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Methods 

1. Apparatus and characterization 

UV absorbance measurements were carried out on a JASCO V-550 UV-vis 

spectrophotometer, equipped with a Peltier temperature control accessory. TEM images were 

recorded using a FEI TECNAI G2 20 high-resolution transmission electron microscope 

operating at 200 kV. Dynamic light scattering (DLS) measurements were performed on a 

Nano-ZS Zetzsozer ZEN3600 instrument (Malvern Instruments Ltd., UK). The flow 

cytometry data were recorded using BD LSRFortessa
TM

 cell analyzer. 

2. Synthesis and surface modification of Fe3O4@SiO2 

Magnetite particles were synthesized as follows. 3.0 g of FeCl3·6H2O, 0.72 g of trisodium 

citrate and 4.8 g of sodium acetate were dissolved in 100 mL of ethylene glycol under 

vigorous stirring for 30 min. The resultant mixture was then transferred into a Teflon-lined 

stainless-steel autoclave (with a capacity of 200 mL) for heating at 200 °C for 10 h. After that, 

the autoclave was carefully taken out to cool to room temperature. The as-made black 

products were thoroughly washed with ethanol and deioned water for several times, and 
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finally vacuum dried at 25 °C. To synthesize Fe3O4@SiO2 microspheres, 50 mg of magnetite 

particles were fully dispersed in a solution containing 160 mL of ethanol and 40 ml of H2O 

2.0 mL of concentrated aqua ammonia (28 wt%) under ultrasonication vibration. Then, 1.0 ml 

of tetraorthosilicate (TEOS) was added by injection to the resultant basic dispersion, followed 

by mechanically stirring for 6 h at 30 °C. The obtained Fe3O4@SiO2 microspheres were 

washed with ethanol for several times to remove blank silica nanoparticles. In order to modify 

the surface of Fe3O4@SiO2 microspheres with MPS silane coupling agent, the purified 

Fe3O4@SiO2 microspheres were redispersed in 80 mL of ethanol and 0.5 mL of MPS was 

added to the dispersion. After mechanically stirred for 48 h at 30 °C, the Fe3O4@SiO2-MPS 

microspheres were washed with ethanol with the help of a magnet, and redispersed in 50 mL 

of ethanol for further use. 

3. Synthesis of chiral monomers 

The synthesis of N-Acryloyl-amino acids were performed following the procedure. Take 

Phe as the example. 3.0 g of L-phenylalanine was dissolved in a well-stirred aqueous solution 

(15 mL) of sodium hydroxide (0.8 g). Acryloyl chloride (1.5 mL) was added drop-wise over a 

30 min period. The reaction was kept at a temperature below 0 °C by cooling in an ice bath. 

Then, the stirred solution was acidified to pH 1 with HCl. The precipitate was filtered and 

recrystallized from water (yield: 76%). 

4. Synthesis of Fe3O4@SiO2@Ploy(AA) 

The sandwich structured Fe3O4@SiO2@Poly(AA) microspheres were synthesized via an 

aqueous-phase radical polymerization. Typically, in a three-necked round bottom flask (100 

mL) equipped with a mechanical stirrer, a refluxing condenser, and a nitrogen inlet, 10 mL of 

ethanol dispersion of Fe3O4@SiO2-MPS microspheres were mixed with 50 mL of aqueous 

solution containing 5.0 mg of sodium lauryl benzenesulfate under mechanically stirring. After 

stirring for 1h, 1.0 g of polymer monomers (acrylamide:chiral amino acid monomers=4:1) and 

72.3 mg of bis-acrylamide were added, and the resultant dispersion was bubbled with high-
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purity nitrogen gas for 0.5 h. Then, the flask was immerged into a preheated oil bath at 70 °C 

and the polymerization was carried out with a stirring speed of 200 rpm at 70 °C for 24 h. The 

resulting Fe3O4@SiO2@Poly(AA) were harvested and washed by magnetic separation. 

5. Synthesis of yolk-shell-structured Fe3O4@Ploy(AA) 

Etching of the silica layer of the Fe3O4@SiO2@Poly(AA): Fe3O4@Poly(AA) yolk–shell 

particles were prepared by a silica-etching procedure: NaOH (1 mL, 2M) solution was added 

into a Fe3O4@SiO2@Poly(AA) suspension (4 mL, 1 mg NPs). The mixture was gently stirred 

at room temperature overnight and was cleaned by a magnet. 

6. Bioassay 

Kinetic measurements were carried out in time course mode by monitoring the absorbance 

change of tyrosinol at 320 nm. Experiments were carried out using 250 μg mL
-1 

nanozymes in 

a reaction volume of 500 μL buffer solution (25 mM Na2HPO4, pH 4.0, 37 °C) with tyrosinol 

as substrate, and H2O2 concentration was 50 mM, unless otherwise stated. Accordingly, the 

oxidation rates of tyrosinol in the presence of the different nanozymes were analyzed  in terms 

of the Michaelis-Menten model: ν = VmaxC/(Km+C), where ν is the initial velocity, Vmax is the 

maximal reaction velocity, and C is the concentration of substrate. kcat was calculated 

according to the equation: kcat = Vmax/S, where S is the concentration of catalyst.
1
 

7. Synthesis of FITC-tyrosinolL and RhB-tyrosinolD 

A solution of FITC (195mg, 0.5 mmol) or Rhodamine B (RhB) (240mg, 0.5 mmol), 4-

DMAP (43 mg, 0.35 mmol), and EDC·HCl (115 mg, 0.6 mmol) in DMF (20 ml) was 

incubated at room temperature for 30 min and then added dropwise to a solution of L- or D-

tyrosinol·HCl (204 mg, 1.0 mmol) and triethylamine (2.5 mmol) in 10 ml of DMF. The 

resulting reaction mixture was stirred overnight at room temperature, evaporated, and 

redissolved in 20 ml of 0.1 M HCl. The mixture was extracted with ethyl acetate (3×60 ml), 

washed with saturated aqueous NaHCO3 (3×60 ml) and with brine (60 ml), dried over 
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anhydrous Na2SO4 and evaporated to give a crude product that was then purified by column 

chromatography.
2 

8. Cell labelling 

Microbial cells treated with 100 μg mL
-1 

Fe3O4@poly(L-/D-Trp), H2O2(100 μM), FITC-

tyrosinolL (20 μg mL
-1

), and RhB-tyrosinolD (12 μg mL
-1

) and the mixture was incubated at 

37 °C for 30 min. The cells were washed twice with PBS solution, the fluorescence intensity 

was monitored by flow cytometric analysis. Fluorescence images were captured with an 

Olympus BX-51 optical equipped with a CCD camera. 

9. Characterizations of cell labelling by confocal laser scanning microscopy (CLSM) 

Cells treated with different agents were incubated for 30 min. After rinsed with PBS buffer 

to remove excess dye, the cells were observed by CLSM. Then images were acquired using a 

(Nikon Eclipse Ni-E, Japan) top-of-the-line motorized upright CLSM. All samples were 

observed using the same parameters and analyzed utilizing NIS-Elements software. 

10. HPLC study 

After reacted under 37 °C for 12 h, the products was analyzed on a MCI GEL CRS10W 

reverse phase column (Mitsubishi Chemical Corporation) eluting with 0.005 M CuSO4. 

11. Computational details 

11.1 Constructed protocols of Poly(AA) shell 

The cross-linked Poly(AA) is composed of acrylamide (AM) and N-Acryloyl-amino acids 

(NA-AA) as monomers and N,N'-Methylenebisacrylamide (MBA) as cross-linker. The single 

repeating unit, MBA and the specific chiral substrate (L-/D-tyrosinol) were firstly built by 

GaussView  and optimized with B3LYP/6-31G(d, p) using Gaussian 09 program
7
. The non-

crosslinking Poly(AA) melt was generated by packing 25 linear chains in which each chain 

was constructed with 49 AM monomers and 16 NA-AA monomers (the approximate ratio 

4:1). Then Poly(AA) chains were cross-linked artificially with MBAs ((AM+NA-AA)/MBA 

= 30:1) randomly inserted into the free volume of Poly(AA) matrix.  Atomic interactions was 
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described by general AMBER force field (GAFF)
8
, and R.E.D. tools

9
 with restrained 

electrostatic potential (RESP) approaches were used to obtain the partial charges. Taking D/L-

Trp appended Poly(AA) as an example, the constructed cross-linked Poly(AA) networks were 

firstly minimized with conjugate gradient minimization of 10000 steps, followed by 1 ns MD 

simulations under NPT ensemble. Then, the annealing process (from 300  to 800 K and back) 

was performed to relax the cross-linked Poly(AA) networks to the approximate global 

minimum with NPT ensmble. The cross-linked Poly(AA) networks were further equilibrated 

about 20 ns at 300 K and 1 atm under NPT ensemble.  

11.2 Complex structures of Poly(L-Trp/D-Trp) and L-/D-tyrosinol 

Molecular dockings of L-/D-tyrosinol to Poly(L-Trp/D-Trp) were respectively carried out 

by AutoDock Vina,
10

 in which the Iterated Local Search Globule Optimizer
11

 was applied to 

locate the most favorable binding site. Semi-flexible docking method was used, where 

Poly(L-Trp/D-Trp) was treated as a rigid body and all rotatable bonds in L-/D-tyrosinol were 

sampled. Optimal binding sites were searched in a box of 30×84×61 Å
3
 which covered the 

inner and outer surface of Poly(L-Trp/D-Trp) shell. The box had 1.0 Å grid spacing and 

centered at the geometric center of the terminal residues of inner and outer surface. In each 

docking experiment, top structure model in three different binding sites were selected 

according to the binding affinity calculated by the scoring function in AutoDock Vina. 

11.3 Adsorption and desorption free energy calculation 

Three optimal complex structure models from docking for each case were further refined in 

a fully flexible atomic molecular dynamics simulations where conjugate gradient 

minimization of 5000 steps and 20 ns equilibrations were performed under NPT ensemble 

with 300 K. In each simulation trajectory, 500 complex structure models at a time interval of 

40 ps were extracted and used to calculate adsorption free energy calculation using the 

molecular mechanics Poisson-Boltzmann solvent accessible surface area (MM-PBSA) 

method
12

. The total binding free energy can be calculated by 
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here, ΔEMM is the change of molecular mechanical energy without considering solvent, ΔGsol 

is the solvation free energy and TΔS considers the penalty of conformational entropy. ΔEMM 

as non-bonded interaction includes van der Waals ΔEvdW and electrostatic ΔEele interactions, 

and local interaction ΔEint with energy terms of bond, angle, and dihedral. ΔEint was 

counteracted in the single MD trajectory approach. The solvation free energy ΔGsol is the sum 

of electrostatic/polar (ΔGpolar) and nonpolar (ΔGnonpolar) contributions, i.e., 

nonpolarpolarsol GGG                                                                                                         (5) 

ΔEMM was calculated using Amber 12
13

 without cutoff treatment for nonbond energies. 

ΔGpolar was estimated by the PB numerical solver implemented in the PBSA module in 

AmberTools 13
14

. In the MM-PBSA calculations, a grid spacing of 0.5 Å is employed for the 

cubic lattices, and relative dielectric constant was set to 80.0 at the exterior and 2.0 at the 

interior of catechin-trypsin complex. ΔGenpolar was calculated by solvent accessible surface 

area (ΔGenpolar=γA+b) dependent term of γ coefficient of 0.0378 kcal/molÅ
2
 and b offset of -

0.5692 kcal/mol with a solvent-probe radius of 1.4 Å. Considering the low prediction 

accuracy and computationally time-comsuming
15

, we ignored the entropy contributions in the 

present study. 

All MD simulations were carried out under NPT ensemble in the present study.  

Langevin thermostat was used to maintain the temperature at 300 K with the dampening 

coefficient of 5 ps
-
. Pressure was scaled at 1 atm with Nosé-Hoover Langevin piston method 

16
 with the piston period of 100 fs, the piston decay of 50 fs, and the piston temperature at 300 

K. Periodic boundary conditions were applied and long-range electrostatics were treated using 

the particle-mesh Ewald (PME) method.
17

 Non-bonded interactions were calculated using a 

cutoff of 12 Å without switch function, and a 14 Å neighbor list was updated every 10 steps 
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of the dynamics. The integrated time step is set to 2 fs. All covalent bonds involving hydrogen 

atoms were confined by SHAKE algorithm.
18

 All MD simulations were performed with 

NAMD 2.9 program.
19
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Table S1. Kinetic parameters for catalytic oxidation of tyrosinol enantiomers by 

Fe3O4@Poly(D-Trp) or Fe3O4@Poly(L-Trp). 

Artificial peroxidises
[a]

 Substrate KM(10
-3

M) kcat(10
3
s

-1
) kcat/KM(10

-6
M

-1
s

-1
) Selectivity Factor

[b]
 

Fe3O4@Poly(D-Trp) 
D-tyrosinol 

L-tyrosinol 

6.49±0.86 

22.73±2.46 

16.44±0.40 

10.78±1.27 

2.53 

0.47 
5.38 

Fe3O4@Poly(L-Trp) 
D-tyrosinol 

L-tyrosinol 

14.08±0.96 

6.04±0.82 

8.64±0.43 

14.8±0.85 

0.61 

2.45 
4.02 

a
The concentration of nanozymes was calculated on the basis of the total mass of Fe3O4.The 

Fe content in these mimetic enzymes was determined by ICP analysis.  

b
 Selectivity factor of Fe3O4@Poly(L-Trp) equals [kcat/KM]L-tyrosinol/[kcat/KM]D-tyrosinol. 

Selectivity factor of Fe3O4@Poly(D-Trp) equals [kcat/KM]D-tyrosinol/[kcat/KM]L-tyrosinol. 

Each standard deviation was calculated from three measurements. 

 

Table S2. The selectivity factors of current reported chiral nanozymes and HRP. 

Chiral Nanozymes and References Substrate Selectivity Factor (SF)
d
 

Fe3O4@Poly(D-Trp) peroxidases D-tyrosinol             5.38 

Graphene oxide-based peroxidase
 3
 TMB

a
 1.27 

Gold NP-based glucose oxidase
4
 D-glucose 1.84 

Gold NP-based phosphorylase
5
 UpU

b
 4.00 

Ceria NP-based Oxidase
1b

 D-DOPA
c
 1.87 

Gold NP-based peroxidase
6
 D-DOPA 1.69 

HRP L-Tyrosinol 4.77 

a-c) 
TMB, UpU and DOPA represent 3,3',5,5'-Tetramethylbenzidine; dinucleotides, 3,4-

dihydroxyphenylalanine respectively. 

d) 
The SF values were achieved from the published works. 
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Table S3. The adsorption/desorption free energy (AFE and DFE) of tyrosinol enantiomers on 

the outer surface/from inner surface of Poly(D-Trp) or Poly(L-Trp) shell and their 

corresponding Boltzmann Factor. 

Shell Substrate AFE (kcal/mol) Boltzmann Factor
[a]

 DFE (kcal/mol) Boltzmann Factor
[a]

 

Poly(D-Trp) 
D-tyrosinol 

L-tyrosinol 

-19.4±1.9 

-16.5±4.0 
110.51 

-21.1±2.5 

-21.4±2.1 
0.59 

Poly(L-Trp) 
L-tyrosinol 

D-tyrosinol 

-22.9±1.0 

-21.1±3.5 

18.55 -19.8±3.3 

-20.4±3.4 
0.40 

a 
The Boltzmann factor tells us the relative probability with which D-tyrosinol and L-tyrosinol 

adsorb on the outer surface or desorb from the inner surface of Poly(D-Trp) or Poly(L-Trp) at 

catalytic temperature 37 °C. 

 

Table S4. The adsorption and desorption free energies (AFE and DFE) and their components 

for D-/L-tyrosinol binding on the outer or inner surface of Poly(D-/L-Trp) shell, respectively. 

 Poly(D-Trp)  Poly(L-Trp) 

Component D-tyrosinol L-tyrosinol  D-tyrosinol L-tyrosinol 

 outer inner outer inner  outer inner outer inner 

ΔEvdw -18.1±1.9 -20.7±2.8 -16.1±4.7 -20.6±2.3  -21.4±4.2 -19.6±3.8 -23.5±1.9 -18.5±4.2 

ΔEele -5.0±1.2 -3.7±0.9 -3.2±1.5 -3.6±2.1  -3.7±1.2 -4.8±1.1 -3.0±1.9 -4.8±1.2 

ΔGpolar 6.0±0.7 5.7±0.8 4.9±0.7 5.2±1.2  6.2±0.9 6.3±0.7 5.9±0.8 5.8±0.4 

ΔGnonpolar -2.3±0.2 -2.4±0.1 -2.1±0.1 -2.4±0.2  -2.2±0.2 -2.3±0.2 -2.3±0.1 -2.3±0.1 

ΔGAFE/DFE -19.4±1.9 -21.1±2.5 -16.5±4.0 -21.4±2.1  -21.1±3.5 -20.4±3.4 -22.9±1.0 -19.8±3.3 
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Figure S1. DLS measure of different kinds of nanoparticles. 

 

 

 

Figure S2. Absorption spectra of Fe3O4, Fe3O4@Poly(L-Trp) and Fe3O4@Poly(D-Trp). 



   

11 

 

 

Figure S3. CD spectra of Fe3O4, Fe3O4@Poly(L-Trp) and Fe3O4@Poly(D-Trp). 

 

 

Figure S4. (a) Fe 3p and (b) N 1s XPS spectra. 

As decided by Fe 3p spectra, the ratio of Fe
3+

 and Fe
2+

 in final materials was close to 2, 

which was similar with the bare Fe3O4 NPs. N 1s spectra of the polymer shell in final 

samples also kept unaltered compared with the independent polymer. 
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Figure S5. Peroxidase activity of Fe3O4@Poly(L-Trp) under different pH values 

 

 
Figure S6. Saturation curves corresponding to the oxidation rate of tyrosinol at variable 

concentrations D-tyrosinol or L-tyrosinol, in the presence of (a) Fe3O4@Poly(L-Trp) and (b) 

Fe3O4@Poly(D-Trp). Details were described in experimental section. 
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Figure S7. CD spectra of the dialysate for enrichment in the enantiomer with poorer affinity 

for the a) blank, b) Fe3O4, c) Fe3O4@Poly(L-Trp) or d) Fe3O4@Poly(D-Trp) contained within 

the dialysis tube in a competition dialysis experiment. 1 ml of different yolk-shell nanozymes 

(1 mg mL
-1

) was dialyzed against a 10 ml solution containing a 1:1 mixture of tyrosinol (2.5 

mM). After 24 h dialysis, circular dichroism (CD) spectra of the dialysate solutions were 

measured to determine the enrichment of particular enantiomeric forms. 
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Figure S8. A patch of shell model of Poly(D/L-Trp). Monomers with D/L-Trp amino acid are 

shown as Ball_and_stick model and all others are shown as black line. 
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Figure S9. The binding structure models of D/L-tyrosinol located at three different  sites of 

outer and inner surface of (A) Poly(D-Trp) and (B) Poly(L-Trp). The outer and inner surfaces 

of Poly(D/L-Trp) are shown as palecyan surface and D/L-tyrosinol is shown as ball_and_stick 

model, carbon as lightmagenta, nitrogen as blue, oxygen as red and hydrogen as white.  
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Figure S10. Logarithmic reaction rate of D-tryosinol (red) or L-tyrosinol (blue) oxidation by 

H2O2 with Fe3O4@Poly(D-Trp) or Fe3O4@Poly(L-Trp) (c, d) as a function of reiprocal 

temperature. The activation energies (Ea) was calculated according to the Arrhenius equation: 

ln(ν) = A-Ea/R×1/T, where A is the frequency factor, R is the gas constant and T is the 

absolute temperature (K). 
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Figure S11. HPLC chromatograms and the corresponding yield of the reaction mixture of L-

tyrosinol (a, c) or D-tyrosinol (b, d) catalyzed with Fe3O4@Poly(L-Trp) (a, b) and 

Fe3O4@Poly(D-Trp) (c, d). 
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Figure S12. The 
1
H NMR spectra for the products in the oxidation of (a) L-tyrosinol 

catalyzed with Fe3O4@Poly(L-Trp) or (b) D-tyrosinol catalyzed with Fe3O4@Poly(D-Trp). 

 

Figure S13. Chiral HPLC chromatograms of the reaction mixture of tyrosinol racemate 

catalyzed with (a) Fe3O4@Poly(L-Trp) and (b) Fe3O4@Poly(D-Trp). 
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Figure S14. Fluorescence microscopy images of yeast, S.aureus, E.coli and B.subtilis bacteria 

cells with different conditions. Viable bacteria cells were stained green with calcein, dead 

bacteria cells were stained red with propidium iodide (PI). (Scale bars: 100 μm.) The reaction 

bacteria cells were treated with 100 μg mL
-1 

Fe3O4@poly(L-/D-Trp), H2O2(100 μM) and 

incubated at 37 °C for 30 min. 

 
Scheme S1. The surface of yeast cells was labeled with FITC-L-tyrosinol or RhB-D-tyrosinol 

under the catalysis of our designed artificial enzymes.  
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Figure S15. Fluorescence microscopy of S.aureus cells treated with H2O2, FITC-tyrosinolL 

and RhB-tyrosinolD under no nanozyme (control), Fe3O4, Fe3O4@poly(L-Trp) or 

Fe3O4@poly(D-Trp) respectively. 

 

Figure S16. Flow cytometry analysis of S.aureus cells treated with H2O2, FITC-tyrosinolL 

and RhB-tyrosinolD under no nanozyme (control), Fe3O4, Fe3O4@poly(L-Trp) or 

Fe3O4@poly(D-Trp) respectively. 
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Figure S17. Fluorescence microscopy of E.coli cells treated with H2O2, FITC-tyrosinolL and 

RhB-tyrosinolD under no nanozyme (control), Fe3O4, Fe3O4@poly(L-Trp) or Fe3O4@poly(D-

Trp) respectively. 

 

Figure S18. Flow cytometry analysis of E.coli cells treated with H2O2, FITC-tyrosinolL and 

RhB-tyrosinolD under no nanozyme (control), Fe3O4, Fe3O4@poly(L-Trp) or Fe3O4@poly(D-

Trp) respectively. 
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Figure S19 Fluorescence microscopy of B.subtilis cells treated with H2O2, FITC-tyrosinolL 

and RhB-tyrosinolD under no nanozyme (control), Fe3O4, Fe3O4@poly(L-Trp) or 

Fe3O4@poly(D-Trp) respectively. 

 

Figure S20. Flow cytometry analysis of B.subtilis cells treated with H2O2, FITC-tyrosinolL 

and RhB-tyrosinolD under no nanozyme (control), Fe3O4, Fe3O4@poly(L-Trp) or 

Fe3O4@poly(D-Trp) respectively. 
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NMR spectra: 
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