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ABSTRACT: We demonstrate that bioorthogonal tetra-
zine ligations can be utilized to rapidly modify electrode
surfaces, both with redox probes and enzymes. Further-
more, we show that the redox-active nature of 1,2,4,5-
tetrazines can be exploited to gain electrochemical control
over surface modification. To our knowledge this is the
first demonstration of controlling a tetrazine ligation by
changing the redox state of one of the reactants. We utilize
the redox-switchable feature of tetrazine ligations for the
site-selective functionalization of a 10 μm spaced
interdigitated array of microelectrodes. In addition, we
were able to achieve potential controlled ligation of the
redox enzyme horseradish peroxidase to a macroscopic
planar electrode. The rapid kinetics, bioorthogonal
reactivity, and electrochemical control provided by
tetrazine ligations should lead to numerous applications
related to electrode functionalization.

Microelectrode arrays (MEA) with immobilized biomole-
cules are employed in numerous research areas,

including high-throughput screening,1 drug discovery,2 and
biosensor technology.3 A popular strategy for electrode
immobilization is through covalent attachment via surface
coupling reactions.4 Although less common, a particularly
valuable class of covalent coupling reactions are those that can
be electrochemically controlled, enabling site-specific function-
alization of electrode arrays.5 Over the years, a variety of
ingenious redox-controllable coupling methods have been
developed.6 Applications include the formation of DNA
microarrays,7 tissue engineering,8 protein modification,9 and
polymer fuctionalization.10 The utility of these systems
encourages the search for novel coupling approaches that
may possess unique features. In the field of chemical biology,
various ligation reactions with high performance have recently
been developed.11 Recently, there has been increasing interest
in the use of bioorthogonal tetrazine ligations for bioconjuga-
tion. The ligation is based on the inverse-electron demand
Diels−Alder reaction (IEDDAR) between tetrazines and
strained alkenes such as trans-cyclooctene (TCO) (Figure
1A). Tetrazine ligations benefit from tunable and rapid kinetics,
bioorthogonal reactivity, and no requirement for additional
catalysts. For these reasons, tetrazine ligations have become a
popular conjugation method with a wide range of outstanding
applications, such as live cell imaging,12 in vivo drug delivery,13

materials functionalization,14 and nucleic acid detection.15

Despite the recent surge of applications, the tetrazine ligation
has not been utilized for the functionalization of electrode
surfaces. This is surprising, considering the extremely fast
kinetics of the tetrazine ligation when employing trans-
cyclooctene (TCO) as a dienophile,16 which would be useful
for rapid bioorthogonal surface functionalization with low
concentrations of reagents. Furthermore, although the redox
behavior of 1,2,4,5-tetrazines (Figure 1B) is well established in
coordination chemistry and materials science,17 the redox-active
nature of tetrazines has not previously been used for switching
the reactivity of IEDDARs. Here we report the first example of
tetrazine ligation at an electrode surface. Additionally, we
demonstrate that the redox-active nature of tetrazines can be
exploited to electrochemically control surface modification,
allowing independent functionalization of band electrodes on
an interdigitated array (IDA) as well as potential controlled
modification of electrodes with redox enzymes.
To examine the tetrazine coupling reaction at an electrode

surface, we utilized self-assembled monolayers (SAMs) of alkyl
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Figure 1. (A) IEDDAR between a 1,2,4,5-tetrazine and a TCO. (B)
Redox behavior of 1,2,4,5-tetrazines. (C) Synthesized tetrazine and
TCO compounds. (D) Sequential CVs of a mixed SAM during a 20
min functionalization period. Electrolyte 0.1 M phosphate buffer (pH
= 7) and 1 μM TCO-PEG3-amine. (E) Plot of kobs versus the
concentration of TCO-PEG3-amine for a mixed SAM.

Communication

pubs.acs.org/JACS

© 2015 American Chemical Society 8876 DOI: 10.1021/jacs.5b03371
J. Am. Chem. Soc. 2015, 137, 8876−8879

pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.5b03371


thiols on gold.18 One likely reason why the tetrazine ligation
has not previously been applied for the functionalization of
SAMs is the synthetic challenge of synthesizing the necessary
asymmetrically substituted 1,2,4,5-tetrazines. We recently
demonstrated that a Lewis acid-catalyzed synthetic method-
ology enables one-pot access to a variety of asymmetric 1,2,4,5-
tetrazines.19 We adapted this approach to synthesize the
thiolated tetrazines 1 and 2 (Figure 1C). Mixed tetrazine-
terminated SAMs were then formed by immersing gold-coated
silicon wafers into ethanolic solutions of 1 or 2, respectively,
containing 1-nonanethiol as a diluent (see Supporting
Information for full experimental details).
To examine the redox behavior and the reactivity of the

surface bound tetrazines, cyclic voltammetry (CV) experiments
on SAMs were conducted in 0.1 M phosphate buffer (pH = 7).
Mixed monolayers of 1 and 2 (χ1,2 = 0.05) display a similar
redox behavior with a reduction at Epc = −0.47 V (1) and Epc =
−0.46 V (2), respectively, and an associated oxidation at Epa =
0.26 V (1) and Epa = 0.28 V (2), respectively, versus Ag/AgCl/
(3 M)KCl. The lack of change in the signal shape and intensity
after multiple cycles indicates a chemically reversible redox
process, which we attribute to an interconversion between the
1,2,4,5-tetrazine and its reduced and protonated 1,4-dihydro-
1,2,4,5-tetrazine species.17b,c This behavior exhibits similarity to
the quinone/hydroquinone redox couple.20 CVs recorded at
various scan rates between 0.1 and 0.5 V/s show a linear
dependency between the peak current and the scan rate (Figure
S4) and thus reflect the behavior of a surface-bound redox-
active substrate. Exposure of tetrazine monolayers to a solution
of TCO dienophile, which is known to react with tetrazines via
IEDDAR, rapidly diminishes the tetrazine redox signal. The
rate constant of the IEDDAR can therefore be determined by
CV. Sequential CVs at a scan rate of 0.5 V/s were recorded
once every minute, while mixed monolayers of 1 and 2 (χ1,2 =
0.05) were contacted to solutions of TCO-PEG3-amine (Figure
S1) in 0.1 M phosphate buffer (pH = 7). The concentration of
TCO-PEG3-amine was varied between 0.5 and 1 μM. Figure
1D depicts the successive decrease in signal intensity of surface
bound 1 during the course of its reaction with a solution of 1
μM TCO-PEG3-amine. To obtain the kinetic data for the
IEDDAR on the SAM, the decrease in relative peak current It/
I0 (where It is the peak current at time t and I0 is the initial peak
current), was plotted against the reaction time (Figure S5). The
pseudo-first-order rate constants kobs were determined from an
exponential fit, and second-order rate constants of k = 4800
M−1 s−1 (1) and k = 5200 M−1 s−1 (2) were estimated by
plotting kobs against the concentration of TCO-PEG3-amine
and applying a linear fit (Figure 1E). It is worth comparing this
rate to other chemoselective reactions that have been
performed on SAMs. The TCO tetrazine ligation is about 20
times faster than the fastest normal-electron demand Diels−
Alder reaction between pentamethylcyclopentadiene21 and
hydroquinone (k = 220 M−1 s−1) and about 5 times faster
than the copper(I)-catalyzed azide alkyne cycloaddition
(CuCAAC) (k = 1000 M−1 s−1) when a large excess of copper
catalyst is used.22 It is important to point out that the tetrazine
ligation does not require the use of a transition-metal catalyst,
such as copper, which can lead to the degradation of biological
molecules23 through production of reactive oxygen species or
can potentially adsorb onto electrode surfaces.24 It is also likely
that a further increase in the already outstanding rapid reaction
rate could be achieved by the use of more reactive TCO

derivatives16c or by substituting the 6-position of 1 and 2 with a
more electron-withdrawing substituent.25

In order to demonstrate that the decrease of the CV signal is
due to the tetrazine ligation, a monolayer of 1 was exposed to a
1 μM aqueous solution of a ferrocene modified TCO
compound 3 for 30 min, and CVs were recorded before and
after the reaction. The disappearance of the tetrazine signal
along with the appearance of a surface ferrocene signal (Figure
S6) verified the ligation reaction between the tetrazine and the
TCO. Moreover, a comparison of the integrated CVs of the
tetrazine reactant and ferrocene product reveals the expected
two electron transfer involved in the redox process of the
tetrazine.
After the successful implementation of the tetrazine ligation

chemistry on SAMs, we next determined if electrochemically
reducing the tetrazine to the 1,4-dihydro-1,2,4,5-tetrazine
species would abrogate reactivity toward TCO functionalized
molecules. Initially, we tested potential dependent IEDDAR on
macroscopic planar electrodes. For this purpose a monolayer of
1 was contacted to a 1 μM solution of 3 in phosphate buffer
(pH = 7), while the potential was held for 15 min at −600 mV
versus Ag/AgCl/(3 M)KCl. After removal o the TCO, we first
reoxidized any present 1,4-dihydro-1,2,4,5-tetrazine. We then
performed CV to determine if any ferrocene had been
immobilized. The absence of a ferrocene signal indicates that
the electrode was not functionalized with 3. The identical
electrode was then again contacted for 15 min to a 1 μM
solution of 3 in phosphate buffer (pH = 7), while the potential
was held at open circuit. The appearance of a ferrocene signal
indicates that the electrode was then functionalized with 3
(Figure S8).
Based on our initial experiments with planar electrodes, we

hypothesized that the potential-dependent reactivity of
tetrazines could be utilized to control functionalization on a
microarray of independently addressable electrodes. Compared
to microelectode modification using CuAAC, the absence of a
soluble catalyst in the IEDDAR would be an advantage, since
the copper(I) catalyst, employed in the CuAAC, can diffuse and
possibly lead to nonspecific functionalization.6d We performed
a potential controlled coupling of 3 on a pair of gold IDA band
electrodes (Figure 2). The IDA (Abtech Scientific) was
composed of two electrodes each consisting of 50 gold fingers
5 mm long by 10 μm wide, with an interelectrode spacing of 10
μm. Identical monolayers of 1 were formed on both gold
electrodes. Initially, CVs of both electrodes were recorded at

Figure 2. Electrochemically controlled TCO tetrazine ligation at a
SAM of 1, for site-selective functionalization of a 10 μm spaced IDA of
independently addressable microelectrodes.
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potentials near the ferrocene standard reduction potential. The
IDA was then contacted to a 1 μM solution of 3 in phosphate
buffer (pH = 7). Electrode 1 was held at −400 mV versus Ag/
AgCl(gel), while electrode 2 was left at open circuit. After 15
min the IDA was rinsed, and CVs were recorded in a buffered
0.1 M NaCl solution (pH = 4). As expected, only electrode 2
was modified. To demonstrate that the method could possibly
be employed to pattern electrode arrays, we repeated the
reaction with the partially functionalized IDA under the same
conditions, except that electrode 1 was left at open circuit and
electrode 2 was held at −400 mV. Electrode 1 became
functionalized with approximately the same amount of 3 as
Electrode 2 (Figure 3), while electrode 2 did not undergo
further functionalization.

One of the major advantages of tetrazine ligations is their
bioorthogonal reactivity profile. The redox-switchable tetrazine
ligation could be a powerful tool to control the covalent ligation
of biomolecules to an electrode surface. In particular, it would
be interesting to utilize the chemistry with redox enzymes such
as horseradish peroxidase (HRP), as they are frequently
employed in conjunction with electrochemical detection on
sensors.26 To demonstrate the applicability of tetrazine ligation
to the immobilization of biomolecules on electrodes, we
immersed a mixed monolayer of 1 (SAM1) with a 1 μM
solution of TCO-modified HRP in phosphate buffer (pH = 6.5)
for 15 min. To ensure removal of any physically adsorbed HRP,
the monolayer was rinsed and sonicated27 for 5 min in a 1 M
KCl solution.28 SAM1 was then immersed in a solution
containing 0.01% v/v H2O2 and 4-chloro-1-naphthol, a
commonly utilized substrate for HRP that forms a dark
precipitate upon oxidation.26b The experiment was then
repeated identically, except that the second monolayer
(SAM2) was held at −500 mV versus Ag/AgCl(gel), while

immersed in the solution of TCO modified HRP. We observed
significant brown precipitate on SAM1 (Figure 4Ba), indicating

surface functionalization with HRP, whereas no brown
precipitate was observed on SAM2 (Figure 4Bb). Additionally,
we performed control experiments where a monolayer of 1 was
immersed in a solution of HRP lacking TCO (Figure 4Bc) and
a second monolayer of 100% 1-nonanethiol was immersed in a
solution of TCO modified HRP (Figure 4Bd). Both SAMs
were not functionalized with HRP, as indicated by the lack of
precipitate formation. For future studies requiring protein or
cell immobilization, polyethylene glycol terminated alkanethiols
could be employed as diluent for the mixed SAMs, to better
prevent nonspecific adsorption.29

In summary, we have demonstrated the applicability of
tetrazine ligations for the functionalization of electrode surfaces.
The surface coupling proceeds with extremely rapid reaction
rates under biocompatible conditions. Moreover, the IEDDAR
at a tetrazine-modified SAM can be switched on and off by
electrochemically controlling the redox-state of the tetrazine.
We exploited this property to independently address electrodes
on a MEA, and we were able to achieve addressable
functionalization of 10 μm spaced microelectrodes on an
IDA. The bioorthogonal nature of the reaction also enabled
rapid and electrochemically controlled modification of electro-
des with biomolecules such as redox enzymes. Site-selective
functionalization in the absence of catalyst and confining agent
facilitates the patterning of high-density MEAs without the

Figure 3. CVs (2 V/s scan rate) recorded before and after the selective
functionalization of identical SAMs of 1 on a pair of gold IDA
microelectrodes. Panels A1 and A2 depict the initial CVs before the
exposure of electrodes to 3. Panels B1 and B2 depict CVs after a 15
min functionalization in a solution of 1 μM of 3. During the
functionalization period, electrode 1 was held at −400 mV, whereas
electrode 2 was left at open circuit. In panels C1 and C2 the potentials
were switched. During the 15 min functionalization in a 1 μM solution
of 3 electrode 1 was left at open circuit, whereas electrode 2 was held
at −400 mV.

Figure 4. (A) Electrochemically controlled immobilization of TCO-
HRP on mixed SAMs (χ1 = 0.05). (B) Experimental results of
electrochemically controlled immobilization of TCO-HRP (a and b)
and control experiments (c and d). Conditions including type of
protein/composition of SAM/applied potential: (a) 1 and
CH3(CH2)8SH (χ1 = 0.05)/TCO-HRP/open circuit. (b) 1 and
CH3(CH2)8SH (χ1 = 0.05)/TCO-HRP/−400 mV. (c) 1 and
CH3(CH2)8SH (χ1 = 0.05)/HRP/open circuit. (d) CH3(CH2)8SH/
TCO-HRP/open circuit. Graphical representation of HRP adapted
from PDB: 1w4y.
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need for time-consuming optimization procedures. In addition
to site-selective microelectrode functionalization, tetrazine-
terminated SAMs could also be attractive for patterning
electrodes used in sensor technology, optoelectronic devices,
microcantilevers, or redox catalysis.
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