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Article 
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Abstract: Scaffolds used for tissue/ bone defect repair must possess versatile properties suitable for each 
specific application. The issue of antibiotic resistance poses a significant challenge in bone tissue engineering 
especially when dealing with microbial infections.  The most effective approach to address this challenge is to 
promote the integration of tissue before bacteria can adhere to it, hence preventing the proliferation of certain 
bacterial strains on the implant. The utilization of 3D printing and or the use of various composite polymers in 
scaffolds to create antibacterial scaffolds that possess both adequate mechanical strength and exceptional 
biocompatibility is an attractive approach for addressing the challenges associated with microbial infections in 
tissue. Herein, a new phage functionalized scaffold was created through surface charge modification of the 
composite scaffold with polyethyleimine (PEI). Afterwards, the PEI polymerized Scaffolds were incubated 
with phage lysate for approximately 2h prior to rinsing with ethanol. The morphological and physiochemical 
properties of formed scaffold were assessed through Raman spectrophotometry while the antibacterial assays 
were done through growth inhibition zones/ cell viability assays. The polymerized phage composite 
SF20_PEI.AR9 possessed the highest antimicrobial effect with clear inhibition zones of about 78.30 mm. This 
could be attributed to the lytic effect of phages on the bacterial cells. Moreover, the enhanced phage effect on 
the scaffolds was also associated to the improved surface charge on the scaffold, 78,3±7,6 mm which ultimately 
promoted phage scaffold interface integration hence the high antibacterial activity. The PEI polymerization 
approach could serve as a model for future development of phage scaffolds. 

Keywords: bacteriophage AR9; Bacillis subtilis; silk fibroin scaffolds; Raman spectroscopy; SEM 
 

1. Introduction 

The primary obstacles encountered in the development of robust biomaterials for broad 
applications, encompass the development of advanced matrix architectures that provide efficient 
distribution of oxygen and nutrients vital in tissue engineering [1], promote early and selective 
detection of pathogens in food safety biosensors [2]. In essence, the designed biomaterial should 
possess a porous structure, which could permit the influx of low molecular weight solutes, oxygen 
and nutrients essential for cell viability, as well as the efflux of wastes from the scaffolds [3]. 
Moreover, to mimic natural systems, where molecular affinity and subsequent substrate specificity 
by biological molecules, play a crucial role in facilitating the organization of fundamental building 
blocks into hierarchical structures, the integration of biological components (bacteria, phages and 
biological molecules) into the scaffolds could facilitate emergence of innovative biomaterials with 
unlimited capabilities for broad applications [4].  

Bacterial residues attached on surfaces such as injured tissues, equipment, pipelines, and 
packaging are a major cause of contamination, leading to illnesses and financial losses, with the 
economic impact of foodborne illnesses predicted at about US$90 billion [5], while the pre-COVID-
19 pandemic estimates from 2019 indicated that biofilms hold significant economic impact, 
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surpassing $5000 billion yearly [6]. To combat microbial infections, various pharmaceutical remedies 
such as antibiotics have been employed to combat microbial infections. However, their extensive use 
has resulted in emergence of highly resistant strains, commonly referred to as superbugs, posing a 
threat to human health [7-9]. Consequently, there exists an urgent need to develop novel biomaterials 
for early detection of pathogens as well as new antibacterial materials. 

Over the past decades, significant attention has been directed towards the advancement of 
several types of biomaterials, including antimicrobial scaffolds, with the aim of achieving rapid, 
sensitive, and specific detection and efficient elimination of pathogens [10-13]. The potential of 
antimicrobial peptides to serve as next-generation antibiotics has also garnered significant interest 
among researchers, mostly owing to their favorable attributes such as biosafety, degradability, and 
capacity to disrupt the cell membranes of pathogens [14]. Nevertheless, the utilization of costly 
nucleic acid, bacterial, and enzyme-based probes/ biomaterials that are sensitive to temperature, pH, 
and environmental conditions, imposes constraints on their broad practical application [2].  

Bacteriophages exhibit a high degree of specificity/selectivity, are cost-effective to produce at 
high titers and demonstrate tolerance to variations in pH and temperature within the growing 
medium, thus the utilization of phage-based biomaterials presents effective alternatives for 
engineering of new biomaterials [15,16]. To utilize bacteriophages as bio-probes or antimicrobials 
with enhanced overall efficacy, it is essential to immobilize them on suitable substrates at 
substantially high quantity [2]. This has been accomplished through direct physical adsorption [17], 
chemical/ covalent immobilization [18,19], genetic engineering [20], encapsulation [21,22], and self-
assembly [22,23]. Several materials have been used as substrates for immobilization of 
bacteriophages. For example, Roy et al. through phage biopanning displayed functional peptides for 
bone regeneration on Hydroxyapatite (HAP) scaffolds [24], Jin et al. applied Palladium (Pd) 
nanozyme-armed phage as a versatile antibacterial solution [25], Singh et al. immobilized 
bacteriophages on gold surfaces to facilitate the targeted capture of pathogens [26] while Konwarh et 
al. made a biopolymer from ultrafine cellulose fibres for application as membranes, bandages, among 
others [27]. 

Silk fibroin (SF) has garnered considerable attention in the field of material science due to its 
biocompatibility, biodegradability, and exceptional mechanical qualities, as well as its simplicity of 
modification [28]. For example, Eivazzadeh-Keihan et al. fabricated a nanobiocomposite scaffold with 
antimicrobial activity and improved mechanical properties by cross-linking a chitosan-based 
hydrogel with SF [29]. 

Here we developed a phage-functionalized scaffold with antibacterial potential by surface 
modification of the silk fibroin-based scaffold through polymerizing with the highly charged 
Polyethyleneimine (PEI). We assessed the antibacterial activity of the SF based scaffolds and analyzed 
their morphology, structural and functional group properties by spectral and analytical techniques 
such as SEM, FT-IR, and Raman spectrophotometry. Thus, polymerization of scaffolds with PEI may 
be useful for the future development of antibacterial scaffolds. 

2. Results 

2.1. Production of Phage Functionalized SF Blends 

The ultimate goal of this study was to develop a silk fibroin/phage-based scaffold with 
antibacterial activity. The 3D SF scaffold was thus developed through direct mixing and freezing 
approach and later the formed scaffold was surface modified with polymerized with polyethyleimine 
(PEI) to introduce positive charges on the scaffold (Fig.1). The highly porous and super fibrous 
network structure SF composite allowed for the impregnation of the scaffolds with PEI, hence 
imparting the desired properties to the scaffold. Ultimately, the phage particles are immobilized in 
the scaffold matrix through electrostatic interactions between the PEI-modified positively charged 
scaffold fibers interacting with the negative charges of the phage head. Therefore, the polymerization 
with PEI, an amine-rich polycation, serves as a reducing agent in the synthesis of the SF_PEI 
composite as well as a binding agent for binding to the anionic phage head. 
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Moreover, there could be other potential chemical interactions during PEI polymerization such 
as hydrogen bond interactions between amino groups from PEI with –COOH groups of SF protein 
as well as possible interactions between the phage head protein amino acid side groups, such as –
COOH and C–C groups with the PEI-functionalized scaffold. 

 

Figure 1. Outline of the stepwise production process and functionalization of the silk fibroin-based 
scaffolds (prepared with Biorender). 

2.2. SEM Structural Analysis of the Scaffolds  

Diameter distribution and pore morphological properties of SF20 and SF20_PEI composite 
scaffolds were determined through SEM. The SEM micrographs showed that the scaffolds possessed 
fine fiber architecture consisting of a porous 3D network- arrangement (Fig.2 a) composed of loosely 
arranged fibres, ranging in size from 80 µm to 1000 µm diameter. Notably, polymerization with PEI 
resulted in overall reduction of the pore sizes. However, for the pore size distribution, the SF20 and 
SF20_PEI composite scaffolds possessed approximately 47.90 % and 41.06 % pores ranging in size 
between 0-200 µm, with a porosity of 68.92 % and 77.27 %, respectively (Fig.2 b).  
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Figure 2. SEM micrographs, pore size distribution and porosity of the SF20 and SF20_PEI polymerized 
scaffolds. a. the porous structure of SF20 SF20_PEI scaffolds. b. pore size distribution (Top) and 
porosity of the SF20 SF20_PEI scaffolds, respectively. Bar size  - 150 um. 

2.3. In Vitro Swelling Rate and Water Solubility of the Scaffolds 

Typically, the swelling rate of biomaterials is closely associated with the permeability of the 
material, which in turn plays a crucial role in the transportation of nutrients and waste in and out of 
the scaffold. It has also been reported to influence cell adhesion and proliferation on the scaffold 
material [30]. As shown in Table 1,all the scaffolds had high swelling rates above 85%. Specifically, 
the SF20 scaffold had the highest swelling rate of about 96.61%, SF20.AR9 scaffold possessed 94.49 
%, while SF20_PEI.AR9 had the lowest swelling rate of swelling rate of about 86.55%. The high rate 
of swelling in the SF20 scaffold could be associated with the large pore sizes in this scaffold, while 
the polymerization of the original scaffold with PEI resulted in a reduced swelling rate. Firstly, this 
observation could be due to the reduction in pore sizes which thus permit less water into the scaffold. 
Secondly, the polymerization effect results in formation of a dense network of fibers, which limit 
hydration (entry of water). Although scaffold SF20_PEI.AR9 had been polymerized, introduction of 
phages into this scaffold could attributed to its low swelling rate. It is a well-known phenomenon 
that phages have the ability to interact with charged biomaterial surface thus forming crosslinks, 
which ultimately restrict the rate of swelling rates. 

The water solubility of scaffolds can serve as an indicator for the stability or water-resistance of 
the scaffolds, which is a crucial for application. Table 1 showed that the water solubility of the SF20 
scaffold was highest at 67.10, while that of non-polymerized scaffold SF20.AR9 (with phage) was 
52.91%. However, the PEI polymerized scaffolds both had low water solubility with the SF20_PEI 
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scaffold having the lowest water solubility followed by SF20_PEI.AR9. This observation could be 
associated to the formation of bond interactions between the scaffold surface and or with the phages, 
hence improving scaffold integrity.  

Table 1. The water uptake, swelling and degradation of the SF-based scaffolds. 

Scaffold Type Swelling rate (%) Water solubility (%) 

SF20 96.61 67.10 
SF20_PEI 91.37 35.75 
SF20.AR9 94.49 52.91 

SF20_PEI.AR9 86.55 41.53 

2.4. In Vitro Degradation of the Composite Scaffolds 

In vivo, tissue engineering scaffolds serve as a temporal platform for cell proliferation 
attachment, growth and distribution and therefore tunable scaffold degradation is of paramount 
significance for the development and application of biomaterials, as its essential for the sustained 
regeneration of new tissue structure [31,32]. We assessed the degradation behavior of the SF based 
scaffolds in PBS as well as under mild alkaline (Sodium hydroxide) conditions at 37 ℃ at different 
time intervals up to 2 weeks. Generally, the degradation effect on all scaffolds in 0.01M PBS buffer 
was slow and there was no significant degradation even after 2 weeks incubation (data not shown). 
Comparatively, as shown in Fig.3, under 0.1M sodium hydroxide solution, the rate of degradation of 
the scaffolds was very fast. Specifically, the percentage weight loss, although varying to a large extent 
for all the scaffold types was significantly increased and nearly reached 100% within the 10 h of 
incubation. 

 
Figure 3. The degradation properties of the SF-based scaffolds after incubation in 0.1M NaOH. 

Notably, the SF20_PEI.AR9 scaffold had the lowest degradation rate in sodium hydroxide 
solution at about 89.86% after 3 h incubation compared to other scaffolds all of which presented 
degradation rate above 93.84% within 3 h incubation (Fig.3). Moreover, under alkaline conditions, 
the SF proteins could have possibly been degraded through alkali hydrolysis of peptide bonds, 
resulting in the production of numerous amino acids with a low molecular weight, thus the observed 
reduction in the molecular weight of the silk fibroin scaffolds, in agreement with previous reports 
[33]. We speculate that the relatively slow rate of degradation of the polymerized scaffolds; SF20_PEI 
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and SF20_PEI.AR9 could be attributed to the dense network of bond interactions between the highly 
charged PEI and side chains of amino acids in SF. 

2.5. Functional Groups Characterization by Raman and Fourier Infrared Spectroscopy  

The SF scaffolds and the PEI polymerized SF scaffold samples, SF scaffolds incubated in bacteria 
or phages were tested by Fourier infrared spectroscopy and Raman spectroscopy to obtain the 
vibration spectrum of each sample. By calculating the intensity comparison parameters of different 
peak positions, the functional group characteristics can be analyzed to infer the secondary structure 
of the protein scaffold samples. 

Figure 4 shows the FTIR spectra of the studied scaffolds and shows the vibration bands selected 
for the analysis of the scaffold structure. 

 

Figure 4. FTIR spectra of scaffolds (the averaged spectra are presented). . 

As shown in the FTIR spectra of the scaffolds in Figure 4, the SF based scaffolds exhibited distinct 
peaks associated with group vibrations of the proteins Amide I at 1623 cm–1 corresponding of 
peptide bond vibrations mostly attributed to carbonyl group (C=O), the 1517 cm–1 band 
corresponding to group vibrations of Amide II peptide bonds, which include deformation and 
valence vibrations of N‒H and C‒N bonds, respectively [34-36], indicative of β-sheets present in SF 
[37]. Furthermore, Amid III band at 1232 cm–1 and 1260 cm–1 [34] also can be used to evaluate the 
secondary structure of proteins [38-40]. The band at 1446 cm–1 is usually referred to deformation 
vibrations of methylene groups in side chains of amino acids [41], while that at 1407 cm–1 corresponds 
to asymmetrical vibrations of COO- groups of amino acids [42-45]. The parameter I1407/I1446 allows 
for determination of the relative proportion of COO- residues, which is formed as a result of protein 
hydrolysis into individual amino acids [42]. Three assessed parameters which related to secondary 
structure of proteins - I1620/I1520, Amid II band position and I1232/I1260 showed an increase in the 
beta-sheets structures of the sample SF20_PEI.Bs168 based on parameter I1407/I1446, all groups 
except SF20_PEI.AR9 and SF20_PEI.Bs168 were significantly different with a P value, p<0.05.  

In the IR spectrum of pure PEI, there is a sufficiently pronounced peak in the region of 1460 cm-

1, which could be observed in all samples containing PEI. The decrease in the parameter I1407/I1446 
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in the SF20_PEI sample compared to the pure SF sample was associated with the presence of PEI and 
not because of the destruction of the protein or the increase in COO- groups. However, an increase 
in the same parameter for SF20_PEI.AR9 and SF20_PEI.Bs168 samples compared to SF_PEI reflects 
an increase in the proportion of COO- groups, which may be due to partial hydrolysis of the protein.  

 

Figure 5. Functional groups characterization assessed by parameters a. I1407/I1446, b. I1620/I1520, c. 
position of AmideⅡ, d. I1232/I1260 of FTIR spectra. All differences are statistically significant except 
difference between SF20_PEI.AR9 and SF20_PEI.Bs168, Student’s test with P value, p<0.05. 

Figure 6 shows the Raman spectra of the studied samples. They generally correspond to the 
spectra of silk fibroin. 

There are 5,2 % of Tyr residues (277 residues of Tyr) in the sequenced parts of the repetitive H-
fibroin region of Bombix mori silk fibroin [44]. Therefore, the lines of tyrosine residues are clearly 
distinguishable in the spectra of fibroin. 
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Figure 6. Raman spectra of scaffolds (the averaged spectra are presented). 

A pair of Raman bands observed near 850 cm-1 and 830 cm-1 in proteins containing Tyr has been 
assigned to Fermi resonance between the in-plane breathing mode of the phenol ring (Y1 
fundamental expected at 840 cm-1) and an overtone of out-of-plane deformation mode (occurring near 
420 cm-1). It’s an unambiguous marker of the hydrogen bonding state. The relative intensity ratio 
I850/I830 reflects the average of the hydrogen bonding states of all the tyrosines in protein containing 
more than one Tyr. I850/I830 ranges from 0.3 (phenolic OH is a strong hydrogen bond donor – 
“buried” tyrosine) to 2.5 (strong hydrogen acceptor – “exposed” tyrosine) [46,47]. 

Another band sensitive to changes in the structure of fibroin is 1083 cm-1, associated with C-C 
fluctuations. According to the work [48,49], it is associated with the beta structure of the protein. The 
band 1003 cm-1 belongs to fluctuations in the aromatic ring of phenylalanine residues and is not 
affected by changes in structure [50]. Thus, the ratio of the intensities of the bands 1083 cm-1 and 1003 
cm-1 can serve as an indicator of conformational changes in the protein. The bands in the region of 
1230-1300 cm-1 belong to vibrations of Amide III, while peaks at low frequencies are characteristic of 
vibrations of amide bonds in beta structures [50]. A wide band in the region of 680 cm-1 may belong 
to vibrations of C-S bonds in cysteine and methionine residues [51,52].  

The assessed parameters I850/I830 and I1230/I1266 in the studied samples were not different. 
However, the parameter I1083/I1003, which demonstrate a change in the secondary structure of the 
protein, significantly differed in the SF20_PEI.Bs168 sample, which indicated an increase in the 
proportion of beta structures in this sample and agrees with the data obtained by the FTIR method. 

Parameter I683/I642 demonstrated an increase in C-S bond vibrations in SF20_PEI.Bs168 and 
SF20_PEI.AR9 samples. However, since fibroin contains very few residues of sulfur-containing 
amino acids [53], it is possible that this band showed the presence of bacterial or phage residues on 
the surface of scaffolds that have not been removed as a result of sample washing. 
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Figure 7. Functional groups characterization assessed by intensity parameters a. I683/I642, b. 
I1083/I1003 of Raman spectra. For the ratio I683/I642 SF20_PEI.Bs168 is statistically different from 
SF20 and SF20_PEI. For the ratio I1083/I1003 SF20_PEI.Bs168 and SF20_PEI.AR9 are statistically 
different from SF20 and SF20_PEI, Student’s test with P value, p<0.05. 

The protein structure may change during interaction with PEI, bacteria and phages. Partial 
protein degradation could be observed through the analysis of the spectra. It can also be found that 
the addition of bacteria and phages have an effect on the composition of the scaffolds. 

2.6. The Antibacterial Activity of the SF- Phage Scaffolds  

To determine the antibacterial potential of the SF based scaffolds, prior and after polymerization 
and functionalization with AR9 phages, Bacillus subtilis 168 cells were spread on LB agar petri dishes, 
then the scaffolds were placed on these plates and incubated at 37 °C, overnight. As shown in Fig. 8a, 
SEM micrographs revealed the differential effects of each composite scaffold. Comparatively, the PEI 
polymerized/ phage functionalized scaffold (SF20_PEI.AR9) scaffold exhibited the highest 
antibacterial activity with many visible dead cells on the surface (inset red arrows), while the phage 
functionalized non-polymerized SF20_AR9 scaffold also showed relative antimicrobial activity. The 
difference in the antibacterial activity of these two scaffolds could be related to the polymerization 
effect with PEI. As expected, PEI the polymerized scaffold possibly provided the surface positive 
charge that promoted interactions with the negatively charged phage capsid proteins [2]. These 
enhanced interactions facilitated phage immobilization at higher concentrations compared to the 
non-polymerized SF20-AR9 scaffold. Previous studies have also applied this polymerization 
approach for designing phage based scaffolds [54]. It should be noted here that our results further 
revealed the antibacterial effect of PEI on SF scaffolds as evidenced by several dead bacterial cells on 
the SF20_PEI scaffold. This could further open avenues for continued research on the antimicrobial 
mechanism of highly charged molecules like PEI. The SF20, control scaffold however had many live 
cells on its surface revealing its rather poor antibacterial effect (Fig. 8a Top left). This was further 
highlighted in the LB agar plates images in Fig. 8b (1-4) which showed that the PEI polymerized 
phage functionalized SF20_PEI.AR9 scaffold had the largest inhibition zone, confirming its high 
antibacterial potential compared to the other scaffolds. 
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Figure 8. SEM micrographs of phage functionalized scaffolds and respective growth inhibition 
profiles. a. the antibacterial effect of SF20, SF20_PEI and phage functionalized SF20_AR9 and 
SF20_PEI.AR9 scaffolds. The red arrows show the dead bacterial cells on the SF20_PEI.AR9 scaffold; 
Bar size – 2 um; b. agar plates indicating the antimicrobial growth inhibition activity of the SF-based 
scaffolds; 1-4 represent SF20, SF20_PEI and phage functionalized SF20_AR9 and SF20_PEI.AR9 
scaffolds, respectively. Bar – 10 mm. 

3.8. Cell-Lysis/ Antibacterial Activity of the SF Phage Film 

To elucidate further on the antibacterial effect of the phage functionalized scaffolds, we diluted 
the overnight cell cultures 100-fold, plated the diluent on LB agar plates, then placed the scaffolds on 
the surface. This was done to ensure low cell densities imitating either barely any infection or initial 
stages of infection. As shown in Fig. 9a, the PEI polymerized phage functionalized scaffold 
(SF20_PEI.AR9) showed a large clear zone of growth inhibition compared with the PEI polymerized 
scaffold without phages, thus highlighting the antibacterial effect of the phage functionalized 
scaffolds and potential application to prevent onset of infections. Measuring the zones of growth 
inhibition of the two scaffold types revealed a significant difference with the SF20_PEI.AR9 scaffold 
having a clear zone of approximately 78.3±7.6 mm compared to only 18.3±2.9 mm of the SF20_PEI 
scaffold without phages (Fig. 9b). Finally, we cultured cells on 50 ml conical flasks with composite 
scaffolds added while the controls were cells without scaffolds or phages (negative), and the positive 
control containing phage lysate only and OD600 taken in intervals. As shown in Fig. 9c, the lowest 
OD600 was observed on the flasks with only phages indicating the lytic effect of phages on bacterial 
cells. The flasks with SF20_PEI.AR9 scaffolds which were functionalized with AR9 phage after 
polymerizing with PEI had the second lowest OD600, further highlighting its antibacterial potential 
(Fig. 9c). The low growth rate could be attributed to the effect of the phages on bacterial growth, 
which could correlate with its antibacterial activity. 
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Figure 9. Cell lysis and growth curves of phage functionalized scaffolds. and respective growth 
inhibition profiles. a. the lytic/ growth inhibition zones of the polymerized scaffolds; SF20_PEI and 
phage functionalized SF20_PEI.AR9 scaffolds; Scale bar – 40 mm. b. size of the growth inhibition 
zones (mm) of the polymerized scaffolds; SF20_PEI and phage functionalized SF20_PEI.AR9 
scaffolds. c. OD600 growth curves on flasks containing only bacterial cells (Bs 168) as negative control, 
BsAR9 flasks with both bacterial cells and AR9 phages added (positive control), SF20, flasks with the 
non-functionalized silk fibroin-based scaffold added and the SF20PEI_BsAR9 shows the growth curve 
of the phage functionalized PEI polymerized scaffold SF20_PEI.AR9. 

3. Discussion 

In the present study, to ensure effective immobilization of the bacteriophage on the SF-CS 
scaffold, such that the negatively charged phage capsid proteins bond with the substrate, 
polyethyleneimine was used. Polyethyleneimine is a structurally complex molecule characterized by 
a significant number of primary and secondary amine side groups, was used to polymerize the 
scaffold, with the aim of introducing positive charges on scaffold surface which can foster interactions 
with the phage capsid allowing the tail fibres to freely associate with bacteria. Furthermore, the 
presence of several branched groups in polyethyleneimine can potentially facilitate the development 
of intricate structures with SF-CS scaffold, hence enhancing the physiochemical properties of the 
scaffold with respect to intended applications.  

Polymerization with the silk fibroin induced formation of a positively charged scaffold, which 
would further facilitate electrostatic interactions with the negatively charged phage head proteins, 
leaving free the phage tails, which are a specialized nanomachinery capable of identifying bacterial 
host wall and/or membrane, and release the phage genome into the host cytosol in order to generate 
new viral particles. 
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Based on the cell lysis/ antimicrobial assay experiments conducted, the growth inhibition zones 
of the PEI polymerized SF20_PEI scaffold and phage functionalized SF20_PEI.AR9 scaffold were 
found to be 18.3± 2.9 mm and 78.3± 7.6 mm, respectively. The results indicated the antibacterial 
activity of the scaffolds and specifically highlighted the significant lytic potential of the phages on 
bacterial host cells, thus fulfilling the objective of the study. Moreover, the alteration processes of the 
SF based scaffold with PEI was also accompanied by notable improvement in the physiochemical 
characteristics of the scaffold. For example, the degradation rate of the SF20_PEI.AR9 scaffold was 
lower than the other scaffolds in the study hence showing potential for long term applications in 
tissue engineering.  

In addition, structural and functional group properties of SF based scaffolds were analyzed 
using spectral and analytical techniques such as FT-IR, and Raman spectroscopy. We demonstrated 
an increase in the beta-sheets structures of the sample SF20_PEI.Bs168, which can be considered as a 
change in fibroin structure. The increase of the free amino acids in SF20_PEI.Bs168 and SF20_PEI.AR9 
scaffolds may be the evidence of partially degradation of fibroin in this samples. The increase in C-S 
bond vibrations in SF20_PEI.Bs168 and SF20_PEI.AR9 samples can show the presence of bacterial or 
phage residues. 

Based on the growth inhibition profiles of the functionalized scaffold, it could be deduced that 
the scaffold is more suitable for application as a preventive measure against bacterial infections in 
wounds. In the future, this model system can be applied to the pathogenic bacteria, like P. aeruginosa 
and giant phages PhiKZ, infeсtive towards it. 

4. Materials and Methods 

4.1. Bacterial Culture and Phage Propagation 

LAMME Wuxi (China), kindly provided Bacillus subtilis 168, the phage’s host strain. The strain 
was cultured in LB medium overnight at 37℃, at 200rpm, then expanded in 100 mL medium as 
previously reported [55], and further cultured under the same conditions for 3-4 h until an OD600 of 
approximately 0.7-0.8 is achieved. Diluted AR9 phage is then added into the exponential phase host 
strain, and cultured in shake flasks at 37℃, at 200rpm for 8h. The phage lysate is collected by 
centrifuging the cultured cells at 30,000 g for 30 minutes prior to sterile filtration in a 0.22 µm 
membrane followed by storage at 4℃, for further experiments. 

4.2. Regeneration of Silk Fibroin (SF)  

Silk fibroin (SF) solution regeneration and the composite phage films were prepared following 
a previously reported protocol with slight modifications [2,56]. Briefly, 6 g of SF was submerged in a 
1:8:2 molar ratio solution of calcium chloride, water and ethanol then placed in a water bath at 85℃ 
for 6 h. The dissolved SF solution was left to cool to room temperature before dialysis in ultra-pure 
water for 3 days. The SF solution was then centrifuged and diluted to a concentration of 20 mg/mL 
stock solution.  

4.3. Preparation of SF- Bacteriophage Composite Scaffolds  

To prepare the SF based scaffold, the stock solution (20mg/ml) was thoroughly mixed with 1% 
DMSO, spread on 48 well plates then cooled at -80 ℃ for 5 days prior to future use. The prepared SF 
composites were gradually thawed in ethanol and washed with distilled water to remove the freely 
adsorbed ethanol. Thereafter, the SF- scaffolds were polymerized with Polyethyleneimine (PEI) 
following a previously reported protocol with minor modifications [57]. Briefly, the SF composites 
were suspended in 5 wt% PEI solution, and the pH was adjusted to 7 using 0.1 M HCl. Further, 0.21 
wt% sodium cyanoborohydride was added to the reaction mixture to accelerate the polymerization 
in a sonicator for 1 h. The prepared composites were referred to as SF20, SF20_PEI for the non-
polymerized and polymerized SF scaffolds, respectively. 

To develop the phage functionalized scaffolds, the SF20 and polymerized SF20Pei were 
submerged in a phage lysate with predetermined multiplicity of infection of 1 and incubated at 25 ℃ 
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for 2 h, then transferred to 4 ℃, overnight, prior to washing with deionized water, dehydration and 
application for the assays. The prepared AR9 phage functionalized composites were referred to as 
SF20_AR9 and SF20_PEI.AR9 for the non-polymerized phage functionalized and polymerized phage 
functionalized SF scaffolds, respectively. 

4.4. Scaffold Morphological, and Functional Groups Characterization  

4.4.1. Scanning Electron Microscopy (SEM) Testing  

The scaffold samples were frozen at -80℃ for 10 min, then were subjected to lyophilization 
overnight in LABCONCO 4.5l lyophilizer (USA). The samples were to a metal substrate using the 
carbon double-sided tape and sputter-coated for 70s in Ar atmosphere with gold in KYKY SBC-12 
ion sputter coater (China) apparatus. SEM mages were obtained in a KYKY EM6200 SEM (China) at 
x100, x200, x1000 magnification. The images were edited using GIMP 2.12 software.  

4.4.2. Fourier Transform Infrared Spectroscopy 

The Fourier transform infrared (FTIR) spectra were measured using a FTIR spectroscopy (iCAN 
9, Tianjing Nengpu, China) in attenuated total reflectance (ATR) mode. The 3 independent spectra 
were measured on a sample and averaged. All spectra were analyzed using SpectraGryph 1.2 and 
Origin 2021 software. 

4.4.3. Raman Spectroscopy 

The Raman spectra were recorded using a confocal Raman spectrometer (InVia, Renishaw Plc. 
Wotton-under-Edge, Gloucestershire, UK) equipped with a Leica DM2700M microscope system, a 
780 nm (50 mW) excitation laser source and a 1200 l/mm grating. For each single point of sample, at 
least 3 spectra were acquired in static scan mode ranging from 700 to 1800 cm-1. Spectral 
manipulations were performed using WiRE 5.2 for baseline subtraction, SpectraGryph 1.2 for 
average, and Origin 2021 for drawing figures. 

4.5. In Vitro Swelling Rate and Water Solubility Determination of the Scaffolds 

The determination of the swelling rate in vitro was conducted using the methodology described 
by Jin et al. [58], with some adjustments. The samples were partitioned into splines with a 
circumference of approximately 10 mm. Each was accurately measured, submerged in a phosphate-
buffered saline (PBS) solution at pH 7.4, and then carefully maintained at 37°C. Subsequently, the 
samples underwent different durations of exposure, spanning from 0 minutes to 14 days, during 
which changes in weight and diameter were closely observed as indicators of fluid absorption and 
swelling. The duration of the observation period extended until the samples hit a threshold at which 
their mass no longer exhibited any further rise. Surface moisture was removed from the samples 
using Kimwipes. Afterwards, the wet weight of the sample (referred to as Ws) was ascertained, and 
measurements were collected for both the head and thread diameters. The determination of the 
swelling rate of the membrane is calculated via Equation (1). 

 
(1) 

Formula: ESR, scaffold swelling rate, %; mo, initial mass of scaffold, mg; mt, mass after swelling 
of the scaffold, mg. 

For water solubility (WS %) determination, dry scaffold samples were cut into uniform 
measurements and processed. The water solubility was then determined by transferring it to a 
centrifuge tube containing 25 mL of sterile ultrapure water. The samples were placed in a shaker a 
shaker at 37 degrees and 150 revolutions per minute for a duration of 24 hours. Undissolved 
fragments were recovered by centrifugation at a speed of 30,000 g at a temperature of 4 °C for 20 
minutes. To acquire the dried undissolved scaffold material, place the fragments in a drying oven at 
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a temperature of 50 °C for a duration of 24 hours, then precisely measure the mass. Equation (2) 
demonstrates the computation of the water solubility of the scaffolds. The calculation of the water 
solubility of the membrane is shown in Equation (2): 

 
(2) 

Here, WS is the water solubility, %; mi, initial mass of scaffold, mg; mf, dry and undissolved 
scaffold mass after dissolution in water, mg 

4.6. In Vitro Degradation Test 

To investigate the degradation of silk fibroin-based scaffolds in an in vitro setting, a total of three 
machined silk bone screws were subjected to different processing conditions. These scaffolds were 
incubated at a temperature of 37 °C in 0.1 M sodium hydroxide, and phosphate-buffered saline (PBS) 
solution pH 7.4. A volume of 2 mL of incubation solution was utilized for each SF scaffold. The 
incubation solutions (specifically PBS) was replaced at intervals of 2-3 days. Samples were cleaned in 
deionized water and dried before being weighed at specific time intervals (1 day, 3 days, 6 days, 9 
days, 12 days and 24 days). Following uninterrupted incubation period, the samples underwent a 
rinsing process using deionized water and were subsequently dried prior to being weighed. The 
recorded and processed data consisted of the remaining mass of each sample and the dried samples 
were used for Raman spectroscopy and Fourier infrared spectroscopy analysis. 

4.7. Plaque Assay of SF- Based Immobilized Phage Composites 

The approach suggested [2] underwent minor modifications. Based on this, the scaffold 
designated for analysis was divided into circular samples with a diameter of 10 mm and underwent 
a sterilization procedure utilizing UV radiation for a duration of 15 minutes. A solution of Bacillus 

subtilis 168 with a concentration of approximately 10 colony-forming units per milliliter (CFU/mL) 
was uniformly distributed onto the pre-solidified LB agar medium using a 100 μL volume. 
Subsequently, the medium that had been coated was left undisturbed for a period of 20 minutes. The 
circular membrane specimen should be placed onto a stable substrate and exposed to a controlled 
environment at a temperature of 37 °C for a period of 24 hours. The measurement of the inhibition 
diameter and the documentation of colony forming units on agar plates was done through 
photography. 

4.8. Cell-Lysis/ Antibacterial Activity of the SF Phage Film  

Different kinds of scaffolds were put into concentrated phage lysate in room temperature for 2 
hrs to promote phages attach scaffolds, then keep them in 4℃ overnight. Then pick out scaffolds from 
the phage lysate and wash them 1 time with 0.01 M phosphate-buffered saline (PBS) to wash out the 
phages unattached. Scaffolds with and without phage treatment were separately put into 3 ml BS168 
LB medium (OD600=0.8-0.9) for interaction. The scaffolds were taken out after 2 hrs and washed by 
PBS again. The process of SEM test is the same as 2.8.  

100 ul BS168 LB medium (OD600=0.8-0.9) were put into 10 ml sterile LB medium. Then induce 
100 ul phage lysate, non-treated SF20 scaffold, phage-treated SF20_PEI scaffold separately into each 
sample, and cultured in shake flasks at 37℃, 200rpm. OD600 values were checked after 0, 2, 4, 6, 8, 
10, 24 hrs. 

3 ul BS168 LB medium (OD600=0.8-0.9) were injected into 1.5% agar LB solid medium in petri 
dish and cultured in incubator with 37℃ for 2 d. SF20 and SF20_PEI scaffolds were onto solid bacteria 
biofilm and cultured in incubator with 37℃ for 2d again. Then observed the growth of bacteria. 
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