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ABSTRACT 

The bacterial infection of surgical wounds results in prolonged hospitalization and even 

death of patients, calling for antibacterial function in modern suture products. To tackle 

this challenge, cationic guanidine-containing copolymer was synthesized, exhibiting 

antibacterial potency over 5 log reduction against both Gram-positive S. aureus and 

Gram-negative E. coli. Furthermore, we developed a double-network silk suture by 

integrating a guanidine-containing copolymer network into the silk fibroin network. 

This suture exhibited biocidal activity against S. aureus and E. coli, and superior 

strength compared to the commercial product in both dry and wet conditions. These 

results may bring general benefits to public health and medical equipment 

sustainability. 

 

1. Introduction 

Surgical site infections (SSIs) constitute the third most common hospital infection 

among patients and are also a significant cause of postoperative mortality 1. Among 

various types of surgical implants, sutures are the most extensively used item, 

accounting for 57% of the global surgical equipment market. The application of 

antibacterial sutures would minimize the risk of SSIs 2, 3. Furthermore, antibacterial 

modification has become a significant demand since the approval of triclosan-

impregnated Polyglactin suture by the FDA in 2002. Natural non-absorbable silk 

sutures still have a place in modern surgical suture products due to their good 

biocompatibility and strength, which have been used as suture materials since ancient 

times 4. However, silk sutures easily attract and hide microbes owing to their protein 

nature and construction structure, which brings adverse influence on their continuous 
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and widespread application. Their antibacterial functionalization becomes a necessary 

effort and remains a challenge. 

 

So far, many different antibiotics such as amoxicillin trihydrate and levofloxacin 

hydrochloride have been incorporated in silk sutures 5-8. However, the wide application 

of limited types of antibiotics has led to the emergence of more dangerous variants of 

bacteria with antibiotic resistance, such as methicillin-resistant Staphylococcus aureus 

(MRSA) and extended-spectrum β-lactamase-producing Escherichia coli (ESBL-EC) 

9, 10. More antibacterial mechanisms are in demand to enrich suture products and avoid 

the development of antibiotic-resistant bacteria. Heavy metal and metal oxide 

nanoparticles (e.g., Ag and ZnO) have also been deposited onto silk sutures for 

biomedical and antibacterial textile employment 11-13. The various ways of disinfection 

of nanoparticles, such as cell wall disruption 14 and reactive oxygen species generation 

15, set barriers for bacterial cells to develop resistance in comparison with antibiotics. 

However, the diffusion and accumulation of heavy metal nanoparticles in the 

environment raise concerns over their sustainability 16. Thus, it is urgent and crucial to 

explore updated antiseptic agents for silk sutures. 

 

Inherently antibacterial polymers and peptides have drawn much attention in 

antimicrobial therapeutics 17 and have been combined with silk fibers to achieve 

antibacterial function, such as chitosan 18, polyethyleneimine 19, 6mer-HNP1 

antimicrobial peptide 20 and quaternary ammonium compound 21. For instance, an 

antibacterial silk suture has been prepared by dip-coating with an antimicrobial peptide 

solution named 6mer-HNP1 20, but the physical method of synthesis may cause the 

rapid leaching of the antimicrobial agent. In this regard, covalent-immobilized 
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antimicrobial polymers or peptides on silk sutures may provide long-term antibacterial 

ability 22. In addition, natural organic compounds (e.g., arginine and agmatine) 

exhibited antimicrobial property, and guanidine groups are key to their antibacterial 

function 23. For example, cationic guanidine-based nanosheets have been assembled 

into potential drug delivery vehicles for targeted therapies with low cytotoxicity and 

high transfection efficiency 24, killing bacteria by surface contact to disrupt cell 

membranes without the need of entering cells. Based on their safety, guanidine-

containing polymers have been studied for hospital infection control and have proven 

effective in killing common bacteria as well as antibiotics-resistant clinically isolated 

bacteria 25. Thus, guanidine is expected to be immobilized in silk sutures by chemical 

approaches to overcome bacterial antibiotic resistance and secure durable antibacterial 

property.   

 

Besides bacterial attachment, the decrement in strength of silk sutures in wet state 

presents a potential risk for suture application in bio-tissues where high tension exists 

26, 27. Therefore, a new approach to manufacture long-term antibacterial silk sutures 

with enhanced strength is in demand. Inspired by research on dissolution system of silk 

fibroin and successful strategies for high-strength hydrogel fabrication 28-32, we propose 

to introduce double-network (DN) in the solid phase which has not been conducted 

before. DN structures are one of the most successful strategies for constructing hydrogel 

fibers to achieve enhanced strength and desired functionality 33-36, which is expected to 

be applied in silks to enhance their tensile and antibacterial property. Herein, we 

synthesized guanidine-containing copolymer and explored its antibacterial ability and 

mechanism. Furthermore, the guanidine-containing double-network silk suture with 

robust strength and biocidal property was fabricated by incorporating the guanidine-
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containing network into the silk fibroin network, which may bring general benefits to 

public health and medical equipment sustainability.   

 

2. Experimental section 

2.1. Materials 

Silk was supplied by Huasheng Industrial Co., China. Butyl acrylate (BA, ≥99%, 

Sigma-Aldrich) and glycidyl methacrylate (GMA, 97%, Sigma-Aldrich) were distilled 

under reduced pressure with the addition of copper(I) bromide (98%, Sigma-Aldrich). 

1,4-butanediol dimethacrylate (BDDMA, 95%, Sigma-Aldrich) was washed with 

alkaline aqueous solution and deionized water (DI water). Other chemicals were used 

without further purification including 2-hydroxy-4'-(2-hydroxyethoxy)-2-

methylpropiophenone (Irgacure 2959, >98%, TCI), ethylenediamine (EDA, ≥99%, 

Sigma-Aldrich), 1H-pyrazole-1-carboxamidine hydrochloride (HPC, 99%, Alfa 

Aesar), N,N-diisopropylethylamine (DIPEA, 99%, Aladdin), super dry tetrahydrofuran 

(THF, 99.9%, J&K), diethyl ether (≥99.9%, VWR Chemicals), anhydrous calcium 

chloride (CaCl2, VWR Chemicals), methanol (99.8%, Anaqua), ethanol (>95 %, 

Anaqua), N,N-dimethylformamide (DMF, 99.8%, Anaqua), chloroform-D (CDCl3, 

99.8 atom% D,  Sigma-Aldrich) and deuterium oxide (D2O, 99.8 atom% D, J&K 

Scientific). 

 

2.2. Synthesis of guanidine-containing copolymer 

BA-GMA copolymer was synthesized by free-radical polymerization. BA and GMA 

(molar ratio = 2:1) were mixed with photo-initiator Irgacure 2959 (1 w/v%), and 

irradiated under UV light (360–365 nm, 20 W) for 10 min. The prepared BA-GMA 
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copolymer (P(BA-GMA)) was then dissolved in super dry THF under stirring and 

precipitated twice in diethyl ether.  

 

The procedure of further amination and guanidinylation were modified from previous 

literature 37. The purified BA-GMA copolymer (0.1 g) was dissolved in super dry THF 

(30 mL), then EDA was added (10 mL) with the aim of complete ring-opening reaction 

of epoxide groups. The reaction mixture was stirred for 24 h, purified by dialysis 

(molecular weight (M.W.) cut off 3500) against DI water for 48 h, and then freeze-

dried to yield BA-GMA-EDA copolymer (P(BA-GMA-EDA)). 

 

The primary amines on BA-GMA-EDA copolymer were guanidinylated. The 

reaction was conducted in an aqueous solution of HPC (1.3 mmol) and DIPEA (1.3 

mmol) for 24 h at room temperature. The modified copolymer was further purified by 

dialysis (M.W. cut off 3500) against DI water for 48 h, and then freeze-dried to yield 

guanidine-containing BA-GMA-EDA-G copolymer (P(BA-GMA-EDA-G)). The 

degree of substitution of guanidyl groups of the copolymer was estimated as 42%. 

 

2.3. Fibroin filaments with guanidine-containing DN structures 

Raw silk filament was winded on the roller and degummed by IR heating (AHIBA 

IR PRO, Datacolor) in sealed water at 120 °C for 90 min, then rinsed and dried at 60 

°C overnight to obtain continuous fibroin filaments (FFs). Continuous FFs were winded 

onto Polytetrafluoroethylene (PTFE) framework and immersed in CaCl2 (6 wt.%)–

methanol (94 wt.%) solvent in a sealed bottle at 68 °C for 1 h. Then liquid exchange by 

immersion in monomers (BA and GMA, molar ratio = 2:1)–photo-initiator (Irgacure 

2959, 1 w/v% of monomers)–crosslinker (BDDMA, 0.25 wt.% of monomers) precursor 
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solution for 10 min. The FFs were exposed to UV light for 10 min, and then immersed 

in super dry THF for purification for 12 h. The sample is defined as DN FF.  

 

The procedure for further amination and guanidinylation of DN FFs was based on the 

synthesis of guanidine-containing copolymer with modifications 37. EDA (10 mL) was 

added to super dry THF (30 mL), followed by DN FF (0.1 g). The reaction was run for 

24 h in a shaker at room temperature with the aim of complete ring-opening reaction of 

epoxy groups. The resulting product was purified by immersing in DI water for 12 h 

and defined as EDA-DN FF. 

 

The primary amines of the prepared EDA-DN FF were attempted for subsequent 

guanidinylation. The reaction was conducted in an aqueous solution with the presence 

of HPC (0.15 mmol) and DIPEA (0.15 mmol) to EDA-DN FF (1 mg) for 24 h 

incubation in a shaker at room temperature. The product was purified by rinsing with 

ethanol and DI water repeatedly, and the ultimate guanidine-containing double-network 

FF product was obtained and defined as G-DN FF. 

 

2.4. Characterizations 

The proton nuclear magnetic resonance (1H NMR) spectra of P(BA-GMA) using 

CDCl3 as solvent and P(BA-GMA-EDA) and P(BA-GMA-EDA-G) using D2O as 

solvent were acquired on a 500 MHz NMR spectrometer (Jeol ECZ500R). The 

molecular weight of P(BA-GMA) was measured by the gel permeation chromatography 

(GPC, Waters 1515, USA) using DMF as the mobile phase and polystyrene as the 

calibration substance. P(BA-GMA-EDA) and P(BA-GMA-EDA-G) were dispersed in 

THF and dropped onto clean silicon slices, dried in the air and then coated with gold 
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by sputtering for SEM observation (VEGA3, Tescan). The particle size distribution and 

zeta potential of P(BA-GMA-EDA-G) in aqueous dispersion were determined using a 

zetasizer instrument (Malvern). Attenuated total reflection Fourier-transform infrared 

spectra (ATR-FTIR) were acquired in the region of 4000–650 cm-1 with 64 scans at 4 

cm-1 resolution by a spectrometer (Spectrum 100, PerkinElmer). Silk suture was 

prepared by twister (400 tpm) and fixed by hot steam (90 s). The commercial silk suture 

(dyed virgin silk W870, Ethicon®, U.S. Pharmacopeia (USP) 8-0, twisted construction) 

was purchased from Johnson & Johnson Co., LTD. The morphologies were observed 

under an optical light microscope (M165C, Lecia) and a microscope with polarizers 

(DM2700M, Leica). The tension tests including the straight-pull and surgeon's knot-

pull were performed using an Instron 5944 with a 10 N load cell and a gauge length of 

20 mm at a speed of 10 mm/min, where dry samples were standard-conditioned at 25 ± 

2 °C and relative humidity of 65 ± 5% for 24 h while wet samples were soaked in DI 

water for 12 h before the test.  

 

2.5. Antibacterial properties 

Bacterial count: Gram-positive bacteria Staphylococcus aureus (S. aureus, ATCC 

6538) and Gram-negative bacteria Escherichia coli (E. coli, ATCC 25922) were used 

to investigate the antibacterial property of guanidine-containing copolymer and fiber. 

The microorganisms were cultured in 10 ml Luria–Bertani (LB) broth at 37 °C for 18 

h to obtain a bacterial suspension of approximately 2–5 × 109 CFU/mL. This bacterial 

suspension was diluted 104 and 107 times with phosphate-buffered saline (PBS, pH=7.4) 

as working bacterial suspension for guanidine-containing copolymer and fiber, 

respectively. P(BA-GMA-EDA-G) with different concentrations and bacterial 

suspensions were incubated and shaken for 18 h at 37 °C. The bacteria incubated 
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without the addition of P(BA-GMA-EDA-G) served as the control group. After that, 

the suspensions were serial diluted to 1/1000, and 100 μL of the diluted suspensions 

were then plated (in triplicate) on the solid LB agar plates, followed by incubation for 

24 h at 37 °C. Additionally, bacterial suspensions with 0.02 g/mL of original FF or G-

DN FF samples were incubated and shaken for 5 h at 37 °C. After that, 100 μL of the 

suspensions were plated (in triplicate) on the solid LB agar plates, followed by 

incubation for 24 h at 37 °C. The antibacterial properties were evaluated as log 

reduction of the colony-forming units per milliliter (CFU/mL). 

 

Zeta potential measurement: The procedure was from previous literature with 

modification 38. Bacterial suspensions in PBS (109 CFU/mL, 100 μL) were incubated 

alone or with P(BA-GMA-EDA-G) (1 mg/mL) at 37 °C for 3 min. After that, bacterial 

cells were collected by centrifugation and washed with PBS twice, followed by being 

suspended in DI water (1 mL). The obtained samples were kept on ice for zeta potential 

measurement. 

 

Field emission scanning electron microscope (FESEM) characterization: Bacterial 

cells were harvested from the control and P(BA-GMA-EDA-G) treated groups by 

centrifugation and washed with PBS twice. The morphology of bacteria was fixed in 

glutaraldehyde (GA, 2.5%) aqueous solution at room temperature for 4 h, which was 

centrifuged to remove supernatant and washed with PBS twice. Subsequently, the 

bacteria were dehydrated with gradient ethanol (30%, 50%, 70%, 80%, 90%, and 100% 

for 30 min, respectively). Ultimately, the specimens were dropped onto clean silicon 

slices, dried in the air and then coated with gold by sputtering for FESEM observation 
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(Tescan MAIA3). The fixation and dehydration procedures were also performed for the 

original FF and G-DN FF samples tested for bacterial count on LB agar plates.  

 

Live/Dead bacterial staining assay: The bacterial suspensions of control and P(BA-

GMA-EDA-G) treated groups were washed with PBS twice and re-dispersed in PBS. 

Subsequently, the suspensions were stained with SYTO 9 and propidium iodide (PI) in 

darkness for 20 min. Then, the bacterial cells were harvested by centrifuge and washed 

three times with PBS and resuspended in PBS. The suspensions were then dropped onto 

the glass slide and covered with a coverslip. The observation of samples was executed 

by confocal laser scanning microscopy (CLSM, Leica SPE microscope) using a 488 nm 

laser. 

 

2.6. Statistical analysis 

All test data were expressed as mean ± standard deviation (S.D.). Statistical 

significance was analyzed by one-way analysis of variance (ANOVA) with post hoc 

Tukey testing. The p value less than 0.05 was considered to be statistically significant. 

 

3. Results and discussion 

The synthetic route for a series of copolymers is shown in Figure 1a. P(BA-GMA) 

was prepared via photo-polymerization; then primary amine groups were added by the 

ring-opening reaction of epoxy groups with EDA, forming P(BA-GMA-EDA). The 

obtained primary amines reacted with guanidylation reagent to yield guanidine-

containing P(BA-GMA-EDA-G). Correspondingly, as illustrated in Figure 1b, silk 

suture (i.e., FF suture) with DN structures (DN FF suture) was formed through swelling 

process (CaCl2–methanol solvent) and liquid exchange (BA and GMA precursor 
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solution). This additional network provided reactive functional groups to FF suture for 

following amination (forming EDA-DN FF suture) and guanidinylation (forming G-

DN FF suture) reactions. The guanidinylation manufacturing process was operated in 

convenient and facile condition with aqueous solution at room temperature. The 

cationic guanidine-containing copolymer (P(BA-GMA-EDA-G)) and suture (G-DN FF 

suture) showed antibacterial property, being potential candidates for biomedicine and 

suture application.  

 

 

Figure 1. (a) Synthetic diagram of guanidine-containing copolymer and (b) the 

manufacturing of toughened antimicrobial silk suture with guanidine-containing double 

networks, exhibiting biocidal property. 
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1H NMR spectroscopy was utilized to reveal the chemical structure of the obtained 

copolymers (Figure 2a). In Figure 2ai, the peaks at 2.64 ppm, 2.83 ppm and 3.22 ppm 

were ascribed to the epoxy groups on the side chain of P(BA-GMA) 39, 40. The peaks at 

3.81 ppm, 3.99 ppm and 4.28 ppm were contributed to methylene protons adjacent to 

the ester groups 41. The molar ratio of GMA and BA in P(BA-GMA)  was calculated as 

1:1.1 by peak integration based on the indicative peaks of GMA (2.64 and 2.83 ppm) 

and BA (1.37 ppm), which was higher than their initial feeding molar ratio 1:2 due to 

higher reactivity ratio of GMA in comparison with BA 42. After ring-opening reaction 

of epoxy groups with EDA, the peaks at 2.57–2.94 ppm were assigned to methylene 

groups linked to the amino group in P(BA-GMA-EDA) as shown in Figure 2aii 37. After 

guanidinylation on the primary amines in P(BA-GMA-EDA), the peak at 3.32 ppm 

appeared and was attributed to methylene groups in proximity to guanidine groups as 

shown in Figure 2aiii 37. Hence, 1H NMR results demonstrated the successful synthesis 

of guanidine-containing P(BA-GMA-EDA-G). The successful synthesis of P(BA-

GMA-EDA-G) was also confirmed by FTIR spectra (Figure S1). A new peak at 1540 

cm-1 was observed in the spectrum of P(BA-GMA-EDA) compared to P(BA-GMA), 

which was attributed to C−N stretching vibration resulting from the increased presence 

of primary amine due to EDA treatment 37, 43. As compared to P(BA-GMA-EDA), a 

new peak at 1662 cm-1 appeared in the spectrum of P(BA-GMA-EDA-G), 

corresponding to the stretching vibration of C=N. This demonstrates the introduction 

of guanidine into the P(BA-GMA-EDA) 44, 45. Additionally, the molecular weight of 

P(BA-GMA) was calculated as 4828 g/mol (Figure S2). The morphologies of P(BA-

GMA-EDA) and P(BA-GMA-EDA-G) were shown in Figure S3. Furthermore, the size 

distribution of P(BA-GMA-EDA-G) particles self-assembled in H2O was measured by 
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dynamic light scattering to be narrow at around 232 ± 20 nm (Figure 2b). In Figure 2c, 

P(BA-GMA-EDA-G) particles had a positive zeta potential (35.6 ± 2.9 mV), showing 

a large number of cationic charges on the guanidine-containing copolymer particles, 

which may play a key role in bactericidal actions.  

 

 

Figure 2. (a) 1H NMR spectra of copolymers including (i) P(BA-GMA) in CDCl3, (ii) 

P(BA-GMA-EDA) and (iii) P(BA-GMA-EDA-G) in D2O. (b) The size distribution and 

(c) zeta potential of P(BA-GMA-EDA-G) particles in H2O.  

 

The antibacterial activities of P(BA-GMA-EDA-G) against Gram-positive S. aureus 

and Gram-negative E. coli are shown in Figure 3a, b. P(BA-GMA-EDA-G) at a 

concentration of 15.6 μg/mL offered 0.52 log (70.01%) reduction and 0.60 log (74.88%) 

reduction of S. aureus and E. coli, respectively, exhibiting bactericidal ability over these 



 14 

two bacterial strains. The higher concentration of 31.3–125 μg/mL of P(BA-GMA-

EDA-G) showed over 5.20 log (99.999%) reduction and 5.07 log (99.999%) reduction 

in S. aureus and E. coli. Therefore, the minimum bactericidal concentrations (MBCs) 

of P(BA-GMA-EDA-G) against S. aureus and E. coli were 31.3 μg/mL, which refers 

to the lowest concentration that leads to a 3 log reduction (99.9% killing) 46. The 

representative LB agar plates in Figure 3c reflected the inactivation of S. aureus and E. 

coli from the concentration of 31.3 μg/mL, demonstrating the remarkable antibacterial 

ability of P(BA-GMA-EDA-G). Moreover, MBC values of P(BA-GMA-EDA-G) 

against S. aureus and E. coli were much lower in comparison with other literatures 47-

52 (Figure 3d, e and Table 1). 
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Figure 3. Log reduction of (a) S. aureus and (b) E. coli treated with different 

concentrations of P(BA-GMA-EDA-G) (***p < 0.001). (c) Representative LB agar 

plates of S. aureus and E. coli colonies treated with P(BA-GMA-EDA-G) with different 

concentrations: (i) 0 (control), (ii) 15.6, (iii) 31.3, (iv) 62.5 and (v) 125 μg/mL. (d, e) 

Comparison of MBC values of synthesized polymers and polymeric nanocomposites 

against S. aureus and E. coli. 47-52  
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Table 1. Comparison of MBC values of synthesized polymers and polymeric 

nanocomposites against S. aureus and E. coli. 

Material Bacteria MBC 

(μg/mL) 

Treatment 

condition 

Reference 

Phosphonium salts and 

phosphonium capped 

polymers 

S. aureus 

E. coli 

16–1250 

630–10000 

RT, 4h 47 

Plectranthus cylindraceus 

(P. cylindraceus) 

oil/TiO2/PEG 

nanocomposite 

S. aureus 

E. coli 

1280 

640 

37 ℃, 24 h 48 

Graphene oxide/lanthanum 

coordination polymer 

(GLCP nanocomposite) 

S. aureus 

E. coli 

200 

200 

37 ℃, 24 h 49 

Cationic conjugated 

polyelectrolyte (PFBT-MI) 

S. aureus 

E. coli 

47.7 

79 

37 ℃, 12 h 50 

Cationic nanopolystyrenes 

(CNPSs) 

S. aureus 

E. coli 

62.5–3000 

125–4000 

37 ℃, 20 h 51 

Aromatic polyamides 

(PAs) 

S. aureus 

E. coli 

125–500 

125–250 

37 ℃, 24 h 52 

P(BA-GMA-EDA-G) S. aureus 

E. coli 

31.3 

31.3 

37 ℃, 18 h This work 

 

In order to gain insight into the interaction between P(BA-GMA-EDA-G) and 

bacteria, we employed zeta potential measurement, FESEM characterization and 

CLSM characterization. The surface zeta potentials of bacteria before and after 

treatment with P(BA-GMA-EDA-G) were measured to illustrate possible interactions 

between bacteria and P(BA-GMA-EDA-G) 19, 53, 54. As shown in Figure 4a, the zeta 

potentials of S. aureus and E. coli were -27.9 mV and -34.2 mV, respectively, indicating 

the negative charge on the bacterial surface owing to carboxyl and phosphate groups of 

teichoic acids in Gram-positive bacteria and phosphate groups of phospholipids and 
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lipopolysaccharides in Gram-negative bacteria 55. Regarding the bacteria treated with 

P(BA-GMA-EDA-G), there was an obvious shift in their surface zeta potentials to 8.9 

mV and 24.5 mV for S. aureus and E. coli, respectively. Such shift was attributed to 

the association of cationic guanidine-containing copolymer and negative charge on the 

bacterial surface via electrostatic interaction, which is consistent with previous 

literature 56. Here, a more obvious shift of zeta potentials occurred in E. coli than that 

of S. aureus, because Gram-positive bacteria like S. aureus have thicker cell walls and 

stronger bacterial self-defense than Gram-negative bacteria like E. coli 19. The zeta 

potential results were also in accordance with bacterial count assay results presented in 

Figure 3a, b. P(BA-GMA-EDA-G) at a concentration of 15.6 μg/mL exhibited higher 

bactericidal ability against E. coli (74.88% reduction) than S. aureus (70.01% 

reduction). From the FESEM images (Figure 4b, c), the morphologies of untreated 

bacteria (control) showed original and intact spherical (S. aureus) in Figure 4bi, biii and 

rod-like (E. coli) morphologies in Figure 4ci, ciii, respectively. In contrast, the bacteria 

treated with P(BA-GMA-EDA-G) exhibited obvious cellular deformation as well as 

partial or complete membrane lysis (Figure 4bii, iv and Figure 4cii, iv) 57, 58. The 

FESEM images are in well agreement with zeta potential results. Furthermore, the 

live/dead bacterial staining assay was performed and observed by CLSM using a 488 

nm laser via the dual fluorescent stains of SYTO 9 and PI 56, 59. SYTO 9 stained both 

live and dead bacterial cells in green fluorescence, while PI only penetrated through the 

ruptured bacterial membranes of the dead bacterial cells and stained in red fluorescence 

22. In Figure 4d (i, iii) and 4e (i, iii), S. aureus and E. coli displayed green fluorescence 

and negligible red fluorescence, demonstrating bacterial cells were viable and cell 

membranes mainly remained intact in control groups 22. However, S. aureus and E. coli 

after treatment by P(BA-GMA-EDA-G) exhibited both green and red fluorescence in 
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Figure 4d (ii, iv) and 4e (ii, iv). The cells in green were almost exclusively in red, 

suggesting the cell membranes were damaged by P(BA-GMA-EDA-G) 22, which 

agrees with FESEM images. In short, the cationic guanidine groups of P(BA-GMA-

EDA-G) could quickly bind with anionic groups in cell membranes or walls, leading to 

osmotic damage and cell membrane disruption, followed by intercellular leakage and 

cell lysis. Therefore, P(BA-GMA-EDA-G) displayed potent antimicrobial properties 

against S. aureus and E. coli.  
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Figure 4. (a) Zeta potentials of S. aureus and E. coli before and after treated with P(BA-

GMA-EDA-G). FESEM images of (b) S. aureus and (c) E. coli treated with PBS (i, iii) 

and P(BA-GMA-EDA-G) (ii, iv), respectively. CLSM images of (d) S. aureus and (e) 

E. coli treated with PBS (i, iii) and P(BA-GMA-EDA-G) (ii, iv), respectively, stained 

by SYTO 9 (green fluorescence, for alive/dead cells)/PI (red fluorescence, only for dead 

cells). 

 

Based on the powerful antibacterial guanidine-containing copolymer, guanidine-

containing DN FF (G-DN FF) was fabricated to obtain silk sutures with antimicrobial 

activity and enhanced tensile properties. The chemical change and secondary structure 

of FF samples were investigated by FTIR. The FTIR spectra in Figure 5a presented the 

common features of peptide skeleta of amide I (1618 cm−1, C=O stretching vibration), 

amide II (1512 cm−1, mainly N−H bending vibration), and amide III (1228 cm−1, mainly 

C−N stretching vibration) of FFs 60, 61. Compared with the spectrum of original FF, G-

DN FF was characterized by the bands at 1720 cm-1, in the region of 1689–1630 cm-1, 

1578 cm-1, and 1539 cm-1, which existed in the spectrum of P(BA-GMA-EDA-G). The 

peak at 1720 cm-1 was assigned to ester C=O stretching vibration 62, and the peaks at 

1578 cm-1 and 1539 cm-1 were attributed to N−H distortion vibration and C−N 

stretching vibration due to the increase of primary amine by EDA treatment 37, 43. In 

addition, the peaks at 1662 cm-1 (C=N stretching vibration), 1645 cm-1 (N−H bending 

vibration) and 1628 cm-1 (C−N stretching vibration) in the spectrum of G-DN FF were 

noticed, confirming the guanidyl groups have been bound to the DN FF 44, 45. The FTIR 

spectrum of EDA-DN FF is shown in Figure S1. The antimicrobial properties against 

S. aureus and E. coli of original FF and G-DN FF are shown in Figure 5b. The original 

FF had no antibacterial property, while G-DN FF offered more than 2.61 log (99.76%) 
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reduction and 2.30 log (99.50%) reduction against S. aureus and E. coli, indicating that 

the introduced guanidine-containing network endowed FF with antibacterial activities 

by means of contact bacteria through electrostatic attraction, causing cell membrane 

disruption. Representative LB agar plates in Figure 5c illustrated the total deactivation 

of S. aureus and E. coli by the G-DN FF in sharp contrast to the original FF. FESEM 

images also showed the cell membrane deformation and disintegration of bacteria 

adhered to G-DN FF as shown in Figure 5d. 

 

 

Figure 5. (a) FTIR spectra of original FF, G-DN FF and P(BA-GMA-EDA-G). (b) Log 

reduction of S. aureus and E. coli treated with original FF and G-DN FF (***p < 0.001). 

(c) Representative LB agar plates of S. aureus and E. coli colonies treated with original 



 21 

FF (i, iii) and G-DN FF (ii, iv). (d) FESEM images of original FF (i, iii) and G-DN FF 

(ii, iv) against S. aureus and E. coli.  

 

The breaking force is a crucial factor for suture applications. Undoubtedly, silk is 

chosen as surgical suture material due to its biocompatibility, sufficient strength and 

good handling characteristics 63. However, the strength of silk decreases in the wet 

tissue environment, because of its water absorption tendency and unstable amorphous 

phase 27, 64. The lower wet strength of silk suture is a concern to cause surgical failure, 

which can be resolved in this work. The morphologies of G-DN FF suture are shown 

in Figure 6a, involving straight/knot state (i) and birefringence characteristic (ii, iii), 

which were similar with commercial silk suture (Figure 6b). In the straight-pull test 

(Figure 6c and Table 2), the breaking force of G-DN FF suture and commercial SF 

suture were 1.20 N and 0.93 N, respectively. In the wet state, G-DN FF suture and 

commercial SF suture exhibited a 21% and 33% decrease in the maximum breaking 

force. In the knot-pull test, the limit on average knot-pull breaking force for U.S. 

Pharmacopeia (USP) 8-0 non-absorbable sutures are 0.59 N (Class I, e.g., silk suture) 

and 0.39 N (class II, e.g., virgin silk suture) according to USP monographs 65. The 

representative knot-pull force−strain curves of G-DN FF suture and commercial silk 

suture are shown in Figure 6d. Their knot-pull breaking forces were 0.88 N and 0.60 N 

(see Table 2), respectively, which were lower than the straight-pull breaking force. This 

might be caused by the stress concentration on knot position during stretching. In 

addition, wetting resulted in obvious reductions in knot-pull breaking force of G-DN 

FF suture (0.69 N, with a reduction of 22%) and commercial silk suture (0.45 N, with 

a reduction of 25%). The wet knot-pull breaking force of G-DN FF suture was 

comparable to dry values of commercial silk suture and USP standard, despite suffering 
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from weakening in the wet state. Hence, G-DN FF suture was successfully 

manufactured and showed biocidal property against Gram-positive (S. aureus) and 

Gram-negative (E. coli) strains. Furthermore, the strength of G-DN FF suture was 

superior to that of the commercial product in dry and wet conditions, making it a 

promising candidate in modern surgical suture fields. 

 

 

Figure 6. The photograph of (a) G-DN FF suture and (b) commercial silk suture with 

different morphologies including microscopic images in (i) straight and knot state and 

polarized microscopic images under crossed polarizers (ii) and without polarizers (iii). 

The representative (c) straight-pull and (d) knot-pull force−strain curves of original FF 

suture, G-DN FF suture and commercial silk suture in both dry and wet conditions.  
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Table 2. Tensile properties of original FF suture, G-DN FF suture and commercial silk 

suture (n=3). 

Test type Suture type Breaking force 

(N) 

Elongation 

at break (%) 

Straight-pull test Original FF suture 0.92 ± 0.03 b 18.9 ± 0.4 b 

 G-DN FF suture 1.20 ± 0.18 a 17.7 ± 3.7 b 

 Commercial silk suture 0.93 ± 0.02 b 30.9 ± 5.6 a 

Straight-pull test (wet) Original FF suture 0.65 ± 0.01 b 26.1 ± 3.2 a 

 G-DN FF suture 0.95 ± 0.03 a 29.7 ± 6.0 a 

 Commercial silk suture 0.62 ± 0.04 b 32.5 ± 2.3 a 

Knot-pull test Original FF suture 0.67 ± 0.08 b 14.5 ± 3.0 a 

 G-DN FF suture 0.88 ± 0.09 a 15.0 ± 2.8 a 

 Commercial silk suture 0.60 ± 0.07 b 16.2 ± 4.5 a 

Knot-pull test (wet) Original FF suture 0.53 ± 0.02 a 19.8 ± 3.1 a 

 G-DN FF suture 0.69 ± 0.11 a 24.0 ± 5.4 a 

 Commercial silk suture 0.45 ± 0.10 b 19.1 ± 3.8 a 

Means ± SD with different letters in the same column differed significantly (P< 0.05). 

 

4. Conclusions 

In conclusion, a copolymer containing epoxide groups was synthesized by free-

radical polymerization, and was further grafted with primary amines via ring-opening 

reaction of epoxide groups with ethylenediamine. Guanidine-containing copolymer 

was further synthesized by primary amine guanidinylation. Antibacterial efficiency of 

guanidine-containing copolymer reached over 5 log reduction against both Gram-

positive S. aureus and Gram-negative E. coli. The antibacterial mechanism was 

attributed to the integration of cationic guanidine groups of copolymers with anionic 

groups at surfaces of bacterial cells, resulting in osmotic damage and cell membrane 
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disruption, followed by intercellular leakage and cell lysis, as revealed by zeta potential, 

FESEM and CLSM characterization. Moreover, guanidine-containing polymer 

network was incorporated in silk fibroin network to form guanidine-containing DN silk 

suture. The resultant guanidine-containing DN silk suture exhibited antibacterial 

property against both S. aureus and E. coli and strength superior to the commercial 

product in dry and wet states, serving as a promising candidate for surgical suture 

application. This photo synthesis of bactericidal double network approach can be 

extended to other solid substrates, such as membranes and coatings.  
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