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Abstract
Purpose  Skin pigmentation disorders, such as vitiligo and melasma, are difficult to diagnose in the early stages, but abnor-
mal tyrosinase levels and tyrosinase activity are potential indicators. Some resorufin-based fluorescence probes (RBFPs) 
have been designed to detect tyrosinase in tumors, but they have not been used in skin pigmentation disorders. In this study, 
one of these RBFPs (synthesized by resorufin salt coupled with 3-(bromomethyl)phenol) was evaluated comprehensively.
Methods  The RBFP was tested in different kinds of mouse and human skin cells, as well as in in vivo models, including 
zebrafish, guinea pigs, and Sprague–Dawley rats. In addition, small interfering RNAs (siRNAs), kojic acid, and 1-phenyl-
2-thiourea (PTU) were used to inhibit tyrosinase levels or tyrosinase activity.
Results  This probe successfully detected tyrosinase and emitted red fluorescence in melanoma cells and melanocytes. Fluo-
rescence was also observable in zebrafish and on the skin of guinea pigs when using the RBFP. In mouse and human cells, 
the RBFP showed good selectivity to tyrosinase. Moreover, in the case of decreased tyrosinase levels or activity caused by 
siRNAs, kojic acid, or PTU, the probe was sensitive to these changes. Further, the RBFP showed no toxic effects at concen-
trations of < 20 μmol/L, both in vitro and in vivo.
Conclusions  Our findings indicate the value and limitations of the RBFP in tyrosinase detection, but suggest the need for 
further improvement of fluorescent probes in the diagnosis of skin pigmentation disorders.
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there is no widely accepted diagnostic method for detecting 
TYR in skin.

Recently, researchers have designed specific fluorescent 
probes to detect TYR in tumor cells, some of which are 
resorufin-based fluorescence probes (RBFPs). RBFPs can 
be selectively hydroxylated by TYR in B16, HepG2, MCF-7 
cells, and zebrafish [23–25], suggesting the potential value 
of RBFPs for use in complex biosystems. However, there 
has been no research to investigate whether RBFPs also 
work for diagnosis of other TYR-related diseases, such as 
skin pigmentation disorders. Thus, we studied one of the 
reported RBFPs (synthesized by resorufin salt coupled with 
3-(bromomethyl)phenol, the synthesis and reaction mecha-
nism diagram are shown in Fig. 1a) for possible use as a 
skin-disorder indicator in skin. Different types of skin cells 
and in vivo models were tested to comprehensively assess 
the performance of the RBFP. In addition, small interfering 
RNAs (siRNAs), kojic acid, and 1-phenyl-2-thiourea (PTU) 
were used as reagents to induce abnormal TYR expression 
and activity. Our investigation aims to confirm the poten-
tial value and limitations of RBFPs in skin pigmentation 
disorders.

Materials and methods

Reagents and cell culture medium

Chemical reagents were obtained from commercial sup-
pliers. siRNAs were supplied by GenePharma (Shanghai, 

Background

Skin pigmentation disorders, such as vitiligo, melasma, 
freckles, and achromic nevus, are common afflictions that 
can affect the mental health and social life of people with 
these disorders [1–4]. Tyrosinase (TYR) is the key enzyme 
that catalyzes the copper-based oxidation of phenols and 
chromophore production [5]. Thus, TYR plays a critical role 
in pigmentation by catalyzing l-tyrosine to l-3,4-dihydroxy-
phenylalanine (l-DOPA) and further converting l-DOPA to 
dopaquinone and melanin [6–8]. Abnormal TYR levels or 
activity is important feature of pigmentation disorders. For 
example, the main pathogenic changes in vitiligo are mel-
anocyte loss and TYR dysfunction, which may be caused by 
oxidative stress, inflammation, and autoimmunity [9, 10]. 
The main biochemical feature of melasma and freckles is 
the overproduction of melanin [11, 12]; many reagents have 
been developed to tackle excessive TYR [13].

Early diagnosis is essential to treat pigmentation disor-
ders [2, 14–16]. In clinical practice, diagnosis of vitiligo 
and melasma depends mainly on skin appearance and uses 
Wood’s lamp ultraviolet tests and skin reflectance confocal 
microscopy (RCM) to facilitate detection and examination 
of lesions [17–19]. Visual detection of anomalies is still dif-
ficult in the early stages that lack obvious lesions. How-
ever, changes in TYR expression or activity in melanocytes 
already exist at these early stages [20, 21], suggesting that 
TYR could be an ideal marker for early diagnosis. Several 
assays have been developed to detect human serum TYR that 
show promise as tools for clinical diagnosis [22]. However, 
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China). Kojic acid was supplied by Solarbio Science & 
Technology (Beijing, China). PTU was supplied by Seebio 
Biotech (Shanghai, China). 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) and dithiothrei-
tol (DTT) were supplied by Sigma-Aldrich (Shanghai, 
China). Phorbol 12-myristate 13-acetate (PMA) was sup-
plied by MutiSciences (Hangzhou, China). Fetal bovine 
serum (FBS) was supplied by Biological Industries (Beit-
Haemek, Israel). Human melanocyte growth supplement 
(HMGS), 254 medium, and Dulbecco’s modified Eagle 
medium (DMEM) were supplied by Gibco (Gaithersburg, 
MD, USA). Keratinocyte growth medium (KGM) was sup-
plied by PromoCell (Heidelberg, Germany).

Probe synthesis

Scheme S1 depicts the synthetic procedure of the RBFP used 
in this study. m-(hydroxy benzyl) alcohol (compound 1) was 
first treated with phosphorus tribromide to give 3-(bromo-
methyl) phenol (compound 2); compound 2 and resorufin 
were then covalently linked to give the final probe molecule. 
Details for synthesis and characterization of this RBFP are 
described in the supplementary materials [25]. After syn-
thesized, the RBFP was dissolved in DMSO and stored at 
20 mmol/L, and the final concentration of DMSO was 0.1% 
when diluted RBFP to 20 μmol/L.

Spectrophotometric experiments

To confirm the selectivity of the probe for tyrosinase, test 
solutions were prepared by mixing RBFP (the final concen-
tration is 5 μmol/L) and appropriate analyte stock (potential 
interfering species, the details of them are shown in Fig. 
S2) into a tube separately and then diluting the solution to 
500 μL with 67 mmol/L phosphate-buffered saline (PBS; 
pH 7.4). After incubation at 37 °C for 3 h, the absorption or 
fluorescence spectra were then determined under a fluores-
cence microscope. The fluorescence spectra were recorded 

at emission wavelengths ranging from 565 to 750 nm with 
excitation at 550 nm.

Cell culturing

The murine melanoma cell line B16F10 was obtained from 
the China Center for Type Culture Collection (CCTCC). 
Murine melanocyte Melan-a was a kind gift from Prof. Dor-
othy C. Bennett (St. George’s Hospital, London, UK) and 
given by Renmin Hospital of Wuhan University (Wuhan, 
China), cultured in RPMI-1640 medium with 10% FBS, 
100 μmol/L DTT, and 200 nmol/L PMA. The human mel-
anoma cell line MNT1 was from Dr. Vince Hearing (Pig-
ment Cell Biology Section, NCI, NIH, USA) and generously 
provided by Renmin Hospital of Wuhan University. Human 
immortalized melanocytes (PIG1) was a gift from Dr. Caro-
line Le Poole (Loyola University, Chicago, USA). Human 
skin immortalized keratinocytes (HaCaT) were obtained 
from the American Center for Type Culture Collection 
(ATCC). Primary human epidermal melanocytes (HEMs), 
keratinocytes, and fibroblasts were separated from volun-
teers’ foreskin (approved by donors and the Ethics Commit-
tee of the Third Xiangya Hospital, Central South University, 
Changsha, China), using a protocol described previously 
[26]. PIG1 and HEMs were cultured in 254 medium with 
1% HMGS and 5% FBS, and keratinocytes were cultured in 
serum-free KGM. B16F10, HaCaT cells, and fibroblasts were 
cultured in DMEM with 10% FBS and 1% penicillin–strep-
tomycin solution added to the medium. All cells were cul-
tured in a 5% CO2 incubator at 37 °C. Cell morphology and 
fluorescence were observed using an inverted fluorescence 
microscope (Olympus, Japan), with excitation at approxi-
mately (546 ± 10) nm, and emission around (595 ± 60) nm.

Cell viability assay

Cell viability was measured using an MTT assay. Cells 
(3000–5000) were added into each well of a 96-well plate, 

Fig. 1   Mechanism and performance of the RBFP in tyrosinase (TYR) detection: a The synthesis and reaction mechanism of the RBFP; b The 
titration curve shows the emission spectra of the RBFP (5 μmol/L) in the presence of various TYR concentrations (0–100 U/mL)



809Bio-Design and Manufacturing (2021) 4:806–817	

1 3

with a control group to which only medium was added. Cells 
were attached to the wells after 8–12 h, then treated with 
RBFP at different concentrations (0, 0.3, 0.6, 1.2, 2.5, 5.0, 
10.0, and 20.0 μmol/L) for 12, 24, 36, and 48 h. Before 
measurement, 20 μL MTT was added into each well and 
the cells were incubated at 37 °C for 4 h. We then removed 
all the medium carefully, added 160 μL dimethyl sulfoxide 
(DMSO), and incubated the plate at 37 °C for 15 min away 
from light. The absorbance value at 490 nm was measured 
by a microplate reader (PerkinElmer, USA).

RNA interfering

Cells were added to six-well plates and transfected at a con-
fluence of 60%. siRNAs were diluted with DNase/RNase-
free water to 20 μmol/L; next, 10 μL of the siRNA solu-
tion and 10 μL HiperFect transfection reagent (QIAGEN, 
Germany) were mixed with basal cell culture medium and 
incubated for 5–10 min. The mixture was then added to the 
cells and knockdown efficiency was measured by quantita-
tive real-time reverse transcriptional polymerase chain reac-
tion (qRT-PCR) 48 h later.

RNA extraction and qRT‑PCR

Cells were collected in tubes after digestion by trypsin; the 
cell pellets were then washed twice with PBS and lysed with 
1 mL Trizol lysis buffer. Total RNA was extracted with Total 
RNA Kit (Omega, USA) and reversely transcripted with 
ReverTra Ace qPCR RT Master Mix Kit (Toyobo, Japan). 
qRT-PCR was conducted with a KOD SYBR® qPCR Kit 
(Toyobo, Japan); the amplification followed the three-step 
method in a cycler (Roche, Switzerland). The sequences of 
primer pairs used in amplification are provided in Table S1.

Zebrafish culture

Zebrafish embryos and special zebrafish culture medium 
were supplied by EzeRinka (Nanjing, China). The embryos 
were cultured and hatched at 24 °C away from light. Then, 
the fish were incubated with 200 μmol/L PTU or medium 
only; the RBFP was added 24 h before observation. A fluo-
rescence microscope was used to observe the fluorescence 
at (595 ± 60) nm, as well as the distribution and density of 
melanin granules.

Guinea pig and Sprague–Dawley rat experiment

Female Guinea pigs (Dunkin Hartley) were supplied by 
Taiping Biotech (Hunan, China), Sprague–Dawley (SD) 
rats (Rattus norvegicus) were supplied by SJA Labora-
tory Animal Co., Ltd (Hunan, China). The experiment was 

approved by the Animal Welfare Committee of the Depart-
ment of Laboratory Animals, Central South University, 
Changsha, China. The dorsal skin of guinea pigs was shaved 
and divided into four quadrants, then coated with kojic acid 
solution or PBS. The RBFP was added 4 h before obser-
vation and the fluorescence was detected with an in vivo 
imaging system (PerkinElmer, USA). SD rats were treated 
with RBFP (20 μmol/L) twice a day for 3 d. The appearance 
of the skin was observed and organs were collected after 
experiment. Samples were fixed with 4% paraformaldehyde 
and stained with hematoxylin–eosin (HE).

Statistical analysis

All experiments were repeated independently at least three 
times. Data were analyzed by Student’s t-tests or one-way 
analysis of variance (ANOVA). The data are shown graphi-
cally by GraphPad Prism (Version 8.0, GraphPad Software, 
San Diego, USA) and expressed as mean ± standard devia-
tion. P < 0.05 was considered statistically significant and 
identified with an asterisk (*P < 0.05, **P < 0.01).

Results

Mechanism of the RBFP in vitro

First, we evaluated the performance of the RBFP in detec-
tion of TYR. Without TYR, the RBFP (5 μmol/L) displayed 
only weak fluorescence, which peaked at 586 nm; how-
ever, the addition of increasing concentrations of TYR to 
the aqueous solution of RBFP at pH 7.4 elicited dramatic 
enhancement of the emission spectra (Fig. 1b). There was a 
strong linear correlation between fluorescence intensity and 
TYR concentrations 0 to 100 U/mL (Fig. S1).

A bioimaging probe with high specificity to the tar-
get molecule over other potentially competing is of great 
importance in complex biosystems. Therefore, evaluation 
of the selectivity of the RBFP was tested with various bio-
logically relevant molecules including metal ions, reactive 
oxygen species (ROS), reducing agents, small molecule 
thiols, and other enzymes (The selectivity of the RBFP to 
different molecules was tested separately). As shown in Fig. 
S2, apart from TYR, no obvious variations in fluorescence 
were observed in the presence of these interfering species. 
Moreover, the RBFP was stable and could respond to TYR 
at biologically relevant pH levels (Fig. S3).

Cytotoxicity of the RBFP

In mice and humans, both melanoma cells and melanocytes 
share similarities in melanin production [27, 28]. Thus, 
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we used four types of cell models for in vitro experiments, 
including two mouse-cell models [mouse melanoma cell 
line B16F10 and mouse melanocyte cell line (Melan-a)] 
and two human models [human melanoma cell line MNT1 
and primary epidermal melanocytes (HEMs)]. To determine 
the cytotoxicity of RBFP, we determined the viability of 
B16F10, Melan-a, MNT1, and HEMs using an MTT assay. 
The cells were treated with different concentrations of RBFP 
ranging from 0 to 20 μmol/L, and absorbance at 490 nm was 
measured 12, 24, 36, and 48 h after treatment.

In mouse B16F10 and Melan-a cells, the RBFP showed 
no impact on cell viability at concentrations lower than 
20 μmol/L, but cell viability decreased significantly in 
the 20 μmol/L group (P < 0.05, Fig. 2a and 2b). Besides, 
viability of human MNT1 cells was not affected by RBFP 
treatment. HEMs, however, showed a different result. When 
RBFP concentrations reached 20 μmol/L, HEM viability 
decreased significantly at 12, 24, 36, and 48 h (P < 0.05, 
shown in Fig. 2c and 2d).

Performance of the RBFP in different skin cells

Although this RBFP had been found to have good selectiv-
ity for TYR in our in vitro experiments, its selectivity has 
not been evaluated in different kinds of skin cells. Thus, we 
also tested this RBFP in human melanocyte cell line PIG1, 
human keratinocyte cell line HaCaT, human primary skin 
fibroblasts (FB), keratinocytes (KC), and HEMs. In PIG1, 
HaCaT, and FB, only weak fluorescence was observed after 
RBFP treatment (Fig. 3a). In addition, in co-cultured HEMs 
and KC, HEMs showed strong fluorescence, but KC showed 

only weak red fluorescence (Fig. 3b), and that HEMs were 
therefore easy to distinguish from KC. qRT-PCR results 
showed that the RNA levels of TYR in HEMs and PIG1 
cells were much higher than those in HaCaT, FB, and KC 
cells (Fig. 3c).

Observation conditions and clearance of the RBFP 
in cells

We further investigated the optimal concentration and 
treating time of the RBFP in TYR detection. First, B16F10 
cells were treated with the RBFP at different concentra-
tions (2.5, 5.0, and 10.0 μmol/L), and cell fluorescence 
was observed at several time points (8, 16, 24, and 36 h); 
fresh probe was added after each observation. Under a 
fluorescence microscope, red fluorescence was enhanced 
as RBFP concentration and incubation time increased 
(Fig. 4a). In the 5.0 and 10.0 μmol/L groups, fluorescence 
was visible at 8 h and became stronger at 16 h. However, 
the 2.5 μmol/L group showed only weak fluorescence. 
After 36 h of treatment, the fluorescence intensity was 
increased in all groups.

We also used MNT1 and HEMs to verify the performance 
of the RBFP after 24 h of treatment, at different probe con-
centrations (0–20 μmol/L). After treatment, we removed 
the RBFP and observed clearance of intracellular RBFP. 
At 24 h, MNT1 and HEMs only showed weak fluorescence 
under 1 μmol/L RBFP treatment, but fluorescence intensity 
gradually increased with increased concentration, similar to 
results of RBFP treated B16F10 cells. After the RBFP was 
removed, fluorescence was still visible in MNT1 and HEMs 

Fig. 2   Assay of RBFP cytotoxicity via MTT assay. Cells were treated 
with the resorufin-based fluorescence probe (RBFP) at different con-
centrations (0, 0.3, 0.6, 1.2, 2.5, 5.0, 10.0, and 20.0 μmol/L); absorp-
tion at 490 nm was measured with a microplate reader after 12, 24, 

36, and 48 h of treatment; cell viability is expressed as a percentage: 
a B16F10; b Melan-a; c MNT1; d human epidermal melanocytes 
(HEMs) (data are presented as mean ± standard deviation, n = 5). 
Conc: concentration; ns: not significant; *P < 0.05; **P < 0.01
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in the 10 and 20 μmol/L groups at 48 h (Fig. 4b and 4c), due 
to residual catalyzed RBFP in the cells. However, fluores-
cence in MNT1 disappeared after 72 h (Fig. 4b).

Selectivity and sensitivity of the RBFP in cells

Results confirmed that the RBFP could detect TYR effec-
tively in skin cells. Besides, our non-biological assessments 
showed that the RBFP had high selectivity and sensitivity for 
TYR. Based on that, we took a step further and used some 
biological tools for more evidence. First, we used mouse-
specific siRNA to transfect B16F10 cells and downregulate 
TYR expression [29, 30]. Three siRNAs were designed for 
different targets on TYR messenger RNA (the sequences 
are given in Table S2). B16F10 cells were transfected with 
siRNAs (including a siRNA-a negative control) for 24 h, 
then treated with RBFP (5.0 μmol/L). Cell fluorescence was 
observed 24 h later. Fluorescence was markedly decreased in 
the si_TYR_3 group, but little changed in the other groups 
(Fig. 5a). qRT-PCR results showed that si_TYR_3 sig-
nificantly decreased TYR RNA levels (P < 0.01) and that 
si_TYR_2 slightly decreased TYR RNA levels (P < 0.05), 
but si_TYR_1 had no effect (Fig. 5b). Second, we used 
kojic acid to suppress TYR activity in B16F10, Melan-a, 
MNT1, and HEMs, aiming to further confirm the selectivity 

and sensitivity of the RBFP. After 24 h, kojic acid-treated 
cells showed marked changes in cellular fluorescence, and 
intensity decreased gradually as kojic acid concentration 
increased (Fig. 5c–5f).

Performance of the RBFP in zebrafish

Zebrafish are widely used in melanin research and fluores-
cent imaging probe design [31], and PTU is commonly used 
in suppressing zebrafish TYR activity [32, 33]. Thus, we 
used zebrafish and PTU for in vivo studies. After hatching, 
zebrafish embryos were cultured with PTU (0.003%, equals 
to 200 μmol/L) to inhibit TYR and melanin formation [34]; 
the control group was treated with medium only. In the first 
two days, fluorescence was weak, with no noticeable differ-
ence between the two groups. However, on the fourth day, 
the NC group showed strong fluorescence, while the PTU-
treated group continued to show weak fluorescence. After 
that, we removed the RBFP, thus fluorescence decreased 
markedly in all zebrafish on the fifth day. In addition, the 
density of melanin granules in the eyes, head, and tails of 
zebrafish gradually increased over time, except for the PTU-
treated group (Fig. 6). In the first four days, the fluorescence 
intensity in the control group was closely related to melanin 
density.

Fig. 3   The performance of the RBFP in different skin-cell types: a 
Fluorescence of PIG1, HaCaT, and fibroblasts (FB) after resorufin-
based fluorescence probe (RBFP) treatment (5.0 μmol/L for 24 h); b 
Fluorescence of co-cultured human epidermal melanocytes (HEMs) 
and keratinocytes (KC) after RBFP treatment (5.0 μmol/L for 24 h), 

and orange arrows indicate HEMs and yellow arrows indicate KC; 
c RNA levels of tyrosinase (TYR) in different skin-cell types, deter-
mined by quantitative real-time reverse transcriptional polymerase 
chain reaction (qRT-PCR). Data are expressed as mean ± standard 
deviation (n = 3). Scale bar (light yellow) = 50 μm
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Performance of the RBFP on guinea pig

To assess this probe in vivo, we used guinea pigs to evalu-
ate the performance of RBFP in the skin. Different regions 
of the dorsal skin of guinea pigs were coated with kojic 
acid solution or PBS and then smeared with RBFP. On the 
second day, Region II (PBS + RBFP) showed strong red 

fluorescence, while Regions I (PBS), III (kojic acid), and 
IV (kojic acid + RBFP) were comparatively weak. These dif-
ferences persisted, although less intensely, on the third day. 
After observation, the dorsal skin was washed to remove 
the RBFP residue and re-treated with kojic acid. On the 
fourth day, we found only weak fluorescence of RBFP-free 
skin, with no obvious differences between the four regions 

Fig. 4   Optimum observation 
conditions and clearance of 
the RBFP in cells. Cells were 
continuously treated with the 
RBFP at different concentra-
tions (2.5, 5.0, and 10.0 μmol/L 
for B16F10; 1–20 μmol/L for 
MNT1 and HEMs). In B16F10, 
the RBFP was re-added after 
each observation to investigate 
the accumulation of probe in 
cells, but in MNT1 and HEMs, 
the RBFP was removed after 
24 h to investigate the clearance 
of probe in cells. Fluorescence 
was observed at several time 
points (8, 16, 24, and 36 h in 
B16F10; and 24 and 36 h in 
MNT1 and HEMs): a B16F10; 
b MNT1; c HEMs. Scale bar 
(pale blue) = 20 μm and scale 
bar (light yellow) = 50 μm
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(Fig. 7a). After the experiment, we sampled dorsal skin from 
PBS-treated and PBS + RBFP-treated regions. No obvious 
skin erythema, papule, or scale was observed. We also found 

no histological differences between the skin from PBS-
treated and PBS + RBFP-treated regions via HE staining. 
There was also no obvious inflammatory response (Fig. 7b).

Fig. 5   Performance of the resorufin-based fluorescence probe (RBFP) 
after tyrosinase (TYR) expression or activity was suppressed by small 
interfering RNAs (siRNAs) or kojic acid. We transfected B16F10 
cells with three different mouse TYR siRNAs or negative con-
trol (si_NC) for 48  h: a B16F10 cells were treated with the RBFP 
(5.0 μmol/L) at 24 h. and fluorescence was observed at 48 h. b RNA 
levels of TYR were measured by quantitative real-time reverse tran-

scriptional polymerase chain reaction (qRT-PCR) (data are presented 
as the mean ± standard deviation, n = 3). Cells were also treated with 
kojic acid at several concentrations (50, 100, and 200  μmol/L) for 
48 h. RBFP was added at 24 h and cellular fluorescence was observed 
24 h later: c B16F10; d Melan-a; e MNT1; f HEMs. Scale bars (pale 
blue) = 20 μm and scale bars (light yellow) = 50 μm

Fig. 6   Detection of tyrosinase (TYR) in zebrafish with the resorufin-
based fluorescence probe (RBFP). After hatching, negative control 
group (NC) was cultured in medium, and others were treated with 
medium supplemented with 200 μmol/L 1-phenyl-2-thiourea (PTU). 

The RBFP (5.0 μmol/L) was added at baseline (day 0) and replaced 
with fresh probe after observed using fluorescence microscope, then 
the probe was removed after the observation on the fourth day
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Systemic toxicity assessment of the RBFP in vivo

To further evaluate probe toxicity, we coated the dorsal skin 
of SD rats with the RBFP (20 μmol/L). After a 3-d treat-
ment, no skin abnormalities (including erythema, papule, 
and scale) were found in either the RBFP group or con-
trol group (Fig. 8a). Compared with the PBS group, HE 
staining showed that skin structure of rats was not affected 
by the RBFP (Fig.  8b), which was consistent with the 
impacts of RBFP on guinea pig skin (Fig. 7b). Further, the 
rats were euthanized and vital organs (including the heart, 
liver, spleen, lung, kidney, and stomach) were collected and 
examined. As shown in figures, no morphological changes 
of different organs were found after RBFP treatment. HE 
staining also showed no obvious pathological changes, such 
as inflammation and necrosis (Fig. 8c). The results confirm 
that the probe has no cutaneous or visceral toxicity.

Discussion

Preliminary in vitro experiments confirmed that this RBFP 
is potentially useful for quantitative determination of TYR 
levels. Our data demonstrate that the probe shows excellent 

selectivity and sensitivity for TYR in melanocytes and mela-
noma cells. The fluorescence is easy to detect across a wide 
range of time and concentrations. However, we still do not 
understand the exact mechanisms involved in RBFP uptake 
and clearance. Our studies indicate that 10 μmol/L RBFP 
is safe for both mouse and human cells, including B16F10, 
Melan-a, MNT1, and HEMs, and that catalyzed RBFP is 
cleared from cell cultures and whole animals (zebrafish) in 
a short time. The RBFP also shows no toxic effects when 
applied to the skin of guinea pigs and SD rats.

The epidermis contains both keratinocytes and melano-
cytes [35, 36], but only melanocytes can produce melanin. 
Thus, TYR expression in these two cell types was also sig-
nificantly different. When we co-cultured HEMs and KCs 
together, the strong fluorescence in HEMs provided addi-
tional confirmation that this probe mainly works in melano-
cytes. Previous study has indicated that TYR in melanocytes 
can be secreted by vesicles or exosomes [37]. In our study, 
the fluorescence seen in some KC may be caused by melano-
some-carried TYR from melanocytes. Moreover, unlike FB 
and HaCaT cells, PIG1 cells show only weak fluorescence, 
even though they have high TYR levels. However, the PIG1 
cell line is extracted from Caucasian foreskin (generated by 
Le Poole IC, Seattle, USA) [38], and the TYR activity in 

Fig. 7   Resorufin-based fluores-
cence probe (RBFP) perfor-
mance on guinea pig skin. The 
dorsal skin of guinea pigs was 
shaved and divided into four 
regions, and each region was 
treated differently, as marked 
in the figures. Fluorescence 
was tested on the second, third, 
and fourth days after kojic acid 
(200 μmol/L) treatment; the 
RBFP (10 μmol/L) was added 
4 h before observation: a an 
in vivo imaging system was 
used in fluorescence detection; 
b Hematoxylin–eosin (HE) 
staining showed the histology of 
dorsal skin collected from PBS-
treated and PBS + RBFP-treated 
regions (50 × and 400 × views). 
Scale bar (red) = 200 μm and 
scale bar (blue) = 20 μm
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Caucasian skin is relatively low. Overall, our findings indi-
cate that this probe shows good selectivity for melanocytes 
and that selectivity may not be disturbed by the presence of 
other kinds of skin cells.

Abnormal TYR level is an important pathological fea-
ture of pigmentation disorders [20]. Several factors can 
regulate TYR messenger RNA (mRNA) levels or protein 
abundance [39]; it is of significance that this RBFP can 
detect the change of TYR levels when TYR is suppressed 
by siRNA transfection. Abnormal TYR activity is also an 
important feature of pigmentation disorders. TYR is an oxy-
gen-dependent enzyme [40], while kojic acid is an effective 
inhibitor of TYR activation and is widely used in cosmet-
ics and skin pigmentation disorder treatments [41, 42]. The 
probe can accurately reflect the changes in TYR activity 
caused by kojic acid treatment. Thus, the RBFP can respond 
to pigmentation disorders in two ways.

The probe also works in zebrafish and can be cleared in a 
short time. However, use of the RFBP in the zebrafish model 
has several limitations. We found strong fluorescence in the 
zebrafish belly, which may be caused by RBFP accumula-
tion in the digestive tract [43]. In addition, fluorescence in 
zebrafish eyes disappeared in the control group, especially 
by the fifth day, indicating that RBFP fluorescence can be 
blocked by dense melanin granules. Moreover, zebrafish 
fluorescence was weak in the first few days of treatment, 

partly because the embryo was transported with PTU-sup-
plied medium; and it took time for PTU to metabolize. These 
problems require additional evaluation of zebrafish models.

RBFP is also apparently effective on guinea pig skin. 
However, the red fluorescence of the RBFP on skin was seri-
ously affected by endogenous fluorescence of guinea pig 
fur, including that of hair roots in the follicles. Although 
the human skin has less hair, the density of hair follicles is 
very high. Therefore, we suggest that the performance of this 
probe on skin should be evaluated more comprehensively, 
and our results so far do not definitively prove the clinical 
value of this probe in real skin. Unlike its performance in 
cells and zebrafish, the RBFP may encounter interference in 
practical use; given the interfering factors of dense melanin 
and hair, the probe needs further improved to address these 
issues.

Conclusions

This study evaluated the performance of a resorufin-based 
fluorescence probe (RBFP, synthesized by resorufin salt 
coupled with 3-(bromomethyl)phenol, first reported by Wu 
et al. [23–25]) in skin pigmentation disorders. Our work 
shows that the RBFP is safe, selective, and effective in mel-
anocytes and melanocyte-derived cells. The fluorescence is 

Fig. 8   Systemic toxicity assessment of the RBFP in SD rats. The dor-
sal skin of SD rats was shaved and treated with RBFP (20 μmol/L) 
for 3 d (applied twice a day). a The appearance of dorsal skin before 
and after treatment; b The histological view of dorsal skin from two 

groups (400 × magnification); c Morphology and histology of the 
heart, liver, spleen, lung, kidney, and stomach tissues (100 × magnifi-
cation). Scale bar (blue) = 20 μm and scale bar (black) = 100 μm
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easily observed, and its intensity reflects the changes in TYR 
levels and activity in cells cultures. Additionally, the RBFP 
works well in zebrafish. However, the performance of the 
RBFP on guinea pig skin is not satisfactory; its limitations 
in this context have been discussed in the previous section.

In skin pigmentation disorders, abnormal TYR levels 
and activity are reliable indicators in diagnosis. Among skin 
cells, melanocytes are characterized by TYR levels. Thus, 
fluorescent TYR probes show clinical promise as diagnos-
tic tools. One of the advantages of probes is that they are 
considered harmless and noninvasive when applied to the 
skin. Moreover, the fluorescence can be easily observed. 
However, the clinical usefulness of fluorescent probes on 
human skin remains to be verified, and its limitations in tests 
of animal models indicate the need for additional investiga-
tion. Melanocytes account for only a small proportion of 
skin components; therefore, it is essential that probes not 
be vulnerable to interference from other skin components, 
such as melanin and hair. Additionally, the effectiveness of 
transdermal delivery of probes and the intensity of the emit-
ted fluorescence should be considered.
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