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Introduction: Due to the COVID-19 pandemic in recent years, many patients after extubation had stenosis in all tracheal areas because of long-term intubation. Therefore, tracheal stenosis in these patients is benign and can be treated using silicone stents, and many patients need silicone stents during recovery. A silicone stent is an artificial support that plays a significant role in managing airway obstruction.
Methods: This research aims to fabricate an optimal silicone stent reinforced with Nanosilica by vacuumed injection molding. Materials-based nanocomposites are made of rtv2 silicone with 1wt%, 3wt%, and 5wt% of hydrophilic and hydrophobic Nanosilica particles. Hardness, tensile, and hydrophobicity properties have been performed for the experimental characterization of the nanocomposites.
Results and Discussion: The uniform distribution of nanoparticles in the silicone matrix has been confirmed using SEM images. Adding Nano-silica increases hardness and tensile strength and improves the silicone matrix’s mechanical properties. Also, the addition of nanoparticles changes the surface hydrophobicity properties and roughness. Although the presence of nanoparticles improves the mechanical properties, it also reduces the transparency and increases the viscosity. Our results show that adding 1wt%. Hydrophobic Nano-silica improves nanocomposites’ mechanical properties and preserves transparency and viscosity (mold-ability) for stent construction. Adding 3wt%. Hydrophilic Nano-silica improves mechanical and hydrophobic properties, but moldability is not easy. Finally, the fabricated nanocomposite airway stents were successfully placed on the sheep trachea in the pilot animal study.
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1 INTRODUCTION
The Stent is an artificial support that helps to maintain a tubular path (Mehta and Dasgupta, 1999). In recent years, stents have turned from laboratory equipment into components that are vitally used in many medical fields, including cardiac, vascular, urological, and pulmonary (Breen and Dutau, 2009; Wang et al., 2018; Wu et al., 2019; Ion et al., 2021; Xu et al., 2022; Zhu et al., 2022). Obstruction in the central airways may lead to dyspnea and suffocation. Therefore, it needs immediate and appropriate treatment (Oki and Saka, 2013; Xu et al., 2022). One of the urgent treatments for airway obstruction is to use a stent. Today, several commercially available stents are in the research stage (Freitag et al., 1995). The main purpose of stents is to maintain airway patency. Stents usually treat tracheobronchial obstructions, while other interventional treatments are not possible. Stents are also used to treat broncho-esophageal fistula and malignant tracheobronchial obstruction stenosis (Marquette et al., 1995; Sökücü et al., 2020).
An ideal stent should conform to the airway anatomy. Does not move after placement, can be removed; if necessary. It needs to be made of biocompatible materials and does not cause infection. Does not lead to granulation of tissue and mucous impaction. Does not disrupt mucosal fellow and prevent tumor growth. It should be strong enough to withstand the pressure of the trachea and be flexible enough to adapt to the trachea wall. It should not be expensive, and preferably, it should be customized by cutting and sizing (Puma et al., 2000; Saito, 2004; Wang et al., 2013; Guibert et al., 2020).
Stents are made of different materials. One of the oldest types of stents is silicone stents. Montgomery developed a silicone stent in 1965. Its advantages include flexibility, low reactivity with tissue, and non-hardening due to prolonged contact with temperature and secretions (MONTGOMERY, 1965). Silicone stents are flexible and placed with rigid bronchoscopy. Another type is metal stents, which are made of nitinol or stainless steel and may be self-expanding or balloon-expanded. Metal stents are placed by flexible bronchoscopy and stick to the respiratory wall (Bolliger et al., 2002; Ratnovsky et al., 2015; Folch and Keyes, 2018). Covered metallic stent have less hydrophobic properties compared silicon stent and Mucus plugging was found in 17% of the cases, all of them being asymptomatic (Dahlqvist et al., 2016).
In the research conducted between 2013 and 2017, no significant difference was found in the conditions of patients who used silicone and metal stents (Sökücü et al., 2020). Another research shows metal airway stents are unsafe for long-term treatment due to infectious and metal mesh breakage (Puma et al., 2000). In general, using metal airway stents is not a priority for treatment, and the FDA also suggests not using metal stents until other alternative airway stents exist (Folch and Keyes, 2018; Huang et al., 2018).
Silicone stent may be migrated and engage with the mucosa system and may cause accumulation and occlusion. Its diameter is unchangeable, and the external to internal diameter rate is not optimal; It is unsuitable for unusual anatomies and can cause some bronchi to collapse (Puma et al., 2000; Chin et al., 2008). However, silicone stents are all removable and maintain their tolerance and safety in the long term, and they are strong enough to withstand external pressures. In addition, they can be easily customized by cutting and are less expensive than other types (Puma et al., 2000; Folch and Keyes, 2018).
Today, researchers developed biodegradable stents, which are not removed in cases where a temporary stent is needed (Wu et al., 2019); for example, a magnesium airway stent is one type of biodegradable Stent (Xue et al., 2019).
A study by Li et al. (2021) has reported that airway stent with silver nanoparticles/PCL nanocomposites decreases tissue granulation, which is one of the side effects of stenting.
Mencattelli et al. (2021) in their research, provide a patient-specific stent using nitinol and a type of photo-curable polymer. Developing 3D-printed mini-stents and drug-delivery stents are novel ways to produce an airway stent (Sabath and Ost, 2018).
Stenting may lead to complications; for example, about 15% of patients suffer mucus compaction regardless of the type of Stent. Granulation and displacement are other important dilemmas for using stents. Stent displacement is the cause of 20% of stenting failures. Increasing the pressure of expansion of the Stent can reduce the risk of migration but cause tissue granulation (Freitag et al., 1994).
Before stenting, the patient’s condition should be monitored. Prolonged stenting may exacerbate the problems. CT scanning to evaluate tracheal conditions before surgery helps to choose the correct length and diameter of the Stent. The Stent must be sterilized before being placed in the body to prevent infection. Fluoroscopy, Flexible bronchoscopy to clean the accumulated mucus, and Laser to treat tissue granulation can also be used as ancillary treatment. 4–6 weeks after the operation, a CT scan can be used to monitor the patient’s condition (Dumon, 1990; Bolliger et al., 2002; Chin et al., 2008; Breen and Dutau, 2009; Freitag et al., 2017; Liu et al., 2020).
Silicone is the general representative of a family of polymers based on silicon (Selmanowitz and Orentreich, 1977). Silicon is used for a compound in which silicon atoms are bonded to oxygen atoms. Silicon atoms are usually connected with chemical or phenyl inert groups (Moretto et al., 2000).
In general, silicone rubber is divided into three categories: HTV (high-temperature vulcanization), RTV (room-temperature vulcanization), and LSR (liquid-silicone rubber vulcanized at high temperature). RTV silicone rubber is divided into two categories, one component and two-component. Rtv1 is cured when exposed to air humidity, and rtv2 has two components that are cured by mixing them (Kopylov et al., 2011). Metal catalysts such as tin or platinum are used for complete curing and improving properties (Moretto et al., 2000).
Various properties of silicone rubber, such as heat resistance, chemical stability, electrical insulation, wear resistance, transparency, flame resistance, and gas permeability, make it widely used in various industries. Silicones are generally biocompatible and widely used to manufacture catheters, shunts, blood oxygen generators, heart bypass machines, valves, and plastic surgery. Although it is possible to decompose silicone by reacting with chemical catalysts, the hydrophobic nature of silicone leads to its minimal reaction with body fluids. Despite these properties, pure silicone has insufficient mechanical properties for many applications due to the weak interaction and flexibility between the main chains in the silicone matrix (Moretto et al., 2000; Colas and Curtis, 2004; Wu et al., 2016; Ji et al., 2019). Various nanoparticles can be used to reinforce silicone; for example, graphene nanoparticles can improve thermal conductivity (Yang et al., 2018); Carbon black increases electrical conductivity; titanium dioxide improves the dielectric constant, and barium sulfate improves radiopacity (Colas and Curtis, 2004).
Nano silica is an inorganic nanoparticle commonly used to improve the mechanical properties of silicone rubber. Silica is uniformly distributed in the silicone rubber matrix and leads to an increase in tensile strength, tear limit, and hardness (Yan et al., 2015; Wu et al., 2016).
The effect of the addition of Nano-silica to silicone rubber has been investigated in various studies. In other research, surface-treated Nano-silica was added to improve the Silicone Elastomer’s properties. The research shows that adding Nano-silica has improved mechanical properties, including tensile strength and shore hardness (Zayed et al., 2014).
Another research shows that adding 3% by weight of Nano-silica to silicone rubber nanocomposite has improved the hydrophobic properties and corrosion resistance (Ammar et al., 2016).
In another research, adding Nano-silica to silicone rubber has been introduced as an attractive approach to improve the hydrophobic properties of outdoor insulations (Nazir et al., 2016).
The main target of this research is to synthesize silicone stents reinforced with silica nanoparticles. For this purpose, a sheep trachea was chosen to place a target stent. The mold-making process has been selected based on the design variables. Simultaneously with the mold-making process, nanocomposites are synthesized by adding different percentages of nanoparticles to achieve the best percentage for conducting a pilot animal study.
2 MATERIALS AND METHODS
The production of a silicone stent with Nano-silica includes three fundamental steps. The first step includes synthesizing silica–silicone nanocomposite, the second step includes stent designing, and the third step is fabricating an airway stent by vacuum injection molding (Figure 1).
[image: Figure 1]FIGURE 1 | Three main steps in designing and fabricating an airway stent.
2.1 Fabrication of silica–silicone nanocomposite
Medical grade RTV2 silicone was exploited to synthesize nanocomposite. This type of silicone usually consists of a polydimethylsiloxane polymer chain with a vinyl end group and platinum catalyst (Freitag et al., 1994). Two components of silicone have been combined with equal ratios.
Two groups of Silica nanoparticles have been chosen as target inclusions to improve silica-silicone nanocomposites’ mechanical and surface properties. Silica particles can be added during or after the silicone polymerization. Silica fillers drastically increase viscosity and affect the crystallization rate of low-curing temperature silicones (Moretto et al., 2000).
For silicone reinforcement, 15–20 nm hydrophilic Nano-silica and 20–35 nm hydrophobic nano-silica have been used (United States NANO Company). The material was prepared with 1wt%, 3wt%, and 5wt% of hydrophilic and hydrophobic Nano-silica. Each of the two silicone components was strengthened separately to prevent an excessive increase in viscosity.
Due to the low volume fraction of Nano-silica, it is difficult to have perfect dispersion of Nano-silica in the silicone matrix. Therefore, a high shear mixer with a speed of 700 rpm ensures perfect dispersion and distribution of the nanoparticle in the matrix. A negative pressure of 0.9 bar is applied to the solution to remove bubbles caused by stirring.
2.1.1 Material characterization
One factor affecting the composite’s quality is nanoparticle dispersion and distribution. SEM analysis was exploited to evaluate nanoparticle dispersions.
Add Nano-silica to silicone leads to an increase in hardness. The hardness of pure silicone is measured and equal to 36 shore A, and the addition of nanoparticles, regardless of hydrophilicity and hydrophobicity, increases hardness.
Before molding, it is necessary to determine the percentage of adding Nano-silica and the suitable hydrophobicity for making stents. Several small and similar samples were prepared to test hydrophobicity, shore A hardness, and nanoparticle distribution. Also, dumbbell shape specimens were prepared for tensile testing according to the ASTM D412-Die C standard (Figure 2).
[image: Figure 2]FIGURE 2 | Tensile test specimens (left) and shore A, hydrophobicity and nanoparticle distribution analysis specimens (right).
Tensile test specimens were made and tested according to the ASTM D412-Die C standard by a universal machine designed and manufactured by Khallagh Sanat Atiyeh Peyman Company.
Static, advancing, and receding contact angles and surface free energy parameters have been measured using CAG-20, Jikan Co., and JikanAssistant software Ver. 7.3.2.
The contact angle of diiodomethane has been measured as a nonpolar liquid to calculate the surface free energy. The program uses the advancing contact angles to calculate the surface free energy, and the OWRK algorithm is selected.
Characterization results in this research are comparative, and the data collection process was not statistical.
2.2 Stent design
One of the effective parameters in the performance of a stent is stent radial strength. When force is applied to the distal end of the Stent, the lumen collapses with relatively lower forces. For this reason, it is suggested that the length of the Stent should be at least 5 mm longer than the occlusion unless the end of the Stent is reinforced (Freitag et al., 1995). In this case, the length of the Stent was 50 mm. The stents made in this study will be tested in a pilot study on sheep.
For designing a target stent, the diameter of the four sheep trachea was measured (Figure 3) to determine the approximate diameter of the Stent. For this purpose, every single trachea has been cut into four segments, and a digital caliper has measured the diameter of both ends of each section. The background of the research shows that for proper stability of the Stent in the respiratory tract, the diameter of the Stent should be 10% bigger than the diameter of the trachea (Ratnovsky et al., 2015). For this case, a diameter of 20 mm and a thickness of 2 mm were adopted to maintain strength. These values are taken based on the average values obtained from the measurement in consultation with a veterinarian. Three rows of studs were considered to prevent migration. Gold markers were placed under some of the studs to improve visibility under radiography.
[image: Figure 3]FIGURE 3 | Four tracheas of sheep were cut to measure the mean diameter for designing sheep airway stents.
After determining the appropriate Nano-silica in terms of hydrophobicity and its addition percentage, the Stent is molded. Two silicone components were mixed in equal proportions and completely mixed with a high-shear impeller for molding. Then, bubbles were removed from the mixture to prevent air bubbles inside the Stent. Silicone was molded under a vacuum, and after 24 h, the mold was opened, and the Stent was removed.
2.3 Fabrication of the stent
After analyzing the results of the performed tests, silicone with 1wt%. Hydrophobic and 3% wt. Hydrophilic Nano-silica was selected as the target material. The final Stent was obtained by injection molding (Figure 4).
[image: Figure 4]FIGURE 4 | Fabricated stents by vacuum injection molding (Middle row of studs includes gold markers).
The method of making silicone stents in this research is injection molding; therefore, the appropriate viscosity of the material plays a significant role in the molding and the final Stent. The samples with 5wt% hydrophobic and hydrophilic Nano-fillers were discarded due to their high viscosity and difficulty in molding. In addition, the addition of nanoparticles leads to a decrease in the transparency of silicone. The hydrophobicity of the material decreases the risk of interaction between the Stent and tissue. The samples of 1wt% and 3wt% Nano-silica have a close Young’s modulus.
The sample with 1wt% hydrophobic Nano-silica has a lower viscosity, and the molding procedure is simple. The sample with 3wt% hydrophilic Nano-silica has good hydrophobic and mechanical properties, but the molding procedure is difficult. Gold markers were exploited in the stents to improve radiopacity under X-ray imaging.
3 RESULT AND DISCUSSION
3.1 Characterization of nanocomposites
All samples were characterized using SEM analysis to estimate the quality of dispersion and distribution of the silica nanoparticles.
As an example, two samples of 3wt%. Hydrophilic and 3wt%. Hydrophobic were analyzed by SEM (Figure 5). The result of both samples shows that the nanoparticles are well dispersed in the silicone matrix without agglomerations and confirm the synthesis procedure. Due to the low amount of reinforcement additive to synthesize the raw materials of the stent, the total cost of the stent does not change significantly.
[image: Figure 5]FIGURE 5 | Distribution of 3wt% hydrophobic nano silica (left) and 3wt% hydrophilic nano silica (right) in a silicone matrix.
The results of the shore A hardness test, tensile test, and hydrophobicity analysis are given below: Variation of shore A due to the addition of silica nanoparticles is shown in Table 1.
TABLE 1 | Hardness change due to the addition of Nano-silica.
[image: Table 1]Tensile test specimens were made according to the ASTM D412-Die C standard. Due to the very high viscosity and adhesion of the 5% hydrophilic sample, it was impossible to get bubbles out or mold it. Therefore, this sample was removed from the test process. The tensile test diagram for 37°C and strain rate (1 mm per minute) test conditions are shown in (Figure 6).
[image: Figure 6]FIGURE 6 | Stress-strain diagram for tensile test specimens.
Tensile test results show that in samples with the same weight percentage, the reinforcing of hydrophilic specimens was better than that of hydrophobic specimens. According to the stress-strain diagram, it is clear that the addition of nanoparticles leads to a significant improvement in the strength of silicone. Increasing the weight percentage of nanoparticles improves the mechanical properties but also leads to an increase in viscosity.
The contact angle was measured in silicone samples with different percentages of Nano silica. Both water and diiodomethane were used as mediums (Figure 7).
[image: Figure 7]FIGURE 7 | Contact angle for diiodomethane and water.
Silicone is hydrophobic, and the water contact angle on the used silicone is 104o. According to Cassie–Baxter and Wenzel’s theories, roughening the surface in the nanoscale increases the contact angle. As such, adding nanoparticles should cause the contact angle to increase, pending they swim to the top and stay on the surface.
Hydrophilic silica nanoparticles have no or small affinity to the RTV polymer and move up to the surface during the polymerization. As such, they create roughness on the surface and, as such, increase the contact angle. For example, by adding 1wt% and 3wt% hydrophilic silica to the polymer, the contact angle increases from 104° to 110° (Figure 7). However, excess hydrophilic silica has the opposite effect and the contact angle declines. The reason is that hydrophilic silica nanoparticles eventually cover a good portion of the polymer surface.
Despite hydrophilic silica nanoparticles, the hydrophobic ones have an affinity to the vinyl ends of the polymer. As such, they remain seated inside the polymer body during polymerization and cannot swim to the top. As such, adding hydrophobic silica nanoparticles has a small effect on the contact angle. For example, adding 1wt% and 3wt% hydrophobic silica nanoparticles has minimally affected the contact angle.
However, increasing the hydrophobic silica nanoparticles increases the contact angle as some particles move to the surface, contributing to the surface roughness (Figure 8).
[image: Figure 8]FIGURE 8 | Sheep stenting procedure.
The surface free energy values and the polar and dispersive components are shown in Table 2. In fact, by increasing the hydrophilic silica nanoparticles, the polar component of the surface free energy increases, which proves the presence of hydrophilic silica nanoparticles on the surface.
TABLE 2 | Surface energy due to the addition of nano-silica.
[image: Table 2]3.2 Pilot animal study
A pilot study was conducted to test a newly developed nanocomposite stent in this research. Sufficient radial force is one of the essential features of airway stents. We have used an in-house setup to measure the radial force of the stents, and our results confirmed the applicability of the stent for clinical application. In this study, two bred sheep were selected for the pilot. An industrially equipped livestock farm with sufficient facilities was used to keep the sheep. The sheep received the vaccine per the schedule 3 months before the stenting (Table 3).
TABLE 3 | Vaccine schedules for sheep.
[image: Table 3]For the first time, a new and low-risk stenting procedure was developed to perform the stenting process in sheep; the details of the pilot animal study were published in the M.D. dissertation performed in our research group (Frahani, 2022). The sheep underwent stenting operations under the ethical guidelines for research in animal science. An anesthesiologist and an experienced veterinarian were present during the operation. Furthermore, surgery was performed in the operating room, equipped with all facilities, including an anesthesia machine, cold light, bronchoscope, Etc. (Figure 8).
Hydrophobic silica nanoparticles improve the resistance and mechanical properties of Stent. The hydrophobic properties of the stent surface can decrease plaque mucus in the tubular Stent. The pilot sheep were stented with a new method of stenting (Maryam Mazraehei Farahani et al., 2022). Two sheep were examined using 3D-virtual CT, bronchoscopy and multiple biopsies from the erosion (Maryam Mazraehei Farahani et al., 2022). After stenting both sheep, a bronchoscopy was performed to confirm the position and condition of the stents (Figure 9).
[image: Figure 9]FIGURE 9 | Bronchoscopy of Stent in sheep trachea after stenting.
4 CONCLUSION
Nowadays, airway stents are widely used to treat respiratory tract diseases. Despite the complications like stent migration and mucus formation, silicone stents are a safe and cost-effective choice for treating many airway diseases. Due to the extensive use of silicone stents in treating tracheal diseases and the advantages of this type of stents, the fabrication of silicone stent whit Nano-silica was the subject of this study. To evaluate the improvement of mechanical properties comparatively, amounts of 1wt%, 3wt%, and 5wt%. Hydrophobic and hydrophilic Nano-silica were added to pure silicone.
This research shows that increasing the volume fraction of silica nanoparticles increases the elastic modulus and hardness. The increase in properties in the hydrophobic type is more than in the hydrophilic type due to better distribution and dispersion of Nano filler in the silicone matrix. For low volume fraction (less than 3wt%), Hydrophilic Nano-silica particles move to the surface and consequently increase the roughness and hydrophobicity of samples. Increasing the volume fraction to 5wt% decreases hydrophobicity due to the surface agglomeration of nanoparticles. For low-volume fractions (less than 3wt%), hydrophobic Nano-silica particles disperse in the matrix and do not affect the hydrophobicity properties. Due to the surface agglomeration of nanoparticles, Increasing the volume fraction to 5wt% increases hydrophobicity. Various characterization techniques such as hardness, tensile strength, hydrophobicity, and SEM were exploited to characterize the based materials for the Stent.
Gold markers are placed in one row of studs to improve radiopacity. A pilot animal test was performed on two sheep for 2 months To study in vivo performance quality of the fabricated stents (Maryam Mazraehei Farahani et al., 2022).
Finally, the newly developed stents have better hydrophobic properties than pure silicone ones. Hydrophobic properties improve the quality of the Stent due to the decrease of bacteria and mucus deposition.
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