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Study on the mechanism of laccase-catalyzed
polydopamine rapid dyeing and modification of

Qingging Zhou, 2*2® Wen Wu {22 and Tieling Xing {2/°

Research on the polymerization of dopamine and its modification on the surface of materials has received

extensive attention. In this work, the process of laccase catalyzing the rapid polymerization of dopamine
and in situ dyeing of silk fabric were studied. The results showed that laccase catalyzed dyeing for 3 h
under acidic conditions could achieve the dyeing effect of 24 h under an alkaline environment, and the
enzyme catalyzed polydopamine showed better deposition uniformity on the substrate surface.

According to molecular simulation analysis, dopamine oligomers were easily combined with the

amorphous regions of silk fibroin, and dopamine oligomers and amino acids of silk fibroin could form

hydrogen bonds and m—m stacking interactions. Dopamine oligomers could form intermolecular and

intramolecular hydrogen bonds through amino groups and hydroxyl groups. In addition, dopamine

oligomers would aggregate in the process of binding to silk fibroin and adsorbed to the surface of silk
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fibroin in the form of aggregates, and Michael addition reaction would also occur between dopamine

oligomers and silk fibroin. Finally, the silk fabrics loaded with polydopamine were reacted with different

DOI: 10.1039/d1ra08807f

rsc.li/rsc-advances

1. Introduction

Dopamine has reducibility, antibacterial properties and excel-
lent adhesion. It could self-polymerize in an alkaline environ-
ment, and its polymerized products (polydopamine) could
adhere to the surface of various substrates. The traditional
polymerization process needed to react in an alkaline environ-
ment for 12 h or even one day." However, many researchers had
found that when strong oxidants and metal ions were added,
dopamine could self-polymerize under acidic conditions.”™* In
the traditional textile industry, protein fibers (such as silk and
wool) were dyed under acidic conditions.>® Strong oxidants
would cause damage to the fibers, and metal ions would pollute
the water. Therefore, the above reaction conditions of dopa-
mine self-polymerization were not suitable for dyeing and
functional finishing of protein fibers.

Laccase is a copper containing polyphenol oxidase produced
by a variety of fungi, plants and bacteria. Its molecule contains
four copper atoms, which can extract electrons from phenolic
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kinds of metal salt solutions to form particles with different morphologies and crystal structures on the
surface of the silk fibers, and the modified silk fabrics showed good hydrophobicity.

substrates, and reduce molecular oxygen to water.” Compared
with other oxidases, laccase has been reported to be relatively
nonspecific, and can catalyze the oxidation of a wide range of
phenolic compounds and aromatic amines, while simulta-
neously reducing its oxygen-water co-substrate.® Its extensive
substrate specificity makes it widely used in the fields of biofuel
cells, biosensors, bioremediation and wastewater treatment.**®
In the textile field, laccase can be used for decolorization and
detoxification of dye wastewater, finishing of jeans, bleaching of
cotton fabric, scouring of roving and dyeing of protein fiber."***
Wang Ping's group used laccase to catalyze the graft polymeri-
zation of aromatic amines such as aniline (ANI) and p-phenyl-
enediamine (PPD) to dye and functionalize silk fabrics in situ.**
The results showed that silk fabric could be endowed with high
color depth, color fastness, antibacterial and antioxidant
capacity. Fan et al. used laccase as catalyst to induce phenolic
acid compounds to dye wool fabric.’® By optimizing the
monomer concentration and reaction time, a higher color
depth was obtained, and the pre-treated wool fabrics had good
levelness and color fastness. Phenolic compounds have good
biological activity, medicinal property, antibacterial property,
antioxidant property, and reducing activity.'*** Moreover, while
the above laccase catalyzed polymerization of phenolic
compounds and surface modification of the substrate, phenolic
compounds were also successfully immobilized on the surface
of the substrate, which can be used as a secondary reaction
platform for subsequent modification of the substrate.** Since
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dopamine had the same catechol structure as natural phenolic
compounds, laccase could catalyze the rapid oxidation and self-
polymerization of dopamine to dye and finish the silk fabrics.

Therefore, this work studied the rapid polymerization of
dopamine catalyzed by laccase under acidic conditions and
compared the self-polymerization process under traditional
alkaline conditions. At the same time, the effect of in situ dyeing
modification of silk fabrics by dopamine under two polymeri-
zation conditions was also studied. In order to further study the
process of dyeing silk fabrics with dopamine and its oligomers,
a molecular model of silk fibroin and a variety of dopamine
oligomer models were constructed. Molecular dynamics simu-
lation was used to explore the form of dopamine oligomers
bound to the surface of silk fibroin, and which parts of silk
fibroin were more easily combined with dopamine oligomers.
Subsequently, the modified silk fabrics were reacted with
different metal salt solutions to construct rough structure on
fiber surfaces, the crystal structure of particles on surfaces and
the hydrophobicity of the silk fabrics were studied.

2. Experimental

2.1. Materials

Silk fabric (72 g m~*) was provided by Jiangsu Huajia Group Co.,
Ltd., dopamine hydrochloride (AR) and tris(hydroxymethyl)
aminomethane (AR) were purchased from SuZhou KeChuang
Biotechnology Co., Ltd., laccase (from coriolus versicolor) and
diammonium 2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulfonate) (ABTS, 98.0%) were obtained from Shanghai Yua-
nye Bio-Technology Co., Ltd., CuSO,-5H,0 (AR), AgNO; (AR),
FeCl;-6H,0 (AR) and Ni(CH3COO),-4H,0 (AR), acetic acid (AR)
and sodium acetate (AR) were purchased from Sinopharm
Chemical Reagent Co., Ltd. The fabric was washed with soap
flakes at 60 °C and rinsed before use, and the other chemical
reagents were used as they were received. The activity of laccase
needed to be measured before the experiment, and the test
method was consistent with the previous method used by our
group.” In brief, ABTS was used to determine the activity of
laccase by an oxidation method at 415 nm (¢ =
29 300 M~' cm™ "), and one laccase activity unit was defined as
the amount of enzyme that transforms 1 pmol min ™" of ABTS at
25 °C.

2.2. Experimental methods

Laccase-catalyzed dopamine polymerization to modify silk
fabric: laccase (0.5 U mL™") was added into the solution con-
taining 2 ¢ L™ dopamine hydrochloride, and the pH value of
the reaction system was adjusted to 3.5 with acetic acid buffer,
the liquor ratio of silk fabric dyeing was 1 : 50 (g mL "), and the
reaction was carried out in a constant temperature shaking
dyeing machine at 50 °C for a certain time, then it was washed
by deionized water for several times to remove the floating color
and dried at 50 °C.

Modification of silk fabric by self-polymerization of dopa-
mine under alkaline conditions: as in the previous literature,*
the dopamine solution was conditioned to pH 8.5 with Tris
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buffer, and the silk fabric was placed into the above reaction
system under the same liquor ratio as above for 24 h, the silk
fabric needs to be turned from time to time during the dyeing
process to ensure the dyeing effect more uniform (experience
had learned that if the fabric was not turned constantly during
this dyeing process, large staining plaques visible to the naked
eye would be appeared on the surface of silk fabric), and then
took it out to wash the floating color with deionized water, and
dried at 50 °C.

The dyed silk fabrics were placed in different kinds of metal
salt solutions with the concentration of 40 mmol L™ " respec-
tively, after reaction at room temperature for 24 h, the fabrics
were washed with deionized water and dried at 50 °C in vacuum.

2.3 Simulation and calculation method

The molecular models were constructed according to the typical
structures of dopamine oligomers reported by Chai Dongliang
et al.,”* and the specific structures were shown in Fig. S1.}
Because the experimental conditions in this article were acidic,
the molecules containing primary amino groups were treated as
amino cation. According to the method reported by Cheng Yuan
et al.,”® the protein structure was pre-equilibrated, and the
protein structure after pre-equilibration was shown in Fig. 1.
The simulation system was set up according to the experi-
mental process and parameters. One silk protein macromole-
cule, six dopamine dimers, nine dopamine tetramers, two
dopamine octamers, 59 hydronium ions, 64 chloride ions and
172 539 water molecules were added to the system. One dopa-
mine oligomer of each structure was added in the system, which
could ensure the ergodicity for each type of the oligomers. The
size of the system was set to 17.45 x 17.45 x 17.45 nm>. The
Amber99sb ildn force field parameters® were used for the silk
protein. And GAFF force field parameters®” were used for the
dopamine oligomers. The RESP charges are used for the oligo-
mers which were fitted by the Antechamber program with HF/6-
31G***** method. The SPCE model was used for the water
molecules. The parameters of hydronium ions and chloride
ions were based on the work of Chew Alex K., et al.30 The
steepest descent method was used to eliminate unreasonable
contacts in the system, and then 400 ps of NVT and 1 ns of NPT
pre-equilibrium simulation were carried out. Finally, 200 ns of
constant temperature and pressure simulation was performed.

Fig. 1 The molecular structure of pre-equilibrated fibroin.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a) Self-polymerization of dopamine; (b) rapid polymerization of
dopamine catalyzed by laccase; (c) modification of silk fabric by self-
polymerization of dopamine; (d) modification of silk fabric by rapid
polymerization of dopamine catalyzed by laccase.

The simulation integration method was frog leaping. The inte-
gration step was 2 fs. The neighbor list was updated every 10
steps and its cut-off value was 1.2 nm. The periodic boundary
conditions were used in the three directions of XYZ. The cut-off
value was 1.2 nm for van der Waals interactions. The PME
method was used for electrostatic force. The simulated
temperature was 50 °C, and the temperature coupling method
was Nosé-Hoover; the simulated pressure was 1 atm, and the
pressure coupling method was Parrinello-Rahman. To impose
constraints on the bond length of all hydrogen atoms, the Lincs
constraint method was used. The Gromacs 2018.2 program was
used for the simulations and analyses, and the VMD 1.9.3
program was used for graphical display.

2.4 Characterizations

The K/S value of fabric was measured with a color matching
instrument under D65 light source and 10° viewing angle, and
the average value of five measurements was taken as the final K/
Svalue. A field emission scanning electron microscope (FESEM,

Table 1 Color fastness of dyed silk fabrics
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Hitachi S-4800) was used to observe the surface morphology of
the silk fabrics under a voltage of 3.0 kV. The X-ray diffraction
(XRD) patterns of the samples were tested using the Bruker D8
Advance diffractometer. The samples were tested with filtered
CuKo radiation (A = 0.154 nm) at a scanning speed of 2° min ™,
and the scanning range of the 20 angle was 10° to 90°. The water
contact angle of the silk fabric was evaluated using the German
Kriiss DSA 100 contact angle tester, the water droplet volume
was 3 L, and the test result was the average of 5 measurements.
The X-ray photoelectron (XPS) spectra were measured by
a Thermo Fisher Scientific Instrument (ESCALAB250Xi, USA)
with an Al Ka X-ray source (1484.6 eV).

3. Results and discussion

3.1 Polymerization of dopamine and the dyeing
modification of silk

Laccase was used to catalyze the polymerization of dopamine
and to perform rapid dyeing modification of silk fabrics, and
the modification effect was compared with traditional self-
polymerization modification under alkaline conditions. It can
be seen from Fig. 2a and b that it took 24 h for dopamine to self-
polymerize in alkaline environment with pH 8.5 to get brownish
black polymer, and the polymer was easy to aggregate and
deposit to form large particles visible to naked eyes. While
under the acidic conditions of pH = 3.5 and catalyzed by lac-
case, the polymerization rate was greatly increased, and the
polymer solution was more uniform without obvious aggre-
gates. Subsequently, the dyeing modification effects of silk were
compared under the above polymerization conditions. As
shown in Fig. 2c and d, dopamine can be rapidly polymerized
under the catalysis of laccase and modify silk fabrics in situ, the
K/S value of the fabric can reach 8.9 after 3 h. After being
modified for 24 h under alkaline condition, the K/S value of silk
fabric was 8.7, indicating that the efficiency of laccase catalyzing
the rapid modification of silk fabrics with dopamine in situ was
much higher than that of the traditional alkaline condition.
And after comparing the results of 7 random multi-point
measurements, the coefficient of variation of the K/S value of
the silk fabric modified by the traditional method and the
laccase-catalyzed method were 21.5% and 7.1%, respectively,
indicating that the modification effect of laccase catalyzed
polymerization was more homogeneous, which was also
consistent with the effect of macro-visual observation of the
polymer in the reaction solution above. Meanwhile, the silk
fabric was acid-resistant but not alkali-resistant,*"*> so laccase
catalyzed dyeing modification under acidic conditions was
more conducive to maintain the properties of silk fabrics.

Rubbing Washing
Property Dry Wet Fading Cotton staining Silk staining Light
Dyed silk fabric (laccase-catalyzed) 5 4-5 4 4-5 4-5 4
Dyed silk fabric (self-polymerization) 5 4 4 4-5 4 4

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Physical properties of the pristine silk fabric and the dyed silk fabric
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Property

Pristine silk fabric

Dyed silk fabric (Laccase-catalyzed)

Dyed silk fabric (self-polymerization)

Tensile strength (N cm ™)

Elongation at break (%)

533.2 + 34 (warp)

392.7 + 43 (weft)
42.3 + 1.3 (warp)
30.9 £ 0.8 (weft)

Fig.3 The picture of the finial state of the system (water molecules are

not shown).

In addition, the color fastness and mechanical properties of
silk fabrics were also investigated. The color fastness test results
were listed in Table 1. In general, the color fastness of silk
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504.5 + 32 (warp)

413.2 + 33 (weft)
40.3 £ 1.4 (warp)
32.1 £ 0.5 (weft)

494.3 + 33 (warp)

387.1 + 31 (weft)
39.2 + 1.5 (warp)
29.7 £ 0.9 (weft)

fabrics dyed by the two methods was almost the same. They
both had good rubbing fastness (grade 4-5) and color fastness
to washing, but the light fastness was not good enough. As can
be seen in Table 2, it was clear that the tensile strength and
elongation at break of the enzymatic dyed silk fabrics decreased

in the warp direction. However, in the weft direction, the tensile
strength and elongation at break increased slightly, which may
be attributed to the coating of polydopamine on the silk fibers.
The abovementioned results showed that the laccase-catalyzed
dyeing process had little effect on the overall mechanical
properties of the silk fabrics. For the silk fabrics dyed by self-
polymerization of dopamine in an alkaline condition, as silk
was a kind of protein fiber, it was acid resistant but not alkali
resistant. Long term exposure to alkaline environment would
have an adverse effect on its macromolecules, so the mechan-
ical properties of these silk fabrics were slightly reduced.
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Fig. 4 The radial distribution functions of the dopamine oligomers around the silk fibroin in different time periods, the reference molecule: (a)
the whole protein; (b) the amorphous area 1; (c) the crystalline area; (d) the amorphous area 2.
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Fig. 5 The detailed information of the hydrogen bonds between dopamine oligomers and silk fibroin (amino acid — ball and stick model;
dopamine oligomers — stick model; D: donor; A: acceptor; red — oxygen atom; cyan — carbon atom; blue — nitrogen atom; white — hydrogen

atom).

3.2 The binding process of dopamine oligomer with silk
fabric surface

3.2.1 Adsorption of dopamine oligomer on the surface of
silk fibroin. The final adsorption state of dopamine polymer on
silk fibroin surface was shown in Fig. 3. Some dopamine olig-
omers were adsorbed on silk fibroin surface, and some of them
remained in solution. Most of the dopamine oligomers adsor-
bed on the surface of silk were distributed near the amorphous
region (the blue part), which indicated that dopamine oligo-
mers mainly bound to the amorphous region of silk fabric in the
process of dyeing modification. The reason for the adsorption of
the most oligomers on the amorphous region of the silk fibroin
surface was that the crystalline part of the silk fibroin had
tighter structures and steric effect for the oligomers.

© 2022 The Author(s). Published by the Royal Society of Chemistry

In order to further understand the adsorption situation of
dopamine oligomers to the surface of silk fibroin, the whole silk
fibroin, two amorphous regions and one crystalline region were
taken as reference molecules, the radial distribution functions
(RDF) of dopamine oligomers in different time periods were
calculated. For the RDF analysis, the atoms in the amino acid of
the crystalline or amorphous regions were the reference parts,
and the atoms in the oligomers were the calculating parts. It can
be seen from Fig. 4a that the dopamine oligomers gradually
approach the silk protein. After 150 ns, the peak value of the
RDF no longer increased, but slightly decreased, which indi-
cated that the adsorption had reached dynamic equilibrium.
From the comparison of Fig. 4b-d, it can be seen that the
dopamine oligomers around the two amorphous regions were
relatively closer, and the peak value appeared at about 0.5 nm,

RSC Adv, 2022, 12, 3763-3773 | 3767
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Fig.6 Changes of the number of hydrogen bonds between dopamine
oligomers and silk fibroin over time.

while the peak value of RDF in the crystal region appeared at
about 1.0 nm, indicating that the polydopamine molecules were
indeed more inclined to adsorb to the amorphous region of silk
fibroin.

3.2.2 The interaction between dopamine oligomers and
silk protein

(1) Hydrogen bond. The details of the formation of hydrogen
bonds in the calculated final state system are shown Fig. 5, and
the upper and lower figures respectively represent the binding
situation of dopamine oligomers at different positions on the
surface of two amorphous regions of silk fibroin. The method to
judge the existence of the hydrogen bond was that the donor-
acceptor distance should be less than 0.35 nm, and the
hydrogen-donor-acceptor angle should be less than 30°. In
Fig. 5, the dopamine oligomers could form hydrogen bonds
with glycine, alanine, glutamic acid, tyrosine, phenylalanine,
tryptophan and serine in silk fibroin. Similar to amino acids,
dopamine oligomers contained both amino and hydroxyl
groups, so they could be used as both hydrogen bond donor and
hydrogen bond acceptor in the process of combination. The
calculation results of hydrogen bond formation between

Dopamine oligomer
-

Tyrosine
(Silk Fibroin)

View Article Online

Paper

dopamine oligomers and silk fibroin are shown in Fig. 6. With
the extension of time, dopamine oligomers gradually combined
with silk fibroin. After 150 ns, about 20 hydrogen bonds could
be formed between dopamine oligomers and silk fibroin, and
then they were in a dynamic equilibrium state.

(2) w-m stacking. Since silk fibroin contains amino acids
with benzene ring such as tyrosine, phenylalanine and trypto-
phan, the -7 accumulation between dopamine oligomers and
silk fibroin in the final state was calculated, and the calculation
results were shown in Fig. 7. It could be seen that the benzene
ring of dopamine oligomers could form m-m stacking with the
benzene ring of tyrosine and phenylalanine. As shown in
Fig. 7a, the angle between the benzene ring planes of the -
stacking formed by the oligomer and tyrosine was 6.2°, the
distance between the center of mass of tyrosine benzene ring
and the benzene ring plane of dopamine oligomer was 3.44 A,
and the distance between the center of mass of dopamine
oligomer and the benzene ring plane of tyrosine was 3.55 A,
which belonged to the typical - stacking. As shown in Fig. 7b,
the angle between the benzene ring planes of the - stacking
formed by the oligomer and phenylalanine was 17.6°. The
distance between the centroid of the benzene ring of phenyl-
alanine and the plane of the dopamine oligomer benzene ring
was 2.95 A, and the distance between the centroid of the
benzene ring of dopamine oligomers and the plane of the
phenylalanine benzene ring was 3.59 A. Although the angle
between the two planes was slightly larger, it was also in line
with the range of ©- stacking interaction.

On the whole, two kinds of atoms of the dopamine oligomers
could be attached to the amino acids on the silk protein. One
was the amino or hydroxyl group which could form hydrogen
bonds with the amino acids. The other was the aromatic ring
which could form m-m stacking interaction with the amino
acids.

3.2.3 The weak interaction between dopamine oligomers.
In order to understand the adsorption form of dopamine olig-
omers on silk fibroin surface, the aggregation and association
of dopamine oligomers in different time were calculated, and
the results were shown in Fig. 8a. In this section, the criterion
for judging molecular aggregation: when the distance between
any atom in a molecule and any atom in another molecule was
less than the sum of the van der Waals radius of the two atoms,

R
Dopamine oligomer

Fig. 7 Detailed information of the t—7 stacking interactions between dopamine oligomers and two amino acids of silk fibroin: (a) tyrosine, (b)
phenylalanine (red — oxygen atom; cyan — carbon atom; blue — nitrogen atom; white — hydrogen atom).

3768 | RSC Adv, 2022, 12, 3763-3773

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08807f

Open Access Article. Published on 28 January 2022. Downloaded on 11/9/2025 5:59:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Number of dopamine oligomer clusters
)
h

T T
0 50 100 150 200
Time (ns)

Fig. 8
oligomers over time.

Fig. 9 The detailed information of the hydrogen bonds between
dopamine oligomers (D: donor, A: acceptor, red — oxygen atom, cyan
— carbon atom, blue — nitrogen atom, white — hydrogen atom).

the two molecules were considered to be a cluster. Since a total
of 17 dopamine oligomers were listed (Fig. S17), it was consid-
ered that there were 17 clusters in the initial state, and the
number of clusters decreases after the aggregation of dopamine
oligomers. It could be seen from the figure that some dopamine

Relative intensity/(a.u.)
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T
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(a) The aggregation of dopamine oligomers in the adsorption process; (b) changes of the number of hydrogen bonds between dopamine

oligomers aggregated into aggregates before 50 ns, and then
they were in a dynamic equilibrium stage. After 150 ns, the
aggregates still existed, and there was a tendency for aggregates
to increase. This indicated that during the process of adsorption
of dopamine oligomers to the surface of silk fibroin, they may
be adsorbed to the surface in the form of aggregates. Similarly,
in order to observe the interaction between dopamine oligo-
mers, the calculating results of the number of hydrogen bonds
were shown in Fig. 8b. The molecular aggregation reached
dynamic equilibrium after 50 ns, and the number of hydrogen
bonds (about 12) between dopamine oligomers reached equi-
librium. The detailed calculation results of hydrogen bonds
formed between dopamine oligomers in the final state were
shown in Fig. 9. Hydrogen bonds could be formed between
dopamine oligomers through amino and hydroxyl groups, and
intramolecular hydrogen bonds could also be formed between
adjacent hydroxyl groups of the oligomer itself.

3.2.4 Chemical reaction of dopamine and the oligomers
with silk fibroin. Molecules with phenolic structures could react
with -NH,, of dopamine by Michael addition, which had been
similarly reported in the literature.**?” Therefore, the phenol
residues of tyrosine in silk fibroin could undergo Michael
addition reaction with the -NH, in dopamine molecules that
didn't participate in polymerization in time. At the same time,

(o

Relative intensity/(a.u.)

T T T T T T
406 404 402 400 398 396 394
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Fig. 10 XPS analysis: high resolution N 1s spectrum of (a) pristine silk fabric and (b) dyed silk fabric (laccase-catalyzed).
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Fig. 11 SEMimages of the pristine silk fabric (a), PDA-SF (b) and the surface of the PDA-SF deposited with various metalions: (c) Ag*, (d) Cu*, (e)

Fe3*, (f) Ni?*.

the -NH, on the surface of silk fibroin could also undergo
Michael addition reaction with polydopamine. Through the
analysis of the XPS test (N 1s), as shown in Fig. 10a, there were
a large number of -C-NH-C=O0O (about 95%) and a small
amount of -NH, (about 5%) on the surface of pristine silk
fabric, and their peak positions were located at 399.9 eV and
398.9 eV, respectively.’®* For the silk fabric after enzymatic
dyeing (Fig. 10b), the peak of -C-NH-C- could still be observed
on the surface, which came from the amide bond of silk and the
imino group in polydopamine. At the same time, =N'-
appeared at 401.6 eV, which might be due to the proton transfer
of carboxyl group on the silk surface to =N- in polydopamine
molecule.**** However, the peak of -NH, on the surface of the
dyed silk disappeared, and the literature had proved that -NH,
was not detected in the polydopamine catalyzed by laccase,*
which proved that the -NH, on the pristine silk surface was
completely consumed by Michael addition reaction with
polydopamine.

3.3 Deposition of metal ions on enzymatic dopamine
modified silk fabric

The silk fabrics (PDA-SF) modified by the above-mentioned
enzymatic dopamine polymerization were immersed in the
same concentration and different kinds of metal ion solutions
(Ag*, cu®, Fe’", Ni**) for 24 h at room temperature, and the
surface morphologies were observed after drying. As shown in
Fig. 11a, the surface of the untreated silk fiber was very smooth,

Table 3 CA of metal ions deposited on PDA modified silk fabrics (CA/°)

without obvious protrusions and foreign objects. After modifi-
cation by laccase-catalyzed polymerization of dopamine
(Fig. 11b), there were a layer of obvious attachments and some
convex structures attached to the surface of the silk fiber, but in
general, the surface structure was relatively smooth and no
special microstructure appeared. However, after the deposition
of Ag*, Cu®*, Fe**, Ni*", as shown in Fig. 11c-f, the surfaces of
the modified silk fibers were covered by a layer of dense gran-
ular structure, which greatly increased the surface roughness of
the silk fiber. In addition, after the above modification, the
surface wettability of silk fabrics also changed to a certain
extent. As shown in Table 3, all the PDA-SF modified by metal
ion deposition were hydrophobic, and the contact angles were
above 130°.

In order to further study the properties of the metal particles
deposited on the surface of the PDA-SF fibers, XRD was used to
test the crystal structure of the above deposited particles. As
shown in Fig. 12a, polydopamine and Ag"' formed crystals with
good morphology after deposition. The 26 characteristic peaks
at 38.1°, 44.5°, 64.5° and 77.4° were (111), (200), (220) and (311)
crystal planes, respectively. This coincided with the crystalliza-
tion peak of zero-valent nanosilver in the literature,”** indi-
cating that polydopamine had good reducibility, and Ag" could
be reduced to a zero-valent state. At the same time, the char-
acteristic peaks at 32.8° and 54.9° also indicated the existence of
silver oxide (Ag,0), which might be the oxide film formed by the
oxidation of nano silver surface by oxygen in the air during

Substrates/ions SF (°) PDA-SF (°)

Ag' (%)

Cu2+ (o) Fe3+ (o) Ni2+ (o)

CA 0 0

Image of water drop
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Fig. 12 XRD patterns of particles after 24 hours of enzyme-induced dopamine polymerization combined with various metal ions: (a) Ag*, (b)

Cu?*, (¢) Fe**, (d) Ni?*.

preservation.***” The XRD spectrum of the particles formed
after the deposition of polydopamine and Cu®" was shown in
Fig. 12b, unlike what had been reported in the literature,*®*
there were no obvious characteristic peaks of zero valent copper
appeared. The weak peaks at about 35° and 38° were the char-
acteristic peaks of CuO,* and the obvious peaks at about 28.05°,
36°, 44°, 58° and 63.6° could be attributed to the appearance of
Cu,0;.°** This copper oxide was an uncommon oxide, and it
was a metastable oxide, which generally existed together with
other copper oxides. Fig. 12c showed the XRD spectrum of
particles formed by the deposition of Fe*" and polydopamine,
with peaks at 21°, 26.2°, 33.7°, 34.9°, 41.08°, 50.08°, 53°, 61.2°,
63.1° and 68.4° corresponding to (110), (120), (130), (040), (140),
(211), (221), (002), (061) and (170) crystal planes of a-FeOOH,
respectively.®*** This result indicated that the mineralized
substance with good crystal structure was formed during the
deposition of ferric ion and polydopamine. Fig. 12d showed the
XRD spectrum of particles deposited by Ni** and polydopamine.
The wide peak at about 20° to 25° was generated by organic
matter.*® There was no obvious metal crystal in the spectrum,
only an inconspicuous peak of the (111) crystal plane (44.5°) of
zero-valent Ni appeared.®” But in general, the composite parti-
cles of polydopamine and nickel were mainly amorphous
particles.

© 2022 The Author(s). Published by the Royal Society of Chemistry

4. Conclusions

In summary, compared with the traditional polymerization of
dopamine under alkaline conditions, the polymerization rate of
laccase catalyzed self-polymerization under acidic conditions
was greatly increased, and the polymer solution was homoge-
neous without obvious aggregation. Moreover, the dyeing time
of laccase catalyzed dopamine modified silk fabric could be
greatly shortened, and the dyeing effect of silk fabric was better
and more uniform. The color fastness of the silk fabrics dyed by
the two methods was basically the same, but the mechanical
properties of the silk fabric after enzymatic dyeing were rela-
tively better maintained. Through molecular dynamics simula-
tion studies, it was found that dopamine polymers were easily
combined with the amorphous regions of silk fibroin, and
dopamine oligomers and amino acids of silk fibroin could form
hydrogen bonds and m-m stacking interactions. Dopamine
oligomers would aggregate in the process of adsorption to silk
fibroin, and the oligomers might be adsorbed on the surface of
silk fibroin in the form of aggregates. In addition, dopamine
oligomers could form intermolecular and intramolecular
hydrogen bonds through amino groups and hydroxyl groups.
Meanwhile, -NH, on the surface of silk fibroin would also be
consumed due to the Michael addition reaction with dopamine
and its oligomers. After polydopamine dyed silk fabrics were
reacted with Ag*, Cu®*, Fe’", and Ni*", the silk fabrics had good

RSC Adv, 2022, 12, 3763-3773 | 3771
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hydrophobicity, which was attributed to the rough structure of
hybrid particles with different crystal structures formed by
polydopamine and metal ions on the silk fiber surfaces.
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