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1, Supplement Figures:

Figure S1. Optimization of FsLDW-processing parameters. Laser power intensity from about 18.75 

to 52.5 mW µm−2; scanning step from 100 nm to 200 nm; exposure time on single point, 1000 and 

1500 μs, scale bar; 5 μm.

F

igure S2. SEM and AFM images of sericin-based arbitrary geometric figures. a, sericin-based 

Chinese character 'he'. (i) SEM image, (ii) 2D-view AFM image, (iii) 3D-view AFM image. b, (i) 

six-pointed star, (ii) four-pointed star; All above scale bars scale bar are 5µm.
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Figure S3. a, Parameters of the silicon nitride cantilever used for Young’s modulus determination. 

b, SEM images of the silicon nitride cantilever; All above scale bars are 10 μm. 

Figure S4. Comparison of the maximum Young’s modulus of FsLDW-fabricated sericin-based 

biopolymers in various environments (air/water).

Figure S5. (i, iii, v, vii) SEM images of sericin/Ag nanocomposite microwires, (ii, iv, vi, viii) EDS 

distribution maps of elemental Ag of sericin/Ag nanocomposite microwires, scale bars; 10 μm.
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Figure S6. Images of sericin/AgNO3 aqueous resists pre-exposed for from 2 to 16 hours.

Figure S7. Cross-section profiles of sericin/Ag nanocomposite microwires fabricated by FsLDW 

from aqueous resists with 150 mg mL−1 sericin and different AgNO3 concentrations. a, 25; b, 50; c, 

75; d, 100; (unit, mg mL−1), insets, optical microscopic (OM) images of sericin/Ag microwires, 

scale bars; 50 μm.
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Figure S8. Cell culture based on FsLDW-fabricated sericin-based nanocomposite 

micro/nanostructures and aqueous resists. OM images of L929 cells cultured on the surface of two 

microstructures of a, pure sericin (i) microdot arrays (2×2 µm), (ii) microwire arrays (100×2 µm). 

b, sericin/Ag. (i) microdot arrays (2×2 µm), (ii) microwire arrays (100×2 µm). c, The survival rates 

of L929 cells after one day of culture on pure sericin and sericin/Ag nanocomposite microstructures. 

d, The survival rates of Hela cells after one day of culture on pure sericin, sericin/MB, and 

sericin/Ag aqueous resists. All above scale bars are10 μm.

Figure S9. The preparation process of FsLDW-fabricated sericin/Ag nanocomposite microwires 
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flexible strain sensor. 

Figure S10. The detailed parameters of the mask, PET substrate and the separation process of and 

the two gold electrodes, and the channel microscope image after evaporating the gold film.

Figure S11. Schematic diagram of a bendable flexible strain sensor and its OM image.



Electronic Supplementary Material (ESI) for Nanoscale.
This journal is © The Royal Society of Chemistry 2024

Figure S12. Schematic of the sensing mechanism of flexible strain sensors, the original length of 

the sensor (L0) and the displacement of the outer measuring claw (ΔL), and bending radius of 

flexible strain sensor.

Figure S13. The relative resistance of the sensor with different temperatures.
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Figure S14. Changes in the relative resistance of strain sensors that are continuously bent. a, 

outwardly bending (0.15%~0.63%), and b, inwardly bending (-0.17%~-0.58%), respectively.

Figure S15. The flexible strain sensor is subjected to bending strains outward (ε=0.15%), and the 

bending and relaxation the relative resistance changes are repeated for ~4,200 cycles; insets show 

the relative resistance changes for 901-919 times and 3141-3149 times, respectively.
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Figure S16. The flexible strain sensor is subjected to bending strains inward/outward (ε=0.15%), 

and the bending and relaxation current changes are repeated for more than 10,000 cycles.

Figure S17. The response and recovery time of the strain sensor when an outward strain of 0.15% 

is applied.
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Figure S18. Stability of flexible strain sensors under atmospheric conditions. I-V curve of strain 

sensor under atmospheric conditions (0-25) days.

Figure S19. When outward bending strain is applied to the strain sensor for four consecutive cycles 

at frequencies of 0.4 Hz, 1 Hz, 1.3 Hz, 1.6 Hz, and 2 Hz, the relative resistance of the strain sensor 

changes.
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Figure S20. Changes in the relative resistance of the sensors to different body movements (e.g., 

fingers; forearm muscles) before and after long-term cycling (~10000 cycles).
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2, Supplement Tables:

Supplementary Table S1. The parameters of the silicon nitride cantilever.

Lever Tip

Thickness

(µm)

Length

(µm)

Width

(µm)

Spring 

const

(N/m)

Resonant 

freq.

(kHz)

Height

(µm)

Radius

(nm)

4.6 160 50 42 300 11 <10

Supplementary Table S2. The comparison of the electrical conductivity at room temperature 
(~26℃) between the microdevices fabricated in this work and some traditional metal materials.

Materials Ag Cu Au Zn This work

Electrical 

conductivi

ty (S m-1)

~6.30×107 ~5.96×107 ~4.52×107 ~1.69×107 ~1.68×105

Supplementary Table S3. Technical specification of equipment of the measurement setup.

Equipment Technical specifications

high-precision precision 
slide table

Resolution 0.02 mm

Keithley source meter Voltage resolution 5 μV

Current resolution 10 fA

Temporal resolution 0.02 s

Current limit 0.1 A
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Supplementary Table S4. Technical specification of equipment of the measurement setup.

Materials
Gauge factor 

(GF)
Sensing scale Ref

MXene-based hydrogel 60~80 0%-0.5% 1

(P:P@p-PSF) composite 6.25 1%-8% 2

AgNW/PDMS 2-14 0%-70% 3

AgNW/MoS2 5.96 0%-3% 4

CNTS/PU 14 0%-0.15% 5

Sericin/CNTs -4 0%~15% 6

Sericin/Ag nanocomposites 16.95 0.15%~0.63% This work
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3, Supplement methods:

Extraction of silk sericin

According to the method for extracting silk sericin by Teramoto et al7., Fresh silk 

cocoons were taken and refined using the following method to obtain sericin protein 

with high purity. Clean cocoons (600 mg) were dissolved in LiBr solution (8 mol,24 

mL), stirred, and dissolved at 35 °C for 24 h, then centrifuged at 3000 rpm for 15 min. 

The supernatant was mixed with Tris-HCl, the resulting solution pH~8, put into a 

dialysis bag with a molecular weight cut-off range of 6000-8000, and an appropriate 

amount of deionized water was for dialysis for 3 days. The water was changed in the 

middle 13 times, sericin solution with a concentration of about 1% was obtained, and 

the solution was dried and evaporated in a vacuum oven at 10 °C to obtain a powdered 

sericin solid.

Preparation of sericin-based aqueous resists for FsLDW

All aqueous resists in this work were prepared using ultrapure water (18.2 MΩ cm, 25 

°C) from the MILLIPORE water purification system. Sericin/MB aqueous resists (~100 

mg mL−1, sericin~10 wt%, MB~0.18 wt%) were prepared by adding sericin (30 mg) to 

water (300 µL) followed by 0.6 mg of MB solid powder.

The sericin/AgNO3 aqueous resists were prepared by blending sericin solution (300 mg 

mL−1) and different AgNO3 solutions as follows:

1, 1.5 mL sericin solution (300 mg mL−1), 0.5 mLAgNO3 solution (20 mg mL−1, 100 

mg mL−1, 200 mg mL−1,300 mg mL−1) = sericin~225 mg mL−1, AgNO3~5 mg mL−1, 25 

mg mL−1, 50 mg mL−1, 75 mg mL−1 (for EDS characterization)

2, 1.5 mL sericin solution (300 mg mL−1), 0.5 mL AgNO3 solution (8 mg mL−1) = 

sericin~225 mg mL−1, AgNO3~2 mg mL−1 (sealed in a transparent centrifuge tube, 40 

W incandescent 3 cm under the lamp for different time 0-24 h at 25 ℃)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

3, 1 mL sericin solution (300 mg mL−1), 1 mL AgNO3 solution (50 mg mL−1, 100 mg 

mL−1, 150 mg mL−1, 200 mg mL−1,300 mg mL−1) = sericin~150 mg mL−1, AgNO3~25 

mg mL−1 ,50 mg mL−1, 75 mg mL−1,100 mg mL−1, 150 mg mL−1 (for sericin/Ag 

microfilament structure conductivity characterization)
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4, 1 mL sericin solution (300 mg mL−1) ,1 mL AgNO3 solution (200 mg mL−1) = 

sericin~150 mg mL−1, AgNO3~100 mg mL−1(for preparation of micro flexible sensors)

FsLDW experimental procedures and parameters for different cases

For femtosecond laser parameters, the femtosecond laser (SpectraPhysics 3960-X1BB, 

120 fs pulse width, 80 MHz repetition rate, 800 nm central wavelength) beam was 

tightly focused in sericin-based aqueous resists through a high numerical aperture Oil 

immersion objective lens (Olympus, numerical aperture = 1.35, ×60). The 3D scanning 

of the focused beam was realized based on the galvanometer (horizontal movements) 

and the piezo stage (Physik Instrumente P-622. ZCD, vertical movements). 3Ds Max 

designs arbitrary geometries of micro/nanostructures devices, corresponding computer-

processed data were obtained, and FsLDW multiphoton lithography was realized by 

control software. After water rinsing, various complex micro/nanostructure devices 

could easily be fabricated on the substrate using FsLDW multiphoton lithography. 

During FsLDW-processing, excessively high laser intensity and prolonged processing 

times tended to induce overall or localized self-gelation of sericin solution. Meanwhile, 

considering the manufacturing quality and processing time, the process parameters of 

FsLDW were optimized. For all sericin/MB aqueous resists, the optimal FsLDW 

parameters were 42.5 mW µm−2 laser power intensity, 200 nm scan step size, and 1000 

µs single point exposure time. For all sericin/AgNO3 aqueous resists, the optimal 

FsLDW parameters were 22.5 mW µm−2 laser power intensity, 200 nm scan step size, 

and 1000 µs single point exposure time.

Determination of Young’s Modulus Using the Hertzian Model 

The indentation loading deflection–displacement curves in Fig 3ci were obtained using 

a Veeco MultiMode-8 AFM system (in air and water contact modes as needed) and 

Veeco's Silicon Nitride Cantilever (MLCT-AUNM)8. Data were analyzed using the 

Nanoscope-8.10 software. The silicon nitride cantilever's parameters are listed in 

Supplement Table S1. Based on the deflection-displacement curves, the Hertz model 

was used to simulate and calculate Young’s modulus of sericin microstructures in dry 

air and immersed in water9. The formula is as follows:
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                                                  (1)
𝐸 =

2𝑘∆𝑑(1 ‒ 𝑣2)

𝜋(∆𝑧 ‒ ∆𝑑)2
𝑡𝑎𝑛𝜑

Where  is Young’s modulus,  is the deflection of the probe cantilever,  is the 𝐸 ∆𝑑 ∆𝑧

displacement of the piezoelectric platform,  is the atomic force probe constant of 42 N 𝑘

m−1, v is Poisson's ratio ( =0.5,  is the angle of the probe tip, measured in the 𝑣 𝜑

experiment is 27.5°, as shown in Supplement Fig. S3.

ITO/gold electrodes and conductivity testing 

ITO electrode was purchased from South China Xiang Cheng Technology Co, Ltd. The 

film thickness is ~185 nm, and the resistance is ~6-8 ohms square−1. Au electrode was 

prepared by thermal evaporation, with a film thickness of ~50 nm. The current-voltage 

curves of sericin/Ag nanocomposite microwires were measured using Keysight 

B1500A programmable voltage-current characterization system. During the test, the 

electrode bracket connected to the sample was fixed to avoid errors caused by electrode 

connection changes.

Calculation of conductivity

The calculation formula of conductivity ( ) is as follows𝐾

                                                             (2)
𝐾 =

𝐺𝐿
𝑆

Where  is conductance ( =current/voltage),  is length, and  is cross-sectional area.𝐺 𝐺 𝐿 𝑆

Fabrication of flexible strain sensor 

The fabrication process of the strain sensor, which was made of sericin/Ag 

nanocomposite, is presented in Supplement Fig. S9. PET with good mechanical 

flexibility and high light transmission was used as a flexible substrate in this work, and 

the connecting parts were prepared. First, peeled off the protective film form the PET 

substrate to obtain a clean surface, and then used tape to adhere the mask to it. The 

bonding process ensured close contact between the formwork and substrate without 

gaps. Through vacuum thermal evaporation, two gold electrodes were deposited on a 

flexible PET substrate to form a ~200 μm channel. The detailed parameters of the 

template and the optical image of the channel separation between the two gold 

electrodes taken under the microscope are shown in Supplement Fig. S10. Then, used 
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a pipette to take sericin/AgNO3 aqueous resists (sericin~150 mg mL−1, AgNO3~100 mg 

mL−1, 10 µL), dropped it into the channel, adjusted the laser focus position, and 

prepared the sericin/Ag micro/nano-composite structure through FsLDW (laser 

parameter settings are as shown above). After FsLDW-fabrication processing, the 

uncross-linked portion was rinsed off with ultrapure water for 30 seconds and dried for 

30 min. Finally, conductive silver glue (Beijing Xin Xing Bai Rui Technology Co. Ltd.) 

was used to connect silver wires to the gold electrodes on both sides to facilitate 

subsequent performance testing. The prepared flexible sensor and optical microscopy 

images of sericin/Ag nanocomposite are shown in Supplement Fig. S11.

Measurement 

The measurement unit consists of a high-precision precision slide table and Keysight 

B1500A. The technical specifications of the equipment used in the measurement setup 

are listed in Supplement Table S3. A high-precision precision slide table was used to 

control the strain of the strain sensor; Keysight B1500A was used to test the strain 

sensor's performance, monitoring the sensor's current and resistance by applying a 

constant voltage of 0.1 V. During the detection process, the strain sensors attached to 

both ends of the outside of the high-precision precision sliding table are initially placed 

horizontally. One end of the strain sensor is fixed, and the sliding table controls the 

other. When in the horizontal position, the distance between the outer ends of the high-

precision precision sliding table is the original length L0 of the sensor, and the precise 

distance ΔL for sliding to achieve different movements is achieved (Supplement Fig. 

S12). The inner and outer surfaces of the strain sensor are bent respectively, and the 

geometric outline of the strain sensor is described as a circle with different bending 

radii. The original length L0 is defined as

                                                           (3)

𝐿0

2𝜋𝑟
=

𝜃

360°

The relationship between  and  can be calculated as    𝐿0 𝜃

                                                    (4)𝐿0 ‒ ∆𝐿 = 2𝑟𝑠𝑖𝑛𝜃

Among them,  is the bending radius and  is the central angle.𝑟 𝜃
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By combining (2) and (3), we can easily derive the equations for the moved bending 

distance and bending radius; the results are as follows   

                                                  (5)
𝐿0 ‒ ∆𝐿 = 2𝑟𝑠𝑖𝑛(

𝐿0

2𝑟
)

When the strain sensor is outwardly bent, the mechanical strain is calculated as . 
𝜀 =

2𝑟
ℎ

Similarly, the mechanical strain is calculated as in the inward bending state, 
𝜀 =

‒ 2𝑟
ℎ

 

where  is the thickness of the PET substrate (50 μm)10. Apply a constant voltage (0.1 ℎ

V) to the strain sensor. The resistance and current response were monitored, and the 

relative changes in the resistance of the strain sensor under different strain levels were 

calculated using the equation ((R−R0)/R0). 

Other characteristics 

OM images were acquired using a BA310Met metallographic microscope with a 

charge-coupled device. SEM characterization using field emission SEM (JSM-7500F, 

JEOL), AFM characterization of sericin-based micro/nanostructures morphology using 

Veeco NanoScope V in tapping mode in air. EDS analysis was performed using the 

AMETEK APOLO-XL EDS system integrated with the SEM system. Confocal 

microscopy characterization was performed with an Olympus FLUOVIEW-FV1000 

confocal microscope.

Details of sericin-based FsLDW for cell culture 

In this experiment, a mouse fibroblast cell line (L929) was cultured in Dulbecco's 

modified Eagle's medium (DMEM), and the medium was supplemented with 10% heat-

inactivated fetal bovine serum (FBS) and antibiotics (100 μg mL−1 streptomycin and 

100 μg mL−1 penicillin). All L929 cells were cultured in Cell Counting Kit (CCK-8) 

WST-8 in a humidified environment containing 5% CO2 at 37°C. In the experiment, 2 

-(2-methoxy-4-nitrophenyl)- 3 -(4-nitrophenyl)- 5 -(2,4-disulfophenyl)- 2H - 

(tetrazolium sodium glutamate) salt analysis was used to perform our cytotoxicity 

assessment assay. During the experiment, the 2D structure of pure sericin or sericin/Ag 

nanocomposite material prepared on the glass slide using FsLDW was used as the 

substrate for L929 cell attachment and culture. The entire glass sheet with 2D structure 

was sterilized by UV light irradiation for one hour. The sterilized glass slide was placed 
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into a 12-well cell culture plate. L929 cells were spread into cell culture plates, each 

well plate containing approximately 1.0 × 105 cells, and cultured for one day at 37°C 

and a 5% CO2 atmosphere. To achieve good reproducibility, we performed three 

independent experiments, with three samples of independent L929 cell cultures 

simultaneously performed during each experiment. Then, the culture medium was 

replaced with serum-free fresh DMEM. At the same time, CCK-8 was placed in a dark 

environment as specified, and the cells were continued to be cultured for 2 hours. 

Finally, the entire sample was tested for absorbance at 450 nm using Exl 800 equipment 

(Biotek, USA).

Cell survival rate is calculated by the following formula:   

                                         (6)
𝐶𝑒𝑙𝑙𝑣(%) =

([𝐴]𝑡 ‒ [𝐴]𝑏)

([𝐴]𝑐 ‒ [𝐴]𝑏)
× 100%

Among them,  represents the absorbance of the tested sample cells,  represents [𝐴]𝑡 [𝐴]𝑏

the absorbance of the white plate sample without culture medium and cells, and  [𝐴]𝑐

represents the survival rate of cells without sericin protein micro-nanostructure.

During the experiment, we also immersed HeLa cells in a blended solution of pure 

sericin, sericin/MB, and sericin/AgNO3 to test the toxicity of the solution. HeLa cells 

were seeded in a 96-well cell culture plate with culture medium (each well plate 

contained 1.0 × 104 cells) and cultured for 24 hours at 37°C in a 5% CO2 atmosphere. 

Then, removed the medium and added 200 μL of DMEM. Solutions of MB with 

concentrations of 0.17 mg mL−1 and 0.34 mg mL−1 were added to DMEM, and then the 

cells were cultured for 1 hour. In order to ensure the reproducible effect of the 

experiment, three samples were prepared at the same time for each experiment, and the 

experiment was repeated three times. Then, the culture medium was replaced with 

serum-free fresh DMEM. At the same time, CCK-8 was placed in a dark environment 

as specified, and the cells were continued to be cultured for 2 hours. Finally, the entire 

sample was tested for absorbance at 450 nm using Exl 800 equipment (Biotek, USA). 

Calculate the cell survival rate according to the method above.

During the cell culture process, the pH of all cell culture solutions must be adjusted to 

neutral (~7.0). The osmotic pressure of the solution must also be adjusted to 
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approximately equal to the osmotic strength of 0.9 wt% NaCl aqueous solution; that is, 

the mass fraction 0.9% NaCl aqueous solution was used to prepare sericin, sericin/MB, 

sericin/AgNO3 solution.

4, Supplementary Discussions

Supplementary Discussion 1

For probable mechanisms of sericin-centered FsLDW.

For sericin/MB inks, with the help of photosensitizer MB, covalent crosslinking of 

sericin occurred in the focal region. However, sericin molecules did not crosslink in 

pure sericin solutions, regardless of the femtosecond laser power density. The probable 

photochemical mechanisms of multiphoton crosslinking of sericin might be similar to 

previously reported multiphoton lithography of soluble and oxidizable proteins, such 

as cytochrome C, bovine serum albumin, lysozyme, and avidins11–15. Namely, the 

photosensitizer (MB) absorbs two photons under femtosecond laser irradiation with a 

central wavelength of 800 nm, generating 1O2 or other oxidative substances, which in 

turn promotes crosslinking between sericin molecules. Accordingly, for sericin/AgNO3 

inks. Photoreduction of Ag+ by 800 nm femtosecond laser is thought to occur by two-

photon absorption induction16–18. Precious metal (Au, Ag, Pt, etc.) nanomaterials have 

been shown to act as photosensitisers to produce 1O2 or other oxidising substances 

through two-photon absorption19. Moreover, metal nanoparticles have been shown to 

induce plasmonic resonance and enhance local electric fields under light radiation, 

greatly facilitating the reduction of additional metal ions in the surrounding 

environment, as well as the crosslinking and polymerization of cross-linkable (or 

polymeric) monomers17. The Ag nanoparticles generated during the FsLDW process 

acted as a photosensitizer. Therefore, under high-intensity femtosecond laser irradiation 

(FsLDW-processing parameters listed in Supplement Methods†), sericin crosslinking 

and Ag+ photoreduction might co-occur20,21. 

Supplementary Discussion 2

For probable sensing mechanisms of sericin/Ag nanocomposite sensors. 
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Fig. S12 shows the sensing mechanism of sericin/Ag nanocomposite sensors. The 

sericin/Ag nanocomposite microwires were stretched when the outward strain was 

sensed. With the gradual increase of outward strain, sericin/Ag nanoparticles are 

gradually separated. The overlapping area between the Ag nanoparticles decreases and 

the spacing between the particles increases, thus hindering the tunnelling effect between 

the nanoparticles22. As a result, the resistance of the strain sensor gradually increases 

with the increase of outward strain. When inward strain was sensed, the opposite 

process occurred. When the sensor detected an inward strain, the sericin/Ag 

nanoparticle microwire was compressed. With the gradual increase of inward strain, the 

overlapping short chains of Ag nanoparticles are more tightly arranged and the particle 

spacing is reduced, which promotes the tunnelling effect between nanoparticles. 

Therefore, the resistance of the strain transducer decreased with increasing inward 

bending strain.
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