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Food package films serve the important functions of preserving food quality, extending shelf life, and protecting 

against external contaminants while also providing a barrier to moisture and oxygen. In consideration of the 

increasing frequency of foodborne outbreaks, there is a growing demand for food packaging films with additional  

functionality to prevent cross-contamination and the attachment of pathogens, thereby enhancing bacterial 

safety. Herein, we report a one-step fabrication approach relying on electrospinning of a blend of polyvinyl 

chloride (PVC) and polydimethylsiloxane (PDMS) together with nanodiamond (ND) on a rotating drum collector 

for the formation of bacterially antifouling food package films. In this approach, by adjusting the concentrations 

of PVC, PDMS, and ND and the drum angular velocity, the nanofiber diameter could be tuned in the range of 0.4 

μm to 2.0 μm. Furthermore, these process parameters could also be used to modulate the water contact angle on 

the resultant films, with a minimum contact angle of 136.2 ± 5.6◦ and a maximum of 159.5 ± 3.8◦. The lowest 

water contact angles were observed for films with bare PVC fibers while the highest contact angles were seen for 

films with nanocomposite fibers containing ND and PVC/PDMS. Compared with the films with bare PVC, 

nanocomposite films with ND-PVC/PDMS achieved up to 99.8 % and 99.6 % reduction in bacterial adhesion 

against S. typhimurium LT2 and Listeria innocua, respectively. The tensile strength of nanofibrous PVC film can be 

increased from 1.2 ± 0.4 MPa to 4.4 ± 0.3 MPa by the inclusion of PDMS (1:1 wt.%) and further increased to 8.9 

± 0.3 MPa with the additional inclusion of ND (PVC/PDMS/ND 1:1:0.1 wt.%). Considering the notable anti- 

fouling properties against bacteria and the improved mechanical characteristics, these nanocomposite films 

represent a noteworthy step in the development of sustainable and active food packaging solutions for a safer and 

healthier food supply chain. 
 

 

 

1. Introduction 

 

Food packaging, an essential type of food-contact surface, serves 

several crucial functions within the food industry (Chen et al., 2020; 

Khedkar & Khedkar, 2020; Konstantoglou et al., 2020; Marsh & Bugusu, 

2007). First, it contains and protects food products, preventing 

contamination and damage during handling, storage, and distribution 

(Alamri et al., 2021; DeFlorio et al., 2021; Marsh & Bugusu, 2007; Vasile 

& Baican, 2021). Also, proper packaging has special importance for 

perishable foods including meat, dairy, fruits and vegetables (Gianna- 

kourou & Tsironi, 2021; Nethra et al., 2023; Rejeesh & Anto, 2023). 

Second, food packaging communicates important information to con- 

sumers such as ingredients, nutrition facts, expiration dates, storage 

instructions, cooking directions, and additional details (Newsome et al., 

2014). Third, packaging promotes food products through branding, la- 

beling, and design (Spence, 2016). As evolution occurs in the food 
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industry, packaging has integral involvement in product development, 

efficient transportation of food to markets, and the provision of safety, 

information, and convenience to consumers. 

Food-contact surfaces constitute one of the vectors contributing to 

bacterial contamination of food commodities (Kirchner et al., 2021; 

Sharma et al., 2022; Torres Dominguez et al., 2019). Pathogens can 

persist on conveyor belts, rollers, grading surfaces, preparation tables, 

and food packaging materials in food industry settings even long after 

exposure, serving as reservoirs for cross-contamination ((DeFlorio et al., 

2021); Liu et al., 2021). For instance, Sun et al. (Sun et al., 2021) 

demonstrated the potential for knives to harbor and transfer bacteria, 

such as Escherichia coli, Salmonella, and Campylobacter, to fresh produce 

during food preparation. Luber et al.(Luber et al., 2006) reported the 

persistence of Listeria monocytogenes and the potential for 

cross-contamination due to inadequate sanitation and washing of cut- 

ting boards. Barbosa et al.(Barbosa et al., 2019) found Enterobacteri- 

aceae, staphylococci and Listeria monocytogenes reusable plastic bags, 

indicating a risk to health due to cross-contamination. Di Ciccio et al.(Di 

Ciccio et al., 2020) reported that common packaging materials for 

cheese can harbor Listeria monocytogenes for long periods of time if 

stored at cool temperatures. Siroli et al.(Siroli et al., 2017) assessed the 

impact of fruit and vegetable packaging materials on the survival rates 

of various microbes during storage. Their findings revealed that under 

low relative humidity conditions, cardboard packaging materials pro- 

mote faster declines in microbial viability compared to plastic materials, 

suggesting cardboard reduces the risk of food cross-contamination over 

storage durations. Mohammadzadeh-Vazifeh et al.(Mohammadza- 

deh-Vazifeh et al., 2015) reported isolation and identification of bacteria 

from paperboard food packaging in the range of the range of 0.2 × 103 to 

>1.0 × 105 CFU/g bacterial contamination. Accordingly, beyond sus- 

tained investment in food safety regulations and training; the develop- 

ment of novel technologies for food-contact surfaces and packaging 

materials is increasingly needed to control bacterial contamination and 

cross-contamination across the food supply chain, tackling this signifi- 

cant public health problem.(DeFlorio et al., 2021) 

Superhydrophobic food-contact surfaces are particularly intriguing 

for inhibiting bacterial attachment and biofilm formation via the 

manipulation of intermolecular interactions between the surface and 

bacteria (Li et al., 2019; Mu, Liu, et al., 2023). Specifically, super- 

hydrophobic surfaces rely on the lotus leaf effect where micro- and 

nano-scale hierarchical structures create a composite interface to mini- 

mize contact area and adhesion forces (Xing et al., 2023; Xu et al., 2021). 

By modulating properties such as surface roughness and chemistry, the 

interaction forces that govern initial bacterial attachment can be altered 

to repel microorganisms (Encinas et al., 2020; Yang et al., 2022). 

Furthermore, superhydrophobic surfaces can create an extremely 

water-repellent layer that prevents the adhesion essential for biofilm 

genesis and provides a self-cleaning mechanism through the rolling 

motion of water droplets (Wang et al., 2021; Yilbas et al., 2021; Yu et al., 

2020). However, a major fraction of superhydrophobic food-contact 

surfaces reported in the literature rely on fluorosilanes to coat the 

outermost surface and impart water super-repellency (Cremaldi & 

Bhushan, 2018; da Silva et al., 2023; (Mu et al., 2023); Oh et al., 2019; 

Zouaghi et al., 2017). Recent scientific studies have raised significant 

concerns about the environmental persistence and potential human 

toxicity of per- and polyfluoroalkyl substances (PFAS), including fluo- 

rosilanes (Dickman & Aga, 2022; Hamid et al., 2023; Holmquist et al., 

2020). Potential links between PFAS and various health problems such 

as cancer, thyroid issues, and developmental delays have been reported 

in the literature (Ballesteros et al., 2017; Caron-Beaudoin et al., 2019; 

Oh et al., 2021; Steenland & Winquist, 2021). One of the pathways for 

PFAS exposure to humans involves food-contact surfaces treated with or 

containing PFAS compounds. For example, Schaider et al.(Schaider 

et al., 2017) analyzed various food packaging materials from fast food 

restaurants in the United States. They found that 46 % of food contact 

papers and 20 % of paperboard samples contained detectable fluorine, 

indicating the presence of fluorinated chemicals. Notably, 33 % of 

samples had total fluorine levels above the detection limit, suggesting 

significant contamination. In essence, transitioning away from reliance 

on PFAS, increasingly encouraged by directives, suggestions, and regu- 

lations from regulatory bodies, is a critical contermporary research topic 

in the area of food safety and food-contact surfaces. 

Although food packaging should be the barrier against contamina- 

tion (Han et al., 2018), prior studies have revealed food can still be 

contaminated or cross-contaminated with packaging materials at vary- 

ing extents: Patrignani et al. (Patrignani et al., 2016) reported the higher 

contamination level for both E.coli and Pseudomonas transferring from 

plastic packages to fruits compared to cardboard, while the remaining 

bacteria on reusable plastic bags can cause serious cross-contamination 

(Lo´pez-Ga´lvez et al., 2021; Patrignani et al., 2016). Recently, natural 

fibers have received more attention due to their abundant supply and 

biodegradability. Among these fibers, cellulose/lignocellulosic fibers 

are used for the production of composites for food packaging. However, 

these natural fibers have disadvantages such as lower strength and water 

absorption (Sydow & Bien´czak, 2019). To overcome these disadvan- 

tages, composites of cellulose and other materials have been investi- 

gated. Mohammadalinejhad et al., (Mohammadalinejhad et al., 2021) 

reported the composites of polylactic acid, nanosilver-doped cellulose, 

chitosan and lignocellulose shows the improvement in elastic modulus, 

tensile strength and elongation at break. However, those techniques has 

typically been achieved at increased production complexity with high 

expense and multiple steps, limiting the large-scale production for food 

industry. 

Electrospun nanofibers have been utilized in various industrial areas, 

including filtration, pharmaceuticals, food packaging, cosmetics, and 

protective clothing (Camerlo et al., 2013; Faccini et al., 2012; Liu et al., 

2015; Tan et al., 2022; Wen et al., 2016; Zhu et al., 2019). For food 

packaging applications, electrospinning is an attractive technique due to 

its high efficiency, flexibility, and lack of requisite thermal processing. 

Electrospun fibers demonstrate promise for advanced structural prop- 

erties, enhanced stability, and availability for multi-functionalization 

(Castro Coelho et al., 2021; Zhang et al., 2020; Zhao et al., 2020), 

These characteristics render them potentially beneficial for integration 

in the food production industry. Fernandez et al., (Fernandez et al., 

2009) employed electrospinning to stabilize the light-sensitive com- 

pound β-carotene, an antioxidant and colorant ubiquitous in food 

products, via encapsulation in ultrafine zein prolamine fibers, a sus- 

tainable agropolymer. Vega-Lugo and (Vega-Lugo & Lim, 2009) pre- 

pared electrospun composites of soy protein isolate/poly(ethylene 

oxide) blended poly(lactic acid) for controlled release of antimicrobial 

agents for active food packaging applications. Moreover, recent studies 

support the feasibility of scaling up industrial implementations of elec- 

trospinning technology (Omer et al., 2021; Vass et al., 2020). 

Herein, we report a novel type of food packaging film based on the 

electrospinning of a blend of polyvinyl chloride (PVC) and poly- 

dimethylsiloxane (PDMS) and nanodiamonds (ND) to form nanofibrious 

mesh structure with superhydrophobic characteristics. In this design, 

ND has been selected for several reasons. First, nanodiamonds possess 

remarkable mechanical properties, characterized by their exceptional 

hardness and wear resistance, which is attributed to their strong cova- 

lent carbon-carbon bonds (Kumar et al., 2019). Second, nanodiamonds 

are biocompatible and non-cytotoxic, making them well-tolerated by 

living organisms and suitable for various biomedical applications and 

drug delivery systems (Chauhan et al., 2020). Third, advancements in 

fabrication methods, including detonation synthesis, high-pressure 

high-temperature synthesis, chemical vapor deposition, and micro- 

plasma arc discharge, have contributed to the widespread commercial 

availability of nanodiamonds (De Feudis et al., 2020; Hammons et al., 

2021; Iqbal et al., 2018). These methods have significantly reduced 

production costs, leading to current prices ranging from $0.1 to $2.0 per 

gram (Liu et al., 2021). Fourth, the inclusion of ND in and on electrospun 

fibers introduces a secondary, hierarchical texture on top of the existing 
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texture of fibers formed from polymeric base materials, which is 

necessary for achieving superhydrophobic properties. Regarding the 

utilization of PDMS, polysiloxanes consisting of inorganic siloxane Si-O 

backbones with organic methyl side groups form flexible, durable elas- 

tomeric networks that exhibit high thermal stability, biocompatibility, 

hydrophobicity, and oxidative resistance (Zaman et al., 2019). PDMS 

and organosilanes, with their inherently low surface energy, offer 

promising alternatives to PFAS for applications requiring low surface 

energy properties. Polyvinyl chloride (PVC) is the third most produced 

synthetic plastic, known for its versatility and wide-ranging applications 

in both industrial and everyday life (Facts, 2019). This polymer is valued 

for its durability, chemical resistance, and cost-effectiveness (Ait-Tou- 

chente et al., 2023). As such, in this study, PVC served as the primary 

matrix for nanocomposite fibers and the resulting film. 

Scanning electron microscopy (SEM) was used for the analysis of the 

physical dimensions and morphological structures of the resultant 

nanofibers. Static water contact angle measurements and tensile testing 

were employed to examine the wettability and mechanical properties, 

respectively, of the nanofibers fabricated under different processing 

conditions. Bacterial repellency was studied by submerging Salmonella 

typhimurium LT2 and Listeria innocua cultures in contact with the ma- 

terials. Furthermore, gas permeation testing was conducted to assess the 

transport of oxygen, carbon dioxide, and nitrogen through the inher- 

ently porous nanofibers, providing valuable insights into the potential 

suitability of these films for food packaging applications. 

 

2. Material and methods 

 

2.1. Materials 

 

N,N-Dimethylformamide (DMF, >99.8 %) and tetrahydrofuran 

(THF, >99.8 %) were purchased from Thermo Scientific (Thermo Fisher 

Scientific Inc., Waltham, Massachusetts, USA) and used as received. Poly 

(vinyl chloride) (average Mw ~233,000, average Mn ~99,000) was 

purchased from Sigma-Aldrich (St. Louis, Missouri, USA). As the pre- 

cursor of PDMS, Sylgard 184 Silicone Elastomer kit (2 part) was pur- 

chased from Dow chemistry (Midland, Michigan, USA). Nanodiamond 

(ND) with average size 100 nm was purchased from Henan Union Pre- 

cision Material Co. Ltd. (China). Ultrapure water (resistivity of 18.2 

MΩ•cm) was collected from the ThermoFisher Barnstead GenPure Pro- 

Water Purificator (Thermo Fisher Scientific Inc., Asheville, NC, USA) 

and used throughout all the experiments. 

For bacterial assays, tryptic soy agar (TSA), tryptic soy broth (TSB), 

and yeast extract were purchased from Becton, Dickinson and Co. 

(Franklin Lakes, NJ, USA). TSB broth was prepared at a concentration of 

30 g/L, while TSA was prepared at a concentration of 40 g/L. TSB-Y 

broth was prepared by adding 0.6 g of yeast to 1 liter of TSB solution. 

After autoclaving, both TSB and TSB-Y were stored at 4 ◦C. TSA was used 

directly after autoclaving and cooling down to 44 ◦C without storage. 

 

2.2. Preparation of electrospinning solutions 

 

For comparison purposes, three different categories of nanofibers 

were prepared: (i) electrospun nanofibers (NF) composed of only poly- 

vinyl chloride (NF: PVC), (ii) PVC and PDMS (NF: PVC-PDMS), and (iii) 

PVC, PDMS, and nanodiamond (NF: PVC-PDMS-ND). Electrospinning 

solutions for nanofibers composed of polyvinyl chloride (i.e., NF: PVC) 

were prepared by dissolving PVC powder at various concentrations (5 wt 

%, 7.5 wt%, and 10 wt%) in a 1:1 vol ratio mixture of dimethylforma- 

mide (DMF) and tetrahydrofuran (THF). The PVC was completely dis- 

solved in the solvents using a magnetic stirrer for 24 h at room 

temperature. Electrospinning solutions for nanofibers composed of PVC 

and PDMS (i.e., NF: PVC-PDMS) were prepared by dissolving PVC, 

Sylgard A, and Sylgard B in the THF:DMF mixture at a weight ratio of 

11:10:1 and rigorously stirring for 10 min. Here, the initial dissolution of 

PVC in the solvent mixture started 24 h ago, similar to the pure PVC 

case. Electrospinning solutions for NF: PVC-PDMS-ND were very 

similar to that of NF: PVC-PDMS with the exception that additional 

nanodiamond was introduced into the solution with a PVC to ND weight 

ratio of 10:1. In this case, the final weight ratios of PVC, PDMS (Sylgard 

A + B), and ND were 10:10:1. All polymer solutions were used imme- 

diately after preparation. 

 

2.3. Fabrication of nanofibers 

 

An electrospinning system consisting of a programmable syringe 

pump (New ERA pump systems Inc., Farmingdale, NY, USA), a high- 

voltage power supply (Wys-30–1, China), and an electrospinning ro- 

tary drum collector (Wys-074, China) was employed for the fabrication 

of nanofibers. The entire setup was placed on a rubber mat and enclosed 

within an acrylic glass box to ensure constant environmental conditions 

(Wen et al., 2019). The distance between the needle tip and the collector 

was set to 15 cm, and the collector drum was covered with aluminum 

foil for efficient sample collection. Three different rotating speeds (500 

rpm, 1000 rpm, and 2000 rpm) were utilized for each polymer solution. 

A high voltage of 25 kV was applied to the metal needle, while the 

collector remained grounded. Polymer solutions were loaded into sy- 

ringes and injected at a constant flow rate of 1.5 mL/hr for 6 h. The 

resulting nanofibers were categorized based on their composition and 

processing conditions, adhering to a standardized naming convention 

that incorporates PVC concentration, PDMS presence (if applicable), ND 

presence (if applicable), and rotating speed. Fig. 1 provides a complete 

overview of all combinations of the 27 fabricated nanofibers, including 

their labels and corresponding fabrication parameters. 

 

2.4. Morphological characterization of the nanofibers 

 

The morphological structure of the nanofibers was characterized 

using an ultra-high-resolution field emission scanning electron micro- 

scope (FE-SEM, JSM-7500F, JEOL Ltd., Tokyo). To ensure surface 

electrical conductivity for accurate imaging, the nanofibers were coated 

with 10 nm of palladium/platinum prior to FE-SEM analysis using a 

sputter coater (208HR, Cressington Scientific Instruments, Watford, 

UK). The average fiber diameters were subsequently analyzed using 

Gwyddion software (Czech Metrology Institute, Brno, Czech Republic). 

For each sample, five different SEM micrographs were analyzed where 

all nanofibers were selected from the topmost layer to ensure the ac- 

curacy of the results. To further investigate the internal structure of the 

nanofibers and the distribution of ND, particularly in samples containing 

ND, cross-sectional SEM images were also acquired from samples frozen 

in liquid nitrogen and subsequently fractured. 

 

2.5. Investigation of wetting behavior 

 

The wettability of the nanofibers was evaluated by measuring the 

static water contact angle using the sessile drop technique. A constant 

volume (5 μL) of ultrapure water was deposited on the surface of each 

fiber. The image of the water droplet was captured and analyzed using 

ImageJ software (National Institutes of Health, Bethesda, MD, USA) 

equipped with the Low-Bond Axisymmetric Drop Shape Analysis 

(LBADSA) plugin to determine the static water contact angle. The re- 

ported contact angle values represent the average of three measure- 

ments obtained from separate samples at room temperature. 

 

2.6. Mechanical strength of the nanofibers 

 

The mechanical properties of the nanofibers were characterized by 

tensile testing using a universal testing system (Next Generation 6800, 

Instron, Norwood, MA, USA) equipped with a 500 N force sensor. Prior 

to testing, the nanofibers were carefully cut into rectangular strips with 

dimensions of 1 cm by 5 cm. The fibers were then peeled off the 

aluminum surface with minimal force and secured in the clamps of the 
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Fig. 1. Schematic illustration of the electrospinning process and its potential applications in food packaging technology. 

 

testing system, ensuring a 3 cm gauge length of the rectangular sample 

was exposed for testing. 

Tensile tests were performed at a constant strain rate of 1 mm/min 

until the force reached 90 % of the peak force, thereby capturing the full 

stress-strain behavior of the material. The Bluehill software from Instron 

was used to control the entire experiment and analyze the acquired data. 

 

2.7. Bacterial assays 

 

The interactions between bacterial suspension and film made from 

nanofibers were evaluated using a plate counting assay with two bac- 

terial strains: Gram-positive Listeria innocua (NADC 2841) and Gram- 

negative Salmonella enterica serovar typhimurium LT2 (ATCC 700720). 

Bacterial cultures were prepared following established protocols in the 

literature (Arcot et al., 2023; Hashemi et al., 2022; Zhang et al., 2015, 

2014). Briefly, a loopful of each strain was transferred from a tryptic soy 

agar (TSA) slant to separate 15 ml Falcon tubes containing 9 ml of 

tryptic soy broth (TSB) or tryptic soy broth supplemented with yeast 

extract (TSB-YE) for Listeria and Salmonella, respectively. The tubes 

were then incubated at 37 ◦C for 24 h. Subsequently, a loopful of each 

bacterial suspension was transferred to fresh 9 ml TSB or TSB-YE and 

incubated again for 24 h under the same conditions. The bacterial sus- 

forming units (CFUs) on each TSA plate were counted, allowing deter- 

mination of the bacterial population density. To ensure accuracy, the 

experiment was repeated three times, and the results were averaged. 

 

2.8. Gas permeation and water evaporation test 

 

The gas permeation properties of the nanofibers were evaluated 

using two different gases: carbon dioxide (CO2) and oxygen (O2). Each 

film sample was secured in a 25 mm diameter stainless steel filter holder 

(Sigma-Aldrich, St. Louis, Missouri, USA). A digital dry pressure gauge 

was connected upstream of the filter holder to measure the gas pressure 

before it passed through the nanofibers. A bubble flow meter with a 100 

mL volume scale filled with soap water was placed downstream of the 

filter holder. Videos of the bubble flow meter were recorded with a 

digital camera (H–HAS12035, Panasonic, Japan) during gas flow. Each 

sample was tested at a minimum of three different pressures ranging 

from 0 to 1 psi. The volumetric flow rate of the gas was determined by 

analyzing the passed volume and time through the recorded videos. 

Subsequently, the gas permeability of the nanofibers was calculated 

using the following equation: 

κ = 
  V/t    

(1) 
A × (P - P ) 

pensions were then centrifuged at 4000 rpm for 10 min, and the su- 1 2 

pernatant was discarded. The bacterial pellets were resuspended in 0.1 

% peptone water and washed three times by centrifugation and resus- 

pension to remove residual media. The final bacterial suspensions in 

peptone water had population densities ranging from 8.8 to 9.2 log10 

CFU/ml and were used for subsequent experiments. 

To evaluate the antifouling properties, the films made from nano- 

fibers were cut into 1 cm × 1 cm squares and adhered to the bottom of 

sterilized petri dishes with the film surface facing upwards. The bacterial 

suspension was then gently poured onto the film samples, ensuring 

complete immersion. To minimize evaporative loss, the plates were 

sealed. Following incubation for 24 h at room temperature, the nano- 

fiber squares were carefully peeled off the aluminum foil and rinsed 

three times with sterile ultrapure water using a dipping technique to 

remove non-adherent bacteria. The remaining bacteria, unremoved by 

rinsing, were quantified by the pour plate method. Then, the film 

squares were transferred to 9 ml of peptone water after rinsing and 

subjected to vortexing for 3 min to detach any adherent bacteria. The 

bacterial suspension was then serially diluted 10-fold several times in 

fresh peptone water. Next, 1 ml aliquots from each dilution were spread 

onto separate petri dishes and uniformly mixed with cooled tryptic soy 

agar (TSA) at 44 ◦C. After incubation for 24 h at 37 ◦C, the colony- 

Here, κ is the gas permeability, V is the measured volume (mL) of gas 

bubble passed, t is the time (s) for the bubble to move across the film, A is 

the effective area of the film (cm2), and ΔP is the pressure drop repre- 

sented by P1 - P2 (Asghari et al., 2018). In this experimental setup, P1 is 

the gauge pressure (atm) applied, which was read from the pressure 

gauge, and P2 is atmospheric pressure, which was regarded as 0 atm in 

the calculation. 

 

3. Results and discussion 

 

3.1. Dependence of nanofiber diameter on electrospinning solution 

parameters 

 

The performance and functionality of films comprised of electrospun 

nanofibers depend not only on the intrinsic characteristics of the indi- 

vidual fibers themselves but also greatly on their collective assembly and 

organizational alignment within the cohesive film (Zhang et al., 2023). 

For example, the pore size distribution arising from interfibril spaces 

profoundly influences vapor diffusion, fluid permeation, and cellular 

migration (J. Lee et al., 2022; Zhang et al., 2023). Meanwhile, overall 

porosity and tortuosity factors derived from nano- to micro-scale fiber 
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packing density and network interconnectivity modulate mechanical 

rigidity and bulk transport phenomena (Chavoshnejad & Razavi, 2020). 

As a first step of this collective analysis, we first characterized the 

morphological details of each fiber as a function of electrospinning so- 

lution parameters, such as concentration of PVC, PDMS, and ND and 

drum rotation speed. Fig. 2 compares SEM micrographs of NF: PVC, NF: 

PVC-PDMS, and NF: PVC-PDMS-ND. The surfaces of the pure PVC 

fibers were observed to be relatively smooth and uniform (Fig. 2a). The 

nanofibers containing both PVC and PDMS displayed more wavy/un- 

dulated surfaces and distinct boundaries compared to the bare PVC 

surfaces, since the interfacial affinity between the two compounds is not 

fully miscible (Fig. 2b). After introducing nanodiamond into the elec- 

trospinning polymer solution, large amounts of nanoscale protrusions 

were evident on the surfaces of each resulting nanofiber. The red arrows 

in Fig. 2c indicate these small hills exhibiting diameters of ~100 nm, 

which were exclusively observed in NF: PVC-PDMS-ND. Therefore, we 

can infer that the increased surface roughness of the NF: 

PVC-PDMS-ND is caused by protrusion of the ND particles. 

Table 1 summarizes the variation in fiber diameter as a function of all 

electrospinning parameters: drum rotation speed and concentration of 

PVC, PDMS, and ND. The findings reveal that for all three electro- 

spinning solutions (NF: PVC, NF: PVC-PDMS, and NF: 

PVC-PDMS-ND), fiber diameter did not significantly change with 

increasing drum rotation speed. However, increasing concentration 

consistently led to an increase in diameter for all cases. Doubling the 

concentration of PVC in NF: PVC resulted in a two-fold increase in the 

fiber diameter. In contrast, doubling the combined concentration of PVC 

and PDMS in NF: PVC-PDMS led to a four-fold increase in diameter, 

suggesting a synergistic effect between the two polymers. For NF: 

PVC-PDMS-ND, doubling the combined component concentration 

resulted in a three-fold increase in diameter, falling between the re- 

sponses of the other two solutions. Notably, compared to pure PVC 

nanofibers, the addition of PDMS and ND did not significantly alter the 

fiber dimensions. This could be attributed to the fact that PDMS exhibits 

high elasticity (Huang et al., 2021), which might allow it to deform and 

adapt to the stretching forces during electrospinning without substan- 

tially impacting the overall fiber diameter. Furthermore, the weak 

intermolecular interactions at the interface between PDMS and PVC 

phases (Xu et al., 2010) might also contribute to these observed trends. 

Our further investigations focused on understanding the effect of 

rotation speed on the inter-fiber spacing, fiber alignment, and organi- 

zation. To this end, we varied the drum rotation speed from 500 rpm to 

1000 rpm to 2000 rpm for NF: PVC-PDMS-ND. The micrographs for 

samples NF: PVC-PDMS-ND [10 wt%, 500 rpm], NF: PVC-PDMS-ND 

[10 wt%, 1000 rpm], and NF: PVC-PDMS-ND [10 wt%, 2000 rpm] are 

shown in Fig. 3. Increasing the rotating speed resulted in the formation 

of more densely packed and oriented nanofibers. At higher rotation 

speeds, enhanced directional stretching arises from greater tangential 

mechanical forces exerted on the extruded polymer jet. This effect can 

orient polymer chain segments along the spinning axis, reducing fiber 

diameters while also facilitating tighter interfibrillar packing (Rashid 

Table 1 

Average diameters of electrospun nanofibers prepared under different 

conditions. 

Sample Concentration 500 rpm 1000 rpm 2000 rpm 

PVC 5.0 wt% 0.47 ± 0.11 

μm 

0.54 ± 0.17 

μm 

0.46 ± 0.09 

μm 

 7.5 wt% 0.69 ± 0.24 

μm 

0.61 ± 0.21 

μm 

0.66 ± 0.32 

μm 

 10.0 wt% 0.98 ± 0.16 

μm 

1.15 ± 0.54 

μm 

1.06 ± 0.56 

μm 

PVC-PDMS 5.0 wt% 0.42 ± 0.15 

μm 

0.51 ± 0.23 

μm 

0.43 ± 0.10 

μm 

 7.5 wt% 0.96 ± 0.38 

μm 

0.98 ± 0.27 

μm 

0.91 ± 0.26 

μm 

 10.0 wt% 1.63 ± 0.67 

μm 

1.35 ± 0.45 

μm 

1.96 ± 1.04 

μm 

PVC-PDMS-ND 5.0 wt% 0.42 ± 0.14 

μm 

0.49 ± 0.17 

μm 

0.57 ± 0.18 

μm 

 7.5 wt% 0.95 ± 0.36 

μm 

0.90 ± 0.33 

μm 

0.97 ± 0.37 

μm 

 10.0 wt% 1.10 ± 0.53 

μm 

1.25 ± 0.65 

μm 

1.25 ± 0.67 

μm 

 

 

et al., 2021; Xue et al., 2019). Consequently, we observed the formation 

of more densely arranged and aligned nanofiber bundles with increasing 

drum rpm. Analyses of functional performance, including diffusion 

barrier characteristics, wetting dynamics, and mechanical strength will 

provide insights into the significance of these nanostructural details and 

their potential impact on the material’s overall properties. 

 

 

3.2. Water contact angles of electrospun thin films 

 

The wetting behavior of a liquid on a solid surface, quantified 

through the contact angle, is governed by an interplay of chemical and 

topographical factors at the solid-liquid interface (Lo¨ßlein et al., 2022; 

Sun et al., 2022). The water contact angle (WCA) is a key parameter that 

quantifies the wettability of a surface, indicating its affinity for water. To 

determine the relative affinity of water towards the developed thin 

films, we measured the static WCA for all conditions. Fig. 4 shows that 

the static WCA of thin films based on NF: PVC [10 wt%, 2000 rpm], NF: 

PVC-PDMS [10 wt%, 2000 rpm], and NF: PVC-PDMS-ND [10 wt%, 

2000 rpm] are 141◦± 6◦, 150◦± 6◦ and 159◦± 4◦, respectively. Given 

that a flat, smooth PVC surface demonstrates a WCA of 80◦-85◦ (Erbil, 

1994), the observed WCA of ~140◦ in surfaces made from fibrillar PVC 

highlights the significance of surface texture. Blending PVC with PDMS 

and nanodiamond additives introduced chemical and nanotextural 

modulations, respectively, capable of adjusting the WCA. PDMS exhibits 

low surface energy due to its hydrophobic dimethyl groups (Lamberti 

et al., 2012). Meanwhile, the protrusion of faceted 100 nm diamonds 

created hierarchical surface roughness. Specifically, while the presence 

of PDMS can account for lowering of effective surface energy of the 

resultant materials, the presence of ND facilitates the formation of hi- 

erarchical textures that are characteristic of superhydrophobic surfaces. 

 

 
 

Fig. 2. SEM images of the nanofibers with different compositions and preparation conditions: (a) NF: PVC [10 wt%, 2000 rpm], (b) NF: PVC-PDMS [10 wt%, 2000 

rpm], and (c) NF: PVC-PDMS-ND [10 wt%, 2000 rpm]. The red arrows in (c) indicate ~100 nm nanodiamonds on the nanofiber surfaces. 
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Fig. 3. SEM images of nanofibers containing PVC, PDMS, and ND prepared at different drum collector rotation speeds: (a) NF: PVC-PDMS-ND [10 wt%, 500 rpm], 

(b) NF: PVC-PDMS-ND [10 wt%, 1000 rpm], and (c) NF: PVC-PDMS-ND [10 wt%, 2000 rpm]. 

 

 

Fig. 4. Static water contact angle of thin films prepared from electrospinning solutions of (a) NF: PVC [10 wt%, 2000 rpm], (b) NF: PVC-PDMS [10 wt%, 2000 rpm], 

and (c) NF: PVC-PDMS-ND [10 wt%, 2000 rpm]. The values represent the mean ± standard deviation of at least three measurements. 

 

As surface roughness increases, the wetting response can shift from 

Wenzel homogeneous wetting to Cassie-Baxter heterogeneous wetting, 

containing air pockets underneath the droplets (Bormashenko, 2019). 

Trapped air implies the formation of a composite solid-liquid and 

liquid-air interface that reduces the overall droplet contact area, facili- 

tating beading and allowing droplets to easily roll off surfaces as 

roughness furtherincreases (Zhang et al., 2021). 

Table 2 presents water contact angle (WCA) data for electrospun 

nanofibers of PVC, PVC-PDMS, and PVC-PDMS-ND at different con- 

centrations and drum rotation speeds. Overall, all samples exhibit high 

contact angles (136◦ - 159◦), indicating either very hydrophobic or 

superhydrophobic behavior. This is likely due to the combined effect of 

the internal nanostructures produced by electrospinning and the 

inherent hydrophobic properties of PDMS. The addition of PDMS and 

ND generally increased the contact angles compared to pure PVC. This 

 

 
Table 2 

Static water contact angle of electrospun thin films prepared under different 

conditions. 
 

Sample Concentration 500 rpm 1000 rpm 2000 rpm 

PVC 5.0 wt% 139.31 ± 139.18 ± 136.20 ± 

  2.96o 6.31o 5.58o 

 7.5 wt% 138.77 ± 

3.65o 

143.36 ± 

3.99o 

141.24 ± 

6.43o 

 10.0 wt% 137.22 ± 

5.13o 

142.32 ± 

3.84o 

139.39 ± 

3.04o 

PVC-PDMS 5.0 wt% 142.42 ± 

4.55o 

148.70 ± 

3.99o 

148.98 ± 

6.59o 

 7.5 wt% 143.30 ± 150.74 ± 150.96 ± 

  6.53o 2.84o 6.11o 

 10.0 wt% 152.79 ± 

3.61o 

152.38 ± 

2.33o 

153.32 ± 

1.94o 

PVC-PDMS-ND 5.0 wt% 154.28 ± 

4.16o 

155.93 ± 

3.31o 

155.99 ± 

2.83o 

 7.5 wt% 156.19 ± 

2.52o 

159.35 ± 

5.61o 

159.54 ± 

3.81o 

 10.0 wt% 157.31 ± 159.30 ± 158.19 ± 

  2.66o 5.44o 3.57o 

suggests that these components contribute to the surface roughness or 

introduce additional hydrophobic functionalities, enhancing water 

droplet repulsion. Increasing the concentration slightly increased the 

contact angle for all samples. This could be attributed to the formation of 

thicker fibers or larger pores at higher concentrations, potentially 

trapping more air and hindering water droplet spread. Within the tested 

range, the effect of drum rotation speed had minimal influence on the 

surface roughness or air entrapment properties of the nanofibers. 

 

3.3. Tensile strength of electrospun thin films 

 

Tensile strength represents the maximum stress a material can 

withstand while being stretched or pulled before mechanical failure 

(Mohsin et al., 2020). It is an important mechanical performance metric 

for assessing durability and robustness. For food packaging applications, 

sufficient tensile strength is necessary for maintaining integrity during 

production, handling, transportation, and usage to reliably contain 

products (Bangar et al., 2021). For example, polymeric packaging films 

experience tension while being conveyed rapidly across rollers during 

manufacturing into bags, wraps or pouches (Rammak et al., 2021). Once 

formed, packages require adequate strength to avoid splits, punctures or 

leaks under loads inside boxes being shipped long distances (Costa et al., 

2021). Finally, consumers frequently manipulate packaging - bags ex- 

periences stress during opening, microwaveable pouches swell under 

heating, and wrappers endure abrasion in pockets or purses (Arora & 

Padua, 2010). Packaging with high tensile strength provides a better 

barrier against external pressures and environmental factors such as 

moisture and air. Accordingly, we have also investigated the tensile 

strength of the developed electrospun films. The summary of our key 

findings is presented in Table 3. The tensile strength values vary 

significantly across the samples, ranging from 0.68 MPa to 8.86 MPa. 

This indicates that the composition and processing parameters have a 

substantial impact on the mechanical properties of the nanofibers. 

For pure PVC, the tensile strength generally increases with concen- 

tration at 1000 rpm and 2000 rpm, reaching a maximum at 10 wt%. 

However, at 500 rpm, the trend is less clear, suggesting that the effect of 
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Table 3 

Tensile strength of electrospun thin films prepared under different conditions. 
 

Sample Concentration 500 rpm 1000 rpm 2000 rpm 

PVC 5.0 wt% 1.52 ± 0.23 2.42 ± 0.28 1.22 ± 0.36 

  MPa MPa MPa 

 7.5 wt% 0.77 ± 0.24 1.53 ± 0.25 5.06 ± 0.99 

  MPa MPa MPa 

 10.0 wt% 1.53 ± 0.03 4.63 ± 0.57 4.71 ± 0.29 

  MPa MPa MPa 

PVC-PDMS 5.0 wt% 6.33 ± 0.91 4.47 ± 0.44 4.41 ± 1.21 

  MPa MPa MPa 

 7.5 wt% 0.68 ± 0.36 1.06 ± 0.48 3.22 ± 0.18 

  MPa MPa MPa 

 10.0 wt% 1.91 ± 0.19 3.08 ± 0.38 2.38 ± 0.62 

  MPa MPa MPa 

PVC-PDMS-ND 5.0 wt% 3.36 ± 0.39 3.04 ± 0.40 8.86 ± 2.25 

  MPa MPa MPa 

 7.5 wt% 1.28 ± 0.48 1.56 ± 0.66 2.63 ± 1.04 

  MPa MPa MPa 

 10.0 wt% 0.98 ± 0.08 1.48 ± 0.36 2.35 ± 0.24 

  MPa MPa MPa 

 

concentration on tensile strength might be more pronounced at higher 

drum collector speeds. In PVC-PDMS and PVC-PDMS-ND composites, 

the relationship is not straightforward, indicating that the addition of 

PDMS and ND alters the way concentration affects tensile strength. This 

behavior may be attributed to the fact that high PVC concentrations 

allow greater chain overlap and entanglements in the pure polymer, 

which bolster matrix connectivity (Hong & Chen, 1999; Shenoy et al., 

2005; Wool, 1993). However, when adding PDMS and ND components, 

the second phases can disrupt PVC network formation and ease of chain 

movements at interfaces. The addition of PDMS and ND to the PVC 

matrix introduces new interfaces and interactions within the composite 

material. PDMS, being a flexible and non-polar polymer, might interfere 

with the alignment and packing of PVC chains, especially under varied 

stirring conditions. The incorporation of ND particles introduces addi- 

tional variables, such as particle dispersion and particle-matrix adhesion 

(Lebar et al., 2021; Yuan et al., 2021). The complex interplay between 

these factors, including the concentration, drum collector speeds, and 

the presence of secondary phases, can lead to non-linear trends in tensile 

strength, collectively governing their mechanical behaviors. 

Across all samples, the drum rotation speed shows varied impact. For 

pure PVC, the tensile strength peaks at 1000 rpm for higher concen- 

trations (7.5 wt% and 10 wt%), but decreases at 2000 rpm. This may 

suggest optimal alignment or distribution of polymer chains at 1000 

rpm. In contrast, for PVC-PDMS and PVC-PDMS-ND composites, the 

highest tensile strengths are generally not observed at the intermediate 

the rotation speeds, indicating different interaction dynamics in the 

presence of PDMS and ND. The PVC-PDMS composite generally ex- 

hibits higher tensile strength at 5 wt% concentration compared to PVC 

and PVC-PDMS-ND, especially at 500 rpm and 1000 rpm. This could 

be attributed to the reinforcing effect of PDMS at this concentration. 

However, at higher concentrations, this advantage diminishes. 

The addition of ND to the PVC-PDMS composite leads to a sub- 

stantial increase in tensile strength at 2000 rpm for the 5 wt% concen- 

tration, potentially due to the reinforcing effect of the ND particles. The 

addition of PDMS and ND significantly alters the tensile strength profile 

of the PVC fiber-matrix. The PVC-PDMS blend generally exhibits 

increased tensile strength at lower concentrations and lower drum col- 

lector speeds, while the inclusion of ND further enhances this effect, 

particularly at higher drum collector speeds. In conclusion, the tensile 

strength of PVC-based nanofibers is significantly influenced by factors 

such as concentration, drum collector rotation speed, and the addition of 

PDMS and ND, with the largest tensile strength was being observed for 

NF: PVC-PDMS-ND [5 wt%, 2000 rpm]. 

To gain more insights into the aforementioned tensile strength 

trends, we carried out cross-sectional scanning electron microscopy 

(SEM) analysis of mechanically fractured thin films. Fig. 5 displays 

resulting micrographs for electrospun samples NF: PVC [10 wt%, 2000 

rpm], NF: PVC-PDMS [10 wt%, 1000 rpm], and NF: PVC-PDMS-ND 

[10 wt%, 2000 rpm]. As a baseline reference, the PVC sample showcases 

a remarkably uniform single-phase cross-sectional surface, devoid of any 

voids or defects. This signifies a well-organized and structurally sound 

fiber morphology. In contrast, the introduction of PDMS at this specific 

concentration and drum collector rotation speed results in the emer- 

gence of apparent pores and cracks within the fibers. This observation 

suggests a potential interfacial energy mismatch between the hydro- 

phobic PDMS and the PVC matrix, leading to structural imperfections. 

The SEM analysis further reveals the intriguing distribution of ND par- 

ticles within the composite fibers. They are not merely confined to the 

fiber surface but also embedded within, indicating their intimate inte- 

gration into the PVC-PDMS matrix. This underscores the ability of ND 

to not only influence the bulk mechanical properties of the fibers but 

also actively modulate their surface morphology and potentially alter 

their surface interactions. The observed morphological changes in the 

PVC-PDMS-ND composites, particularly the presence of pores and 

cracks, can offer a plausible explanation for their lower tensile strength 

compared to pure PVC at certain concentrations and drum collector 

rotation speeds. These imperfections act as stress concentrators, weak- 

ening the overall structure and compromising its ability to withstand 

tensile forces. However, the presence of ND, despite its potential 

drawbacks in terms of interfacial compatibility with the PVC-PDMS 

matrix, might also contribute to enhanced strength through other 

mechanisms, such as reinforcing the polymer matrix or altering its 

crystallization behavior. Further investigations are necessary to fully 

elucidate the complex interplay between ND, PDMS, and the overall 

mechanical properties of the composite fibers. 

 

3.4. Quantification of bacterial attachment to electrospun thin films 

 

After confirming the hydrophobicity and superhydrophobicity of 

nanofibers, we measured the bacterial repelling behavior of these fibers 

by using gram-negative S. typhimurium LT2 and gram-positive L. innocua 

as testing cultures. Table 4 summarizes the attachment behavior of 

 

 
 

Fig. 5. Cross-section SEM micrographs of nanofibers produced from different electrospinning solutions of (a) NF: PVC [10 wt%, 2000 rpm], (b) NF: PVC-PDMS [10 

wt%, 2000 rpm], and (c) NF: PVC-PDMS-ND [10 wt%, 2000 rpm]. 
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Table 4 

S. typhimurium LT2 attachment behavior on electrospun films: influence of 

preparation conditions. 
 

Attached S. typhimurium LT2 on nanofibers in Log10 CFU/mL 
 

 Sample Concentration 500 rpm 1000 rpm 2000 rpm  

 PVC 5.0 wt% 6.26 ± 0.41 6.33 ± 0.44 6.04 ± 0.14  

  7.5 wt% 6.15 ± 0.15 6.15 ± 0.30 6.29 ± 0.16  

  10.0 wt% 5.84 ± 0.37 6.07 ± 0.40 5.94 ± 0.14  

 PVC-PDMS 5.0 wt% 5.00 ± 0.18 5.22 ± 0.24 5.12 ± 0.18  

  7.5 wt% 4.72 ± 0.18 4.56 ± 0.32 4.63 ± 0.33  

  10.0 wt% 4.04 ± 0.25 4.26 ± 0.23 4.22 ± 0.07  

 PVC-PDMS-ND 5.0 wt% 4.63 ± 0.37 4.80 ± 0.27 4.59 ± 0.30  

  7.5 wt% 3.37 ± 0.10 3.65 ± 0.19 3.98 ± 0.02  

  10.0 wt% 3.57 ± 0.19 3.85 ± 0.26 3.70 ± 0.28  

 

 

S. typhimurium LT2 on the electrospun thin films under all conditions. 

The population density of S. typhimurium LT2 on PVC nanofibers ranged 

from 5.8 to 6.3 Log10 CFU/mL across different concentrations and 

rotation speeds. Similarly, on PVC/PDMS nanofibers, the range was 4.0 

to 5.2 Log10 CFU/mL. Notably, the presence of nanodiamond (ND) 

particles  significantly  reduced  bacterial  attachment. On 

PVC-PDMS-ND nanofibers, the population density dropped further to 

3.4 to 4.8 Log10 CFU/mL. Overall, PVC and PVC-PDMS samples 

showed higher bacterial attachment compared to PVC-PDMS-ND. This 

suggests that the addition of ND particles reduces the ability of S. 

Typhimurium to adhere to the nanofiber surface. Given that the water 

contact angle (WCA) of fibers containing ND were in the super- 

hydrophobic regime, non-wetting of the aqueous bacterial suspension 

can explain these observations. In addition, the nanoscale surface 

roughness introduced by ND protrusions likely minimizes the contact 

area available for initial bacterial adhesion through the lotus leaf effect 

(Elbourne et al., 2019; Encinas et al., 2020; Mu et al., 2023). Reduced 

intimacy of bacterial wall receptors with surface functional groups is 

detrimental for attachment (Chinnaraj et al., 2021). Furthermore, the 

faceted ND crystals introduce interfacial surface tension differentials 

and nanobumps that encourage easier roll-off before bacteria can firmly 

stick (Arcot et al., 2021; Uzoma et al., 2021; Xu et al., 2020). Super- 

hydrophobic surfaces can also damage cell membrane integrity upon 

dropping contact lines during wetting state changes. Over longer pe- 

riods, dynamic motions of sufficiently non-wetting surfaces can also 

prevent surface conditioning into foul-release states favorable for 

fouling organisms. 

The effect of concentration on bacterial attachment was not 

straightforward. In pure PVC nanofibers, attachment of S. typhimurium 

LT2 decreased slightly at higher polymer concentrations, while for 

PVC-PDMS and PVC-PDMS-ND nanofibers, the trend with respect to 

concentration was less consistent and did not follow a clear pattern. 

Drum rotation speed also had a limited impact on bacterial attachment 

behavior across all nanofiber compositions. No statistically significant 

differences in attachement were observed across the different rotation 

speeds within each nanofiber sample group. 

 

 
Table 5 

Listeria innocua attachment behavior on electrospun films: influence of prepa- 

ration conditions. 
 

Attached L.innocua on nanofibers in Log10 CFU/mL 
 

 Sample Concentration 500 rpm 1000 rpm 2000 rpm  

 PVC 5.0 wt% 5.91 ± 0.44 5.76 ± 0.40 5.75 ± 0.46  

  7.5 wt% 5.59 ± 0.21 5.80 ± 0.42 5.61 ± 0.32  

  10.0 wt% 5.65 ± 0.14 5.88 ± 0.42 5.75 ± 0.13  

 PVC-PDMS 5.0 wt% 5.10 ± 0.17 5.13 ± 0.26 5.45 ± 0.25  

  7.5 wt% 4.52 ± 0.40 4.60 ± 0.19 4.52 ± 0.25  

  10.0 wt% 3.98 ± 0.23 4.53 ± 0.27 4.70 ± 0.21  

 PVC-PDMS-ND 5.0 wt% 4.19 ± 0.46 4.04 ± 0.21 4.16 ± 0.07  

  7.5 wt% 3.40 ± 0.12 3.54 ± 0.10 3.44 ± 0.27  

  10.0 wt% 3.24 ± 0.36 3.66 ± 0.20 3.41 ± 0.29  

Table 5 highlights the bacteria attachment behavior of Listeria (L.) 

innocua on electrospun fibers prepared under different conditions. For 

pure PVC nanofibers, the L. innocua attachment did not show significant 

variation across different concentrations and drum rotation speeds. The 

values hover around 5.6 to 5.9 Log10 CFU/mL, indicating a consistent 

level of bacterial attachment. The addition of PDMS to PVC resulted in a 

slight reduction in bacterial attachment. For instance, at a concentration 

of 5 wt%, the attached L. innocua decreased from around 5.9 Log10 CFU/ 

mL in pure PVC nanofibers to approximately 5.1 Log10 CFU/mL in 

PVC-PDMS nanofibers. This reduction became more pronounced at 

higher concentrations, reaching as low as 3.98 Log10 CFU/mL at 10 wt%. 

This trend indicates that PDMS imparts some antimicrobial properties to 

the composite, possibly due to its hydrophobic nature, which might 

reduce bacterial adhesion. The incorporation of ND into the PVC-PDMS 

matrix further lowered the bacterial attachment. For example, at 10 wt% 

concentration, the L. innocua count decreased to around 3.24 Log10 

CFU/mL. Similar to S. typhimurium LT2 in Table 4, PVC and PVC-PDMS 

samples showed higher attachment of L. innocua compared to 

PVC-PDMS-ND. This reinforces the notion that ND particles reduce 

bacterial attachment to the nanofibers. Comparing all three materials, it 

is evident that PVC had the highest bacterial attachment, followed by 

PVC-PDMS, while PVC-PDMS-ND had the lowest. L. innocua attach- 

ment generally exhibited less variation across different concentrations 

and drum rotation speeds within each sample group compared to 

S. typhimurium LT2. This could indicate potential differences in the 

adhesion mechanisms or sensitivity to surface modifications between 

the two bacterial strains. 

The observed differences in L. innocua and S. typhimurium LT2 

attachment behavior might be partially attributed to variations in their 

cell wall structures. S. typhimurium LT2, being a Gram-negative bacte- 

rium, has a typical cell wall with an outer membrane, a periplasmic 

space, and an inner membrane surrounding a thin peptidoglycan layer 

(Goodell & Higgins, 1987). On the other hand, L. innocua, a 

Gram-positive bacterium, lacks the outer membrane and possesses a 

thicker peptidoglycan layer directly surrounding its cytoplasmic mem- 

brane (Moorman et al., 2008). Both bacteria express various surface 

appendages like flagella, fimbriae, and proteins that influence their 

hydrophobicity and surface charge, ultimately affecting their attach- 

ment to surfaces. The slightly lower attachment of L. innocua compared 

to S. typhimurium LT2 might also be influenced by their different sizes. 

L. innocua generally has a smaller diameter (0.5–1.0 µm) and length 

(0.8–3.0 µm) compared to S. typhimurium LT2, which ranges in diameter 

from 0.5 to 1.5 µm and length from 2 to 5 µm (Liu et al., 2020; Oh et al., 

2015; Zhang et al., 2013; Zhou et al., 2024). This size difference could 

affect their contact area with the nanofibers, potentially contributing to 

the observed attachment trend. 

 

3.5. Gas permeation behavior of electrospun thin films 

 

Gas permeation testing is crucial for the development and charac- 

terization of food packaging materials due to several critical consider- 

ations (Zabihzadeh Khajavi et al., 2020; Zare et al., 2022). Adequate 

barriers to gas transport can help extend food shelf life. Oxygen ingress 

through packaging causes oxidation, eventually decreasing nutritional 

content and sensory qualities (Mehyar et al., 2012; Moradinezhad & 

Dorostkar, 2021). On the other hand, elevated carbon dioxide levels can 

slow aerobic spoilage by inhibiting microbial growth (Couvert et al., 

2023; Yang et al., 2023). However, hermetically blocking all gas diffu- 

sion can also be detrimental, leading to the accumulation of metabolites 

such as carbon dioxide, moisture, or volatile aroma compounds, which 

adversely affect food quality over time (Groot et al., 2022; Ilhan et al., 

2021; D. S. J. Lee et al., 2022). Consequently, a regulated transmission of 

gases is necessary. Therefore, to understand the permeation behavior of 

oxygen and carbon dioxide through electrospun thin films, we employed 

the experimental setup outlined in Fig. S1 in the Supporting 

Information. 
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Table 6 summarizes the oxygen permeation trends across all elec- 

trospun thin films prepared under varying conditions. PVC samples 

exhibit the highest oxygen permeation rates compared to PVC-PDMS 

and PVC-PDMS-ND nanofibers produced across all concentrations and 

rotation speeds. This suggests that the addition of PDMS and ND into 

electrospun films reduces oxygen permeation by altering the organiza- 

tion and assembly of the nanofibers. For pure PVC nanofibers, oxygen 

permeation generally decreases with increasing polymer concentration. 

This trend could be attributed to increased fiber density and tortuosity of 

the nanofiber mat at higher concentrations, hindering gas diffusion 

pathway. However, the effect of concentration on oxygen permeation is 

less consistent for PVC-PDMS and PVC-PDMS-ND nanofibers. This 

might be due to the complex interplay between PDMS and ND compo- 

nents, along with variations in fiber morphology, spacing, and orienta- 

tion at different concentrations. The collector rotation speed exhibits a 

variable and sometimes inconsistent effect on oxygen permeation across 

the samples. While some nanofiber compositions show a decrease in 

permeation at higher speeds, others exhibit the opposite trend or no 

significant change. This observation suggests that factors beyond just the 

collector rotation speed, such as fiber alignment, packing density, and 

interfacial interactions, play a role in governing oxygen transport 

through these electrospun thin films. 

Table 7 summarizes the carbon dioxide permeation trends across all 

electrospun thin films prepared under varying conditions. For pure PVC 

nanofibers, a general trend of decreased CO2 permeation with increasing 

rotation speed was observed, particularly evident at 5 wt% concentra- 

tion. This trend might indicate tighter packing of fibers into thin films 

and smaller mesh spacing within the film at higher collector rotation 

speeds, leading to improved barrier properties. However, the trend was 

less pronounced at higher concentrations (7.5 wt% and 10 wt%), sug- 

gesting that other factors might play a role at elevated concentrations. In 

PVC-PDMS composite films, the CO2 permeation showed significant 

variation based on concentration and rotation speed. Notably, for elec- 

trospun films prepared at 5 wt% concentration and 2000 rpm, the 

permeation was markedly lower (2.20 ± 0.09), indicating superior 

barrier properties under these conditions. This could be attributed to the 

enhanced packing and tighter distribution of PDMS-PVC nanofibers, 

which is faciliated at higher collector rotation speeds. Conversely, at 7.5 

wt% and 10 wt% concentrations, the permeation increased, particularly 

at 1000 rpm and 2000 rpm, suggesting that higher PDMS content might 

disrupt the fiber packing and mesh spacing, adversely affecting the 

barrier properties. The inclusion of nanodiamonds in PVC-PDMS 

nanofibers showed a varied impact on CO2 permeation through the 

electrospun films. While the permeation values were generally lower 

than those of pure PVC electrospun film, they did not consistently show 

 

 
Table 6 

Oxygen permeation through electrospun films prepared at different conditions. 
 

 

Gas permeation of Oxygen in cm3/(cm2⋅ s ⋅ cmHg) at STP 
 

 

Sample Concentration 500 rpm 1000 rpm 2000 rpm 

Table 7 

Carbon dioxide permeation through electrospun thin films prepared at different 

conditions. 
 

Gas permeation of Carbon Dioxide in cm3/(cm2⋅ s ⋅ cmHg) at STP 
 

 

Sample Concentration 500 rpm 1000 rpm 2000 rpm 
 

PVC 5.0 wt% 19.18 ± 11.23 ± 5.60 ± 0.32 

  4.29 3.73  

 7.5 wt% 12.36 ± 11.81 ± 9.77 ± 1.46 

  1.05 2.01  

 10.0 wt% 18.07 ± 15.37 ± 11.96 ± 
  3.21 2.66 0.59 

PVC-PDMS 5.0 wt% 5.35 ± 1.00 8.84 ± 1.46 2.20 ± 0.09 

 7.5 wt% 5.52 ± 0.34 15.25 ± 4.97 ± 0.94 

   4.02  

 10.0 wt% 13.68 ± 16.1 ± 1.93 8.64 ± 0.35 

  1.80   

PVC-PDMS-ND 5.0 wt% 11.73 ± 10.62 ± 6.57 ± 1.71 

  1.45 1.78  

 7.5 wt% 13.43 ± 10.03 ± 8.15 ± 0.49 

  2.15 0.74  

 10.0 wt% 13.52 ± 11.52 ± 9.62 ± 1.25 

  1.52 1.42  

 

 

improvement over electrospun PVC-PDMS composite films. This 

observation implies that while ND contributes to the barrier properties, 

their effectiveness might be dependent on the interplay between con- 

centration,processing conditions, and the resulting fiber morphology 

and packing. 

 

4. Conclusion 

 

In summary, this work describes a versatile, single-step method to 

generate bacterially antifouling food packaging films via electro- 

spinning composites of polyvinyl chloride (PVC), polydimethylsiloxane 

(PDMS), and nanodiamond (ND) onto a rotating drum collector. It was 

found that varying the PVC, PDMS, and ND concentrations along with 

drum rotational speed modulated the ultimate fiber diameters from 0.4 

to 2.0 µm. Such variations also allowed tuning of water contact angles 

spanning 136.2–159.5◦ on resultant electrospun surfaces. Pure PVC 

based films displayed the most hydrophilic wetting response while 

materials fabricated with PVC-PDMS-ND blends achieved super- 

hydrophobic enhancement up to ~160◦. Matching this boosted water 

repellency, nanocomposites with ND and PVC-PDMS mixtures signifi- 

cantly reduced adhesion against Salmonella typhimurium LT2 and Listeria 

innocua cultures, realizing ~99.6–99.8 % bacterial density reductions 

versus analogous pure PVC-only films. Tensile strength was elevated 

from 1.2 MPa for pristine polymeric PVC samples up to 8.9 MPa for 

optimized PVC-PDMS-ND blends. By modulating electrospinning pa- 

rameters across all samples and processing conditions, the upper limit 

for oxygen permeation of 19.2 cm3/(cm2 ⋅ s ⋅ cmHg) at STP could be 

achieved, while the lower limit was around 2.2 cm3/(cm2 ⋅ s ⋅ cmHg) at 

STP. Similarly, the upper limit for carbon dioxide permeation was 

around 18.1 cm3/(cm2 ⋅ s ⋅ cmHg) at STP, with the lower limit being 

PVC 5.0 wt% 16.24 ± 

3.42 

10.99 ± 

1.38 

4.87 ± 0.56 approximately 2.2 cm3/(cm2 ⋅ s ⋅ cmHg) at STP. Overall, via interfacially 

tailored compositions and emergent morphological responses from 

7.5 wt% 10.33 ± 

1.21 

9.35 ± 1.50 7.73 ± 0.95 tunable single-step electrospinning, these active films advance eco- 
friendly food storage solutions, resisting microbial hazards by syner- 

10.0 wt% 14.76 ± 
1.82 

12.90 ± 
0.90 

11.85 ± 
1.49 gistically integrating critical functional traits like biofouling mitigation, 

PVC-PDMS 5.0 wt% 4.09 ± 0.10 8.10 ± 2.32 2.26 ± 0.18 physical durability, and nanotechnology-enabled performance en- 

7.5 wt% 4.92 ± 0.81 13.08 ± 

2.11 

3.70 ± 0.53 hancements, paving the way toward a safer and healthier food supply 

chain. 
10.0 wt% 13.87 ± 

2.04 

14.22 ± 
0.90 

9.18 ± 1.44 

 

2.28 

10.0 wt% 13.14 ± 

1.97 

1.69 

12.80 ± 

1.73 

 

9.82 ± 1.69 
animal or human study. 

PVC-PDMS-ND 5.0 wt% 10.36 ± 8.79 ± 0.75 4.85 ± 0.26 Ethical statement 

  0.70    

 7.5 wt% 12.80 ± 10.68 ± 6.22 ± 0.45 The authors declare that the research presented does not involve any 
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