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KEYWORDS Abstract This study targets on the molecular-decoration of flavonoids (FLs) with a reactive ultra-
Flavonoid; violet absorber (UV-ABS) to enhance their low-solubility and photo-sensitivity, further serving for
Natural extract; uniform and ultraviolet (UV)-proof treatment of silk. Quercetin (QUE) and rutin (RUT) showing
Nucleophilic reaction; structural discrepancy in disaccharide moiety are compared. The chemical structures of modified
Eco-textile; flavonoids (MOD-FLs), adsorption behaviour/mechanism of MOD-FLs on silk, and the colour fea-
UV protective; tures and functionalities of treated silk were explored. Results reveal that the absorbance of FLs in
Silk water significantly increases after modification indicating the enhanced solubility, which is recon-

firmed by the water/n-butanol phase separation experiment. Two intense adsorption bands of
MOD-FLs in UVA/UVB range imply their potential use as UV-proof finisher for textile. The
exhaustion of MOD-FLs on silk gradually descends as pH increases. MOD-FLs display a closer
trend to Psuedo 2nd-order kinetic model than FLs indicating the dominance of chemical adsorption
due to the ionic nature of UV-ABS part. MOD-QUE show superior building-up property than
MOD-RUT on silk, which is beneficial to achieving diverse intensity of colour and functionality
on silk. Fewer aggregates of MOD-FLs are observed on silk surface than FLs. After modification,
the colour fading of QUE and RUT treated silk after 8 h light exposure significantly reduce by
71.96% and 42.91%, respectively. MOD-FLs treated silk disinfect over 80 % of E. coli and S. aur-
eus. However, a significant antioxidant decrease of FLs occurs after modification. MOD-FLs (5%
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owf) imparts silk with high UPF values (50 +). In general, the strategy for enhancing the water sol-
ubility and photostability of FLs is developed to better serve as bio-based modifiers for textile which
is also transferable to the modification of other natural molecules.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The growing concern on the health, hygienic and protective aspects of
textile among customers, is driving textile manufactures to explore the
‘green’ alternatives to synthetic dyes and functional reagents. Bio-
based molecules primarily originated from plants are receiving increas-
ing attention among various sectors including cosmetics, food, solar
cells, etc.(Shahid et al., 2013, Kasiri and Safapour 2014) For textile
processing, bio-based molecules are becoming preferable over synthetic
chemicals, not only due to their environmental compatibility and less-
to-none toxicity, but also related to the integration of the coloration
and functionalization of textiles into one-bath process.(Shahid-ul-
Islam et al., 2013, Zhou et al., 2015, Rather et al., 2020, Li et al.,
2021, Zhang et al., 2022) And as such, the energy, water and time con-
sumptions during conventional stepwise textile process are reduced
towards a sustainable textile processing, and also in alignment with
the aim for global carbon neutralization.

Silk is a significant protein-based natural polymer with a well-
earned reputation as the “queen of textiles” owing to its smooth and
lustrous appearance, wearing comfort, hygroscopicity, etc. Silk has
also been discovered to be an appropriate material for medical usage
because of its desirable mechanical property, biocompatibility, and
controllable degradability.(Li et al., 2012) Nevertheless, silk textile suf-
fers from inherent high ultraviolet (UV) transmittance, and also being
a favourable media for microbial growth and propagation, leaving it
inadequate for the protection of the wearers or even inducing skin dis-
eases. Although conventional UV absorbers and antimicrobials are
readily incorporated to silk textiles, recent studies confirm their short-
comings such as toxicity, poor activity, and weak washing fastness,
(Alebeid and Zhao 2017, Zhang et al., 2018) falling out of the scope
of eco-friendly textiles.

Flavonoids (FLs) take up the majority of plants extracts, and are
famous for their defense against microbial attack. Quercetin (QUE)
and rutin (RUT) are two typical flavonoid compounds (Fig. la),
widely found in various fruits and vegetable tissues. Their unique dif-
ference is the presence of a disaccharide group located in the C-ring of
RUT, whereas which is absent in QUE. Unfortunately, RUT and
QUE are sparingly soluble in water (i.e. < 0.01 and 0.12 g/L at
20 °C, respectively).(Chebil et al., 2007) From the perspective of the
dyeing and finishing of textiles, such defect probably results in the
inhomogeneous colouraion and functionalization rising from the
uncontrollable aggregation and deposition of FLs molecules on fibre
surface or between fibres. Moreover, the pleiotropic functions of
QUE and RUT on fibre could not be fully expressed because of their
low solubility and bioavailability. To date, several modification meth-
ods such as o-methylation, glycosylation, sulfation, and acylation are
able to manipulate the solubility and bioactivity of FLs,(Plaza et al.,
2014, Tran et al., 2019, Yu and Bulone 2021) whereas most research
are carried out within the fields of food, medicine and agriculture. It
is also reported that QUE treated textiles suffer from colour degrada-
tion after periods of exposure to the xenon arc lamp.(Smith et al.,
2000) Similar observation also showed that the QUE treated silk with-
out mordant display poor light fastness. Thus apart from low solubil-
ity, how to improve the photostabilty of FLs on fibres is another
pending issue.

Several hydroxyl groups are present in the structures of QUE
and RUT, especially those in B-ring, making them possible for
nucleophilic modification.(Torres et al., 2012) In addition, vinylsul-
fone reactive dyes are able to form covalent bond with cellulosic

fibre through nucleophilic addition of vinylsulfone group to hydro-
xyl group in alkaline medium.(El-Shishtawy et al., 2014, Youssef
et al., 2014) Inspired by such mechanism, two water-soluble FLs
are designed and synthesized using a commercial reactive UV
absorber (UV-ABS) with vinylsulfone group (Fig. 1b) for the func-
tionalisation of silk in this study. To date, the research related to
this UV-ABS is mainly focused on the direct functionalisation of
fibres.(Ibrahim et al., 2015, Kotb 2017) Less emphasis has been
placed on the modification of bio-molecules for textile eco-dyeing
and finishing. Our previous study confirmed the feasibility of mod-
ification of curcumin with keto-enol tautomeric structure.(Zhou and
Tang 2016) However, FLs take the dominant part in the family of
bio-based molecules, which makes their modification more impor-
tant and in urgent needs. The chemical modification of FLs and
further use for textile processing is proposed in Fig. 1. The solubil-
ity and photostability of FLs as well as the uniformity of their dis-
tribution on silk are expected to be improved simultaneously. The
structures of modified quercetin (MOD-QUE) and modified rutin
(MOD-RUT) were examined. The adsorption behaviours of modi-
fied flavonoids (MOD-FLs) on silk, the colour feature, bioactivity
and UV shielding property of treated silk were also investigated
and compared.

2. Materials and methods

2.1. Materials

Silk fabric with code of 12103 was obtained from Suzhou Jia-
duoli Silk Apparel Co. 1td., China. QUE and RUT (Purity of
both are 95 %) were purchased from Xi’an Qing Yue Biotech-
nology Co. Itd., China. An anionic UV-ABS (UV-Sun® CEL
LIQ) with oxalanilide and vinylsulfone structures(Kotb 2017,
Abo El-Ola and Kotb 2021) was obtained from Huntsman
International LLC., USA. All the chemicals such as sodium
carbonate, broth, agar, were analytical reagents.

2.2. FLs modification

QUE (1 g) and RUT (1 g) were mixed with sodium carbonate
at pH of 9.6 in a boiling flask for 15 min. Then, 2.9 gand 1.4 g
of UV-ABS were added dropwise to the two mixtures men-
tioned above to 50 mL, respectively. The mixture was subject
to vigorous stirring at 50 °C for another 2 h. After reaction,
a diluted HCI solution was added towards a final pH of 3 to
precipitate the unreacted FLs. Then, the mixture was filtered
through filter paper three times and stored as stock solution
in the dark. The yields for QUE and RUT are 79 % and
73 %, respectively.

2.3. Silk treatment

In general, the silk treatment was carried out by immersing silk
fabrics in the conical flasks which contains FLs and MOD-
FLs, and buffer solutions. Then the conical flasks were placed
in a thermal controllable shaker for customised periods.
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Finally, the residual solutions were subjected to evaluating the
exhaustion rate. The resultant fabrics were thoroughly washed
and dried in the open air for further test.

The adsorption kinetic study was processed in a homother-
mal shaker at constant temperature of 85 oC using 5 % owf
(weight of chemical to fabric) of FLs and MOD-FLs. The
pH was adjusted by Mcllvaine buffer at 3.8. The quantities
of FLs and MOD-FLs in the treatment bath were continuously
monitored from beginning to 120 min. To investigate the pH
impact and building up property, conventional elevating tem-
perature process (Starting from 30 °C to 85 °C by 2 °C/min
increasing rate and preserving at 85 °C for 1 h) was carried
out in an oscillating dyeing machine to simulate the mass pro-
duction procedure. The pH values and concentrations of FLs
and MOD-FLs were as follows, (i) pH impact: pH range
2.7-6.8, concentration 5 % owf; (ii) building up property:
pH 4.2, concentration range 0.5 %-11 % owf.

2.4. Measurements

2.4.1. UV-Vis spectroscopy, FTIR and HPLC-MS

The absorbance and absorption spectrum of the solution were
examined by a Shimadzu UV-1800 UV—-Vis spectrophotometer
(Shimadzu Co. 1td., Japan). The quantities of FLs and MOD-
FLs in solution were calculated from their calibration curves
based on Lambert-Beer’s law. The exhaustion rate was deter-
mined using Eq. (1),

Modification of QUE and RUT with UV-ABS for silk finishing.

my —

Exhaustion (%) = x 100 (1)

my
where my and m; are the mass without and with treatment,
respectively. For accurate measurement, FLs were diluted with
80 % ethanol, whilst the MOD-FLs were diluted with water.

Based on previous studies(Kuramochi et al., 1998,
ROTHWELL et al., 2005), an n-butanol/water phase separa-
tion experiment was also carried out to demonstrate the solu-
bility enhancement of FLs after modification (Figure S1).
0.32 mM FLs or MOD-FLs were added to a capped glass tube
holding 100 mL n-butanol/water mixture (v:v = 1:1). The mix-
ture was then subject to vigorous shaking and sonication, and
finally stood for 1 h.

The FTIR spectrum was obtained using a Nicolet 5700
FTIR spectrometer (Thermo Fisher Scientific Inc., USA) with
an accumulation of 32 scans and resolution of 4 cm™'. The
MOD-FLs solutions were further purified by centrifugation
at 4000 r/min for 30 min. The resultant clear supernatants were
used for HPLC-MS analysis under a negative-ion mode. An
electrospray ionization-mass spectrometry (ESI-MS) was
adopted for mass spectra using a Thermo Scientific TSQ
Quantum Access Max (Thermo Fisher Scientific Inc., USA).
Chromatographic separation was achieved on CI18 column
(250 x 2.1 mm, 5 pm). The mobile phase consisted of 0.1 %
formic acid (A) and 100 % ethanol (B) with a composition
of 50 % A and 50 % B. The flow rate was 100 pL/min with
an injection volume of 4.0 pl. The molecular weights of



4

Y. Zhou, W. Zhang

MOD-QUE and MOD-RUT are confirmed as m/z 484.8 (dou-
ble charged ion) and m/z 638.8 (double charged ion) by HPLC-
MS, respectively. (Figure S2).

2.4.2. Surface zeta potential

The fabric’s surface electric potential was obtained on a Sur-
PASS electrokinetic analyzer (Anton Paar GmbH, Austria).
A couple of squared fabric (10 x 20 mm?) was stabilized in
the cell chamber leaving a flowing channel in between. The cur-
rent was measured using Ag/AgCl electrodes. The pH was
changed in the range of 3-7 with HCl/NaOH.

2.4.3. Colour feature, uniformity and fastness

The a*/b* colour coordinates of fabric samples were evaluated
using a Datacolor 600 (Datacolor Technology Co., USA).
Each sample was folded twice for measurement. The colour
uniformity was quantified by the standard deviation (STDEV,
See Eq. (2)) of a*/b* value inspired by previous study.(Li et al.,
2022) Thus, the lower value of STDEV (a*/b*) reveals the bet-
ter colour uniformity.

n 2

> [(a*/b*)[ - (a*?b*)
STDEV (ax/bx) = \| ="

2
—— 2

The fastness evaluation including washing, rubbing and
light exposure were carried out according to our previous stud-
ies.(Zhou et al., 2015, Zhou et al., 2020).

2.4.4. Morphology
The surface morphology of fabric was observed by a Hitachi -
S-4800 SEM (Hitachi High-Technologies Co., USA). Before

test, the fabric was sputter coated with Au at a current of
30 mA for 30 s.

2.4.5. Functionality

The sample obtained in building up study of 2.3. Silk treatment
was used. The antioxidant of the fabric sample was evaluated
by ABTS" decolorization assessment. More details were pre-
sent in our previous work.(Zhou et al., 2015, Zhou et al.,
2016) The antibacterial assessment was carried out according
to our previously reported method.(Zhou et al., 2015, Zhou
et al., 2016) The ultraviolet protection factor (UPF) and the
UV transmittance of the fabrics were assessed on a Labsphere
UV-1000F ultraviolet transmittance analyzer (Labsphere Inc.,
USA).

3. Results and discussion
3.1. Chemical structural identification

3.1.1. UV=Vis absorption spectroscopy

To explore the photo-adsorption property and solubility of
FLs, MOD-FLs and UV-ABS, their UV-Vis absorption spec-
tra both in aqueous and 80 % ethanol solutions are examined.
Both QUE and RUT show extremely low absorbance (See the
dashed lines in Fig. 2a) in water, indicating their quite low con-
centration in water solution. Undissolved FLs molecules form
visible aggregates to the bottom of container (See the inserted
photos). Those results demonstrate the poor solubility of QUE
and RUT in water rising from the large hydrophobic phenyl
rings in their chemical structures(Codorniu-Hernandez et al.,
2003) (See Fig. la). It is observed that the absorbance of
RUT is slightly higher than that of QUE in water within the
UV region. This is due to the presence of hydrophilic disaccha-
ride moiety in RUT which makes it showing better solubility
than QUE.(Samsonowicz and Regulska 2017) In all, the poor
solubility of FLs probably leads to their inhomogeneous distri-

2.5 2.5
(a) QUE MOD-QUE (b) —  UV-ABS
. R QUE [
2.0 1 ——MOD-QUE 2.0
! S s | | - RUT |
— MOD-RUT
1.5 RUT MOD-RUT -1.5
2 )
Re! L Re!
< <
-1.0
Soluable 0.5
Water 80% ethanol |
T T T —= 0.0
300 400 500 600 300 400 500 600

Wavelength (nm)

Fig. 2
concentrations of FLs, MOD-FLs and UV-ABS are 0.05 g/L).

UV-Vis absorption spectra of FLs, MOD-FLs and UV-ABS: (a) in water at pH 3 and (b) in 80 % ethanol solution. (Note: The
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bution on the fibre surface or within the fibre, thus failing in
uniformly furnishing functionality and colour on final textile
products.

As seen in Fig. 2b, both QUE and RUT show much higher
solubility in ethanol solution than in pure water due to the
polarity of solvent.(Do et al., 2014) The spectra of FLs in
80 % ethanol display-two obvious characteristic absorption
bands in the UV-Vis regions: band I (300-500 nm) and band
IT (200280 nm), which are assigned to cinnamoyl and benzoyl
systems, respectively.(Singh et al., 2017) The UV-ABS is well
dissolved in water owing to its ionic sulfonic group and also
shows a unique UV absorption peak at 290 nm. UV-ABS
has no adsorption in the visible light region (400 — 800 nm),
which is beneficial for the modification of FLs without unde-
sirable colour change. Apparently, MOD-FLs in water display
broad and intense peaks in the wavelength range from 250 to
400 nm. This phenomenon is attributed to the superposed
peaks of UV-ABS and FLs sections of the MOD-FLs. The
solutions of MOD-FLs were homogeneous and transparent
with no precipitates found in the container. A phase separation
experiment of MOD-FLs and FLs was also carried out to illus-
trate the solubility enhancement in water. As seen in Figure S1,
a darker shade in water phase whereas a lighter shade in n-
butanol phase, is observed which reconfirms the improvement
of solubility after modification. Moreover, MOD-FLs possess
two broad bands in UVA (320-380 nm) and UVB (280-
320 nm) ranges, revealing their potential for UV-proof finish-
ing silk textile. In addition, the distinctive spectra of MOD-
FLs against the respective spectra of UV-ABS and FLs, indi-
cates occurrence of chemical reaction between UV-ABS and
FLs rather than their physical mixtures.

3.1.2. FTIR

QUE and RUT display similar FTIR spectra as they both
belong to the FLs family (Fig. 3), however with several differ-
ences. The peak at 2938 cm™ is the consequence of C—H
stretching in the saccharide moiety of RUT. Stretching peaks
at 912 and 807 cm™' are attributed to the B-glycosidic linkages
between the sugars of RUT.(Song et al., 2009, Qian et al.,
2017) The peaks at 1369, 1141, 1041 and 1001 cm™ of UV-

MOD-QUE

MOD-RUT

I ransmitance (a.u.)
R

L T T % T " I: . . ‘_l L T "
4000 30001750 1500 1250 1000 750 500
Wavenumbers (cm™)

Fig. 3 FTIR spectra of MOD-FLs, FLs and UV-ABS.

ABS are identified as the characteristic peaks of sulfate and
sulfonic groups. The peak at 1226 cm™! is attributed to sulfone
group.(Youssef et al., 2014) The bands at 1614 and 1563 cm™
were due to the carbonyl stretching of amide I, and the N—H
bending of amide II (Sijakovié-Vujicié et al., 2007, Souza et al.,
2012) from the oxalamide group of UV-ABS. The above obser-
vations verify the basic structure of the UV-ABS comprises of
oxalanilide moiety, and sulfatoethylsulfone and sulfonic
groups. The MOD-FLs show distinctive FTIR spectra com-
pared with FLs. The intensity of the peak at 3412 cm™ turns
weaker after modification due to the decreasing number of free
hydroxyl groups. The peaks at 1249 and 1049 cm™' represent
Ar-O and C—O stretching vibrations, respectively, which can
be taken as an evidence of the formation of ether bond
between FLs and UV-ABS.

3.2. Adsorption behavior

During adsorption, pH value exerts great impact on the ioniza-
tion degree of FLs and the surface charge intensity of silk(Zhou
et al., 2016), which directly affects their affinity and the final
adsorption quantity of FLs, thus is explored in priority. Obvi-
ously, QUE and MOD-QUE displayed much lower exhaustion
rate than RUT and MOD-RUT (Fig. 4a). This phenomenon is
attributable to the hydrophilic saccharide moiety in RUT mole-
cules, which not only increases their steric hindrance against the
adsorption onto the fibre surface and the diffusion into the fibre
interior, but also increases their desorbing propensity from silk
compared with QUE. The exhaustion of FLs to silk marginally
changes at the pH range from 3 to 5, but decreases sharply over
pH 5. Distinctively, a gradual descending trend for the exhaus-
tion of MOD-FLs on silk along with the pH increase is observed.
It is preliminarily estimated that the sulfonic moiety of the
MOD-FLs enhances the ion — ion interaction between MOD-
FLs and silk (verified in following Adsorption kinetic study).
Moreover, MOD-FLs displayed lower exhaustion on silk than
FLs. This is due to the enhanced solubility of FLs after modifi-
cation, which reduces the quantity of unfixed precipitates on silk
surface (verified by SEM imaging), and also facilitates their des-
orption from silk compared with the case of FLs. Considering
the adsorption quantity and the protection of silk fibre, pH 4
is used for the following study.

To further verify the interaction mode between MOD-FLs
and silk, a batch of adsorption kinetic curves describing the
adsorption quantity against time under 70 °C were created
for further analysis. Pseudo Ist and 2nd order kinetic models
(Table S1) are introduced for the nonlinear regression analysis
of the experimental data. Pseudo Ist and 2nd order models are
important tools to explore the adsorption kinetics, which are
obtained through the integration of the general equation Eq.
(3)((Chairat et al., 2005, Moussout et al., 2018).

dc,
b
where C, and C, are the quantity on the unit mass of fibre at
equilibrium and time ¢, respectively; k, is the constant rate
of the pseudo-n-th order kinetic model.

The normalized deviations (ND) is adopted to explain the
closeness to the models.(Sun and Tang 2011) As seen in
Fig. 4b, the adsorption behaviour of FLs and MOD-FLs to
silk is a rate-controlling process in general, indicating a

= k(Ce — Q)" 3)
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Fig. 4 Adsorption of modified flavonoids to silk: (a) pH impact, (b) adsorption kinetics, and (c) building up property.

chemisorption mechanism. Fast adsorption occurs in the first
40 min. After 90 min, adsorption approaches to an equilibrium
level. Table 1 shows that Pseudo 2nd order kinetic model dis-
play higher R* and lower NDs than Pseudo Ist order kinetic
model. And also with respect to the fitted line plots in the Fig-
ure, the experimental points are located close to the Pseudo 2nd
order kinetic model (dash line). Thus, Pseudo 2nd order kinetic
model was selected to interpret the adsorption of FLs and
MOD-FLs to silk. MOD-FLs show higher R?> and lower
NDs than FLs, which indicates the higher dominants of ion-
ion interaction after modification during adsorption. The zeta
potential is the potential difference across phase boundaries
between fibres and liquids. The larger decrease of isoelectric
potential (IEP) of silk after the adsorption of MOD-FLs than
of FLs reconfirms the ion-ion interaction (Figure S3). Briefly,
the sulfonic groups on MOD-FLs takes up a greater number of
ammonia sites on silk than in the case of FLs. Thanks to the
enhanced solubility, MOD-FLs also own higher &k, and lower
11> than FLs due to their easier adsorption to the fibre surface
or penetrate into the internal of fibre. Another benefit from the
enhanced solubility is that the lower temperature is sufficient
for the adsorption of well dispersed MOD-FLs to silk, rather
than the case of FLs rely on the expansion of fibre and disper-
sity at higher temperature. It is also worth noted that MOD-
FLs show a faster initial adsorption (See Fig. 4b and also indi-

Table 1 Kinetic parameters for the adsorption of FLs and
MOD-FLs on silk.

Parameter QUE MOD-QUE RUT MOD-RUT
Pseudo Ist-order kinetic model

k1 (/min) 0.0884 0.1610 0.0497  0.0945
C. (mg/g) 23.56  22.81 9.49 8.93
R’ 0.9259  0.8958 0.9523 009115
ND (%) 2.71 1.11 3.54 2.28
Pseudo 2nd-order kinetic model

k> (g/[mgsmin])  0.0047 0.0106 0.0053  0.0133
C. (mg/g) 2627  24.40 1124 993

h; (mg/[gsmin])  3.24 6.31 0.67 1.31
11> (min) 8.10 3.87 16.79 7.57
R’ 0.9895  0.9977 0.9902  0.9929
ND (%) 1.07 0.18 1.77 0.74

cated by /) to silk than FLs. However, adsorption quantity of
QUE and RUT turn higher after 50 min and 70 min, respec-
tively. This is due to the higher solubility and stronger charge
density of FLs after modification that induces more favorable
adsorption than FLs to silk. As the adsorption proceeds, more
hydrophobic FLs in the solution are aggregates to silk surface
(See SEM images in Morphological study), finally resulting in a
higher adsorption quantity at equilibrium.

The building-up property is highly related to the utilization,
colour yield and adsorption quantity of bio-extracts on textiles
from a practical perspective. In other words, the better
building-up property is, the larger ranges of colour depth
and functionality on final textile product can be achieved cater
to the diverse demands of consumers. As depicted in Fig. 4c,
MOD-QUE show superior building-up property than MOD-
RUT on silk, which indicates a wider spectrum of absorption
quantity can be achieved for diverse colour depth and func-
tionality. Those are further explored in the following sections.

3.3. Fabric characterization

3.3.1. Colour feature, uniformity and fastness

As depicted in Fig. 5a, the a*/b* values of FLs treated silk fab-
rics gradually increases with the increasing pH, towards the
yellowish-reddish region of colour space, which is mainly
attributed to the deprotonation of the hydroxyls on FLs.
(Zhou and Tang 2017) The silk fabrics treated with QUE
has higher b* values than those treated with RUT, indicating
their stronger yellow hue due to the higher adsorption rate.
Conversely, the a*/b* plots of the silk treated with MOD-
FLs at higher pH shift towards the origin of colour space,
revealing a decrease in the colour saturation mainly due to
the lower exhaustion of MOD-FLs (verified in Fig. 4a). It is
also found the colour change of the MOD-FLs treated silk
along with pH variation, is milder than that of FLs treated
silk. This is due to the fact that the hydroxyls on FLs were
occupied or affected by the introduction of UV-ABS after
modification, thus reducing the pH impact on the protonation
phenomenon. The inserted photograph of the silk fabrics trea-
ted at pH 4 can visibly detect the colour difference between the
FLs and MOD-FLs treated silk. To increase the concentration
of MOD-FLs further intensifies the colour shade and satura-
tion of treated silk (Figure S4).
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(d) Colour change of silk after exposed to UV light for 8§ h.

The colour uniformity is fundamental to the appearance
quality of the final products. Fig. 5b displays the a*/b* plots
of 10 different positions from the centre to edge of the fabric
sample. Obviously, the a*/b* plots of MOD-FLs treated silk
are more centralised than those of FLs treated silk, indicating
their good colour uniformity. Such amelioration is contributed
by the enhanced solubility of flavonoids after modification,
enables easier diffusion and migration of MOD-FLs within
fibre. The colour uniformity is further quantified by comparing
standard deviation (STDEV) of the a*/b* values of MOD-FLs
and FLs treated silk (See the inserted table). The modification
of FLs with UV absorber significantly enhanced the colour
uniformity of treated silk. From the percentage variations (A
%), more obvious uniformity enhancement is occurred on
QUE than on RUT after modification, due to its greater
improved solubility. In order to further explore the uniformity,
the surface morphologies of FLs and MOD-FLs treated silk
were examined by SEM. As shown in Fig. 5c, large quantities
of aggregated FLs precipitates (verified in the individual SEM
images of QUE and RUT in Figure S5) are observed on silk
surface and between the silk fibres, especially in the case of
QUE. Much fewer particles can be seen on the MOD-FLs trea-
ted silk, thanks to the enhancement of solubility. Integrating
the results of adsorption quantity in 3.2. Adsorption behaviour,
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(a) Colour feature of silk treated at different pH values, (b) Colour uniformity of treated silk, (c¢) SEM images of treated silk and

it is estimated that most MOD-FLs are diffused into the inte-
rior of silk fibres.

During usage, it is unavoidable for textile to subject to
repeated washing. Thus, the colour fastness of MOD-FLs trea-
ted silk fabrics is an important parameter influencing the qual-
ity of the final products. As the data listed in the Table 2,
MOD-FLs treated silk has much higher rubbing fastness than
FLs treated silk, rising from the enhanced solubility that facil-
itates a better disperse in the solution and better diffusion into
the fibre rather than remain on the surface. Owing to the intro-
duction of UV absorber, the MOD-FLs treated silk show bet-
ter light fastness than FLs treated silk. This enables us to
further investigate the colour variations (4 E) of the treated silk
after 8 h light exposure. As shown in the 3-dimentional colour
space (Fig. 5d), the AF values of silk treated with QUE and
RUT are 11.84 and 2.82, respectively, which further reduces
to 3.32 (71.96 %) and 1.61 (42.91 %), respectively. This man-
ifests that the UV absorber part of the MOD-FLs can effi-
ciently absorb the UV light which reduces the radiation
impact of the UV on the structures of FLs.

3.3.2. Bioactive properties

The bacterial growth often occurs on silk products due to their
hygroscopic property and protein nature that leads to the dete-
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Table 2 Colour fastness of the dyed silk fabric.

Samples Color  Stain Rub Light fastness
change fastness
Silk Cotton Dry Wet
QUE 3 4-5 4-5 3 34 3
RUT 4 45 5 45 45 4
MOD-QUE 3 5 5 5 5 4
MOD-RUT 4 5 5 5 5 4-5

rioration, staining and foul odor, and finally adversely impact
human health through the transmission of infections and dis-
cases. The antibacterial mode of FLs is due to cell lysis and dis-
ruption of the cytoplasmic membrane by action upon the
membrane permeability leading to leakage of cellular compo-
nents and eventually cell death.(Tagousop et al., 2018) FLs
treated textile have been confirmed to be effective in the inhi-
bition of bacterial growth, however, the antibacterial activity
of the MOD-FLs treated silk requires further investigation.
As seen in Fig. 6a, untreated silk has very low bacterial reduc-
tion rate (<30 %). The UV-ABS provides silk with a certain
degree of antibacterial property due to its oxaline structure.
5 % owf FLs and MOD-FLs treated silk showed antibacterial
activities over 80 % against E. coli (Gram-) and S. aureus
(Gram+ ). QUE and MOD-QUE due to their higher adsorp-
tion quantities on silk (verified in 3.2. Adsorption behaviour),
impart better antibacterial performance than RUT and
MOD-RUT. Previous studies confirm that the antibacterial
activity of FLs is highly dependent on the hydroxyl groups
with special positions (Cushnie and Lamb 2005, Xie et al.,
2015). However, there is only a minor decrease of antibacterial
rate occurred on the silk treated with MOD-FLs compared
with those treated with FLs. Such phenomenon is an accumu-
lative effect of the reduction in the number of bioactive
hydroxyls on FLs after modification, and the introduction of
UV-ABS which also shows bacterial killing effect. Further,
we quantified the bioactive efficiency of FLs and MOD-FLs
based on the adsorption quantity obtained in 3.2. Adsorption
behaviour. Interestingly, the antibacterial efficiencies (orange
dots in the figure) of RUT and MOD-RUT on silk are higher
than those of QUE and MOD-QUE. It is preliminarily specu-
lated that the higher water solubility of RUT and MOD-RUT

100 20
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Fig. 6

Anitbacterial efficiency (%/(mg/g))

than QUE and MOD-QUE enables fast interaction with bac-
terial cells membranes or penetration into the internal of cells.

The antioxidant activity of textiles materials due to their
direct contact with human skin is gradually being paid atten-
tion in recent years. Previous studies confirmed antioxidant
activity of FLs on textiles, which stimulates us to further
explore the antioxidant activity of the MOD-FLs on silk.
The catechol moiety in the B-ring, the 3-hydroxyl group in
the C-ring, and the hydroxyl groups in the Ar-ing contribute
to the antioxidant action of FLs.(Lemanska et al., 2001) As
seen in Fig. 6b, original silk and UV-ABS treated silk showed
poor antioxidant activity. The antioxidant rate of treated silk
increases at higher quantity of FLs and MOD-FLs. A signifi-
cant decrease of antioxidant rate of FLs is occurred after mod-
ification, which is mainly due to the reduced number of
hydroxyls. It is also found that MOD-QUE provides silk with
higher antioxidant rate than MOD-RUT at the same concen-
tration. Similar to the antibacterial activity above, RUT and
MOD-RUT show higher antioxidant efficiency than than that
of QUE and MOD-QUE. In general, the MOD-FLs are able
to provide ideal antibacterial property and medium-to-high
level of antioxidant activity, and those properties can be
manipulated by controlling the adsorption quantity during silk
treatment.

3.3.3. UV protective property

Increasing attention has been paid to the human skin protec-
tion from the near-earth UV radiation due to the gradually
aggravated spoilage of ozone layer. As a significant out layer
covering the human skin, textiles have been highly expected
to possess the UV protection performance. As the MOD-
FLs display intense and broad peak within the wavelength of
UVA (320-380 nm) and UVB (280-320 nm) regions (Fig. 2),
it is supposed that the silk fabrics treated with MOD-FLs have
the capacity of UV protection. As depicted in Fig. 7, untreated
silk has a high UV transmittance with an extremely low UPF
(<9), falling in UV protection. The UV-ABS treated silk fab-
ric is very effective in blocking the transmittance of the lights
in UVA and UVB ranges with a UPF of 27.6 (‘Very good’
Level). Both FLs and MOD-FLs treated silk show much lower
UV transmittance than untreated and UV-ABS along treated
silk especially in the wavelength range of 280-360 nm which
contributes by the combining UV adsorption effects of FLs
and UV-ABS. Moreover, the silk fabrics treated with 5 %

Antioxidant rate (%)

N | UV-ABS

25 5
Concentration (% owf)

10

(a) Antibacterial and (b) antioxidant properties of Untr., UV-ABS treated, FLs and MOD-FLs treated silk.
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Fig.7 UV transmittance (a) and UPF (b) of the untreated, UV absorber treated, flavonoids treated and modified flavonoids treated silk

fabrics.

owf MOD-FLs show higher UPF values (50+ ) than those
treated with 5 % owf FLs, which are rated as the ‘Excellent’
level according to AS/NZS 4399.

4. Conclusions

This work presents a facile method to simultaneously enhance the
solubility and photo-stability of FLs with a reactive UV-ABS for
uniform and ultraviolet-stable colouration/functionalization of silk.
The chemical structures and solution properties of MOD-FLs,
and the colour features and functionalities of the treated silk were
also evaluated. MOD-FLs have much better solubility in water and
higher uptake rates on silk at lower pH value than FLs. MOD-
QUE has better building up property on silk than MOD-QUE.
Obvious enhancement of colour uniformity and light fastness of
FLs treated silk after modification are observed and quantified.
MOD-FLs treated silk exhibited good antibacterial activity, moder-
ate antioxidant activity and desirable UV protective performance.
In general, this study introduces a modification method for enhanc-
ing the water solubility and photostability of FLs to better serve
for the eco-dyeing and finishing of textiles. Further research is
expected to develop bio-based reactive and UV protective modifier
based on the mechanism from this work to further gain the sus-
tainability of textiles and the related processing.
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