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We report a chemiluminescent probe (CLPT1) that permits the
paired detection of tyrosinase (Tyr) and biological thiols. Tyr only
leads to a poor chemiluminescence response, a finding ascribed to
the formation of a stable o-benzoquinone intermediate. The addition of glutathione (GSH), or ascorbate to the o-benzoquinone
intermediate results in thiol conjugation or reduction to this intermediate, respectively. This produces a strong chemiluminescence
response. Thiol co-dependence was demonstrated in live cells
using

the

cell

permeable

analogue,

CLPT3.

The

present

chemiluminescence-based strategy allows the concurrent detection of tyrosinase activity and biological thiols.

Tyrosinase (Tyr) is a copper-containing enzyme that is crucial to
the production of melanin.1 The ratio between two melanin
pigments, namely eumelanin – dark colors and pheomelanin –
light colors, is responsible for an individual’s skin, hair, and
eye color.2 It can also dictate response to anesthetics3,4 and
susceptibility toward melanoma.5 Melanin production is determined by tyrosinase activity and the endogenous substrate
concentrations of tyrosine and thiols.6 The biosynthesis of
eumelanin is a thiol-independent pathway, whereas, the pheomelanin pathway is thiol-dependent. Therefore, an ability to
monitor each melanin synthetic pathway in real time could
further our understanding of melanogenesis and uncover other
factors that lead to melanoma.6 While considerable effort has
been devoted to the development of sensors for biological
thiols7–11 and, more recently, tyrosinase activity,12–16 we are
unaware of any systems that allow for the concurrent monitoring
of both functions. Here we report the development of Tyr

responsive chemiluminescent probes CLPT1, CLPT2 and CLPT3
(Fig. 1).
Pioneering work from Shabat and co-workers provided the
first example of a Tyr responsive motif that was used in the
design of an etopside-based prodrug.17 More recently, Ma and
co-workers identified a biomimetic 3-hydroxybenzyl unit as a
Tyr selective motif for the fluorescence detection of Tyr activity
in vitro and in vivo.18 Tyr is known to catalyze the oxidation of
tyrosine in two steps: (1) oxidation of tyrosine to a catechol
intermediate dihydroxyphenylalanine (DOPA) and (2) further
oxidation to form the highly reactive intermediate, dopaquinone (DQ). The strategy developed by Ma and co-workers takes
advantage of step 1, in which 3-hydroxybenzyl is oxidized to a
catechol intermediate that then undergoes self-immolation to
provide the fluorescence response. In a very diﬀerent line of
investigation, Francis et al. noted that it was possible to eﬀect the
site specific bioconjugation of proteins through tyrosinasecatalyzed benzoquinone formation (i.e., DQ), following thiol-based
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Fig. 1 Chemical structures of chemiluminescent probes CLPT 1–3. Tyrosinase recognition unit highlighted in blue. Chemiluminescent scaffold
highlighted in green.
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Scheme 1 Basic schematic representation of the tyrosinase-mediated
decomposition pathway of the tyrosinase-based chemiluminescent
probes of this report. Path A: thiol-mediated promotion of the 1,6elimination of the benzoquinone unit produced in the presence of tyrosinase. Path B: slow elimination of the benzoquinone motif formed by the
action of tyrosinase. The green star represents the chemiluminescent
scaﬀold shown in Fig. 1.

conjugation.19 Taken in concert, we realized that these reported
findings could provide the basis for developing a chemiluminescent tool suitable for understanding the correlation between Tyr
and active molecules found in biological milieu (Scheme 1).
Diagnostic probes that operate via chemiluminescence have
specific advantages, including ultra-high sensitivity, high
signal-to-noise ratios and an ability to operate in the absence
of an external excitation light source.20,21 These combined
features make chemiluminescence-based approaches attractive
for the monitoring of tyrosinase, an enzyme that operates near the
skin surface in the context of melanin production. The present
study was undertaken in an eﬀort to develop such a probe. As a
first step, we prepared two tyrosinase-based chemiluminescencebased probes, CLPT1 and CLPT2, and evaluated their ability to
monitor Tyr activity concurrent with thiols in solution. A cell
permeable CLPT3 probe was also developed to evaluate Tyr activity
in cells with and without thiols. These probes rely on the conjugation of a thiol to an o-benzoquinone intermediate that facilitates
rapid 1,6 elimination and production of a diagnostic signal
(Scheme 1). To our knowledge, CLPT1 and CLPT3, represent the
first chemiluminescent probe that permit the detection of Tyr
activity. The full synthetic procedures used to prepare CLPT1 and
CLPT2 can be found in the ESI.† CLPT2 incorporates the
previously reported tyrosinase responsive 3-hydroxyl motif,
whereas CLPT1 is an extended carbamate analogue designed
to overcome any unwanted steric eﬀects arising from the
presence of the chemiluminescent scaﬀold.
With both probes in hand, we first evaluated their chemiluminescence response in the presence of Tyr only. As shown
in Fig. 2A, both CLPT1 and CLPT2 produced a poor chemiluminescent response when treated with Tyr (200 U mL 1) alone. Of
these two probes, CLPT1 provided the larger chemiluminescence
response. Nevertheless, and despite its putative less-sterically
hindered design, the chemiluminescence response was suboptimal and was plagued by slow kinetics. Mass spectrometric
and high-performance liquid chromatographic (HPLC) analyses
were subsequently performed to understand these results. This
led us to identify the stable o-benzoquinone intermediate of
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Fig. 2 (A) Chemiluminescence kinetic profiles of CLPT1 (in green) and
CLPT2 (in blue) [10 mM] in PBS (pH 7.4, 1% DMSO) with and without
tyrosinase (dashed lines) [200 U mL 1]. lem = 540 nm (B) HPLC analysis of
the enzymatic degradation of CLPT1 [100 mM] in PBS, pH 7.4, 1% DMSO, in
the presence of tyrosinase [200 U mL 1]. (C) Schematic showing the
proposed tyrosinase-mediated decomposition of CLPT1.

CLPT1 (o-benzoquinone), which gradually underwent elimination to
the chemiluminescent Benzoate reporter product (see Fig. 2B, C and
Fig. S1, ESI†). We ascribe the slow chemiluminescence response to
the formation of this stable o-benzoquinone intermediate.
Inspired by the site-selective bioconjugation chemistry developed by Francis et al.,19 we considered it likely that addition of
glutathione (GSH) would result in its thiol-mediated conjugation
to the o-benzoquinone intermediate of CLPT1. This addition, in
turn, was expected to promote 1,6-elimination, thereby aﬀording
the benzoate-based chemiluminescent response (Scheme 1 and
Fig. 2C). As a first test of this hypothesis, we monitored the
activation of CLPT1 in the presence of GSH as a function of time
using RP-HPLC (Fig. 3A). In contrast to what was seen for Tyr alone
(Fig. 2B), rapid formation of the key chemiluminescent species,
benzoate, was seen in the presence of GSH (Fig. 3A).
We then evaluated the actual chemiluminescence response
of both CLPT1 and CLPT2 in the presence of GSH (1 mM) and Tyr
(200 U mL 1). As shown in Fig. 3B, CLPT1 produced a fast
chemiluminescent response that was more than 430-fold greater
than that seen in the presence of Tyr alone (Fig. 3B–D). These
results are fully consistent with our design expectations and
highlight the important role thiols play in activating these Tyrresponsive chemiluminescent probes. The limit of detection of
CLPT1 for Tyr in the presence of GSH (1 mM) was determined to
be 0.1 U mL 1 (see ESI,† Fig. S2). An inferior chemiluminescence
response enhancement was seen in the case of the more sterically
hindered system CLPT2 (Fig. 3B). Given its superior response to
both Tyr and GSH in these initial tests and our overarching
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Fig. 3 (A) HPLC analysis of the degradation of CLPT1 [100 mM] in PBS, pH
7.4, 1% DMSO, in the presence of tyrosinase [200 U mL 1] and GSH [1 mM].
(B) Chemiluminescence kinetic profiles of CLPT1 (in green) and CLPT2 (in
blue) [10 mM] in PBS (pH 7.4, 1% DMSO, containing 1 mM GSH) with and
without tyrosinase (dashed lines) [200 U mL 1]. (C) Signal to noise ratio as a
function of time as monitored over the course of 10 hours. (D) Total light
emission at time point = 3 minutes. lem = 540 nm.

objective of developing a probe that would respond to both Tyr and
thiols in an AND logic fashion,22,23 we chose to focus on CLPT1.
In an eﬀort to evaluate further its ability to monitor both Tyr
and thiols, the response of CLPT1 was tested in the presence of
varying concentrations of GSH and Tyr. As shown in Fig. 4, a GSH
concentration (0–200 mM)-dependent increase in the chemiluminescence signal was seen at any given Tyr concentration (100, 200 or
400 U mL 1). This finding supports our core hypothesis, namely
that CLPT1 will produce a chemiluminescent response that
depends on both Tyr activity and the concentration of a suitable
biological thiol (e.g., GSH). Thiol-conjugation was confirmed
using MS and HPLC analyses with the model system Fmoc-Cys
(see ESI†, Fig. S3–S5).
It is important to note, incubation of Tyr and CPLT1 with
sodium ascorbate (Asc) resulted in an enhanced chemiluminescence

Fig. 4 (A) Total light emission after 2 hours incubation of CLPT1 [100 mM]
in PBS (pH 7.4, 1% DMSO) with various concentrations of tyrosinase and
GSH. lem = 540 nm.
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response being observed (see ESI†, Fig. S6). This is attributed to the
redox active nature of Asc24 resulting in the reduction of the quinone
to the self-immolative catechol. We believe this observation should
not impact the study of CLPT1 in cells, since studies involving Asc
require its supplementation.25 No significant changes were seen in
the presence of the amino acid serine, a finding that leads us to
suggest that biological amines and alcohols will have a minimal
eﬀect on the o-benzoquinone intermediate. In light of the above
results in hand, we postulated that CLPT1 might serve as a potential
cell-based probe that responds to Tyr and thiols. Various studies
were carried out in an eﬀort to test this supposition. Unfortunately,
in initial studies, CLPT1 displayed poor cell permeability, presumably because of the carboxylic acid functionality. CLPT1 was thus
functionalized with a 2-dimethylaminoethyl unit to aﬀord CLPT3, a
probe deemed more suitable for cell studies. Excellent biocompatibility was seen in two melanoma cell lines (B16-F10 and RET cells),
which augured well for its use as a dual input tyrosinase and
biological thiol probe (see ESI†, Fig. S7). B16-F10 melanin-positive
expressing melanoma cells were chosen for these studies because
they are known to express high levels of tyrosinase.26 B16-F10 cells
were directly isolated from B16-F10 tumors grown in C57Bl6 mice.
The response of CLPT3 in this cell line was compared to two Tyr
negative cell lines, EMT6 (breast cancer cells) and MC38 (colorectal
cancer cells). CLPT 3 displayed a greater chemiluminescent response
in the B16 cell line than in either the EMT6 cells grown in 2D plates –
2.5-fold enhancement (Fig. 5A) or, even more notably, MC38 cell
lines isolated from MC38 tumor grown in mice – 5.3-fold enhancement (Fig. 5B). These comparative findings were taken as evidence
that CLPT 3 can differentiate between cell lines that vary in Tyr
expression levels and supports the contention that this probe
may have a role to play in the imaging of thiol-triggered tyrosinase

Fig. 5 (A and B) Chemiluminescence (total light emission) from viable
B16-F10 cells (B16-F10) compared with the total light emission from viable
ETM6 cells (both grown in 2D culture) and MC38 cells (both isolated from
s.c. tumors) upon addition of CLPT 3 [10 mM], PBS 7.4, 0.1% DMSO, T =
37 1C, 80 K cells per well. (C) Chemiluminescence signal: total light
emission from B16-F10 cells after the addition of N-methylmaleimide at
diﬀerent concentrations. lem = 540 nm.
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activity in vitro. Consistent with this latter conclusion, it was found
that the addition of the known thiol-scavenger N-methylmaleimide
(NMM) led to a reduction in the signal (Fig. 5C). This finding
provides further support for the notion that biological thiols participate in the activation of the probe, presumably through the
pheomelanin pathway. Overall, these findings highlight the promise
of using CLPT3 as a chemical tool to monitor tyrosinase activity in
live cells. However, we would like to state that an inherent limitation
to this AND-logic system is the inability to independently distinguish
between Tyr activity and thiol concentrations. A system that can
detect both species using two separate emission outputs is highly
desired. The reader is directed to a review by James and co-workers
for sensing systems that can detect more than one species.27
In summary, we have developed chemiluminescent probes
that permit the detection of Tyr, a key enzyme that regulates
melanin formation. Without GSH, a slow chemiluminescence
response was observed, which was attributed to the formation
of an o-benzoquinone intermediate within the tyrosinase substrate (as confirmed by HPLC and MS analyses). The presence
of GSH promotes addition to this intermediate and gives rise to
a self-immolative o-catechol-thiol conjugate derivative, which
eliminates rapidly on the laboratory time scale to give a chemiluminescent response. The extended probe, CLPT1, proved to be
more eﬀective for the detection of Tyr than its smaller congener
CLPT2, a finding rationalized on the basis of steric eﬀects.
A cell-permeable analogue, CLPT3, proved eﬀective in diﬀerentiating
between cell lines characterized by diﬀerences in Tyr expression. In
accordance with the design expectations, inhibition was observed
when the in vitro analyses were carried out in the presence of the
known thiol scavenger NMM. We thus suggest that CLPT3 and
related systems may find use in monitoring Tyr activity and unraveling the mechanisms that underlie susceptibility to melanoma.
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