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ABSTRACT

Silk is widely used in the production of high-quality textiles. At the same time, the amount of silk textiles no long-
er in use and discarded is increasing, resulting in significant waste and pollution. This issue is of great concern in
many countries where silk is used. Hydrogen peroxide as a naturally occurring compound is an important indi-
cator of detection in both biology and the environment. This study aims to develop a composite fiber with hydro-
gen peroxide-sensing properties using discarded silk materials. To achieve this goal, firstly, polydopamine (PDA)
was used to encapsulate the ZnFe,O4 NPs to achieve the improvement of dispersion, and then regenerated silk
fibroin (RSF) and PDA@ZnFe,0,/RSF hybrid fibers are prepared by wet spinning. Research has shown that
PDA@ZnFe,0,/RSF demonstrates exceptional sensitivity, selectivity, and stability in detecting hydrogen peroxide,
while maintaining high mechanical strength. Furthermore, the complete hybridization of PDA@ZnFe,O, with
silk fibroin not only results in the combination of the durability of silk fibroin and PDA@ZnFe,O,’s rigidity,
ensuring a reliable service life, but also makes PDA@ZnFe,0,/RSF exhibit excellent catalytic activity and biocom-
patibility. Therefore, the composite fiber exhibits exceptional mechanical properties and reliable hydrogen perox-
ide sensing capabilities, making it a promising material for biological and medical applications.
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1 Introduction

Waste silk products have significant potential value and can be recycled to improve overall utilization
[1]. The processing of silk products using RSF fibers can enhance their functional properties [2]. Silk proteins
comprise the primary components of silk and exhibit exceptional physicochemical properties [3], including
lightweight, softness, and high tensile strength. These characteristics make silk proteins highly promising for
a wide range of applications in fields such as textiles [4], medicine [5], and biomaterials [6]. With the
advancement of biotechnology and nanotechnology, scientists are employing techniques like genetic
engineering to enhance silk fibroin, aiming to meet the demands of various industries. In the field of
medicine, researchers have discovered that silk proteins exhibit outstanding biocompatibility and
degradability, making them widely employed in the fabrication of biomedical materials, including sutures
and tissue engineering for tissue repair [7]. Research on silk proteins plays a crucial role in driving
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advancements in materials science, medicine, and biotechnology, offering new perspectives and avenues for
creating more efficient and environmentally friendly materials and technologies for humanity [8]. However,
research on its application in biosensors remains relatively scarce. Zinc ferrite nanoparticles (ZnFe,O,4)
represent a significant nanomaterial, characterized by their unique spinel-type microcrystalline structure
and properties, which render them promising for a wide range of applications in magnetism [9], catalysis
[10], biomedicine [11], and other fields. It exhibits outstanding performance in the field of catalysis. Its
unique crystal structure and surface active sites make it an ideal choice for catalysts, widely utilized in
organic synthesis and environmental purification [12,13]. As a catalyst, zinc ferrite nanoparticles not only
demonstrate high catalytic activity but also exhibit exceptional stability and reusability. They hold
tremendous potential in the field of magnetic materials. Its crystal structure and magnetic properties
render it an ideal soft magnetic material [14], suitable for fabricating high-performance magnetic sensors,
memory devices, and magnetic nanoparticles [15]. Additionally, it exhibits outstanding biocompatibility
[16] and drug-delivery capabilities [17]. This makes it a promising functional material in areas such as
tumor therapy, imaging diagnostics, and biosensing. Hydrogen peroxide (H,O,) stands as one of the most
crucial substances analyzed today [18]. Sensors for detecting hydrogen peroxide (H,0,) are particularly
significant, finding widespread applications in medicine [19], food safety [20], environmental monitoring
[21], and other fields. Sensors are classified into enzyme sensors and nanoenzyme sensors based on the
presence of enzymes [22]. Enzyme sensors are characterized by high catalytic activity and strong
specificity. However, their low stability, susceptibility to variation, and high cost limit their practical
applications. With the development of nanomaterials, nanoenzyme sensors have emerged as a focal point
of research [23-25]. In recent years, researchers have delved into addressing the shortcomings of
hydrogen peroxide sensors, leading to advancements in hydrogen peroxide colorimetric dish sensors [26].
Hydrogen peroxide colorimetric dish sensors utilize optical principles to reflect changes in hydrogen
peroxide concentration through color variations. This approach simplifies detection steps and enhances
sensitivity and real-time monitoring capabilities [27]. These sensors demonstrate significant potential in
the medical field, as they can be employed for real-time monitoring of hydrogen peroxide concentration
in physiological fluids, aiding in clinical diagnosis and disease treatment [28]. In food safety and
environmental monitoring, these sensors also offer rapid and accurate detection of hydrogen peroxide
content in samples, providing robust support for food quality inspection and environmental protection [29].

Poly-dopamine (PDA)-modified zinc ferrite (ZnFe,0,4) nanoparticles were blended with silk fibroin (SF)
using wet spinning to prepare a PDA@ZnFe,O4/RSF hybrid fiber. The cross-linking effect of PDA improved
the dispersion of nanomaterials in silk fibroin and modified the properties of RSF. This resulted in the
preparation of a PDA@ZnFe,0,/RSF hybrid with high sensitivity, selectivity, and stability.

2 Materials and Methods

2.1 Preparation of RSF Solution and PDA@wZnFe,0,/RSF Hybrid Fibers

The degummed silk was obtained by degumming discarded cocoon [30]. Add an appropriate amount of
discarded cocoon to 0.05% Na,CO5 aqueous solution. Follow the bath ratio of 1:20 to boil for 30 min. Repeat
this process three times. The degummed silk was dried at 45°C to constant weight. To obtain RSF solution
with a 15% mass fraction, dissolve 1 g of desiccated silk in CaCl,-FA solution [31]. A certain amount of
ZnFe,04 NPs was added to 0.1 M Tris-HCI buffer (pH 8.5) and sonicated for 30 min. Subsequently,
dopamine, with a mass ratio of 10:1 to ZnFe,O4 NPs, was added to the same buffer and sonicated for
another 30 min. The resulting mixture was stirred overnight (24 h) at a constant speed, followed by
centrifugation at 12000 rpm for 30 min to remove the supernatant. This process of removing the
supernatant and washing it with distilled water was repeated three times. The centrifuged product was
then dried in a freeze-dryer for 24 h to obtain PDA@ZnFe,0O4 NPs. As shown in Fig. la, synthesized
PDA@ZnFe,04 NPs were added to a 15 wt% degummed silk solution, with PDA@ZnFe,O, NPs added
in amounts corresponding to 0.2, 0.4, 0.6, 0.8, and 1.0 wt% relative to the mass fraction of degummed
silk, respectively. The mixture was stirred at low speed for 4 h at room temperature. After stirring, the
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spinning stock solution was obtained. Wet spinning was performed using a custom-made device, where the
spinning solution was injected into a coagulation bath using a medical syringe. The coagulation bath was
1 meter long, and filled with 75% ethanol solution. The spinning solution was injected into the
coagulation bath at a rate of 2 mL/h through a needle with a diameter of 0.21 mm attached to an injection
pump. The spinning solution rapidly solidified into uniform fibers in the coagulation bath. The freshly
spun fibers were collected and wound around a rotating shaft after undergoing stretching treatment. The
collected PDA@ZnFe,O4/RSF hybrid fibers were immersed in a 75% ethanol solution for several hours
to remove residual solvent and set. Finally, the PDA@ZnFe,O4/RSF hybrid fibers were removed and air-
dried for 24 h. Table 1 lists the compositions of PDA@ZnFe,O4/RSF hybrid fibers at different
concentrations of PDA@ZnFe,O4 NPs.

Table 1: Composition of RSF fibers and PDA@ZnFe,0,4/RSF hybrid fibers

Samples Quality percentage (%)
PDA@ZnFe,0O4 NPs RSF

RSF fibers 0 100.00
0.2 wt% PDA@ZnFe,04/RSF hybrid fibers 0.20 99.80
0.4 wt% PDA@ZnFe,0,/RSF hybrid fibers 0.40 99.60
0.6 wt% PDA@ZnFe,04/RSF hybrid fibers 0.60 99.40
0.8 wt% PDA@ZnFe,0,4/RSF hybrid fibers 0.80 99.20
1.0 wt% PDA@ZnFe,0,/RSF hybrid fibers 1.00 99.00

2.2 Characterization

The mechanical properties of PDA@ZnFe,04/RSF were determined using an Instron 3343 single-fiber
mechanical tensile tester (Instron, MA, USA). The surface morphology was observed using a scanning
electron microscope (Hitachi SU-70, Tokyo, Japan). The crystallinity and grain size of PDA@ZnFe,0,/
RSF were determined using the D8 DISCOVER model WAXD (Bruker, Kanisnhe, Germany). The
characterization of PDA@ZnFe,0,/RSF was carried out using a Thermo Scientific Nicolet IS 10 Fourier
transform infrared spectrometer (Thermo Fisher, MA, USA). The stability of PDA@ZnFe,04/RSF was
determined using a thermogravimetric analyzer (NETZSCH STA-2500, Bavaria, Germany). The sensing
properties of PDA@ZnFe,O4/RSF were analyzed using a UV-2600 UV spectrophotometer (Shimadzu,
Tokyo, Japan). Cytotoxicity experiments were carried out using an I[X83 research-grade inverted
microscope (OLYMPUS, Tokyo, Japan) and PerkinElmer EnSpire multifunctional enzyme labeler
(PerkinElmer, Singapore) and CCK-8.

3 Results and Discussion
3.1 Topographic Analysis

The surface of 0.8 wt% PDA@ZnFe,04/RSF hybrid fibers still exhibits a uniform and dense structure, with a
slightly rough texture and low surface smoothness. There are no obvious cracks or pores observed on the cross-
section. This indicates the good uniformity and compactness of the material synthesized, without any
agglomeration, which meets the design requirements (Fig. 1b,c). In the EDS images, the presence of elements
C, N, and O, which are constituents of silk fibroin, can be observed. Additionally, Fe and Zn elements are
also detected, indicating successful modification of RSF fibers with PDA@ZnFe,O4 NPs, with good
dispersion of PDA@ZnFe,0O, NPs within the RSF matrix (Fig. 1d-i). Fig. 1j displays the elemental content
analysis of PDA@ZnFe,O4/RSF hybrid fibers, with carbon (C) content at 27.37%, nitrogen (N) content at
15.01%, oxygen (O) content at 56.10%, iron (Fe) content at 0.94%, and zinc (Zn) content at 1.58%.



1046 JRM, 2024, vol.12, no.6

(a) _ZoFe:0, CHCINO;

o
| CESSa
- PDA@ZnFc¢, Oy

oHy  Ths
silk \ ’ l

£ > 7 i £ ) z N ‘.T.‘
Na,CO, CaCl/FA PDA@ZnFc¢,0/RSF

Figure 1: (a) Process flow diagram. Scanning electron microscope images: (b and c) display the cross-section
and surface of PDA@ZnFe,O4/RSF hybrid fibers. Scale bars are 20 and 50 um, respectively. Energy-dispersive
X-ray spectroscopy (EDS) images of PDA@ZnFe,0,/RSF hybrid fibers: (d) Surface elemental distribution of
PDA@ZnFe,04/RSF hybrid fibers; () Distribution of carbon (C) elements; (f) Distribution of nitrogen (N)
elements; (g) Distribution of oxygen (O) elements; (h) Distribution of iron (Fe) elements; (i) Distribution of
zinc (Zn) elements. (j) Elemental analysis of PDA@ZnFe,04/RSF hybrid fibers
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3.2 Mechanical Properties and Secondary Structure

When the breaking strength of the PDA@ZnFe,O4/RSF hybrid fiber reaches its highest value, the
content of PDA@ZnFe,04 NPs is 0.8 wt% (Fig. 2a). The breaking strength is 287.1 MPa, and the
elongation at break is 53.7%. The mechanical properties of the other groups have also shown
improvement compared to the Control group. Analysis of the mechanical properties indicates that the
addition of 0.8 wt% significantly enhances the mechanical properties of the hybrid fiber. Moreover, the
incorporation of PDA@ZnFe,O4 NPs enhances the mechanical properties of groups other than
the Control group to some extent.

The four characteristic peaks in Fig. 2¢ indicate that the hybrid fiber is not significantly different from the
blank RSF fiber. Moreover, there are no new absorption peaks in the characteristic peaks of RSF, suggesting
that the secondary structure of RSF remains unchanged by the addition of PDA@ZnFe,O4 NPs. The
secondary structure of the hybrid fiber was analyzed using Peakfit software, As shown in Fig. 2b, the
content of B-sheets in RSF fibers without PDA@ZnFe,04 NPs addition is 29.58%. When the addition of
PDA@ZnFe,0,4 NPs is 0.8 wt%, the content of B-sheets in RSF hybrid fibers reaches the highest value of
36.36%. However, when the addition of PDA@ZnFe,04 NPs is increased to 1 wt%, the content
decreases to 33.32%. The trend of PB-sheet change is initially an increase followed by a gradual decrease,
which affects the fiber structure [32]. The optimal concentration of PDA@ZnFe,O, NPs was determined
to be 0.8 wt% based on their secondary structure and mechanical properties.

WAXD analysis was conducted on RSF fibers before and after hybridization to investigate the crystallinity,
crystal size, and orientation relative to the macroscopic axis of the fibers. The 2D-WAXD patterns revealed
characteristic diffraction rings typical of RSF in PDA@ZnFe,O4/RSF hybrid fibers. The addition
of PDA@ZnFe,04 NPs did not significantly affect the RSF fibers (Fig. 2d). Fig. 2e presents the results of
peak fitting, with the three crystal planes (200), (210), and (002) corresponding to the a, b, and c axes of
the crystal, respectively. The crystallinity and average crystal size were determined from the peak fitting.
The addition of PDA@ZnFe,O, NPs resulted in an increase in the crystallinity of RSF and a decrease in
crystal volume, from the original 9.45 nm® and 38.41% to 7.93 nm® and 39.10%, respectively (Table 2).
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Figure 2: (a) Stress-strain curves of PDA@ZnFe,0,/RSF hybrid fibers with different concentrations of
PDA@ZnFe,04 NPs; (b) Secondary structure content; (c¢) Infrared spectra. (d) 2D-WAXD pattern of
0.8 wt% PDA@ZnFe,0O4/RSF hybrid fibers. (¢) WAXD pattern deconvolution of 0.8 wt%
PDA@ZnFe,0,4/RSF hybrid fibers

Table 2: The crystallinity and crystallite size of 0.8 wt% PDA@ZnFe,04/RSF hybrid fibers

Samples Crystallite size (nm) Crystallinity
a b C V/nm’
RSF fibers 1.72 258 213 945 38.41%

0.8 wt% PDA@ZnFe,O,/RSF hybrid fibers  1.69  2.65 1.77  7.93 39.10%

3.3 Hydrogen Peroxide Sensing Properties

Fig. 3 illustrates the catalytic reaction mechanism of PDA@ZnFe,O4/RSF for H,O, sensing. The
reaction conditions were optimized before the experiment (Fig. 4a—d) and the optimal conditions were
determined: a reaction time of 40 min, a pH of 4, a temperature of 40°C, and a TMB concentration of 16
pg/mL.

To better explore the enzyme-like properties of 0.8 wt% PDA@ZnFe,04/RSF, the steady-state
kinetics of its performance as a nanozyme were investigated. Under optimal reaction conditions, typical
Michaelis-Menten curves were obtained by fixing the concentration of one substrate (TMB and H,0,)
while varying the concentration of the other substrate (H,O, and TMB), as shown in Fig. 5a,b.
Subsequently, Lineweaver-Burk plots were obtained through transformation and calculation, as



JRM, 2024, vol.12, no.6 1049

depicted in Figs. 5¢ (H,O,) and 5d (TMB). Utilizing the Lineweaver-Burk equation, the Michaelis
constants (Km) and maximum reaction rates (Vmax) of 0.8 wt% PDA@ZnFe,04/RSF as a nanozyme
were calculated and are listed in Table 3. A comparison with other nanozymes was conducted. The
results indicate that the Km value for H,O, as a substrate is 0.30 mM, while the Km value for TMB as
a substrate is 0.19 mM. These findings further demonstrate the excellent catalytic activity of 0.8 wt%
PDA@ZnFe,0,4/RSF.
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Figure 3: Illustrates the schematic diagram of the H,O, colorimetric sensor based on PDA@ZnFe,04/RSF
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Figure 4: Reaction conditions: The influence of (a) time, (b) pH, (c¢) temperature, and (d) TMB
concentration on the enzymatic activity of PDA@ZnFe,O4/RSF
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Figure 5: (a) Keeping TMB concentration at 4 mM while varying H,O, concentration; (b) Keeping H,O,
concentration at 0.1 M while varying TMB concentration; (¢) Lineweaver-Burk plot with varying H,O,
concentration; (d) Lineweaver-Burk plot with varying TMB concentration

Table 3: Comparison of kinetic parameters between PDA@ZnFe,O4/RSF and other nanoenzymes

Catalyst Substrate Km (mM) Vmax (10 *Ms ) Reference
Fe;04@CeO T™MB 0.15 0.64 [33]
H,0, 1.13 12.5
Fe-MIL-88NH, T™MB 0.284 1.048 [34]
H,0, 0.206 0.704
Hemin@MIL-53(Al)-NH, TMB 0.068 0.607 [35]
H,0, 10.9 0.898
Co/Mn-MOFs-1-1-150 T™MB 0.270 1.64 [36]
H,0, 0.240 5.80
PDA@ZnFe,O4/RSF T™MB 0.19 6.9 This work
H,0, 0.30 10.3

The sensitivity of 0.8 wt% PDA@ZnFe,04/RSF was first tested (Fig. 6a). Fig. 6b depicts the linear
relationship between the absorbance values at 652 nm and the concentration of H,O, corresponding to
Fig. 6a. 0.8 wt% PDA@ZnFe,04/RSF showed high sensitivity to unusual concentrations of H,O,
solution with different absorbance responses. It can be detected quickly and accurately even at low



JRM, 2024, vol.12, no.6 1051

concentrations. The additive equation A = 0.00385C + 0.22 (uM) describes the additive relationship between
absorbance (A) and concentration (C), with a correlation coefficient 0of 0.99742 (n = 3) and the detection limit
is 0.12 uM. Finally, comparison was made between 0.8 wt% PDA@ZnFe,O4/RSF and other nanozymes, as
shown in Table 4. The results indicate that 0.8 wt% PDA@ZnFe,04/RSF exhibits excellent linearity and
detection limits.
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Figure 6: (a) UV-visible absorption spectra after reaction with different H,O, concentrations; (b) linear
calibration curve for H,O,. (¢) Absorption values for the system in the presence of H,O, and different
interfering substances. (d) Peroxidase-like activity of PDA@ZnFe,O4/RSF over time

Table 4: Compare the linear range and detection limit of different H,O, colorimetric sensors

Catalyst Linear range Detection limit Reference
Fe;04@MSN 1~100 uM 1 uM [37]
Pal@Co30,4 1~60 uM 0.70 uM [38]
PB/MIL-101(Fe) 2.4-100 uM 0.15 uM [39]
TiO,/MoS, 0.05~1 pM 0.05 uM [40]
PDA@ZnFe,O4/RSF 20~250 uM 0.12 uM This work

In the selective assay (Fig. 6¢), tests were conducted with various interfering substances (Na*, K*, Ca*",
citric acid, AA, Glu) mixed with the target substance. The PDA@ZnFe,0, NPs demonstrated high
selectivity for the target substances. They accurately discriminated and responded to target substances
amidst interfering substances, enabling precise detection of target substances in complex environments.
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During the stability test (Fig. 6d) to assess the long-term stability performance of the material, the same batch
of 0.8 wt% PDA@ZnFe,04/RSF was used to measure the same concentration of H,O, at five different time
points (0, 1, 7, 14 and 30 d), respectively. By comparing changes in absorbance, it is able to maintain a better
stability of performance during use. It exhibits good stability in practical applications, enabling continuous
and accurate measurements.

3.4 Toxicity Analysis and Thermogravimetric Analysis

1929 and H9C9 cells were selected as experimental subjects in Fig. 7c,d. The toxic effects of RSF and
0.8 wt% PDA@ZnFe,0O4/RSF were analysed at a concentration of 0.5 mg/mL. The results showed that both
materials had very low toxicity to the cells, with a survival rate of over 90%, indicating a cell growth-
promoting effect. This confirms the excellent biocompatibility and bioactivity of the 0.8 wt%
PDA@ZnFe,04/RSF in cells.
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Figure 7: (a) TG curves of 0.8 wt% PDA@ZnFe,04/RSF hybrid fibers and RSF fibers; (b) DTG curves of
0.8 wt% PDA@ZnFe,0,4/RSF hybrid fibers and RSF fiber. (c) Cytotoxicity of PDA@ZnFe,04/RSF hybrid
fibers and RSF fibers on 1929 cells. (d) Cytotoxicity of PDA@ZnFe,O4/RSF hybrid fibers and RSF fibers on
L929 cells

Thermogravimetric analysis (TGA) of 0.8 wt% PDA@ZnFe,O4/RSF (Fig. 7a,b) revealed a significant
mass change. This mass change is attributed to the presence of iron in 0.8 wt% PDA@ZnFe,04/RSF, which
undergoes thermal decomposition, oxidation, and other reactions, resulting in a gradual decrease in mass
during the warming process. The substantial decrease in the material’s mass suggests that 0.8 wt%
PDA@ZnFe,04/RSF exhibits high thermal activity and reactivity. Thermo-gravimetric analysis provides
valuable insights into the thermal properties of 0.8 wt% PDA@ZnFe,O4/RSF, with blank experiments
serving as benchmarks for comparison and eliminating systematic errors. The 0.8 wt% PDA@ZnFe,O4/RSF
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composite demonstrates exceptional thermal activity, which translates into outstanding catalytic performance
and thermochemical properties. Consequently, it is well-suited for applications in the field of nanoenzymes.
Its unique characteristics enable efficient catalysis of various reactions and excellent performance under
different thermal conditions.

4 Conclusions

The PDA@ZnFe,O4/RSF hybrid fiber prepared by wet spinning in this study retained the physical and
chemical structure and biocompatibility of RSF. The addition of PDA@ZnFe,O, NPs improved
significantly the mechanical strength and durability of the hybrid fibers. The hybrid fiber showed the best
mechanical properties when the PDA@ZnFe,0, NPs content was 0.8 wt%. In addition, the utilization of
PDA@ZnFe,04 NPs improves the properties of hybrid fibers, resulting in exceptional hydrogen peroxide
sensors that exhibit high sensitivity, selectivity, and stability. This not only provides new ideas for the
recycling of waste silk textiles but also provides new composite fiber materials with good application
prospects for medical treatment and pollutant detection. The potential of the hybrid fiber in specific medical
and environmental monitoring fields will be thoroughly investigated to enhance its practical application.
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