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The immobilization of biologically active molecules is impor-
tant for preparing substrates used in diagnostic assays, high-
throughput drug discovery, and attached cell culture.1 A wide
variety of methods are available, and the choice for a particular
application depends on the relative importance of many factors,
including selectivity and efficiency of the coupling reaction, the
stability of the resulting complex, and the suitability for preparing
patterned arrays of ligands. No single method meets all of these
criteria. The complex of streptavidin with biotin is overall the
best available method, but it has the limitations that the complex
is large and intrusive, and nonspecific adsorption of the protein
can be problematic.2 Many chemical methods, including the
condensation of amines with activated carboxylic acids or with
aldehydes, are convenient and applicable to most molecules but
are limited by a lack of selectivity.3a,b Others, including the
coordination of Ni(II) complexes with oligo(histidine) motifs, have
excellent selectivity but often lack long-term stability.3c In this
paper we use self-assembled monolayers (SAMs) that present a
quinone group to demonstrate that the Diels-Alder (D-A)
reaction of this group with cyclopentadiene (cp) is an excellent
method for immobilization. This design also permits the reactivity
of the quinone to be modulated either chemically or electrochemi-
cally, by way of reduction to the hydroquinone which does not
participate in the D-A reaction.

We first investigated the kinetic behavior for the D-A reaction
of cp with quinone attached to a monolayer (Figure 1). Cyclic
voltammetry of a mixed SAM presenting hydroquinone (HQ) and
hydroxyl groups (øΗQ ) 0.25)4 showed that the HQ undergoes
oxidation at 220 mV to give the quinone (Q) and reduction at
-150 mV.5,6 Voltammograms over 50 consecutive cycles were
indistinguishable and showed the oxidation was reversible. When
cp was added to the electrolyte, consecutive voltammograms
showed a decrease in the peak current for both reduction and
oxidation (Figure 2). Several observations confirm that the loss
in current was due to the D-A reaction of cp with Q.7 The
addition of other dienes (including cyclohexadiene and 1-cyclo-
pentadienyl methyl acetate) to the electrolyte gave similar losses

in current over consecutive cycles (although with different rates),
but the structurally related cyclopentane and cyclopentene had
no effect over the same number of scans. Immersion of a
monolayer presenting HQ groups in electrolyte containing cp (15
mM) for 20 min had no effect on the voltammograms, demon-
strating that only the Q underwent reaction with cp. Grazing angle
FTIR spectroscopy further supported the reaction of Q with cp.
A monolayer presenting Q groups showed a carbonyl stretching
mode at 1663 cm-1. After reaction with cp, this band was absent,
and a band at 1653 cm-1 corresponding to the carbonyl stretching
mode of the D-A adduct was observed.

Figure 3 shows a plot for the loss in peak current for the
reduction of Q versus time for the data shown in Figure 2. Because
the concentration of cp was much greater than that of immobilized
Q, the data could be fit to an exponential decay to obtain a pseudo-
first-order rate constant,k′:

whereIt is the peak current at timet, Io is the initial peak current
andI f is the residual nonfaradaic current. The excellent fit of the
experimental data to this equation indicates that the Q groups
are sufficiently isolated on the monolayer that the reactivity is
independent of the extent of reaction. We next repeated this
experiment with concentrations of cp ranging from 0.76 to 58
mM and in all cases found that the loss in peak current was
described well by an exponential decay and that the reaction
always proceeded to completion. The pseudo-first-order rate
constants increased linearly with the concentration of diene: the
slope of the best-fit line (Figure 3, inset) provided a second-order
rate constant ofkDA ) 0.26 M-1 s-1, after adjustment for the
fraction of time that Q was present. It is striking that this
interfacial reaction is kinetically well-behaved.8

We used the association of streptavidin to immobilized biotin
as a model system with which to demonstrate the D-A-mediated
immobilization of protein.9 To avoid problems with nonspecific
protein adsorption, we instead used monolayers prepared from
alkanethiolates terminated in tetra(ethylene glycol) groups (1),
which resist entirely the adsorption of protein,10 and an extended
linker to the HQ (2).11 Monolayers havingø2 ) 0.05 were
immersed in an aqueous solution of 1,4-benzoquinone for 10 min
to oxidize the HQ groups to the Q.12 These substrates were then
treated with a conjugate of cp and biotin (3, 10 mM in 1:1 THF:
H2O) for 2 h to immobilize biotin. We used surface plasmon
resonance (SPR) spectroscopy to characterize the binding of
streptavidin to the immobilized biotin.13 Figure 4 shows that
streptavidin associated with a monolayer to which biotin was
coupled and that this association was irreversible. When strepta-
vidin was presaturated with biotin (0.8 mM), the binding of the
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protein to the surface was prevented and demonstrated that the
association was biospecific. Furthermore, streptavidin did not
immobilize to monolayers that presented either Q or HQ groups
mixed with glycol groups.14

The D-A reaction described here provides an attractive and
flexible method for bio-immobilization and is especially well-
suited for tailoring monolayers with peptides, carbohydrates, and
other low-molecular weight ligands.15 Because the reaction is
kinetically well-behaved, this method can be used to quantitatively
attach groups in low densities (<1%) where the direct determi-
nation of density is not straightforward. This method also allows
for the sequential immobilization of several ligands to a common
substrate, with independent control over the density of each ligand.
This chemistry further makes possible a class of dynamic
substrates for attached cell culture, wherein the immobilization
of biologically active ligands can be turned on at discrete times.
This and related electroactive substrates16 will provide an exciting range of tailored substrates for studies in cell biology and

applications in biotechnology.
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Figure 1. Reversible electrochemical oxidation of a monolayer that presents the HQ group affords a monolayer that presents the Q group, which can
in turn react with cp to give the D-A adduct. The figure shows only one possible product. Other products can arise through sigmatropic isomerization
of the cp prior to D-A reaction.

Figure 2. Consecutive cyclic voltammograms of a monolayer presenting
HQ groups (øΗQ ) 0.25) and hydroxyl groups in 1:1 THF:H2O containing
Na2PO4 (2mM), NaCl (75 mM), and cp (7.6 mM) at a scan rate of 25
mV/s.

Figure 3. A plot of the peak current for reduction of immobilized Q
versus time (It is the peak current at timet andIo is the peak current for
the first scan). The loss of current is due to conversion of the Q to the
D-A adduct, which is not redox active. The data were fit to an
exponential decay (see text) to provide a pseudo-first-order rate constant
(k′). The inset shows the relationship ofk′ and concentration of cp. The
slope of the best-fit line gives the second-order rate constant (kDA).

Figure 4. Data from SPR for the immobilization of streptavidin to a
monolayer presenting tetra(ethylene glycol) groups and biotin (see text
for details). A solution of PBS was flowed over the monolayer for 5 min
and replaced with a solution of streptavidin (5µg/mL) for 10 min and
then with PBS for 10 min. The addition of biotin to the buffer containing
streptavidin prevented immobilization (biotin/EG4 + biotin). Streptavidin
did not immobilize to monolayers presenting quinone and glycol groups
(Q/EG4) or glycol groups alone (EG4). The data are reported as the shift
in resonance angle (θ). An increase inθ of 0.10° corresponds to a density
of adsorbed protein of 1 ng/mm2.
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