subsequently used to covalently attach a thin layer of PEG. Both photolytic and thermolytic
nitrene generation could in this cases be used to attach the polymer, where thermoinitiation
proved favorable for the finally chosen polymer due to the higher ease of operation. The
combined action of all inserted PFPA-structures ensured a strong attachment of the polymer
to the gold surface. In order to evaluate the surface behavior, different PEG- or PEO-
structures were also tested, ranging in molecular weight from 6000 to 200 000 g/mol.
Shorter polymers resulted in increased nonspecific binding, whereas polymers of higher
molecular weight proved somewhat sensitive to the flow-through system. High molecular
weight PEO (M, 200 000) showed very low nonspecific binding but did not perform
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optimally in the flow-through system, where repeated injections of lectin resulted in
gradually diminished binding. These effects are currently under more detailed investigation.
The medium molecular weight PEG (M, 20 000) was in this case found to possess the best
overall performance, resulting in a very low level of nonspecific binding and, at the same
time, high durability of the surfaces.

After rinsing of the crystals, a thin monolayer of PEG remained on the surface,® efficiently
covering the underlying gold layer and producing a highly hydrophilic, biocompatible
surface. The resulting polymer layer then served as a substrate for photoligation of different
carbohydrate structures. Three different PFPA-derivatized carbohydrates were used as
prototype surface recognition motifs: a-o-mannopyranoside 4, -o-galactopyranoside 5, and
a--fucopyranoside 6 (Figure 1). The parent monosaccharides represent building blocks of
natural glycans and are known targets for specific carbohydrate-binding proteins. This
enabled direct estimation of the lectin binding efficiency, where crossreactivities could be
easily monitored. Derivatization of the structures at the anomeric position was expected to
lead to nonsignificant selectivity effects and could even improve affinity. Initial attempts
with reduced distance between the PFPA moiety and the carbohydrate group showed that the
length and nature of the linker was, as expected, important for efficient interactions. Thus, in
order to ensure efficient protein binding to the surfaces, a sufficiently long ethylene glycol-
based linker spacer had to be inserted, yielding a 16-bond distance between the anomeric
oxygen and the polymer surface (~18 A in the extended state). Application of these
carbohydrate-derivatized photoprobe structures to the surfaces, and exposure by short-time
UV-irradiation, resulted in covalently conjugated carbohydrate derivatives to the polymer
layer.

The resulting carbohydrate-functionalized QCM crystals were subsequently subjected to
analysis of bioactivity with respect to carbohydrate—protein interactions. The crystals were
mounted in the flow-through QCM system and equilibrated with running buffer solution (10
mM PBS, pH 7.4) at a flow rate of 50 pL/min until no frequency change was recorded. The
carbohydrate-binding proteins, dissolved in the running buffer, were subsequently injected
(50 pL), and binding was monitored as reduced oscillation frequency of the quartz crystal.
After each step of analysis, the bound lectins were removed by two successive injections of
low pH buffer (pH 1.5) to regenerate the surface without diminishing the performance of the
Sensor response.

Protein binding to the carbohydrate-presenting surfaces was evaluated for a set of four
different plant lectins:36:37 the agglutinin from Canavalia ensiformis (Con A), Viscum album
agglutinin (VAA), Ulex europaeus lectin | (UEA), and Pisum sativum agglutinin (PSA).
These lectins were chosen due to their known carbohydrate specificities, compatible with the
parent carbohydrate structures. PSA and Con A are both specific for a-o-mannopyranosides,
albeit with different binding strengths, UEA specifically binds a-.-fucopyranoside
structures, and VAA binds to -o-galactopyranosides.

Figure 2 displays typical frequency-response graphs recorded for Con A-binding to the three
different carbohydrate-derivatized surfaces. On the basis of the carbohydrate specificity,
only the a-o-mannopyranoside surface should serve as a sensor recognition element for Con
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A, whereas the other surfaces should be inefficient. As can be seen, the a-o-
mannopyranoside surface indeed proved highly efficient in binding this lectin, resulting in a
large maximum response. On the other hand, the B-o-galactopyranoside- and the a-.-
fucopyranoside-derivatized surfaces did not show any residual binding to this lectin,
indicating that the interaction is governed by carbohydrate—protein recognition. Apparent
transient binding to both surfaces could however be recorded, where especially the a-.-
fucopyranoside-surface showed temporary binding of the lectin to approximately 60% of the
maximal level of binding to the a-o-mannopyranoside-derivatized surface upon the initial
injection of Con A. As the concentration of Con A in the flow cell was diluted and
eventually replaced by the running buffer, the weakly bound Con A was removed from the
surface. Binding to the B-o-galactopyranoside-presenting surface represents in this case a
more standard behavior of a nonspecific surface, where a low amount of adsorption to the
hydrophilic surface takes place during the protein flow over the crystal. Thus, the system
can potentially be used to monitor and quantitate weaker, transient binding, as well as
stronger affinity. These effects are currently under more thorough investigations.

The overall binding results for the four different plant lectins to all three carbohydrate-
presenting surfaces are displayed in Figure 3. In order to compare the results between the
lectins, the frequency responses were related to the molecular weight (M;) of the respective
lectin (M,: Con A 104 000;38:39 PSA 48 000;%0 VAA 119 800;*1 UEA 63 000%2). The
resulting Af/M,-values represent the relative binding of protein to the surface, irrespective of
the differences in mass. Since Af corresponds to the applied mass to the surface, subject to
prerequisites of the Sauerbrey equation,*3 the Af/M,-value corresponds to the amount of
substance of protein. The results reflect the expected binding patterns for these lectins,
where the a-o-mannopyranoside-presenting surface was selective for PSA and Con A, the p-
o-galactopyranoside-presenting surface was selective for VAA, and the a-.-fucopyranoside-
presenting surface selective for the lectin from Ulex europaeus (UEA). In either case, no
significant cross-reactivity between lectins of different specificity could be detected, in
agreement with data from solid-phase- and histochemical assays based on carbohydrate-
presenting natural and artificial surfaces.36:44-46 At the present concentrations, the binding
performance for three of the lectins (VAA, Con A, and UEA) showed similar specific
responses to the respective surfaces (Af = 0.7-1 mHz/M,), indicative of near surface
saturation. On the other hand, the PSA-lectin showed a lower specific response (Af = 0.3
mHz/M;) compared to Con A, indicating that PSA possesses lower binding capability to the
a-o-mannopyranoside surface. This effect is also in accordance with literature data, where
PSA shows lower binding affinity to a->-mannopyranosides than the Con A lectin. 4748

The binding characteristics of Con A to the a-o-mannopyranoside-presenting surface were
subsequently evaluated by saturation analysis in order to further estimate the utility of the
methodology developed. Samples of Con A ranging in concentration from 5 nM to 10 uM
were injected over the a-o-mannopyranoside-presenting surface and the frequency
differences resulting from the Con A-binding recorded. After each sample injection, the
surface was regenerated by two successive injections of low pH buffer. The resulting
saturation isotherm is displayed in Figure 4, indicating that the surface is completely
saturatable and the binding follows Langmuir-like isothermal behavior. The apparent
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dissociation constant could be estimated to Kp = 0.54 uM (95% ClI: 0.44-0.64 uM), a value
well in accordance with reported literature values (0.1-1.1 pM).32:49.50 These results show
that the technique can be used also to estimate affinity constants between the surfaces
developed and a protein binding partner.

CONCLUSIONS

In conclusion, it has been shown that efficient bioactive surfaces can be prepared by a
double surface ligation methodology based on perfluorophenylazide chemistry. Gold
surfaces, functionalized with azide groups, could be covalently coated with thin layers of
poly(ethylene glycol), to which photoprobe-derivatized carbohydrate structures could be
covalently attached by a nitrene photoinsertion reaction. The resulting surfaces could be
applied to a flow-through QCM instrument, providing a robust, biocompatible system
enabling analysis of carbohydrate—protein interactions in real time. This was demonstrated
for a series of plant lectins, evaluated for their binding to different carbohydrate-presenting
surfaces, where specificity and binding strength could be efficiently estimated. The
technique is however not limited to carbohydrate—protein interactions but provides a
versatile means to a wide range of different affinity systems. The developed photoprobe can
be conjugated to a variety of small molecules, as well as macromolecular binding partners,
and directly applied to the polymer surfaces. Thus, the technique opens a future scope to
sensing of a plethora of recognition systems. Given more in-depth understanding of transient
binding, currently under exploration, the technique can furthermore provide kinetic and
thermo-dynamic data for the interactions studied.
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Figure 1.
Double surface ligation of carbohydrate structures to gold-plated QCM crystals. The gold

electrode is initially derivatized with disulfide photoprobe 3, yielding a
perfluorophenylazide-presenting surface. A poly(ethylene glycol) (PEG) monolayer is
subsequently covalently attached to the surface by azide thermo- or photolysis. Finally,
carbohydrate-derivatized photoprobes are coupled to the PEG-layer by the nitrene
photoinsertion reaction.
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Figure 2.
Comparison of the binding of Con A to different carbohydrates immobilized on the PEG-

coated surface. Surfaces: a-o-mannopyranoside (Man), B-o-galactopyranoside (Gal), and a-.-
fucopyranoside (Fuc).
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Figure 3.

Determination of binding selectivity. Residual binding (columns) for all four different
lectins (Con A, PSA, VAA, UEA) recorded for all three different carbohydrate-derivatized
surfaces: a-o-mannopyranoside (Man), f-o-galactopyranoside (Gal), and a-.-fucopyranoside
(Fuc). A horizontal bar indicates no detectable residual binding. Protein concentration 10
UM (Con A, PSA, UEA) or 5 UM (VAA).
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Figure 4.
Saturation binding of Con A to the a-o-mannopyranoside-presenting surface. Kp = 0.54 uM

(95% Cl: 0.44-0.64 pM).
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Scheme 12

@Reagents and conditions: (a) DMAP, DCC, CH,Cl,, 0 °C-rt, dark, 12 h, 40%.
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