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A B S T R A C T

A novel colorimetric method for the detection of tyrosinase (TYR) and its inhibitor by taking utilization of
Ag+−3,3′,5,5′-tetramethylbenzidine (TMB) detection system has been proposed. Ag+ could oxidize TMB to
oxidized TMB (oxTMB) and induce a blue color solution corresponding to an absorption peak centered at
652 nm. The addition of dopamine (DA) could cause the reduction of oxTMB which resulted in the fading of the
blue color and a decrease of the absorbance at 652 nm. However, in the presence of TYR, DA could be oxidized
to dopaquinone, which inhibited the reduction of oxTMB by DA, resulting in a blue color recovery and an
increase of the absorbance at 652 nm. Based on this finding, we propose a method to quantitatively detect TYR
activity with the help of UV–vis spectroscopy. The developed assay is highly sensitive with a low detection limit
of 0.010 U/mL. More importantly, this method is fairly simple and inexpensive without the use of complicated
nanomaterials. In addition, it constructs a useful platform for TYR inhibitor screening.

1. Introduction

Tyrosinase (polyphenol oxidase; EC 1.14.18.1; TYR) is a copper-
containing enzyme widely distributed in all kinds of organisms. It
catalyzes the reactions of hydroxylation of monophenols to o-diphenols
and the following oxidation of o-diphenols to the corresponding o-
quinones [1]. These specific activities of TYR can be found to be the key
reactions within the biosynthetic pathway of melanin and other natural
pigments [2]. The disordering of TYR in the human body might cause
Parkinson's disease [3]. More importantly, TYR activity has been
regarded as an important biomarker of melanoma cancer because of
its evaluated amounts in melanoma cancer cells [4,5]. Therefore, it is of
great importance to develop novel and facile methods for monitoring
TYR activity and screening its inhibitors for diagnostic purposes.

To date, various analytical techniques have been developed for the
quantitative determination of TYR activity, including electrochemistry
[6], ion-sensitive field-effect transistor devices [7], colorimetry [8], and
fluorometry [9–11]. Among them, optical sensing approaches have
aroused great interest due to their intrinsic simplicity and high
sensitivity [12]. Various fluorescent probes including noble metal

nanoclusters [13,14], quantum dots [15], carbon based-nanomaterials
[16–18], semiconducting polymer dots [19] have been used for the
detection of TYR activity. At the same time, colorimetric detection
methods have attracted much attention due to their simplicity and low
cost. Gold nanoparticles (AuNPs) are proven to be a promising
colorimetric probe since they can detect TYR activity by monitoring
the color change by using UV–vis spectroscopy or even with the naked
eye [20,21]. Although these nanomaterial-based methods displayed
good selectivity and sensitivity, most of them show certain drawbacks,
such as labor-intensive and time-consuming sample pretreatment.
Accordingly, it is still urgently needed to develop simple, novel and
highly sensitive analytical methods for detecting TYR activity and
screening its inhibitors.

Previous reports have shown that Ag+ could oxidize 3,3′,5,5′-
tetramethylbenzidine (TMB) to induce blue oxidized 3,3′,5,5′-tetra-
methylbenzidine (oxTMB), which possesses an absorption peak cen-
tered at 652 nm [22,23]. In our previous work, we have developed a
simple and fast method for the determination of dopamine (DA) based
on its reduction ability towards oxTMB followed by the fading of the
blue color and a decrease of the absorbance at 652 nm [24].
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Meanwhile, DA is the substrate of TYR and can be oxidized to
dopaquinone by TYR in the presence of molecular oxygen. Inspired
by these facts, herein, we developed a novel and simple colorimetric
method for the determination of TYR activity. In the presence of TYR,
DA could be oxidized into dopaquinone, which could inhibit the
reduction of oxTMB by DA. Thus, the blue color recovered and the
absorbance at 652 nm increased. However, when an inhibitor of TYR
was present, TYR activity could be heavily inhibited leading to the
decrease of the absorbance as the rise in amount of the inhibitor. Based
on the above facts, a novel method for the TYR activity and its inhibitor
is proposed. This method is simple and fast without the preparation of
nanomaterials and the use of expensive instruments. To the best of our
knowledge, this is the first report for TYR activity and its inhibitor
detection by using TMB as a colorimetric probe.

2. Experimental

2.1. Reagents and apparatus

AgNO3, TMB, kojic acid (KA), acetic acid, Na2HPO4·12H2O,
NaH2PO4·2H2O and metal salts were obtained from Aladdin Reagent
Company (Shanghai, China). Dopamine (DA), tyrosinase (TYR) from
mushroom, ethanol dehydrogenase (ADH), trypsin (Try), Exo III,
glucose oxidase (GOx), horseradish peroxidase (HRP), alkaline phos-
phatase (ALP), lysozyme, papain and peroxidase (POD) were pur-
chased from Sigma Aldrich (Shanghai, China). All of these reagents
were of analytical grade and used as received. Ultrapure water
produced by a Milli-Q system was used throughout this work.

UV–vis spectra were recorded using a Varian cary-300 UV–vis
spectrophotometer. The absorbance at 652 nm was used for quantita-
tive analysis.

2.2. Colorimetric TYR assay

Colorimetric detection of TYR activity was performed under the
following procedure. 100 µL of phosphate buffer (10 mM, pH 6.0),
15 µL of 1.0 mM DA and 10 µL of different concentrations of TYR were
added sequentially into a 1.5 mL plastic centrifugal tube and the
sample was incubated at room temperature for 30 min. After that,
225 µL of acetate buffer (0.1 M, pH 5.0), 100 µL of 1.0 mM TMB and
50 µL of 1.5 mM AgNO3 were also added. Then, the mixture was vortex
mixed thoroughly and transferred for UV–vis scanning after incubation
at room temperature for 10 min. To evaluate the interference of
biological metal ions, since TYR was well-known as a metal-containing
enzyme, a variety of metal ions (e.g. Zn2+, Ca2+, K+, Cd2+, Fe3+, Pb2+

and Mn2+) were introduced with the identical concentration of 500 µM.
Furthermore, the selectivity of this assay has been evaluated in the
presence of other enzymes.

2.3. Inhibitor screening

KA as a model was used for inhibitor screening of TYR. For TYR
inhibitor detection, 90 µL of phosphate buffer (10 mM, pH 6.0), 10 µL
of 125 U/mL TYR and 10 µL of different amounts of KA was firstly
incubated at room temperature for 10 min. Then 15 µL of 1.0 mM DA
were added and the samples were incubated at room temperature for
another 30 min. Finally, 225 µL of acetate buffer (0.1 M, pH 5.0),
100 µL of 1.0 mM TMB and 50 µL of 1.5 mM AgNO3 were added and
the mixture was vortex mixed thoroughly and transferred for UV–vis
scanning after incubating at room temperature for 10 min.

3. Results and discussion

3.1. The mechanism of the sensing system

Fig. 1 displays the mechanism of the TYR activity detection and its

inhibitor screening based on Ag+-TMB system. Previous reports have
shown that Ag+ could oxidize TMB to oxidized TMB (oxTMB) along
with a blue color and an absorption peak centered at 652 nm [22–25]
(curve a, Fig. S1). In the absence of TYR, the presence of DA could
reduce the oxTMB to TMB resulting in the fading of the blue color and
a decrease of the absorbance (1, Fig. 1). However, in the presence of
both TYR and DA, the absorbance of the system increased again with a
recovery of distinct blue color (2, Fig. 1). In addition, the presence of
TYR has no effect on the absorbance of Ag+-TMB system (curve b, Fig.
S1). Then, the UV–vis absorption spectra of DA, TYR and DA with TYR
were investigated. As shown in Fig. S2, neither DA nor TYR had no
obvious UV–vis absorption in the range of 350–700 nm. However,
after DA and TYR incubated for 30 min, the mixed solution had an
obvious UV–vis absorption in the range of 350–700 nm with a
maximum absorption peak at 474 nm, which indicated the generation
of dopaquinone oxidized from DA by TYR in the presence of molecular
oxygen [17]. Thus, the generation of dopaquinone inhibited the
reduction of oxTMB by DA. The activity of TYR will be inhibited if
the TYR is pretreated with TYR inhibitor, and thus the blue color faded
and the absorbance decreased (3, Fig. 1). Based on the above facts, a
facile and novel method for the detection of TYR activity and its
inhibitor is proposed.

3.2. Optimization of experimental parameters

In order to obtain a better response to TYR activity detection,
response surface methodology (RSM) as an efficient tool was adopted
to optimize the main parameters affecting the detection of TYR activity.
In this work, a five-level, four-variable Central Composite design (CCD)
was employed to optimize the experimental parameters and to explore
the interactions among these factors. The RSM design and their

Fig. 1. (A) Mechanism of the Ag+-TMB system based colorimetric assay for TYR activity
and inhibitor detection. (B) UV–vis absorption spectra of Ag+-TMB system in the
presence of 30 µM DA (1), 30 µM DA and 2.5 U/mL TYR (2), 30 µM DA, 2.5 U/mL TYR
and 30 µM KA (3). The inset shows the corresponding digital images.
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respective levels were listed in Table S1. The independent and
dependent variables were analyzed to obtain a regression equation
that could predict the response within the given range. The second-
order polynomial model can be described as follows: Y = 0.83 −

4.375×10−3A + 0.021B + 0.056C − 0.010D + 4.688×10−3AB − 0.026AC
− 0.073AD − 0.026BC + 0.029BD − 0.023CD − 0.038A2 − 0.016B2 −

0.075C2 − 0.089D2, where Y is the predicted average peak areas and A,
B, C, and D are coded values of the reaction time of Ag+ with TMB in
the presence of DA (Time 1), the incubation time of DA with TYR (Time
2), pH and DA concentration, respectively.

The experimental data were performed polynomial fitting, and the
model coefficients for each response were presented in Table S2.
Assessment of the significance of each factor and interaction terms
was performed by analysis of variance (ANOVA). Results indicated that
the regression model was highly significant with p-value < 0.0001. The
total determination coefficient (R2) was 0.9734 and the mean square of
lack of fit was 0.001, meaning that there was a satisfying consistency
between experimental data and predicted values of peak area.

The 3D surface plots (Fig. 2) provided a method to visualize the
relationship between responses and each variable, the interactions
between two test variables and the optimum detection conditions. The
optimal conditions obtained using the model were as follows: Time 1 =
9.75 min, Time 2 = 34.50 min, pH = 5.15, CDA = 28.9 µM. Taking
account of the operating convenience, the optimal parameters were
determined as following: Time 1 = 10 min, Time 2 = 30 min, pH = 5.0,
CDA = 30 µM.

3.3. Analytical performance of the sensing system for TYR activity
detection

Under the optimal conditions, we evaluated the sensitivity of the
Ag+-TMB system toward TYR. In the absence of DA, the absorbance
peak located at 652 nm was attributed to the oxidation product of TMB
[26]. The presence of DA could reduce the oxTMB to TMB, thus
resulting in the decrease of the absorbance at 652 nm [24]. However,
the presence of TYR could inhibit the reduction of oxTMB by DA. It was
clearly seen that the absorbance increased gradually with the increase
of TYR concentration (Fig. 3A).

The ΔA also increased with the increasing concentration of TYR and

reached a plateau when the concentration is 5.0 U/mL (Fig. 3B). A
good linear plot in the concentration range from 0.025 to 1.0 U/mL
was obtained (Inset of Fig. 3B), and the linear relationship equation
was ΔA = 0.6091 C (U/mL) + 0.02023 (R2 = 0.9938) with a detection
limit of 0.010 U/mL at a signal-to-noise of 3 (Inset of Fig. 3B).
Moreover, the color changes of Ag+-TMB system in the presence of
various amounts of TYR were recorded by using a digital camera
(Fig. 3C). The color change of the Ag+-TMB system induced by TYR can
be obviously visualized by the naked eye. The repeatability of the
proposed method was evaluated by five repeated measurements of
0.050 U/mL and 0.50 U/mL TYR and the relative standard deviation
(RSD) was 3.67% and 3.12%, respectively, demonstrating the reliability
of the proposed method.

In addition, we compared the characteristics of the developed
sensor with other TYR optical sensor reported elsewhere. As shown
in Table 1, the Ag+-TMB system could provide better or comparable
sensitivity in comparison with AuNCs [27], Au/Ag NCs [14], and gold
nanoshells [28], carbon quantum dots (CQDs) [16] and graphene
quantum dots (GQDs) [17]. But all of methods needed to prepare
complicated nanomaterials while our method was nanomaterial-free.
Therefore, our method was simple and inexpensive.

3.4. Interference and selective studies

As been well known, TYR played a role as a metal-containing
enzyme. Thus, we investigated the effect of foreign coexisting substance
on the activity of TYR. The interference experiments were performed in
the presence of TYR (2.5 U/mL) together with other biological
significant metal ions (Zn2+, Ca2+, K+, Cd2+, Fe3+, Pb2+ and Mn2+).
As shown in Fig. 4A, there was no obvious variation for the absorbance,
indicating that these foreign coexisting metal ions showed scarce effect
on assaying TYR activity.

To evaluate the selectivity of this proposed method, experiments
were carried out separately in the presence of a series of other enzymes
including ADH, HRP, ALP, lysozyme, GOx, ExoIII, Try, POD and
Papain. As shown in Fig. 4B, it could be clearly observed that the
absorbance in the presence of the interferences stayed almost un-
changed compared with the blank solution, while the absorbance
increased greatly in the presence of TYR. Moreover, no obvious color

Fig. 2. 3D response surface plots to interactive effect for different factors (Time 1, Time 2, pH, DA concentration).
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changes from the initial solution were found in the presence of
interferences, while a distinct color change could be observed after
the addition of TYR (Inset of Fig. 4B). These results demonstrated the
proposed assay showed high selectivity for TYR detection.

3.5. Detection of TYR in human serum samples

To evaluate its applicability, the described method was applied to
assay the TYR activity in human serum samples. Human serum

samples from 3 healthy volunteers were collected from Qufu People's
Hospital. In order to diminish false positive contributions from the
matrix, the human serum samples had been diluted 50 times before
each experiment. Table 2 showed the analysis results of TYR activity in
the spiked serum samples. The results obtained with the present
method were well consistent with the results from the spectrophoto-
metry method based on levodopa oxidation, which is a general
analytical method for the detection of TYR activity [29,30]. The
recoveries of the standard addition were measured between 94.0%
and 105.6%, indicating that the proposed method here was reprodu-
cible for detection of TYR activity in the spiked serum samples.

Fig. 3. (A) Typical UV–vis absorption spectra of Ag+-TMB in the presence of DA
(30 µM) and different concentration of TYR, from bottom to top: the concentration of
TYR is 0, 0.025, 0.05, 0.1, 0.25, 0.375, 0.5, 0.75, 1.0, 2.5, 3.5, 5.0, 7.5 and 10.0 U/mL.
(B) Relationship between ΔA and TYR concentration. Inset: the calibration curve for the
detection of TYR concentration. (C) Photographs of Ag+-TMB-DA system in the presence
of various amounts of TYR. From right to left: the concentration of TYR are 0.025, 0.05,
0.1, 0.25, 0.375, 0.5, 0.75, 1.0 U/mL.

Table 1
Comparison of optical methods for TYR activity sensing.

Detection methods Linear range (U/
mL)

Detection limit (U/
mL)

Reference

Fluorescence/AuNCs 0.5–200 0.08 [27]
Fluorescence/CQDsa 0.0232–0.7935 0.007 [16]
Fluorescence/Au/AgNCs 0.045–0.3195 0.0135 [14]
Fluorescence/GQDsb 0.005–0.5 0.0015 [17]

0.5–5.0
Colorimetry/gold

nanoshells
– 0.143 [28]

Colorimetry/Ag+-TMB 0.025–1.0 0.010 This work

a CQDs: carbon quantum dots.
b GQDs: graphene quantum dots.

Fig. 4. (A) Interference of biological metal ions (500 µM) on the TYR activity (2.5 U/
mL). (B) Selectivity test of assay toward TYR. The concentration of each composition is
2.5 U/mL. Inset: Photographs of Ag+-TMB-DA in the presence of various kinds of
enzymes, from left to right: TYR, ADH, HRP, ALP, lysozyme, GOx, ExoIII, Try, POD and
Papain.

Table 2
Analytical results for TYR activity in human serum samples.

samples This method Levodopa
method

Added (U/
mL)

Founded (U/
mL)

Recovery (%) RSD% Founded (U/
mL)

1 0.50 0.47 94.0 3.23 0.485
2 0.50 0.51 102 4.07 0.505
3 0.50 0.528 105.6 3.44 0.54
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3.6. Inhibitor screening for TYR

As described in the preceding part, the presence of inhibitor could
inhibit the TYR activity and then further resulted in the decrease of the
absorbance at 652 nm, which could be utilized to screen TYR inhibi-
tors. KA, a well-known inhibitor for TYR, was selected to carry out the
inhibitory activity assay. Fig. 5A showed the UV–vis spectra of Ag+-
TMB system in the presence of DA (30 µM), TYR (2.5 U/mL) and
different concentrations of KA. As expected, the absorbance at 652 nm
decreased gradually with increased amount of the added KA, which
provides solid evidence that KA is an effective inhibitor for TYR
activity. We use the inhibition efficiency (IE%) to TYR as a signal for
the detection of KA. IE% was analyzed by the following equation:
[31,32]

Inhibition efficiency IE I I
I I

( ) = −
−

× 100%no inhibitor inhibitor

no inhibitor 0

where Ino inhibitor and Iinhibitor refer to the absorbance of Ag+-TMB-DA-
TYR system in the absence and presence of KA, respectively. I0 refers to
the absorbance of Ag+-TMB-DA system. As shown in Fig. 5B, a good
linear relationship between IE% and the concentration of KA was
obtained in the range of 2–30 µM. The detection limit for KA is 1 µM.
Thus, it can be concluded from the preceding results that the Ag+-TMB
system can be used for the detection of TYR activity and the screening
of potential inhibitors.

4. Conclusion

In conclusion, we have developed a simple, fast and sensitive
colorimetric assay for the quantitative detection of TYR activity and
its inhibitors using TMB as an indicator. The TYR could catalyze the
oxidation of DA into dopaquinone, which could effectively inhibit the
reduction of oxidized TMB. Utilizing the change of the absorbance, a
simple and sensitive sensing method for TYR activity was constructed
with the detection limit of 0.010 U/mL. Moreover, the system also
provides a powerful platform for TYR inhibitor study. Compared with
other methods, the proposed method is sensitive, simple and inexpen-
sive. More importantly, the method does not need the preparation of
complicated nanomaterials. Considering the high sensitivity, selectiv-
ity, cost effective and facile operation of the proposed method, we
expect the developed assay to be a promising candidate for clinical
diagnosis and medicine discovery.
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