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Functional silk fabric for detection and absorption of Zn(ll)
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ABSTRACT: Two reactive dyes (P1 and P2) based on salicyladehyde-4-amino-benzoylhydrazone, which show high sensitivity and selec-
tivity in sensing Zn>*, were synthesized and used to modify nonwoven silk fabrics. The prepared silk fabric was then characterized by
IR, UV-Vis, and fluorescence measurements. The results showed that reactive dyes were chemically reacted with silk fibers, rather
than physical absorption. Moreover, compared with raw silk fabric, functional silk fabric was bestowed the properties of Zn*" detec-

tion and improved absorption capacity of Zn**. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43952.
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INTRODUCTION

Zinc ion is the second most abundant transition metal in the
human body. It plays a very important role in many physiologi-
cal processes.' It is well known that disorder of zinc metabolism
is closely related to many severe neurological diseases such as
Alzheimer’s disease and Parkinson’s disease.”> Moreover, zinc
ions are also important in the environment pollution. There-
fore, detection and monitoring of Zn*" in both the environ-
mental and biological systems are highly demanded. Among
various analytical methods for ion detection, fluorescent
method was the most studied because of its simplicity, cost
effectiveness and high sensitivity. In the past decades, many flu-
orescent probes of Zn** ion have been developed with various
detection mechanisms based on quinoline," courmarin,®"'
naphthalimide,12 indole,”> BODIPY,!*!¢ bipyridine,”’18 and
other fluorophores."”* However, the previous fluorescent
probes are mainly small molecules. In this article, we introduced
the fluorescent molecules to silk fibers, which can be further
used as fluorescent probes like pH test paper.

Functional fibers refer to the fibers with some special features
or for certain applications compared with the conventional
fibers. They are mainly divided into three categories: The first
category is modified conventional synthetic fibers to overcome
its inherent shortcomings, also known as differential fibers; the
second is modified fibers with new features, such as conductiv-
ity, water absorption, moisture, antibacterial, deodorant, fra-
grance, flame retardant, UV shielding, and other additional
properties; the third category is high-performance fibers, which

show excellent performance including high strength, high mod-
ulus, high temperature resistance, and chemical resistance. Here
we focus on functional fibers of the second category. The com-
mon methods of fiber modification include plasma technology,
heat, light radiation, coatings, absorption, and self-assembly.
Silk fibroin (SF) derived from silkworm cocoon has many excel-
lent properties, including good biocompatibility and biodegrad-
ability, excellent mechanical properties, as well as abundant
source. Because of its easy processing, SF can be made into vari-
ous forms, including films,?> hydrogels,”® nonwoven fabrics,”’”
and 3D porous scaffolds.”® Moreover, compared with cellulose,
SF has amino groups besides hydroxyl groups, which makes SF
very feasible to be modified. Tang et al. introduced silver nano-
particles into SF fibers by adsorption to prepare functional SF
fibers with excellent antibacterial properties.”” Recently, our
group prepared SF scaffolds with two-photon fluorescence emis-
sion and white-light emitting properties based on molecular
recognition and materials assembly technique.’®™* The fabricated
scaffold materials exhibited improved optical properties, which
was very promising in biomedical applications. However, the
previous modification methods were mainly nonvalent, while
covalent modification of SF fibers will enhance the stability of
their functionality.

Here, two reactive dyes based on salicyladehyde-4-amino-
benzoylhydrazone were designed and synthesized. Then SF fabrics
were functionalized by these dyes via chemical bonding. The func-
tional SF fabrics were well characterized and their applications in
absorption and detection of Zn*" were investigated.

Additional Supporting Information may be found in the online version of this article.

© 2016 Wiley Periodicals, Inc.
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Figure 1. Synthesis routes of reactive dyes (P1, P2).

EXPERIMENTAL

Materials

Silk was supplied from silk factory of Qingyang City in China.
2,4,6-Trichloro-[1,3,5] triazine (98%) and 2-aminofluorene
(99%) were purchased from J&K Scientific. Hydrazine hydrate
(98%) was purchased from Alfa Aesar. Salicylaldehyde, p-amino
benzoic acid methyl ester, ethanol, and sodium bicarbonate
were analytical grade and purchased from Shanghai Pharmaceu-
tical Corporation. All the reagents were used without further
purification.

Synthesis of Reactive Dyes
The synthesis routs of reactive dyes were shown in Figure 1.

Synthesis of 4-amino hydrazone salicylaldehyde benzohydra-
zide (P): About 2.000 g (13.2 mmol) of methyl p-aminobenzoic
acid was dissolved in 20.0 mL anhydrous ethanol, then 1.0 mL
(19.8 mmol) 98% hydrazine hydrate was added dropwise. The
mixture was refluxed for 4 h. The excessive hydrazine hydrate
was removed using a rotary evaporator to give the crude prod-
uct. The white crystals of aminobenzoyl hydrazide were
obtained after recrystallization in ethanol. Then 1.600 g (10.5
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mmol) aminobenzoyl hydrazide was dissolved in 20.0 mL etha-
nol. After that, 1.3 mL (11.0 mmol) 98% salicylaldehyde was
added dropwise and the solution was refluxed for 0.5 h. The
golden flaky crystals of P were obtained after recrystallization in
ethanol to give a yield of 86.0%. mp: 139-140°C. FTIR (KBr):
v=3440 cm ' (OH); 1720 cm™' (C=0); 1625 cm ' (C=N);
1289 cm™' (CN); 3041,1604,1571 cm ™' (Ar-H). '"H NMR (400
MHz, DMSO, &/ppm), 5.76 (2H, s), 6.96-7.03 (2H, m), 7.40—
7.48 (1H, m), 7.54-7.52 (1H, d, J=8.2 Hz), 7.70-7.72 (2H, d,
J=7.9 Hz), 8.04-8.06 (2H, d, J=8.6 Hz), 9.01 (1H, s), 11.13
(1H, s), 12.65 (1H, s).

Synthesis of P1: 1.030 g (4.0 mmol) P was dissolved in
20.0 mL acetone in an ice-salt bath of 0-5°C. Then 0.730 g (4.0
mmol) 2,4,6-Trichloro-[1,3,5] triazine was dissolved in 15.0 mL
acetone and added dropwise to the above solution. The mixture
was stirred at 0-5°C for 2 h. 0.330 g (4.0 mmol) NaHCOj; in
aqueous solution was added to prevent the solution becoming
acidic during the reaction. The product was filtered and repeat-
edly washed with small amount of acetone, then dried in a vac-
uum oven at 50°C to afford a pale yellow powder of P1 at a
yield of 72.3%. mp: 198-199°C. FTIR (KBr): v=3448 cm '
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Figure 2. (a) Fluorescence spectra of P1 (10 uM) upon addition of Zn>" with an excitation of 415 nm. Inset shows the picture of P1-Zn>" taken under

365 nm UV light in DMF solution. (b) Mechanism illustration of P1 for sensing Zn>*. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

(OH); 3283 cm™ ' (NH); 1696 cm™ ' (C=0); 3053, 1609,
1538 cm ™! (Ar-H); 1516, 1434 1387 cm™ ! (triazine) 'H NMR
(400 MHz, DMSO, &/ppm): 5.75 (2H, s), 7.76-7.80 (4H, m),
7.94-8.01 (4H, m), 10.94 (1H, s), 11.32 (1H, s).

Synthesis of P2: 0.200 g (1.09 mmol) 2-aminofluorene was dis-
solved in 5.0 mL tetrahydrofuran (THF) in an oil bath of 40—
45°C. 0.403 g (1.0 mmol) P1 in 15.0 mL THF was added drop-
wise to the above solution and stirred for 3 h. 0.085 g (1.0
mmol) NaHCOj; in aqueous solution was added to prevent the
solution becoming acidic during the reaction. The product was
filtered and dissolved in 6. 0 mL THE then added dropwise to
120.0 mL petroleum ether under stirring. The precipitate was
filtered and dried in a vacuum oven at 50°C to give a white
solid powder of P2 at a yield of 69.0%. mp: 237-238 °C. FTIR
(KBr): v=3420 cm' (OH); 3304 cm™' (NH); 2955 cm™'
(CH,); 1707 ecm™' (C=0); 3059,1611,1552 cm ' (Ar—H);
1516,1441,1417 cm™ ' (triazine). 'H NMR (400 MHz, DMSO, &/
ppm): 3.84 (2H, s), 3.91 (2H, br), 7.31-7.27 (2H, t, J=15.9
Hz), 7.40-7.36 (2H, t, J=15.7 Hz), 7.58-7.57 (2H, d, J=7.4
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Hz), 7.98-7.77 (9H, m), 10.53 (1H, s), 10.89 (1H, s), 11.47
(1H, s).

Preparation of Functional SF Fabric

The nonwoven silk fabrics were prepared according to our pre-
vious study.” Then 1.0 g nonwoven silk fabrics were pre-wollen
in 10 g/L NaOH solution. The nonwoven silk was first dyed in
0.04 g P1 or P2 solution at 30°C for 1 h, then the temperature
was increased to 60 °C (P1)/90°C (P2) at a rate of 2°C/min and
incubated for 10 min. Finally, the silk fabrics were washed by
water, dried, and used for their characterization:

E=(Ay—A))/ Ay} 100% (1)
R=(Ag— A —Ay)/(Ay—A;)X100% ()
F=EXR (3)

The percentage of dyebath exhaustion (E) was calculated using
eq. (1), where Ay and A, were the absorbance of the dye solu-
tion before and after the dyeing process, respectively. The reac-
tion percentage of the dyes (R) was calculated using eq. (2) and
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Figure 3. Fluorescence intensity of P1 (10 pM) at 503 nm in the presence
of various metal ions including zinc (10 pM). Yellow bars represent the
addition of various metal ions to P1. The magenta bars represent the
addition of various metal ions to P1 and Zn>" solution. The excitation
wavelength was 415 nm. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

the fixation of the reactive dyes (F) was calculated using eq. (3),
where A, was the absorbance of the dyes in the rinsed water.
The fixations of P1 and P2 were calculated as 42.2% and
39.6%, respectively.

Characterization
FTIR spectra were recorded in the region of 4000-400 cm™
with the resolution of the scan as 4 cm ™! on a Nicolet NEXUS

1

8700 FTIR spectrophotometer using KBr disks at room temper-
ature. "H NMR (400 MHz) spectra were measured on a Bruker
DMX-400 NMR spectrometer using DMSO-ds as the solvent.
UV-Vis absorption spectra were record on a Lambda 35 UV/
Visspectrometer (Perkin Elmer) with a 1 ¢cm quartz cell. The
fluorescent spectra were measured by using LS 55 fluorescence
spectrometer (Perkin Elmer) at a scanning rate of 500 nm/min.
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Figure 4. FTIR-ATR spectra of functional silk fabrics. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. UV-Vis absorption spectra of functional silk fabrics. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

RESULTS AND DISCUSSION

Synthesis and Characterization of Reactive Dyes

Two triazine-based reactive dyes (P1 and P2) were synthesized
from 2,4,6-Trichloro-[1,3,5] triazine and 4-amino hydrazone sal-
icylaldehyde benzohydrazide (P) through condensing reaction,
which were characterized by FTIR and "H NMR. These data are
listed in Experimental section, indicative of our successful syn-
thesis. The remaining chlorines of P1 and P2 are used to func-
tionalize the silk fabrics, while the unit of P gives them the
capacity of sensing Zn>"".

Taking P1 as an example, the sensing properties of P1 for Zn*"
detection were investigated. As shown in Figure 2(a), upon
addition of Zn*>", the fluorescent intensity at 503 nm became
strong at a excitation wavelength of 415 nm, suggesting a large
Stokes shifts of 88 nm, which is significant in the use of fluores-
cent probes. After the molar ratio of Zn** to P1 was about 20,
the fluorescent intensity reached a maximum value, then almost
kept constant or slightly decreased when further increasing
Zn** concentration. According to Stern-Volmer equation, the
linear correlation range and detection limit of Zn** were calcu-
lated (Supporting Information Figure S1). P1 had a linear range
of 1 —10 pM with a detection limit of 3 uM (calculated by 3o/
slope), while P2 showed a linear range of 0.1-5 pM with a
detection limit of 1 uM. Here we would like to compare our
data with that in recent reports. Kim ef al synthesized an
anthracene-based fluorescent chemosensor for Zn*" with a
detection limit of 2.4 pM.?*® Zhang et al synthesized a
pyrazoline-based fluorescent probe for Zn>" in aqueous solu-
tion with a detection limit of 0.8 puM.*? Xie et al. prepared a
fluorescent probe for Zn>* based on aggregation induced emis-
sion with a detection limit as low as 0.1 pM.*' More recently,
Iniya et al. synthesized a triazole based fluorescent probe for
Zn*" and its detection limit was 0.42 pM.** The above results
demonstrated that P1 and P2 had high sensitivity of Zn®",
which can be used as fluorescent probes for quantitative detection
of Zn*™.
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Figure 6. Scanning electron microscope images of silk fibers before and after soaking in DMF for 24h. (a) Silk fibers prepared by physical absorption of
P1, (b) Silk fibers by P1 adsorption after soaking. (c) Silk-P1 after soaking in DMEF. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

The titration experiment (Job’s Plot) was conducted to deter-
mine the binding ratio of P1 and Zn>". Keeping the total con-
centration of P1 and Zn®" was 50 pM here, the fluorescent
intensity was measured by changing Zn>" content. It was found
that the fluorescent intensity was the strongest when the molar
proportion of Zn** was at 0.5 (Supporting Information Figure
S2). Thus the binding ratio of P1 and Zn** was 1:1. The probe
mechanism of P1 for sensing Zn>" was illustrated in Figure
2(b). In the absence of Zn®*, P1 is nonfluorescent because
C=N isomerization is the predominant decay process of in
excited states. After the formation of the complex between P1
and Zn>", the rotation of C=N bond was restricted and C=N
isomerization was surpressed,””** resulting in enhanced planar-
ity and rigidity, thus the strong fluorescence was observed.

High selectivity is another important parameter for an excellent
fluorescent probe. The ion selectivity of P1 was shown in Figure
3. In the presence of other metal ions except Zn>", including
Mn2+, Cd2+, Cu2+, Fe3+, Ni2+, Ba2+, Pb2+, Mg2+, C02+,
Ca’*, K, and Na™, fluorescence turn-on was not observed
even at high ion concentrations or with the combination of
them, indicating that P1 had a high selectivity on Zn>* detec-
tion. Moreover, when other metal ions were added to P1 in the
presence of Zn>", most of the metal ions didn’t show any inter-
ference except Cu®", Fe’™, and Co®", probably because of their
competition with Zn*" to form the complex with P1. Thus the
above results suggested that the reactive dyes had high sensitiv-
ity and selectivity in the detection of Zn?*.
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Preparation and Characterization of Functional Silk Fabric
Functional silk fabrics were prepared by using the above reactive
dyes via the dyeing process, as described in Experimental sec-
tion. Figure 4 presents FTIR spectra of functional silk fibers
(silk-P1 and silk-P2). Besides the absorption bands at 3350,
1630-1650, and 1540-1520 cm ' from raw silk fabrics, which
originated from the intra/inter molecular hydrogen bonding
interactions of —OH and —NH, groups, Amide I and Amide II,
respectively, new absorption bands at 1346 and 1473 cm ' in
silk-P1 and that at 1336 and 1467 cm™ " in silk-P2 were attrib-
uted to triazine groups, suggesting that P1 and P2 have been
successfully introduced into silk fabrics.

Figure 5 shows the ultraviolet-visible absorption spectrum of
functional silk fabrics. Besides the absorption peak at 276 nm
from raw silk fabrics, absorption peaks located at 308 and
328 nm came from P1 and P2, respectively, also indicating that
P1 and P2 have been introduced into silk fabrics. The 20 nm
red shift of P2 compared with P1 was attributed to the hyper-
conjugation of fluorene unit. In order to verify whether reactive
dyes were covalent connection to silk fabrics, functional silk fab-
rics were soaking in DMF for 24 h. Figure 6 shows scanning
electron microscope images of silk fibers before and after soak-
ing. When P1 was introduced into silk fabrics by physical
absorption [Figure 6(a)], reactive dyes were almost completely
desorbed after soaking, and the surface of silk fibers became
smooth [Figure 6(b)]. However, P1 still existed on the surface
of Silk-P1 after soaking, indicating that P1 was connected to

474nm

J Silk-P2-Zn*

Wavelength(nm)

Figure 7. Fluorescence spectra of (a) silk-P1 and (b) silk-P2 upon addition of Zn>* with an excitation wavelength of 405 nm. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. Schematic illustration of functional nonwoven silk fabrics for Zn** detection and absorption. [Color figure can be viewed in the online issue,
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silk fibers through chemical bonding in Silk-P1, rather than
physical adsorption. UV spectra (Supporting Information Figure
S3) further confirmed this conclusion. The prepared functional
silk fabrics here showed negligible change after soaking, while
silk fabrics by physical absorption of P1 and P2 exhibited an
obvious desorption of reactive dyes.

Application of Functioal Silk Fabric in Zn(II) Detection and
Absorption

Reactive dyes P1 and P2 were good sensors of Zn(II), thus the
application of silk-P1 and silk-P2 in Zn(II) detection were
investigated. Figure 7 shows fluorescence spectra of silk-P1 and
silk-P2 upon addition of Zn?*. Compared with the raw silk
fibers, a weak fluorescence at 410 nm (A =365 nm) was
observed in silk-P1, which originated from P1. After addition of
zinc ions, a strong fluorescence (Ao =405 nm) at 462 nm
occurred. As a result, the fabrics exhibited cyanine under UV
irritation (Supporting Information Figure S4). Analogously,
silk-P2 showed a weak fluorescence emission peak at 434 nm,
while strong fluorescence emission peak (Ao =405 nm) at
474 nm was observed after complexation with zinc ion. The
above results demonstrated that these functional silk fabrics can
be used to detect Zn**.

Besides fluorescent detection of Zn>*, the absorption capacity
of nonwoven silk fabric was also evaluated, as illustrated in Fig-
ure 8. At room temperature (27°C), 1 g modified and unmodi-
fied nonwoven silk fabrics were immersed in an aqueous
solution of zinc ions (100 mL, 20 mmol/L) for 30 h. The zinc
ion concentration was measured using inductively coupled
plasma atomic emission analyzer. The adsorption capacity of
zinc ions was calculated according to the following equation:
Q= (Cy,— C,)VIMm, where Q is the adsorption capacity of silk
fabric (mmol zinc ions/g silk); C, and C, were zinc ion concen-
tration before and after adsorption test (mg/L), respectively; V
is the volume (L) of Zn*" solution; M is the molecular weight
of the Zn?™" (g/mol); m is the weight of the silk fibers (g). The
results showed that the Zn*" absorption capacity of silk-P1 and
silk-P2 was 0.50 mmol/g, 0.49 mmol/g, about 1.3 times as the
raw silk fabric (0.38 mmol/g), suggesting that the adsorption
capacity of zinc ion was significantly improved after chemical
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modification by using reactive dyes. In the silk-P1, the content
of reactive dyes is 0.042 mmol/g after considering its fixation.
While the Zn?* absorption capacity was increased by 0.12
mmol/g for silk-P1, much larger than that of Zn>" absorption
by the binding of dyes considering that their binding ratio is 1.
The above results suggest that chemical modification of silk fab-
ric by reactive dyes not only increase Zn>" absorption by the
binding of dyes, but also enhance the Zn>* absorption capacity
of silk fabric itself, which may be because of the decreased
degree of crystallinity.

CONCLUSIONS

Here functional silk fabrics were prepared via chemical modifi-
cation by using two reactive dyes, which were good fluorescent
probes of Zn>*. Consequently, nonwoven fabric of functional
silk fibers exhibited good applications in fluorescent detection
and absorption of Zn®". Because of the good biocompatibility
of SE, the prepared functional silk fabrics here are expected to
be used in biological applications, e.g. fluorescent sensor of
Zn*" in vivo.
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