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Near-Infrared Fluorescent Probe with New Recognition Moiety for
Specific Detection of Tyrosinase Activity: Design, Synthesis, and
Application in Living Cells and Zebrafish

Xiaofeng Wu, Lihong Li, Wen Shi, Qiuyu Gong, and Huimin Ma*

Abstract: Fluorescence imaging of tyrosinase (a cancer
biomarker) in living organisms is of great importance for
biological studies. However, selective detection of tyrosinase
remains a great challenge because current fluorescent probes
that contain the 4-hydroxyphenyl moiety show similar fluores-
cence responses to both tyrosinase and some reactive oxygen
species (ROS), thereby suffering from ROS interference.
Herein, a new tyrosinase-recognition 3-hydroxybenzyloxy
moiety, which exhibits distinct fluorescence responses for
tyrosinase and ROS, is proposed. Using the recognition
moiety, we develop a near-infrared fluorescence probe for
tyrosinase activity, which effectively eliminates the interference
from ROS. The high specificity of the probe was demonstrated
by imaging and detecting endogenous tyrosinase activity in live
cells and zebrafish and further validated by an enzyme-linked
immunosorbent assay. The probe is expected to be useful for
the accurate detection of tyrosinase in complex biosystems.

-ryrosinase, a copper-containing enzyme, can catalyze the
hydroxylation and, subsequently, the further oxidation of
a phenol unit to ortho-quinone in the presence of molecular
oxygen.! This enzyme is present widely in plants, animals,
and microorganisms and is known as an important biomarker
in melanoma cancer cells.'! Moreover, an abnormal level of
tyrosinase may lead to vitiligo and Parkinson’s disease.””) The
detection of tyrosinase in living organisms is thus of great
significance for clinical research.”!

Owing to their high sensitivity and unrivaled spatiotem-
poral sampling capability,*”! fluorescence probes combined
with confocal imaging techniques have drawn much attention
for monitoring tyrosinase in living biosystems.”! However,
sensitive and in particular selective detection of tyrosinase
activity still remains a great challenge, because current
fluorescent probes with the recognition moieties a—d (Fig-
ure 1 A) show similar fluorescence responses to both tyrosi-
nase and some reactive oxygen species (ROS) such as HOCI,
H,0,, and ONOO~,>* thereby suffering from the ROS
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Figure 1. A) Previous studies. Traditional fluorescent probes with the
recognition moieties (a—d) for tyrosinase. B) This study. Synthesis of
probe 1 with a new recognition moiety, 3-hydroxybenzyloxy, and the
proposed reaction mechanisms of probe 1 with tyrosinase and ROS.
C) Model compounds 1-5.
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interferences. The cross-responses may lead to inaccurate
results, because HOCI and H,O, are usually present at
a relatively high concentration (about pum levels) in biosys-
tems such as cancer cells.®

To address this issue, we propose a new tyrosinase-
recognition moiety, 3-hydroxybenzyloxy, in which the pres-
ence of the unique 3-hydroxy (instead of 4-hydroxy) group
facilitates the hydroxylation at the 4-position vacancy by
tyrosinase but not by ROS, and the resulting hydroxylation
unit would be spontaneously removed by the subsequent 1,6-
rearrangement—elimination. With this in mind, by incorpo-
rating the recognition moiety 3-hydroxybenzyloxy into
a stable hemicyanine skeleton,”! we developed a near-infra-
red (NIR) fluorescence probe 1 (Figure 1B) for tyrosinase
activity. Moreover, because the copper of the tyrosinase
active site coordinates directly with phenolic substrates,!"" we
prepared and compared various model compounds bearing
other 3-substitutents (1-5; Figure 1C) to show that the 3-
hydroxy group is necessary in the recognition moiety.

Probe 1 and model compounds 1-5 (Figure 1 and the
Supporting Information, Scheme S1) were prepared by incor-
porating different 3-subsituted benzyloxy moieties into a NIR
fluorophore HXPLP' The detailed synthetic steps and
characterization of probe 1 and model compounds 1-5 are
given in the Supporting Information, Figures S1-S12 and
Table S1.

The reactivity of probe 1 and models 1-5 toward
tyrosinase was investigated. As shown in Figure S13 (Sup-
porting Information), probe 1 shows a broad absorption band
with peaks at 600 and 650 nm, and its reaction with tyrosinase
leads to the broadening of the peak at 650 nm to about
670 nm, accompanied by a distinct color change from purple
to blue (see the inset in the Supporting Information, Fig-
ure S13 A). Most notably, reaction of probe 1 with tyrosinase
produces a large fluorescence off-on response at 708 nm
(Figure S13B); under the same conditions (Figure 2A),
however, the model compounds only show a small fluores-
cence change, except for the moderate response from model
4. The reason for this phenomenon is rather complicated, but
a feasible explanation may be that the copper of the
tyrosinase active site is favorable for direct coordination
with phenolic substrates.'!! The above result clearly supports
our hypothesis that 3-hydroxy is crucial in the proposed
recognition moiety.

Reaction conditions of probe 1 with tyrosinase were
optimized, including pH, temperature, and time. As shown in
the Supporting Information, Figure S14, the fluorescence of
probe 1 itself is not largely affected by the change of pH from
6.5 to 7.5 and temperature from 25 to 42 °C, and the maximum
fluorescence enhancement of probe 1 reacting with tyrosinase
is achieved at about pH 7.4 and 37°C, as an enzyme usually
functions well under normal physiological conditions. Time
course studies showed that the fluorescence intensity reached
a plateau in about 3 h (Supporting Information, Figure S15).
Under the optimized conditions (reaction in pH 7.4 media at
37°C for 3 h), a good correlation with a linear equation of
AF=325xC(UmL™) +6.40 (R =0.991) was obtained in the
tyrosinase activity range of 0-80 UmL™" (Figure 2B,C), and
the detection limit (k=3)!"! was determined to be
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Figure 2. A) Fluorescence responses of probe 1 and model compounds
1-5 (each 5 um) to tyrosinase (200 UmL™"). Reaction was performed
in PBS (pH 7.4) at 37°C for 3 h. F/F, is the ratio of fluorescence
intensity after (F) and before (F,) reaction. B) Fluorescence response
of probe 1 (5 um) to tyrosinase at different concentrations (0-

200 UmL™"). C) Linear relationship between AF and the tyrosinase
concentration (0-80 UmL™"). AF is the fluorescence intensity differ-
ence after and before reaction. D) Fluorescence responses of probe
1 (5 um) to ROS (H,0,, TBHP, ClO~, TBO", "OH, O, '0,, NO,
NO,~, and ONOO™; 100 um each) and tyrosinase (200 UmL™).
Aexjem=670/708 nm.

2.76 UmL'. The kinetic parameters such as the Michaelis
constant (K,,,) and maximum of initial reaction rate (V,,,) for
the enzymatic cleavage reaction of probe 1 were found to be
156 um and 4.58 pmmin~' (Supporting Information, Fig-
ure S16), respectively.

Next, the selectivity of probe 1 was studied for tyrosinase
over a series of ROS at both relatively high and low levels. As
shown in Figure 2D and the Supporting Information, Fig-
ure S17, tyrosinase exhibits the largest fluorescence response,
whereas the ROS even at a concentration much higher than
their physiological levels do not significantly change the
probe’s fluorescence (within +10%). Moreover, the com-
monly co-existing biological substances tested, such as
inorganic salts, glucose, vitamin C, vitamin B6, glycine, gluta-
mic acid, cysteine, glutathione, creatinine, urea, and some
enzymes, did not produce obvious fluorescence responses
either (Supporting Information, Figure S18). Thus, the probe
displays high specificity for tyrosinase.

To confirm the fluorescence response mechanism, the
reaction products of probe 1 with tyrosinase were analyzed by
both electrospray ionization (ESI) mass spectrometry and
HPLC. As shown in the Supporting Information, Figure S19,
reaction of probe 1 with tyrosinase generates a peak at m/
7 412.3 [M]" in the ESI mass spectrum, confirming the release
of HXPI; under the same conditions, however, the formation
of HXPI is not detected in the presence of various ROS, as
depicted in the Supporting Information, Figure S20. Further-
more, HPLC analysis (Supporting Information, Figure S21)
showed that upon reaction with tyrosinase, the peak at
8.17 min, which represents probe 1, decreases greatly, accom-
panying the appearance of a new peak at 6.54 min, which is
indicative of HXPI (curve C). The above results clearly

www.angewandte.de

An dte

Chemie

14949


http://www.angewandte.de

An dte

Chemie

GDCh

N L Zuschriften

14950 www.angewandte.de

indicate that the fluorescence response results from the
generation of HXPI. On the other hand, previous studies
showed that, when ROS react with the fluorescent probes
containing the hydroxyl recognition units for tyrosinase
(Figure 1 A), it seems to preferably form a quinone derivative
instead of a hydroxylated product.l®’ This behavior of ROS
might also apply to probe 1, but the resulting meta-quinone
does not easily serve as a leaving group, suggesting that it is
hard for ROS to produce a fluorescence response. In contrast,
the special function of tyrosinase may cause the probe’s
hydroxylation at the 4-position vacancy, and the resulting
hydroxylation unit readily undergoes a spontaneous 1,6-
rearrangement—elimination (possibly leaving as a quinone
derivative), thereby turning on the probe’s fluorescence.
These different reaction behaviors may be responsible for the
high selectivity of the probe toward tyrosinase over ROS, as
depicted in Figure 1 B.

Kojic acid, a versatile biological agent,'”! may serve as not
only a scavenger of ROS (for example, "OH, O,”, and
10,)I2%1 but also an inhibitor of enzymes (for example,
polyphenol oxidases, xanthine oxidase, and amino acid
oxidases).'”*! The degree and mode of these scavenging or
inhibiting actions also depend on several factors such as
concentration and biological environment.?* Nevertheless,
one of the most important functions of kojic acid is to serve as
a standard inhibitor of tyrosinase.!! Thus, the effect of kojic
acid was examined to further demonstrate the fluorescence
changes of the probe resulting from the action of tyrosinase.
As compared to the control, addition of kojic acid to a solution
containing tyrosinase and probe 1 decreases the measured
fluorescence, and higher concentrations of kojic acid lead to
a greater decrease in the fluorescence intensity (Supporting
Information, Figure S22). On the other hand, the inhibitor of
kojic acid shows nearly no effect on the fluorescence of both
fluorophore HXPI and probe 1 when no tyrosinase is present
(Supporting Information, Figure S23). Therefore, the above
findings demonstrate that the presence of kojic acid inhibits
the tyrosinase activity, and the fluorescence change of probe
1 reacting with tyrosinase indeed arises from the enzymatic
cleavage reaction. Moreover, probe 1 displays good biocom-
patibility (Supporting Information, Figure S24).

Owing to its high specificity for tyrosinase, probe 1 is
anticipated to be capable of accurately detecting the enzyme
activity in living cells or organisms. To demonstrate this
potential, murine melanoma B16 cells were used as a model,
because they overexpress tyrosinase.'”! As depicted in Fig-
ure 3A, B16 cells themselves show an extremely low back-
ground fluorescence (image a), which benefits from the NIR
excitation wavelength of the probe. However, the B16 cells
treated with probe 1 exhibit strong fluorescence (image b),
suggesting a good cell-permeability for probe 1 and its
possible reaction with tyrosinase in the cells. To verify that
the fluorescence change was caused by tyrosinase, kojic acid
(inhibitor) was used to pretreat the cells, and the pretreated
cells generated a markedly lower fluorescence (image c), in
which the relative pixel intensity decreases by about 50 %
(compare the intensity values of b and c in Figure 3B). This
indicates that the fluorescence enhancement in B16 cells does
result from the endogenous tyrosinase. Importantly, both
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Figure 3. A) Confocal fluorescence images of B16 cells: a) cells only
(control); b) cells incubated with probe 1 (5 um) for 3 h; c) cells
pretreated with kojic acid (200 pm) for 2 h and then incubated with
probe 1 (5 um) for 3 h. The differential interference contrast (DIC) and
merged images of the corresponding samples are shown in the middle
and bottom rows, respectively. Scale bar=30 um. B) Relative pixel
intensity (n=3) from images (a)—(c) in (A). The pixel intensity from
image (b) is defined as 1.0.
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siRNA-transfected B16 and HeLa cells with the inhibited
expression of tyrosinase, as further evidenced by the enzyme-
linked immunosorbent assay (ELISA), showed a greatly
decreased intracellular fluorescence (Supporting Informa-
tion, Figure S25), clearly indicating that this intracellular
fluorescence change reflects the alteration of the relative
tyrosinase activity. Interestingly, no obvious fluorescence
increase was observed outside the cells (Figure 4 A), and no
mass peak of HXPI (Supporting Information, Figure S26) was
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Figure 4. A) Fluorescence and DIC images of B16 and Hela cells. The
cells were incubated with probe 1 (5 um) at 37°C for different periods
of time (0, 0.5, 1.0, 1.5, 2.0, and 3.0 h). Scale bar=30 pm. B) The
plots of the relative pixel intensity of the fluorescence images from 0—
3 hin (A) versus time. Note that the pixel intensity of the images from
0-3 h was obtained by subtracting the intensity from the control (cells
only), and the pixel intensity from the 3-h image of B16 cells is defined
as 1.0. C) The activity of tyrosinase in B16 and Hela cells determined
by ELISA kits. The results are expressed as the mean =+ standard
deviation of three separate measurements.
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detected in the media containing the probe-loaded cells,
implying a good retainability of the released HXPI inside the
cells under the present conditions. Furthermore, probe 1 was
used to distinguish the relative levels of tyrosinase in different
cell lines such as B16 and HeLa cells under the same imaging
conditions. As shown in Figure 4, fluorescence linearly
increases with time within about 2 h for the two kinds of
cells, and the slope of the time-dependent increase of
fluorescence in B16 cells is about 1.6-fold larger than that in
HeLa cells (Figure 4 B), suggesting that the tyrosinase level in
B16 cells might be about 1.6-fold higher than that in HeLa
cells (assuming that the reaction properties of the probe in the
two cell lines are equal). This result is roughly consistent with
that (about a 2-fold increase) determined by ELISA (Fig-
ure 4C). Note that the small inconsistency between the two
methods might be due to the rather low level of intracellular
tyrosinase (Figure 4C) and/or the different reactivity of the
probe in the two cell lines. The above study demonstrates that
probe 1 can be used to visualize the relative tyrosinase activity
in different living cells.

Because of the advantages of NIR *! probe 1 was further
investigated to image the tyrosinase activity in living zebra-
fish. As shown in Figure SA, 3-day-old zebrafish display
nearly no background fluorescence (image a), but the probe-
loaded zebrafish produce strong fluorescence (image b). This
implies that the probe is tissue-permeable and zebrafish
contain a detectable tyrosinase level, which was determined
by ELISA (see Supporting Information) to be about 20 mU
per 3-day-old zebrafish. Interestingly, the fluorescence in the
zebrafish is not uniformly distributed, and the zebrafish yolk
sac shows rather weak fluorescence. Our previous study
indicated that the fluorophore of HXPI is distributed

Relative Pixel Intensity
o
(&)}

©

ol
a

r
b ¢ d

Figure 5. A) Fluorescence images of 3-day-old zebrafish: a) Zebrafish
only, b) zebrafish incubated with probe 1 (5 pum) for 3 h, zebrafish
pretreated with c) 200 um and d) 500 um kojic acid for 2 h and then
incubated with probe 1 (5 um) for 3 h. The top, middle, and bottom
rows represent the fluorescence, DIC, and merged images of zebrafish,
respectively. Scale bar=>500 um. B) Relative pixel intensity measure-
ments (n=3) from images (a)—(d) in (A) were obtained by using the
Olympus software. The pixel intensity from image (b) is defined as
1.0.
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throughout almost the whole body of zebrafish.['" Therefore,
the weak fluorescence from the zebrafish yolk sac may reflect
a low abundance of tyrosinase. This phenomenon has not
been reported to the best of our knowledge. Moreover, an
inhibition experiment was performed to further demonstrate
the fluorescence generation from probe 1 in zebrafish
resulting from tyrosinase activity. As seen from Figure 5, the
fluorescence intensity from zebrafish decreases gradually
with increasing kojic acid concentration; for example, 200 and
500 um of kojic acid causes a significant decrease of the
fluorescence by about 60% and 80% (Figure 5B), respec-
tively. The above results indicate that probe 1 is capable of
monitoring the endogenous tyrosinase activity in living
bodies.

In summary, we have proposed a new tyrosinase-recog-
nition 3-hydroxybenzyloxy moiety, which shows different
reaction mechanisms for tyrosinase and ROS; the former
leads to the removal of the recognition moiety and the latter
do not. By engineering a 3-hydroxybenzyloxy moiety into
a stable hemicyanine skeleton, we have developed probe 1,
which displays a specific NIR fluorescence off—on response to
tyrosinase rather than ROS, and thus overcomes ROS
interference. The high specificity of probe 1 permits the
accurate detection of the tyrosinase activity in live cells and
zebrafish, as further validated by ELISA. We believe that
probe 1 may be useful for monitoring the change of
endogenous tyrosinase activity in biosystems.
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