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A B S T R A C T

Tyrosinase is the rate-limiting enzyme in melanogenesis and food browning, making its inhibitors crucial for 
health and food preservation. However, the specific mechanisms by which multi-berry formulations synergis
tically inhibit tyrosinase remain uncharacterized, particularly within the context of overcoming bioactivity 
limitations caused by standardized food ingredients. Our study revealed that blueberry-black chokeberry extracts 
at 1:1 ratio with superior synergistic inhibition in tyrosinase. Using affinity-ultrafiltration coupled with ultra
–performance liquid chromatography–mass spectrometry (AUF–UPLC–MS), sixteen inhibitors were identified, 
notably delphinidin-3-O-galactoside (IC50 = 45.06 ± 1.32 μM) and cyanidin-3-O-arabinoside (IC50 = 55.54 ±
0.83 μM) displayed the highest binding affinities with synergistic inhibition at 4:1-ratio. This anthocyanin 
mixture exhibited reversible mixed-type inhibition, with Lineweaver-Burk analysis and multi-spectroscopic 
studies confirming stable complex formation. Molecular docking and dynamics simulations revealed the 
mixture sequence-specific inhibition mediated by enhanced hydrogen bonding that prevented drastic structural 
changes. The anthocyanin mixture also exhibited enhanced processing stability. These findings provided 
mechanistic foundations for developing multi-berry-derived anti-tyrosinase ingredients, enabling bioactivity 
maximization in industrial food processing.

1. Introduction

Tyrosinase plays a pivotal role as a rate-limiting enzyme in mela
nogenesis by catalyzing L-tyrosine and L-3,4-dihydroxyphenylalanine (L- 
DOPA) into their corresponding dopaquinones. These dopaquinones are 
then further oxidized and polymerized into melanin (Caksa, Baqai, & 
Aplin, 2022; Molina et al., 2024). Simultaneously, tyrosinase plays a 
significant role in the enzymatic browning observed in fruits, vegetables, 
and seafood, dramatically impacting their shelf-life, color, flavor and 
nutrition values (Muñoz-Pina et al., 2021). Therefore, tyrosinase in
hibitors are commonly utilized as food preservatives, which have 

extensive applications for health promotion and enzymatic anti- 
browning within the field of food manufacturing and processing in
dustries (Li et al., 2021). Currently, numerous potent tyrosinase in
hibitors derived from synthetic and natural resources have been 
extensively studied, such as 4-hexylresorcinol and kojic acid. However, 
despite their demonstrated efficacy, safety concerns regarding potential 
skin irritation, instability, or long-term toxicity have significantly 
limited their regulatory approval and broad application (Zolghadri 
et al., 2019).

Berries are natural and nutrient-rich edible sources of bioactive 
phytochemicals, including phenolic acids, flavonoids, anthocyanins and 
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proanthocyanidins, which contribute to their diverse functional prop
erties (Qi et al., 2023; Zhang et al., 2024). Due to their high nutritional 
value and health-promoting properties, berries are frequently integrated 
into diverse processed food products- particularly functional beverages- 
to extend their shelf life and fortify bioactive profiles (Puiggròs et al., 
2017). Notably, mixed-fruit beverages incorporating two or more berry 
varieties have gained significant consumers preference over single-fruit 
formulations. These blends not only exhibit superior sensory appeal but 
also demonstrate enhanced nutritional synergy and greater functional 
benefits compared to their single-fruit counterparts (Theba, Nayi, & 
Ravani, 2024; Wazed, Sheikh, Akhtaruzzaman, Awal, & Mozumder, 
2023). Previous studies have demonstrated that mulberries, particularly 
extracts derived from purple-colored varieties, exhibited significant 
tyrosinase inhibition activity (Aramwit, Bang, & Srichana, 2010). 
Furthermore, synergistic effects have been observed in berries combi
nations. For instance, the combined administration of raspberries and 
blackberries has been shown to ameliorate mitigating obesity-induced 
cardiac inflammation and oxidative stress. Similarly, anthocyanin-rich 
berry mixtures containing blueberry, bilberry and blackberry demon
strated synergistic activity in suppressing invasive lung cancer cell 
growth (Kausar et al., 2012; Najjar, Knapp, Wanders, & Feresin, 2022). 
However, systematic studies investigating the synergistic inhibitory ef
fects of multi-berry combinations on tyrosinase activity remain scarce, 
and the underlying interaction mechanisms among their bioactive 
components are still unclear, which hinders the rational design and 
optimization of highly effective and stable anti-tyrosinase berry 
formulations.

This study aims to address these challenges by systematically 
exploring the synergistic anti-tyrosinase potential of berry blends. We 
hypothesize that specific combinations of key berry-derived inhibitors 
interact synergistically with tyrosinase, and that this interaction can be 
optimized and mechanistically decoded (Leporini et al., 2020; Ou, Lin, 
Zhao, & Xie, 2020). To test this, an integrated analytical strat
egy—combining affinity-ultrafiltration coupled with UPLC-MS (AUF- 
UPLC-MS) for ligand fishing, kinetics and fluorescence quenching ana
lyses for interaction profiling, and molecular docking for simu
lation—was employed. This approach allows us to move beyond 
empirical blending towards a mechanism-guided design. The findings 
are expected to elucidate the key inhibitor interactions and their com
bined mechanism of action, thereby providing a scientific basis for 
precisely optimizing berry blends. This will facilitate the development of 
stable, high-efficacy anti-tyrosinase functional ingredients, offering a 
tangible solution to the limitations imposed by raw material variability.

2. Materials and methods

2.1. Chemicals and reagents

All dry powdered berries were obtained from Dandong Junao 
Foodstuff Co., Ltd. (Dandong, China). Tyrosinase from mushroom and 
reaction substrates L-DOPA, and L-tyrosine were purchased from Beijing 
Solarbio Technology Co., Ltd. (Beijing, China). Cyanidin-3-O-arabino
side, cyanidin-3-O-galactoside, cyanidin-3-O-glucoside, delphinidin-3- 
O-glucoside, delphinidin-3-O-arabinoside and delphinidin-3-O-galacto
side with an HPLC purity >99% were purchased from ChemFaces 
Biochemical Co., Ltd. (Wuhan, China). Kojic acid (purity >98%) was 
obtained from Shanghai Yien Chemical Technology Co., Ltd. (Shanghai, 
China). Microcon ultrafiltration centrifuge tubes (0.5 mL, MWCO 100 
kDa) were procured from Millipore Co. Ltd. (Bedford, Massachusetts, 
USA). Methanol, acetonitrile and formic acid were purchased from 
Merck Group (Darmstadt, Germany). Sodium dihydrogen phosphate and 
disodium hydrogen phosphate were obtained from Shanghai Macklin 
Biotech Co., Ltd. (Shanghai, China). All reagents and chemicals were of 
analytical grade, and all solutions were prepared with ultrapure water.

2.2. Preparation of berry extracts

The extraction was performed based on our previous method with 
slight modifications (Tan et al., 2024). Briefly, 20 g of the dried 
powdered black chokeberry (Aronia melanocarpa), blueberry (Vaccinium 
corymbosum), blackcurrant (Ribes nigrum L.), cranberry (Vaccinium 
oxycoccos), sea buckthorn (Hippophae rhamnoides), raspberry (Rubus 
corchorifolius) and strawberry (Fragaria × ananassa Duch) were mixed 
with 100 mL of 70% ethanol respectively at a ratio of 1:25 (w/v) for 3 h 
to obtain the berry extracts. After filtration, the supernatants were 
decompressed and concentrated to dry at 40 ◦C by IKA RV 10 digital 
rotary evaporators (IKA, Staufen im Breisgau, Germany). The resulting 
berry extracts were obtained after freeze-drying and stored at − 80 ◦C for 
a maximum of 12 weeks.

2.3. Tyrosinase inhibition assay

The assay was performed according to established methods (Wang, 
Wang, Xia, Sui, & Si, 2019), employing mushroom tyrosinase as a 
standard model due to its commercial availability and recognized ho
mology to human tyrosinase. Briefly, L-DOPA (2.5 mM) solution, and 
different concentrations of sample solutions were sequentially mixed 
using phosphate-buffered saline (PBS, 0.1 M, pH 6.8) solution in a 96- 
well plate at 25 ◦C for 5 min. Tyrosinase solution (1000 U/mL) was 
then added, followed by incubation for an additional 10 min. Finally, the 
absorbance of the total solution was measured at 475 nm using a TECAN 
photometric microplate reader (TECAN, Männedorf, Switzerland). The 
inhibition rate of tyrosinase activity was calculated by the following 
formula (1): 

Inhibition of tyrosinase activity(%) =
Asample

Acontrol
×100% (1) 

where Asample represents the absorbance of the sample; Acontrol repre
sents the absorbance without sample. The IC50 values were measured by 
interpolating the concentration-response curves. Kojic acid (0.03 mg/ 
mL) was used as the positive control.

2.4. Screening and identification tyrosinase inhibitors using 
AUF–UPLC–quadrupole time-of-flight (Q-TOF)-MS/MS

The screening method has been slightly modified based on previous 
literature (Hering et al., 2023) and the schematic diagram was depicted 
in Fig. 2. Berry extracts (1.5 mg/mL), L-DOPA (2.5 mM), and tyrosinase 
(1000 U/mL) were added in a PBS solution (0.1 M, pH 6.8) at 37 ◦C for 
40 min. The reaction solution was transferred to an ultrafiltration 
centrifuge tube (Microcon 100 kDa; Merck Millipore, MA, USA) and 
centrifuged 8000 r/min for 30 min to remove non-binding components. 
An inactivated tyrosinase was subjected to heat treatment in a boiling 
water bath for 30 min and used as negative control. The experiment 
involved three groups: (1) the blank group reaction solution without 
tyrosinase; (2) the sample group with tyrosinase; (3) and the denatured 
group reaction solution contained inactivated tyrosinase, aiming to 
eliminate non-specific binding of compounds to enzymes. The binding 
affinity (AD) between the ligand and tyrosinase was calculated using 
formula (2): 

AD(%) =
A1 − A2

A0
×100% (2) 

where A1, A2, and A0 denote the peak areas of identified compounds in 
berry extract incubations with inactivated tyrosinase, with and without 
tyrosinase, respectively.

The non-binding fraction obtained after ultrafiltration reaction 
mixture was analyzed using UPLC-30AD system (Shimadzu Co., Tokyo, 
Japan). Separation was performed on a JADE-PAK ODS column (250 
mm × 4.6 mm, 5 μm, ECHWAY, China) maintained at 30 ◦C. The mobile 
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phase consisted of 8.5% formic acid in water (phase A) and 22.5% 
acetonitrile, 8.5% formic acid, 22.5% methanol (phase B). The gradient 
elution was applied at a flow rate of 1.5 mL/min as follows: from 0 to 35 
min, the proportion of B changed from 7% to 25%; from 35 to 45 min, its 
proportion changed from 25% to 65%; from 45 to 46 min, its proportion 
changed from 65% to 100%. Prior to injection, the extracts were filtered 
through a 0.22 μm membrane and detection was performed at 535 nm.

Anthocyanin monomer identification was carried out using an Agi
lent 6530 Q-TOF LC-MS/MS (Agilent Technologies, Santa Clara, Cali
fornia, USA) in a positive ion mode with the following parameters. 
Chromatographic separation was achieved on an Agilent ZORBAX SB- 
C18 column (4.6 × 100 mm, 1.8 μm) with an injection volume of 5 
mL, maintained at 30 ◦C; using a mobile phase consisting of 0.1% formic 
acid in water (A) and acetonitrile (B) at a flow rate of 0.5 mL/min. The 
gradient program was set as follows: 95–0% A over 0–55 min, followed 
by isocratic elution at 0% A for 55–60 min. MS analysis was conducted 
with the following parameters: gas temperature was 360 ◦C with a flow 
rate of 7 L/min; the sheath gas temperature was 400 ◦C with 11 L/min; 
the input voltage at the outlet of the capillary tube was 150 V; and it was 
in capillary electrophoresis. The scan range was between 100 and 1000 
m/z. MS/MS fragmentation data were used to confirm the corresponding 
peaks of anthocyanin monomers.

2.5. Evaluation of synergy effect in tyrosinase inhibition assay

The tyrosinase inhibition rates of blueberry, black chokeberry or 
their anthocyanins were investigated in various molar ratio combina
tions. Initially, multiple concentrations of each extract and compounds 
were selected to represent the range around the IC50 values. Five com
bination ratios (1,1, 1,4, 4:1, 1:9, and 9:1) of these combinations were 
diluted into series concentrations and calculated using Chou's median 
effect equation, and the combination index (CI) values were computed 
according to a previously published method (Chou, Shapiro, Fu, Chou, & 
Ulrich-Merzenich, 2019). The synergistic effects of different mixtures 
were evaluated using CI (CI values >1.1, <0.9 and 0.9–1.1 indicate 
antagonism effect, synergistic effect, and additive effect, respectively). 
The CI was calculated for the effective doses at inhibition levels, affected 
fractions (Fa) of 20, 50, 75% represent the tyrosinase inhibition rate (%) 
affected by dose of berries at each of the combination ratios. The dose 
reduction index (DRI) represents the fold-reduction in the dose of each 
berry extract within a synergistic combination relative to its individual 
dose at a specific effect level. The CI value and DRI value were calculated 
by Compusyn software (Combosyn, Inc., Paramus, NJ, USA).

2.6. Kinetics study of tyrosinase inhibition

To assess the reversibility of inhibition against tyrosinase, we 
maintained a constant L-DOPA concentration (2.5 mM) while system
atically varying the tyrosinase concentration (150, 300, 450, 600 U/ 
mL). The reaction velocity (V, ΔOD/min) was determined following the 
addition of delphinidin-3-O-galactoside or cyanidin-3-O-arabinoside at 
concentrations ranging from 0 to 32 μM (0, 4, 8, 16 and 32 μM). To 
further analyze the type of tyrosinase inhibition, the effect of delphini
din-3-O-galactoside, cyanidin-3-O-arabinoside and mixture (4:1 ratio) 
were measured by keeping the tyrosinase concentration (1000 U/mL) 
and increasing the L-DOPA concentration (0.25, 0.5, 1 and 2 mM). The 
concentrations of delphinidin-3-O-galactoside, cyanidin-3-O-arabino
side, and their mixture (4,1 ratio) on tyrosinase activity at varying 
concentrations: (A) 0, 4, 8, and 16 μM for individual anthocyanins; (B) 0, 
5, 25, and 50 μM for the mixed inhibitor system. The Lineweaver–Burk 
plot was used to determine the tyrosinase inhibition mechanism for
mulas (3)–(5): 

1
V
=

Km

Vmax

1
[S]

+
1

Vmax
(3) 

Slope =
Km

Vmax
+

Km[I]
VmaxKi

(4) 

intercept =
1

Vmax
+

1
KisVmax

[I] 1(5) 

where Ki represents the inhibition constant of the inhibitor binding to 
free enzymes; Kis represents the equilibrium constant of the inhibitor 
binding to the enzyme substrate complex; V and Vmax are the initial 
reaction velocity and the maximum initial reaction velocity, respec
tively; Km is the Michaelis constant; [I] is the inhibitor concentration and 
[S] is the substrate concentration.

2.7. Fluorescence spectroscopy analysis

Fluorescence spectroscopy method was used based on previous 
literature with slight modifications (Zhu et al., 2021). The interaction 
between tyrosinase solution (2.75 × 10− 4 g/L) and different sample 
solutions concentrations (0, 20, 30, 40 and 50 μM) was measured using 
an F4600 fluorescence spectrometer (Hitachi, Tokyo, Japan). The sam
ples were measured after 20 min of water bath at 298 K, 318 K, and 338 
K, respectively. The slit width was set to 5 nm, the excitation wavelength 
was 280 nm, and the emission spectrum collection range was 290–320 
nm.

2.8. Circular dichroism (CD) spectroscopy

The samples were conducted using a JASCO J-810 spec
tropolarimeter (JASCO Co., Tokyo, Japan), with scanned in the far ul
traviolet region of 200–250 nm at 25 ◦C and a path length of 1 mm. The 
proportion of the protein's secondary structure was calculated by 
Cluster-based Discriminative Neural Networks (CDNN) software 
(Applied Photo-physics Ltd., Surrey, UK).

2.9. Molecular docking and molecular dynamics simulation

The 3D structure of tyrosinase (PDB: 2Y9X) was retrieved from the 
RCSB Protein Data Bank (PDB) at the official website (http://www.rcsb. 
org/). The 3D structures of the ligands (delphinidin-3-O-galactoside and 
cyanidin-3-O-arabinoside) were retrieved from the PubChem database. 
The molecular docking software Discovery studio 2019 was used to 
predict the possible interaction between the ligands and tyrosinase. 
Before docking, pretreatments such as water removal, ligand molecular 
deletion, and hydrogen addition, were performed on the original protein 
via PyMOL. Tyrosinase Chain A was selected as the acceptor protein. The 
molecular interaction between the ligands and protein was simulated 
using the CDOCKER program with 100 running times. Other parameters 
were set to their default values. Finally, the docking model with the 
lowest binding energy was analyzed.

Molecular dynamics simulations were conducted with Gromacs 
v2022.03 using AMBER99SB-ILDN force field. Electrostatic interactions 
were calculated via Particle-mesh Ewald method, followed by energy 
minimization using the steepest descent algorithm method. The system 
was equilibrated for 100 ps in isothermal isovolumetric (NVT) ensemble 
with V-rescale temperature coupling, followed by 100 ns production run 
in isothermal isobaric (NPT) ensemble at 300 K and 1 bar. Structural 
dynamics were evaluated through root mean square deviation (RMSD), 
RMSF (root mean square fluctuation), radius of gyration (Rg) values, 
surface area accessible to solution (SASA) and hydrogen bonds analyses. 
Gibbs free energy was derived from RMSD and Rg values. Binding free 
energy was calculated using gmx_MMPBSA tool based on the molecular 
mechanics Poisson-Boltzmann surface area (MMPBSA) method.
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2.10. Verification assay

During the verification assay, the samples were divided into six 
groups: (1) The thermal treatment group involved exposing the sample 
to different temperatures (25 ◦C, 50 ◦C, 75 ◦C and 100 ◦C) in the dark for 
30 min. (2) The ultrasound treatment group involved subjecting the 
sample to different ultrasound powers (60, 120, 160 and 240 W) for 10 
min at 25 ◦C while avoiding light. (3) The vitamin C (Vc) or (4) sucrose 
groups contained various concentrations (2, 4, 6 and 8%v/v) of Vc or 
sucrose solution. (5) The accelerated storage group involved storing the 
sample in the dark at 25 ◦C for up to 8 h. (6) Finally, the illumination 
group involved exposing the sample to a light intensity of 5000 lx (1, 2, 3 
and 4 h) using light with LS-4000 UV constant temperature light box 
(Tianxing Technology Co., Ltd., Beijing, China Co., Ltd.) at 25 ◦C. A final 
concentration of 60 μM sample solution was added to each group. The 
determination of tyrosinase inhibition activity was conducted as 
described above.

2.11. Statistical analysis

Each experiment was performed at least in triplicate (n = 3–5). 
Statistical analyses were performed using IBM SPSS Statistics 27 (SPSS 
Inc., Chicago, IL, USA) and the results were presented as mean ± stan
dard deviation (S.D.). One-way analysis of variance (ANOVA) was used 
to analyze differences, and a p value of <0.05 was considered a statis
tically significant difference. Different letters indicated significant dif
ferences within groups.

3. Results and discussion

3.1. Tyrosinase inhibition activity and synergistic effects of berries

The inhibition activity of seven berry extracts (black chokeberry, 
blueberry, blackcurrant, cranberry, sea-buckthorn, raspberry and 
strawberry) at different concentrations on tyrosinase activity was eval
uated. All the tested berry extracts demonstrated inhibitory effects on 
tyrosinase activity in a dose-dependent manner. Based on the results of 
the IC50 value, the order of the anti-tyrosinase activity of the berry ex
tracts were as follows: black chokeberry > blueberry > blackcurrant >
cranberry > sea buckthorn > raspberry > strawberry (Supplemental 
information Table S1). As shown in Fig. 1A, the IC50 values of black 
chokeberry and blueberry were 0.78 ± 0.69 mg/mL and 0.94 ± 0.69 
mg/mL, respectively, indicating the strongest inhibition activity on 
tyrosinase among all the tested berry extracts. These results were 
consistent with those of previous studies (Tian et al., 2021) and sup
ported the idea that the tyrosinase inhibition activity of blueberries may 
mainly depend on the content of anthocyanins. A previous study also 
showed that the mixture of delphinidin-3-Ο-glucoside and cyanidin-3-Ο- 
glucoside displayed a more potent anti-inflammatory effect compared 
with that of a single anthocyanin, suggesting that a combination of 

diverse anthocyanins might exert synergistic effects (Zhu et al., 2013). 
Therefore, it is highly speculated that a synergistic effect might exist 
among the berries.

Five gradient-designed concentration ratio combinations were 
investigated to further explore whether there was a synergistic effect 
between blueberry and black chokeberry on tyrosinase inhibition ac
tivity. The CI value was employed to quantitatively evaluate the com
bined effects between two berry extracts. A CI value below 0.9 indicated 
a synergistic effect, suggesting that the combined extracts exhibited 
enhanced tyrosinase inhibition compared to individual extracts. As 
shown in Fig. 1B–C and Table 1, all tested combinations of blueberry and 
black chokeberry extracts exhibited a synergistic effect. Specifically, 
synergy was evident at concentration ratio of 9:1 with Fa of 20%; at 1:1 
and 4:1 concentration ratio when Fa at 75%. A progressively stronger 
synergistic effect was observed for the 1:1 blueberry–black chokeberry 
mixture with increasing Fa levels, ranging from slight to strong syner
gism. Notably, this ratio demonstrated the lowest CI value (0.46 ± 0.19) 
at a high Fa of 75% and higher for across all the tested combinations 
with the DRI values of 5.5 and 3.1 for blueberry and black chokeberry, 
respectively, which indicated that it was the optimal combination con
centration for blueberry and black chokeberry, exerting the most robust 
synergistic effect on tyrosinase inhibition.

3.2. Screening of tyrosinase inhibitory ligands using AUF–UPLC–Q-TOF- 
MS/MS

AUF–UPLC–MS/MS is an effective approach for the rapid screening 
and targeted separation of potential active components in herbal ex
tracts (Li et al., 2022; Liu et al., 2024). Upon incubation, the active in
gredients from berry extracts formed a tyrosinase-inhibiting complex. 
Subsequently, this complex can be segregated from inactive components 
by exploiting the selective retention property of centrifugal ultrafiltra
tion filters. Finally, twelve and four main anthocyanins were identified 
using UPLC–Q-TOF-MS/MS in blueberry and black chokeberry extracts 
respectively. The detail results after comparing chromatographic 
retention times, excimer ion peak features, MS2 fragmentation patterns 
and relevant literature (Gao et al., 2023; Tan et al., 2024; Zang et al., 
2021) were presented in Supplemental information Table S2. The 
chemical structures and their calculated binding levels were shown in 
Fig. 2A. After comparing the chromatograms of berry extracts that were 
incubated in the absence of tyrosinase, it was observed that the peak 
areas corresponding to the compounds that bind to tyrosinase were 
significantly reduced, indicating that these compounds may interact 
with tyrosinase through specific or non-specific binding. Non-specific 
binding can be excluded by comparing with the chromatogram of 
berry extracts incubated with inactivated tyrosinase. Among the twelve 
anthocyanins found in blueberry extract, delphinidin-3-O-glucoside 
(12.93% ± 2.14%, peak 2) showed a high level of binding ability, fol
lowed by delphinidin-3-O-galactoside (10.15% ± 1.52%, peak 1), and 
delphinidin-3-O-arabinoside (9.195 ± 0.73%, peak 4), as calculated 

Fig. 1. (A) The tyrosinase inhibitory activity of blueberry and black chokeberry; (B–C) The CI values of blueberry and black chokeberry in different concentration 
ratio combinations (1,1, 1,4, 4,1, 1,9, 9:1).
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using the AD value. As shown in Fig. 2B, among the four anthocyanins 
found in black chokeberry extracts, cyanidin-3-O-arabinoside showed a 
relatively strong AD value (12.07% ±1.47%, peak 3), followed by cya
nidin-3-O-galactoside (10.20% ± 0.31%, peak 1), and cyanidin-3-O- 
glucoside (6.52% ± 0.84%, peak 2). These results suggested that an
thocyanins could directly interact with tyrosinase. For further valida
tion, anthocyanins with high AD values were selected as key 
components to analyze their potential on tyrosinase inhibition activity.

3.3. Tyrosinase inhibitory effect and kinetic study of the main active 
ingredients

Based on the above results, the tyrosinase inhibition activity of six 
anthocyanins from blueberry and black chokecherry which were iden
tified to have high AD values was further evaluated. As the result shown 
in Fig. 3A, delphinidin-3-O-galactoside and cyanidin-3-O-arabinoside 

from blueberry and black chokeberry exhibited the strongest inhibitory 
activity against tyrosinase, with the IC50 values of 45.06 ± 1.32 μM and 
55.54 ± 0.83 μM, respectively. Therefore, their synergistic effect of 
them was studied in several different concentration ratio combinations. 
As depicted in Fig. 3B-C and Supplemental information Table S3, the 
synergistic effect of delphinidin-3-O-galactoside and cyanidin-3-O- 
arabinoside at concentration ratio combination of 1:4 and 4:1 increased 
with an increase in Fa levels. The synergetic effect was observed at Fa of 
50% for concentration ratios of 1:4 and 4:1, respectively. Moreover, 4:1 
was the optimal combination concentration ratio for tyrosinase inhibi
tion with the lowest CI value (0.62 ± 0.15) at a high Fa of 75%. The DRI 
values were determined to be 5.9 and 2.2, respectively.

The inhibition mechanism of delphinidin-3-O-galactoside, cyanidin- 
3-O-arabinoside and their mixture at a combination ratio of 4:1 was 
further investigated. As shown in Fig. 3D–E, increasing the concentra
tion of delphinidin-3-O-galactoside and cyanidin-3-O-arabinoside 

Table 1 
The CI and DRI values of blueberry and black chokeberry extract at different combination ratios.

Fa (%) Treatment dose (mg/mL) Combination CI DRI

Blueberry Black chokeberry Ratio Dose (mg/mL) Blueberry Black chokeberry

20 0.35 0.19 1:1 0.2 + 0.2 2.62 ± 0.14 0.6 1.2
1:4 0.1 + 0.4 2.18 ± 0.15 3.0 0.5
4:1 0.4 + 0.1 1.55 ± 0.09 0.9 2.5
1:9 0.06 + 0.6 2.45 ± 0.21 5.4 0.4
9:1 0.1 + 0.01 0.41 ± 0.13 2.8 18.5

50 0.94 0.9 1:1 0.5 + 0.5 0.98 ± 0.06 2.0 2.0
1:4 0.2 + 0.8 1.47 ± 0.30 4.0 0.8
4:1 0.7 + 0.2 1.04 ± 0.41 1.3 4.1
1:9 0.1 + 1.0 1.53 ± 0.26 7.9 0.7
9:1 1.0 + 0.1 1.34 ± 0.12 0.8 6.2

75 2.28 2.08 1:1 1.2 + 1.2 0.46 ± 0.19 5.5 3.1
1:4 0.3 + 1.3 1.07 ± 0.15 5.2 1.1
4:1 1.1 + 0.3 0.76 ± 0.24 1.7 6.0
1:9 0.2 + 1.5 1.05 ± 0.24 10.7 1.0
9:1 5.4 + 0.6 3.42 ± 0.38 0.3 2.6

Fig. 2. The schematic diagram of AUF–UPLC–Q-TOF-MS/MS, HPLC chromatogram, chemical structures and corresponding analyses with AD validation against 
tyrosinase.in blueberry (A) and black chokeberry (B).
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reduced the tyrosinase activity. All lines passed through the origin with 
a good linearity, and the slope was negatively correlated with the con
centrations, indicating that delphinidin-3-O-galactoside and cyanidin-3- 
O-arabinoside demonstrated a reversible inhibitory effect on tyrosinase. 
The type of tyrosinase inhibition was further investigated using Line
weaver–Burk plots as shown in Fig. 3F–H and Supplemental information 
Table S4. As the concentrations of delphinidin-3-O-galactoside, cyani
din-3-O-arabinoside, and their mixture (4:1 ratio) increased, the Vmax 
value decreased while the Km value increased. All fitting lines with 

different slopes intersected in the second quadrant of the coordinate 
axis, indicating that they were all mixed-type of inhibitors against 
tyrosinase (Copeland, 2013; Song et al., 2021). Meanwhile, the smaller 
Ki value of the mixture (4:1 ratio) indicated its stronger binding ability 
with tyrosinase. The Ki value of the mixture (4,1 ratio, 7.50 ± 0.86 μM) 
was much smaller than that of delphinidin-3-O-galactoside (22.44 ±
1.07 μM) and cyanidin-3-O-arabinoside (16.10 ± 0.48 μM) individually, 
suggesting that the mixture (4:1 ratio) showed the better inhibition ef
fect on tyrosinase than single, which was consistent with our previous 

Fig. 3. (A) Analysis of the tyrosinase inhibitory activity of the main active ingredients in blueberry and black chokeberry; (B–C) The CI values of delphinidin-3-O- 
galactoside and cyanidin-3-O-arabinoside in different concentration ratio combinations (1:1, 1:4, 4:1, 1:9 and 9:1). (D-E) The relationship between the concentration 
of tyrosinase and V of delphinidin-3-O-galactoside and cyanidin-3-O-arabinoside at different concentrations (0, 4, 8, 16, 32 μM). (F–H) Lineweaver-Burk curve of the 
inhibitory effect of delphinidin-3-O-galactoside, cyanidin-3-O-arabinoside and mixture (4:1 ratio) on tyrosinase inhibition activity at different concentrations (0, 4, 8, 
16 μM for individual anthocyanins and 0, 5, 25, 50 μM for the mixed inhibitor system); (f–h) The second plots (the upper left) represent the intercept and slope of 
Lineweaver-Burk plot versus delphinidin-3-O-galactoside, cyanidin-3-O-arabinoside and mixture (4:1 ratio) in the inset.

Fig. 4. (A–C) Effect of compounds on the fluorescence spectra of tyrosinase in presence of 0–50 μM each sample, delphinidin-3-O-galactoside (A), cyanidin-3-O- 
arabinoside (B), their mixture (4:1 ratio, C) at 298 K; (D–E) Stern-Volmer plots and double-logarithmic regression plots of each compound; (F–H) Effect of compounds 
on secondary structure content of tyrosinase analyzed by CD spectra.
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results. The constants Ki values of mixture (4,1 ratio) were calculated to 
be lower than the Kis value (25.34 ± 2.52 μM), indicating that its affinity 
with free enzymes is greater than that with the enzyme-substrate com
plex (Cardullo et al., 2020; Zhao, Wen, Lu, & Liu, 2020).

3.4. Analysis of the quenching mechanism by fluorescent spectroscopy

Fluorescence spectroscopy was employed to further explore the 
interaction mechanisms between delphinidin-3-O-galactoside, cyanidin- 
3-O-arabinoside and their mixture (4:1 ratio) with tyrosinase. As shown 
in Fig. 4A–C, the addition of each sample dose-dependently decreased 
the fluorescence intensity of tyrosinase, indicating that delphinidin-3-O- 
galactoside, cyanidin-3-O-arabinoside and their mixture (4:1 ratio) 
interacted with tyrosinase. No obvious shift in the maximum fluores
cence absorption peak of tyrosinase was observed as the concentration 
of cyanidin-3-O-arabinoside and delphinidin-3-O-galactoside increased. 
With the addition of their mixture (4:1 ratio), the maximum fluores
cence absorption peak of tyrosinase showed a slightly blue shift, and the 
maximum emission wavelength shifted from 312.2 nm to 311.2 nm, 
indicating that the mixture (4,1 ratio) altered the conformational envi
ronment of the intrinsic fluorescence chromophore.

The Stern–Volmer plots of the delphinidin-3-O-galactoside, cyani
din-3-O-arabinoside and their mixture (4:1 ratio) tyrosinase reaction 
system showed a good linear relationship under the temperature of 298 
K, implying that only one quenching mechanism is involved in this re
action system (Fig. 4D). The quenching parameters were presented in 
Table 2. At temperatures of 298 K, 318 K and 338 K, the quenching 
constant (Ksv) was negatively correlated with temperature. The 
quenching rate constant (Kq) values ranged from 16.6 to 45.4 × 1011 

L⋅mol− 1⋅s− 1, which was significantly higher than the limit quenching 
constant of diffusion collision (2.0 × 1010 L•mol•s− 1), indicating that 
the binding was a static quenching process. At each of these tempera
tures (298 K, 318 K and 338 K), the Ksv value of the mixture (4:1 ratio) 
was considerably higher than those of delphinidin-3-O-galactoside and 
cyanidin-3-O-arabinoside individually, implying that the mixture 
exhibited a more potent intrinsic fluorescence quenching effect on 
tyrosinase than that of a single anthocyanin. This could be due to the 
synergistic interaction between the components of the mixture, leading 
to a more stable complex formation with tyrosinase and a greater 
reduction in fluorescence intensity. Meanwhile, the values of binding 
constant (Ka) and number of binding sites (n) obtained from the inter
cept and slope were presented in Fig. 4E and Table 2. At temperatures of 
298 K, 318 K and 338 K, the Ka value decreased as temperature 

increased, indicating that these reactions were spontaneous exothermic 
processes. An n value of 1 implied that there is only one binding site 
between ligands and tyrosinase. At each tested temperature, the mixture 
(4:1 ratio) consistently displayed the highest Ka value (26.46 ± 0.04 at 
298 K, 24.43 ± 0.03 at 318 K and 17.36 ± 0.05 at 338 K) compared to 
individual anthocyanins, indicating its superior binding affinity for 
tyrosinase.

The thermodynamic constants of enthalpy change (ΔH), entropy 
change (ΔS), and Gibbs free energy change (ΔG), which play a crucial 
role in determining the interaction mode of the binding force, were 
presented in Table 2. The negative ΔH, ΔS values for delphinidin-3-O- 
galactoside, cyanidin-3-O-arabinoside and their mixture (4:1 ratio) 
provided evidence that the main interaction forces with tyrosinase were 
hydrogen bonding and van der Waals forces. The negative value of ΔG 
indicated that the reaction was spontaneous. This analysis helped to 
understand the nature of the interaction between the anthocyanin 
mixture and tyrosinase and provided insights into the thermodynamic 
factors that drive the binding.

3.5. Interaction mechanism by CD spectroscopy

CD spectroscopy is widely employed to study the alteration change in 
structure and conformation of protein when they interact with small 
molecules (Zhang et al., 2023). As shown in Fig. 4F–G, a significant 
alteration in the secondary structure content of tyrosinase were 
observed upon the addition of delphinidin-3-O-galactoside/cyanidin-3- 
O-arabinoside and their mixture (4:1 ratio), the contents of the α-helix, 
β-sheet, β-turn, and random coil structures in the protein were calcu
lated. CD spectra revealed two primary negative bands in the UV region 
at approximately 209 nm and 222 nm. While minor wavelength shifts 
occurred among delphinidin-3-O-galactoside, cyanidin-3-O-arabinoside 
and their mixture (4:1 ratio). Compared with the blank group, the per
centage α-helix and β-turn in content of tyrosinase decreased, this 
reduction was notably more substantial when their mixture (4:1 ratio) 
was added. For instance, after the addition of delphinidin-3-O-galacto
side, cyanidin-3-O-arabinoside, and the mixture (4:1 ratio), the α- helix 
content decreased from 34.4% to 27.7%, 30.0% and 26.9% respectively. 
The β-turn content decreased from 19.7% to 19.3%, 19.6% and 18.6%, 
respectively. In contrast, the β-sheet and random coil content increased, 
especially when the mixture (4:1 ratio) was added. Specifically, the 
β-Sheet content increased from 18.8% to 19.8%, 19.9% and 20.8% and 
the random coil content increased from 28.1% to 35.6%, 28.2% and 
38% after addition of delphinidin-3-O-galactoside, cyanidin-3-O- 

Table 2 
The binding and thermodynamic parameters of compounds with tyrosinase at different temperatures.

Reaction system T 
(K)

Ksv (×103 L 
mol− 1)

Kq (×1011 L 
mol− 1 s− 1)

R2 Ka (×104 L 
mol− 1)

n R2 ΔH (kJ mol− 1) ΔS (J mol− 1 

k− 1)
ΔG (kJ 
mol− 1)

Delphinidin-3-O- 
galactoside

298 32.4 ± 0.12c 32.4 ± 0.12c 0.9944 17.48 ± 0.01c 1.1228 0.9977 − 125.63 ±
1.67b

− 296.87 ±
1.57b

− 31.23 ±
0.02f

318 27.6 ± 0.07e 27.6 ± 0.07e 0.9844 15.18 ± 0.02e 1.2613 0.9969 − 31.14 ±
0.04e

338 24.4 ± 0.04f 24.4 ± 0.04f 0.9896 12.83 ± 0.03f 1.3550 0.9943 − 30.78 ±
0.01d

Cyanidin-3-O- 
arabinoside

298 28.2 ± 0.11e 28.2 ± 0.11e 0.9821 11.65 ± 0.04g 0.7790 0.9930 − 78.25 ±
0.24a

− 173.99 ±
0.78a

− 26.41 ±
0.06b

318 23.5 ± 0.08f 23.5 ± 0.08f 0.9935 9.89 ± 0.01h 0.8388 0.9843 − 22.10 ±
0.02a

338 16.6 ± 0.06g 16.6 ± 0.06g 0.9812 6.12 ± 0.02i 0.8053 0.9980 − 36.69 ±
0.02i

Mixture (4:1) 298 45.4 ± 0.04a 45.4 ± 0.04a 0.9898 26.46 ± 0.04a 1.1640 0.9883 − 165.61 ±
0.66c

− 381.43 ±
0.57c

− 35.24 ±
0.05b

318 37.2 ± 0.08b 37.2 ± 0.08b 0.9885 24.43 ± 0.03b 1.3730 0.9898 − 34.83 ±
0.03g

338 30.1 ± 0.05d 30.1 ± 0.05d 0.9813 17.36 ± 0.05d 1.4149 0.9967

Y. Du et al.                                                                                                                                                                                                                                       Food Chemistry: X 33 (2026) 103464 

7 



arabinoside and their mixture (4:1 ratio), respectively. These results 
demonstrated that the anthocyanin mixture exerted a more significant 
impact on the secondary structure compared with the individual com
ponents. The alteration within the secondary structure led to the 
disruption of the enzyme's conformation and its original hydrogen bond 
network. Such disturbance brought about a change in the enzyme's 
hydrophobicity, eventually resulting in a breakdown of the enzyme 
conformation and a consequent reduction in its activity (Song et al., 
2020). These results were consistent with the fluorescence spectral data 
mentioned earlier.

3.6. Molecular docking analysis

Molecular docking is a valuable tool for predicting the binding sites, 
key residues, and binding forces between receptors and ligands (Xue 
et al., 2022). As shown in Fig. 5A–C, the predicted optimal binding 
modes for delphinidin-3-O-galactoside, cyanidin-3-O-arabinose, and 
their mixture (4:1 ratio) were molecularly docked with tyrosinase with 
binding energies of − 6.0846, − 5.4767 and − 6.2279 kcal/mol, respec
tively. It is evident that the mixture complexes and tyrosinase have the 
lowest strength of bonding ability, indicating the binding force of the 
mixture was stronger compared with that of the individual compounds. 
The results were also in agreement with the IC50 value, kinetics and 
fluorescence quenching results.

As presented in Table 3, molecular interaction analysis between 
tyrosinase and delphinidin-3-O-galactoside (TYR-D3G) revealed that a 
total of two hydrogen bonds (green dotted line) were formed between 
delphinidin-3-O-galactoside and residues at Glu322 (1.93 Å) and 
Asn260 (1.71 Å). Four residues, Val283 (2.90 Å), His85 (4.12 Å), His244 
(5.39 Å) and His263 (5.57 Å), were involved in the formation of hy
drophobic interactions (pink dotted line). Asp312 residues on tyrosinase 
formed electrostatic interactions (orange dotted line) with the oxygen 
atom of the C ring with a distance of 3.4 Å. Accordingly, molecular 
interaction analysis between tyrosinase and cyanidin-3-O-arabinoside 
(TYR-C3A) revealed that residues Asn260 (2.85 Å) and Glu322 (1.99 Å) 
formed two hydrogen bonds with the hydroxyl group at position 5 of the 
A ring and position 4′ of the B ring of cyanidin-3-O-arabinoside. Residues 
Val248 (5.42 Å) and Val283 (4.86 and 4.50 Å) were involved in the 
formation of hydrophobic interactions. Glu256 was involved in an 
electrostatic interaction with the oxygen atom of the C ring with 4.78 Å. 
The active site of the tyrosinase contains two copper ions coordinated 
each by three highly conserved histidine residues, including His 263, His 
296, His259, His 61, His 85 and His94 (Decker & Tuczek, 2017). It was 
worth noting that delphinidin-3-O-galactoside interacted with two 
copper ions and two conserved histidine residues in the active site, 
explaining its superior inhibitory activity.

The combination of delphinidin-3-O-galactoside and cyanidin-3-O- 
arabinoside was studied to understand their binding pattern and ensure 
that the first docking would have no impact on the structure of tyrosi
nase (Supplemental information Fig. S1–2). Two distinct docking se
quences were analyzed: (1) tyrosinase first with cyanidin-3-O- 
arabinoside followed by delphinidin-3-O-galactoside (TYR-C3A-D3G 
complex), and (2) tyrosinase first with delphinidin-3-O-galactoside fol
lowed by cyanidin-3-O-arabinoside (TYR-D3G-C3A complex). In the 
TYR-C3A-D3G complex, molecular interaction analysis revealed cyani
din-3-O-arabinoside formed three hydrogen bonds with Asn260 (1.98 Å 
and 1.96 Å), and Glu322 (1.96 Å). Meanwhile, delphinidin-3-O-galac
toside formed eight hydrogen bonds with key residues in the binding 
pocket: His85 (1.81 Å and 2.04 Å), Glu322 (1.86 Å), Asn320 (1.80 Å), 
Val88 (1.82 Å), Met319 (2.41 Å), Glu239 (1.98 Å) and Arg321 (2.20 Å). 
An additional hydrogen bond was observed between delphinidin-3-O- 
galactoside and cyanidin-3-O-arabinoside. Molecular interaction anal
ysis of the TYR-D3G-C3G complex revealed delphinidin-3-O-galactoside 
formed two hydrogen bonds with Glu322 (3.68 Å), Asn260 (2.92 Å). 
Cyanidin-3-O-arabinoside formed six hydrogen bonds with Asn243 
(3.76 Å), Met319 (3.88 Å), Asn320 (3.90 Å), Arg321 (3.76 Å), and 
Glu322 (3.75 Å and 4.42 Å).

Our results demonstrated that the number and strength of hydrogen 
bonds critically influence binding efficacy. The TYR-C3A-D3G complex, 
with its extensive hydrogen-bonding network, promoted superior 
tyrosinase inhibition by preferentially occupying key residues (e.g., 
His85) and inducing conformational adjustments in the active site. 
Conversely, TYR-D3G-C3A complex exhibited reduced synergy, likely 
due to competitive binding at overlapping sites, and weaker intermo
lecular stabilization between delphinidin-3-O-galactoside and cyanidin- 
3-O-arabinoside. Unlike previous studies (Abdurrahim, Temelli, 
Mazurak, Benruwin, & Chen, 2021), we revealed that the synergistic 
effect is not simply additive but is highly dependent on the sequence in 
which components access the active site. This study highlighted the 
importance of docking order in multi-ligand systems, where sequential 
binding can either enhance or diminish synergistic effects through 
residue-specific interactions and conformational modulation.

3.7. Molecular dynamics simulation

Molecular docking has constraints in fully elucidating the impact of 
ligands on proteins. Conversely, molecular dynamics simulation enables 
continuous observation of binding stability and dynamic interactions of 
ligands-protein complexes (Xue et al., 2022). We conducted 100 ns 
molecular dynamics simulations revealed the TYR-C3A-D3G complex as 
exhibiting superior structural stability. RMSD is an important basis to 
evaluate the conformation stability of systems. As shown in Fig. 6A–E, 

Fig. 5. Schematic diagram of TYR-D3G (A), TYR-C3A (B) and their mixture (C, TYR-C3A-D3G and TYR-D3G-C3A complex). (a–b) Tyrosinase initially docked with 
cyanidin-3-O-arabinoside followed by delphinidin-3-O-galactoside (c–d) Tyrosinase initially docked with delphinidin-3-O-galactoside followed by cyanidin-3-O- 
arabinoside. The residues were shown as balls with different colors.
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TYR-C3A-D3G complex has the lowest average RMSD (0.19 ± 0.01 nm) 
value among the four complexes. Rg as a physical quantity describing 
the compactness of protein structure, can reveal the stability of the 
overall protein structure before and after ligand binding. The Rg values 
of the four complexes ranged from 2.06 to 2.08 nm, whereas TYR-C3A- 
D3G complex (2.07 nm) exhibited the smallest value. SASA provides the 
degree of information change in the binding process by analyzing the 
effect of ligand binding on TYR solvent accessibility. The SASA fluctu
ation magnitudes were 15.92 nm2 (TYR-D3G), 18.74 nm2 (TYR-C3A), 
15.91 nm2 (TYR-C3A-D3G), and 16.65 nm2 (TYR-D3G-C3A), indicating 
that TYR-C3A-D3G complex exhibited the smallest perturbation in res
idue microenvironment. RMSF describes how individual atoms or resi
dues change over time with respect to their initial structural positions. 
Four systems exhibited similar RMSF trends, with heightened flexibility 
in residues 60–80 and 239–258. Notably, TYR-C3A-D3G complex 
showed minimal RMSF fluctuations (residues 239–258), indicating 
suppressed dynamics in this flexible region. Hydrogen bonding, as a 
strong noncovalent interaction, facilitates ligand recognition and bind
ing to active sites, the number of hydrogen bonds of TYR-C3A-D3G 
complex was the most (8). Therefore, RMSD, Rg, SASA, RMSF, and 
hydrogen bonds analyses demonstrated that TYR-C3A-D3G exhibited 
the highest structural stability among the four systems.

As Fig. 6F–I showed, MM/PBSA binding free energy decomposition 
analysis identified the following residues as the primary contributors to 
binding: His85 (− 2.443 kcal/mol) for TYR-D3G, His259 (− 3.118 kcal/ 
mol) for TYR-C3A, His85 (− 4.899 kcal/mol) for TYR-C3A-D3G, and 
Asn320 (− 3.901 kcal/mol) for TYR-D3G-C3A, respectively. Fig. 6J–M 
illustrated that TYR-C3A-D3G displayed the strongest total binding free 
energy (− 87.97 kcal/mol), indicating the highest affinity. The binding 
was dominated by favorable contributions from van der Waals energy 
(− 84.78 kcal/mol), electrostatic energy (− 120.52 kcal/mol) and 
nonpolar solvation energy (− 13.97 kcal/mol) (where negative values 
indicate favorable interactions, and vice versa). As shown in Fig. 6N–Q, 
Gibbs free energy spectra provided insight into the conformational 
behavior of protein-ligand interactions. TYR-C3A-D3G complex dis
played the deepest free energy valley, forming a single energy cluster, 
and exhibited the smallest conformation shift on the free energy po
tential surface. As a result, the TYR-C3A-D3G complex induced a 
conformational change that made the structure more compact. This 

Table 3 
Molecular docking results of delphinidin-3-O-galactoside/cyanidin-3-O-arabi
noside/ their mixture (4:1 ratio) with tyrosinase.

Complex Donor Residues Distance 
(Å)

Types

TYR-D3G A ring:C7-OH Glu322 1.93 Hydrogen bond
B ring: C3′-OH Asn260 1.71 Hydrogen bond

B ring, C ring Val283 4.41, 
4.81

Hydrophobic (pi- 
alky1)

B ring His85 4.12
Hydrophobic (pi-pi 
stacked)

C ring His244 5.39
Hydrophobic (pi-pi 
T shaped)

B ring His263 5.57 Hydrophobic (pi-pi 
T shaped)

C ring: O Asp312 3.4 Electrostatic 
(attractive charge)

B ring: C4′-OH, 
C5′-OH,

Cu 401, 
Cu400

2.35, 
2.68 Metal-Acceptor

TYR-C3A

A ring:C5-OH Asn260 2.85 Hydrogen bond
B ring:C4′-OH Glu322 1.99 Hydrogen bond

B ring Val248 5.42 Hydrophobic (pi- 
alky1)

C ring, A ring Val283 4.86, 
4.50

Hydrophobic (pi- 
alky1)

C ring: O Glu256 4.78
Electrostatic 
(attractive charge)

A ring: C7-OH Cu401 2.75 Metal-Acceptor

TYR-C3A- 
D3G 
complex

Cyanidin-3-O-arabinoside

A ring: C5-OH Asn260 1.98, 
1.96

Hydrogen bond

B ring: C4′-OH Glu322 1.96 Hydrogen bond

A ring, C ring, Val283
5.08, 
5.13

Hydrophobic (pi- 
alky1)

Bring Val248 6.06
Hydrophobic (pi- 
alky1)

B ring His244 5.96 Electrostatic (pi- 
cation)

C ring: O Glu256 6.76 Electrostatic 
(attractive charge)

A ring:C7-OH Cu401 2.75 Metal-Acceptor
Delphinidin-3-O-galactoside

Glycone: 3″, 4″ His85
1.81, 
2.04 Hydrogen bond

Glycone: 2″ Glu322 1.86 Hydrogen bond
Glycone: 6″ Asn320 1.80 Hydrogen bond

A ring:C5-OH Val88, 
Met319

1.82, 
2.41

Hydrogen bond

A ring:C7-OH Glu239 1.98 Hydrogen bond
Glycone-C ring 
(O) Arg321 2.20 Hydrogen bond

A ring, C ring Ala246 4.91, 
4.79

Hydrophobic (pi- 
alkyl)

B ring Arg321 5.20 Hydrophobic (pi- 
alkyl)

A ring, C ring Arg321
3.45, 
3.28

Electrostatic (pi- 
cation)

B ring, C ring
Ala246, 
Gly86

2.86, 
2.89 Pi-lone pair

Cyanidin-3-O-arabinoside and Delphinidin-3-O-galactoside
B ring:C3′ B ring:C4’ 2.15 Hydrogen bond

TYR-D3G- 
C3A 
complex

Delphinidin-3-O-galactoside
A ring:C7-OH Glu322 3.68 Hydrogen bond
B ring:C3′-OH Asn260 2.92 Hydrogen bond

B ring, C ring Val283
4.43, 
4.82

Hydrophobic (pi- 
alky1)

B ring His85 4.29
Hydrophobic (pi-pi 
stacked)

B ring His263 7.58 Hydrophobic (pi-pi 
T shaped)

C ring: O Glu256 7.98
Electrostatic 
(attractive charge)

Table 3 (continued )

Complex Donor Residues Distance 
(Å) 

Types

B ring: C4′-OH, 
C5′-OH,

Cu 401, 
Cu400

2.68, 
2.39 Metal-Acceptor

Cyanidin-3-O-arabinoside
A ring: C5-OH, Asn243 3.76 Hydrogen bond
A ring: C7-OH Met319 3.88 Hydrogen bond
B ring: C3’-OH Asn320 3.90 Hydrogen bond
C ring: O Arg321 3.76 Hydrogen bond
B ring: C3′-OH, 
Glycone: 4″ Glu322

3.75, 
4.42 Hydrogen bond

A ring, C ring Ala246
3.90, 
5.68

Hydrophobic (pi- 
alky1)

C ring Arg321 3.76 Hydrophobic (pi- 
alky1)

B ring Glu322 3.75 Hydrophobic (pi- 
sigma)

C ring: O Glu322 5.03
Electrostatic 
(attractive charge)

B ring Glu322 3.75
Electrostatic (pi- 
anion)

A ring Arg321 4.58 Electrostatic (pi- 
cation)

A ring, C ring Gly86 4.31, 
4.87

Pi-lone pair

B ring His85 6.44 Pi-lone pair
Delphinidin-3-O-galactoside and cyanidin-3-O-arabinoside
A ring: 5-OH, Glycone: 3″ 7.97 Hydrogen bond
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Fig. 6. The interaction of receptor tyrosinase and delphinidin-3-O-galactoside, cyanidin-3-O-arabinoside and their mixture during molecular dynamics simulation. 
(A) RMSD; (B) Rg; (C) SASA; (D) RMSF; (E) The number of hydrogen bonds; (F–I) Binding free energy of key amino acid residues via Gmx_MMPBSA method; (J–M) 
Average binding free energy of complexes; (N-Q) Gibbs free energy landscape of complex.

Fig. 7. Inhibition rates of tyrosinase activity of delphinidin-3-O-galactoside, cyanidin-3-O-arabinoside, and their mixture (4:1 ratio) at (A–F) different processing 
methods (thermal and ultrasonication), storage conditions (illumination and over storage) and additives (vitamin C and sucrose). Different letters indicate significant 
differences in delphinidin-3-O-galactoside, cyanidin-3-O-arabinoside, and their mixture treatment groups (p < 0.05).

Y. Du et al.                                                                                                                                                                                                                                       Food Chemistry: X 33 (2026) 103464 

10 



structural change also limited substrate access to the active site, thereby 
inhibiting the enzyme's activity. Thus, our work not only confirms the 
presence of synergy but, more importantly, unveils the underlying 
ordered-binding mechanism.

3.8. Effect of simulated processing treatments on synergistic activity

During food manufacturing and storage, multiple factors include 
thermal/nonthermal processing, exposure to light and the use of addi
tives such as sucrose and vitamins, can impact on the quality and 
function of processed food (Zang et al., 2022). Therefore, an investiga
tion was conducted regarding the tyrosinase inhibition activity of del
phinidin-3-O-galactoside/cyanidin-3-O-arabinoside and their mixture 
(4:1 ratio). The aim was to assess the impact of simulated processing 
treatments on their synergistic activity. The implementation of treat
ments such as thermal processing, ultrasonication, and specific storage 
conditions resulted in a decline in the inhibition rate of tyrosinase ac
tivity. At a temperature of 75 ◦C, the mixture (4:1 ratio) displayed a 
higher inhibitory activity of 44.76% ± 2.83% in comparison with the 
individual compounds. When the ultrasonic conditions were set under 
the 60 W, the mixture (4:1 ratio) demonstrated a higher tyrosinase in
hibition activity of 64.3% ± 2.57% compared with that of cyanidin-3-O- 
arabinoside. However, upon increasing the ultrasonic condition to 160 
W, the inhibitory rate of the mixture (4:1 ratio) on tyrosinase was lower 
than that of delphinidin-3-O-galactoside, indicating that excessive ul
trasound power may disrupt the interaction between anthocyanins, 
leading to a weakened synergistic effect (Fig. 7A–B). The tyrosinase 
inhibition rates increased with increasing concentrations of Vc and su
crose. This can be ascribed to the intrinsic high antioxidant property of 
Vc and the formation of co-complex with sucrose, contributing to the 
uptrends trend of tyrosinase inhibitory activity (Li et al., 2019; Miao 
et al., 2019). The anthocyanin mixture exhibited a higher tyrosinase 
inhibition activity, with a significant difference in tyrosinase inhibition 
rates being observed when adding 2%, 6% and 8% of Vc and 2%–4% of 
sucrose was added (Fig. 7C–D). The tyrosinase inhibition rate under 
different storage durations and illumination times are shown in 
Fig. 7E–F. A significant difference in the tyrosinase inhibition rates was 
observed when stored for 4–8 h and exposed to light for 1, 2, and 4 h.

These results indicated that under various simulated processing 
conditions, including temperature, ultrasound-assisted processing, food 
additives and storage, the mixture (4:1 ratio) maintained a significantly 
higher tyrosinase inhibition rate compared to delphinidin-3-O-galacto
side or cyanidin-3-O-arabinoside alone. The robustness observed under 
simulated conditions indicates promising adaptability in common pro
cessing conditions. Future validation in complex food matrices and cell- 
based systems is needed to confirm compatibility, efficacy, and biolog
ical relevance. Thus, this work not only presents effective formulation 
but also demonstrates a generalizable paradigm that shifts product 
development from empirical to mechanism-based rational design.

4. Conclusion

In summary, this study demonstrated a robust synergistic effect of 
blueberry and black chokeberry extract on tyrosinase inhibition activity, 
with an optimal molar ratio of 1:1. Using AUF–UPLC–MS/MS, sixteen 
tyrosinase inhibitors were screened and identified from these extracts. 
Among these, the primary active ingredients delphinidin-3-O-galacto
side and cyanidin-3-O-arabinoside exhibited strong synergistic inhibi
tion at 4:1 ratio and acted as mixed-type inhibitors. Compared to the 
individual compounds, the mixture induced enhanced intrinsic fluo
rescence quenching and greater alterations in the secondary conforma
tion of tyrosinase. Molecular docking and dynamics simulations 
revealed that the mixture binds more stably to the enzyme's active site, 
facilitated by increased hydrogen bonding and hydrophobic in
teractions, particularly within the TYR-C3A-D3G complex. Activity 
verification further showed that the mixture maintained significantly 

higher inhibition under simulated processing conditions compared to its 
individual components. This research provided novel insights into the 
synergistic mechanisms of berry extracts and promoted the efficient 
development of functional foods utilizing berry-derived tyrosinase 
inhibitors.
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