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Abstract

:

Medical sutures are important surgical aids for promoting wound closure and establishing the ideal environment for wound healing. Several key factors must be considered in medical sutures, including the material of choice for the wound closure, the type of injury (internal or external), the mechanical support required to sustain the closure, the causes of infection, and the suture’s thickness and absorbability. Therefore, this study focuses on producing absorbable surgical sutures from a bio-compatible polymer material called polylactic acid (PLA) along with a PLA–chitosan composite suture initially using the extrusion method followed by the stretching method. The experimental results showed that the PLA suture can be successfully produced and coated with chitosan. The resulting suture elongated up to 148% with an achieved crystallinity of 27%, along with a superior surgical tying and knotting quality. The average thickness of the PLA sutures and PLA sutures coated with chitosan were found to be 0.33 mm and 0.58 mm, respectively. The efficient biocompatibility and wound healing/closure of the sutures were practically deep-rooted using a human skin simulator and rat animal tissue. Based on the degradation study, the manufactured suture in this study proved its degradability in physiological saline water. After a period of 15 days, the sutures lost 50% of their weight and the pH decreased from 6.49 to 4.42.
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1. Introduction


Medical sutures are important surgical aids for promoting wound closure and establishing the ideal environment for wound healing [1]. The suture material offers the features that are required to sustain the closure, making it the material of choice for wound closure [2]. A severe wound may require the surgeon to stitch the two edges of the skin together layer by layer, requiring the placement and maintenance of sutures under the skin [3]. The most common complication is wound infection, which can occur if the wound is not properly cleaned and debrided prior to closure, or if the sutures are not removed promptly [4]. Blood collection under the skin could also cause complications called hematomas [5]. In addition, wound dehiscence occurs when the edge of the wound separates. An overtightened wound or loose sutures can cause this problem [6].



The choice of the suture material can affect the risk of some complications. For instance, absorbable sutures are less likely to cause infection than non-absorbable sutures [7]. However, absorbable sutures also tend to be weaker, so they may not be suitable for all types of wound. The most appropriate choice of suture material depends on the specific wound and the patient’s individual circumstances. The surgeon will take into account factors such as the size and location of the wound, the patient’s risk of infection, and in limited cases, the patient’s preference [8]. For that cause, the type of material utilized to create the sutures has a significant impact on how well the restoration process works [9].



Sutures can be broadly categorized into two types: absorbable and non-absorbable [10]. With the advancements in suture technology, we now have the capability to develop “smart” sutures that offer features such as absorbability, antimicrobial properties, and scar-minimizing capabilities. The choice of medical suture is contingent upon the specific needs of the different wound types [11]. The nature of the tissue requiring healing also plays a pivotal role in determining the appropriate suture material. Understanding these fundamental classifications of suture materials is crucial, given the diverse surgical techniques and varying tissues they are designed to treat [1].



Absorbable sutures are stitches made from materials that the body can naturally absorb over time. Absorbable sutures degrade in the body through the hydrolysis process. Hydrolysis is the breakdown of a compound by water [12]. Absorbable sutures readily degrade into small molecules that can be efficiently eliminated by the body due to the presence of water. Sutures made from common absorbable materials include catgut, polyglycolic acid, polydioxanone, and regenerated cellulose [13,14]. Absorbable sutures provide several advantages, including the avoidance of suture removal, reduction in infection risk due to the absence of foreign material, and suitability for use in anatomical regions where suture removal is difficult or impossible [15,16].



Among all of the aforementioned biopolymers, one of the most well-known biodegradable polymers is polylactic acid (PLA). PLA has been intensively researched for applications in tissue engineering and drug delivery systems [17]. It has also been utilized extensively in human medicine [18]. PLA sutures are biodegradable, biocompatible, safe, strong, and versatile [19]. PLA sutures are still relatively new, but they can revolutionize surgery. A wide variety of surgeries can be performed using PLA sutures, including cosmetic surgery, internal surgery, wound closure, and organ transplants [20,21].



Most commonly, the United States Pharmacopeia (USP) notation is employed to specify suture sizes [22]. Despite this, surgical sutures are available in a wide range of sizes, each tailored to a specific anatomical location within the body, depending on the need. In general, smaller-sized sutures are preferred over larger ones for a variety of reasons, including their ease of use, practicality, and their ability to approximate the tensile strength of the surrounding tissue [23]. A brief overview of the various sizes of surgical instruments can be found in Table 1.



This project aims to design and manufacture a novel absorbable biopolymeric-based medical suture by considering the problem statements and the research described earlier. The PLA-based suture is expected to be biocompatible, biodegradable, beneficial, and antibacterial due to its chitosan coating. As per the USP standard, 2-0 and 3-0 sutures were chosen for manufacturing the surgical sutures for internal organs [24].




2. Experiment


2.1. Materials


PLA polymer 213T biomaterial was bought from Shanghai Hengsi New Material Science & Technology Limited Company, Shanghai, China. PLA polymer 213T biomaterial is a type of modified PLA resin, which has good biodegradability. Its physical and mechanical properties are in Table 2. Chitosan powder (CS) from Weifeng Kehai Ltd., Shandong, China was used, with a molecular weight of 471 kDa and a degree of deacetylation of 84 ± 2%.




2.2. Methodology for Manufacturing Absorbable Medical Sutures


The manufacturing process of turning PLA pellets into plastic threads was carried out by pre-melting the pellets on a heating stove at 200 °C for approximately 20 min. The melted polymer was then introduced into the extruder’s hopper, which operated at 180–190 °C, and extruded through a die to create the threads. The threads were stretched, cooled, and wound on spools for storage. Figure 1 provides a schematic representation of the suture manufacturing methodology.



The rapid cooling of the melted polymer threads rendered them too rigid to be repeatedly bent and sutured. To address this issue, the threads were preheated, stretched, and elongated for approximately 10–15 s atop a heating stove at around 100 °C. This procedure resulted in a thread that was not only stronger and more durable but also exhibited enhanced flexibility. As a result of these improved attributes, the thread became suitable for use as a suture.



A chitosan biopolymer coating was applied to the chosen PLA suture samples in order to manufacture antibacterial absorbable sutures with the objective of producing an antibacterial suture product. The use of chitosan as a coating material has the potential to bring about several potential advantages. These include improved suture maneuverability, decreased tissue response, decreased inflammation, and the establishment of an infection-resistant barrier when applied as a coating [25]. It is also worth mentioning that chitosan has been documented to possess intrinsic antimicrobial properties, potentially bolstering the safety and effectiveness of these sutures due to their inherent antimicrobial properties [26]. The manufactured PLA suture was immersed in a solution bath containing chitosan as shown in Figure 2 below. Further details on the preparation of the chitosan coating solution is shown in Figures S1 and S2 in the Supplementary Materials.



The chitosan solution was prepared by dissolving 6 g (3%) of the chitosan powder in 3 mL of an acidic solution called acetic acid, mixing with 200 mL of distilled water, and then adding green food coloring to make it more visible. All of these components were mixed using a stirrer for almost two hours. It was then necessary to immerse the sutures in the chitosan solution overnight so that the entire sutures were coated with chitosan, and then remove them from the solution after 24 h to dry them out.





3. Characterization and Tests


3.1. Elongation and Thickness Measurement


The purpose of this test was to evaluate the ease of use and the performance of the sutures when they are being used to tie knots. During the process of processing the PLA-based medical sutures that have been processed in the lab, the thickness and the length of the sutures were measured both before and after stretching using an electronic caliper gauge micrometer and a ruler, respectively. For both the elongation and thickness measurements, four to five samples for each type of suture were used, and the average values were calculated and reported for each type of suture. For further experimental details, refer to Figures S3–S5 in the Supplementary Materials.




3.2. DSC Testing


Differential scanning calorimetry (DSC) is a thermal analysis technique designed to quantify the heat flow associated with a material’s thermal transitions [27]. This analytical method furnishes critical insights into various thermal parameters, including the glass transition temperature (Tg), crystallization temperature (Tc), melting temperature (Tm), and the degree of crystallinity within the material. In this research endeavor, we have employed DSC analysis to delve into the thermal characteristics exhibited by our polylactic acid absorbable sutures. The DSC analysis encompasses three distinct phases, namely S1 (PLA suture in its pristine state prior to stretching), S2 (PLA suture post-stretching), and S3 (following stretching and the application of a chitosan coating).




3.3. Human Skin Suture Practice Simulator Testing


This test was conducted to assess the ease of use and performance of our sutures when used to suture human skin. A human skin suture practice simulator is a device that serves to replicate the suturing of human skin. It is typically made of silicone or another material that is similar to human skin. Comparison of fabricated suture in this study with commercial sutures using Suturing Kit is shown in Figure S6 in the Supplementary Materials.



A human skin suture practice simulator was used to evaluate the following parameters: (1) ease of use: examining how easily the needle could be inserted and the suture threaded through the simulator; (2) performance: assessing the quality of the sutures, including knotting, tightness, and overall appearance. Besides the absorbable suture type that was used in this study, another type was also tested for comparison.




3.4. Mouse Implantation Testing


Sutures were tested to ensure that they were biocompatible and degradable in the presence of a living organism in this test. In laboratory mice, the sutures were implanted subcutaneously under the skin, and knots were tied to ensure that the wounds were properly closed after the sutures were implanted as shown in Figure S7 in the Supplementary Materials. Prior to the experiment commencement, an ethical approval was obtained from our institution (ethical approval no. KFU-REC-2023-FEB-ETHICS612).




3.5. Degradation Study


This test was conducted to determine the degradation rate of our sutures in a simulated body environment. The degradation study conducted in this study adheres to the procedure studied by Oksiuta et al. (2020) [28]. Saline solution was made in the laboratory by mixing table salt with distilled water. The ratio of physiological saline is 1000 mL of distilled water and 9 g of table salt. Based on this, the saline solution was prepared by mixing 1500 mL of distilled water and 13.5 g of table salt at room temperature, using the lab shaker and mixer. The mixing speed and time are 1000 RPM and 30 min, respectively.



PLA degrades relatively slowly at room temperature, compared to most other materials. To investigate the degradation behavior of PLA, a method based on elevated temperatures was utilized because of the short amount of time that was available for the degradation testing, in order to investigate the degradation behavior of PLA [29].



The suture specimens were placed into preheated water baths at 70 °C. PLA degrades to form lactic acid; hence, acidic by-products release into the water bath leading to changes in pH. Changes in pH of the surrounding environment ‘water bath’ is another way of checking and ensuring the degradation of PLA. At various time points between 1 and 2 days, the PLA suture samples were taken out of the water bath and dried then weighed at room temperature.



The specimen was monitored by measuring the percentage of mass loss (  W  ) against time. The percentage of mass loss (  W  ) was determined using the following equation:


  W =     m   i   −   m   d       m   i     × 100     %    








where     m   i     is the initial mass of the sample measured at time day zero, and     m   d     is the mass of the degraded and dried sample measured at time t.





4. Results and Discussion


4.1. Elongation and Thickness Analysis


Elongation is a critical parameter for assessing a suture’s capacity to stretch without undergoing structural failure. The elongation of the fabricated sutures were calculated by measuring the length of the suture before and after stretching. The results showed that all three types of sutures had a significant increase in length after stretching, with an average elongation percentage of 143.48%. Table 3 shows the average initial length and final length (stretched suture) along the calculated elongation percentage.



The increase in elongation percentage can be attributed to the stretching process during manufacturing, which allows the polymer chains to re-arrange and increases the intermolecular distance, and hence allows the suture to stretch without breaking [30,31]. The elongation results in this study can be compared with other research studies. In contrast, a study found that PLA sutures had an elongation percentage of up to 150% without any observable damage [32].



Thickness is an important parameter for sutures as it affects the ease of handling and insertion into body tissues. The results showed that all three types of sutures had a significant decrease in thickness after stretching as shown on Figure 3. For instance, an average thickness of 0.33 mm for suture S2 was observed as compared to the original suture S1. The stretched suture, S2, was used for the chitosan coating. The average thickness of the coated suture with chitosan, S3, was increased significantly to 0.58 mm, confirming that the chitosan layer was successful coated on the PLA suture.



It is important to note that as the suture is stretched during manufacturing, the cross-sectional area of the suture reduces, resulting in a smaller cross-sectional area and a thinner suture as a result. The reason for the decrease in the thickness can be attributed to this phenomenon [33].




4.2. DSC Analysis


DSC was used to study the changes in the thermal properties of the material due to processing or coating. The thermal properties and thermal behavior obtained by DSC are shown in Table 4 and Figure 4, respectively. It was observed that the Tg of suture S1 was reduced as compared to the pure PLA pellets from 60.17 to 50.63 °C. This may clearly indicate that the manufacturing process has influenced the PLA’s thermal properties. This perhaps was also caused via the environment surrounding the manufacturing process, i.e., water moisture adsorption. Water adsorption can substantially reduce the Tg and other related thermal properties [34]. Further reduction in the Tg was also noticed when the S2 suture was stretched by about 1.5 °C. This possibly happened due to the influences of the applied heating process during the suture stretching.



For the coated suture, S3, the Tg was shifted up to 60.47 as contrasted to the stretched suture, S2, at 48.91 °C. This can be explained by the successful coating of the layer of chitosan on the PLA suture as some of the literature reported that the Tg of chitosan is around 65 °C [35] and 76 °C [36], which is higher than the PLA biopolymer. Comparing the results of our sutures with other research studies, it has been reported that the Tg and Tm values of PLA sutures vary depending on the manufacturing process and the addition of other materials. For example, the Tg and Tm values of PLA sutures increased with the addition of graphene oxide nanocomposites [37].



Based on the results obtained in this study, the suture exhibited crystallization at lower temperatures compared to the PLA pellets. What is a more interesting observation from DSC results is that the crystallinity of the S1 suture is much lower than the PLA pellets, which reduced from 41.38 to 4.54%. However, when the heat was applied to the suture with the purpose of making the suture stronger and thinner, the resulting S2 suture re-crystallized successfully and its crystallinity increased significantly from 4.54 to 27.27% [38]. The low crystallinity percentage of the S1 suture indicates that the material is amorphous and has a random molecular structure, whereas the higher crystallinity percentage of the S2 suture implies and ensures the semi-crystallinity structure and hence is more rigid and visible.




4.3. Suture Implantation in a Human Skin Simulator


It is important to consider the biocompatibility of a suture material in order to determine whether it will be effective for the closure of wounds. The biocompatibility and wound healing properties of PLA sutures were assessed using a human skin simulator and a lab rat as models. To assess the wound healing and closure attributes of the newly created sutures, a human skin simulator was employed. A comparative analysis was conducted, juxtaposing the PLA sutures generated in this study (referred to as the white sutures) with other commercially available sutures in the medical market.



During the course of this experiment, it was observed that the fabricated sutures elicited no adverse reactions when applied to the human skin simulator. Furthermore, the tensile strength and knot-pull characteristics of the PLA sutures exhibited favorable outcomes, as they demonstrated both resilience against breakage and ease of handling. These findings align with a previous research study where PLA sutures were also found to possess effective wound closure properties and were shown not to induce any adverse reactions when tested on a human skin simulator [39,40].




4.4. Suture Implantation in a Lab Rat


The wound healing properties and knot-pull properties were examined using a rat. The results showed that the PLA sutures had effective suturing properties without any complications. The manufactured sutures also have good wound closure and healing properties and are biocompatible with both human skin and animal tissue. Agreeing with the finding in this study, it was reported that PLA sutures had operative wound healing properties and did not cause any adverse reactions in a rat [41].




4.5. Suture Degradation


A degradation test of the absorbable sutures is regarded as one of the most critical aspects of the performance evaluation, as it permits the determination of both the rate and extent of degradation exhibited by the suture material. Figure 5 demonstrates that the degradation was efficiently achieved by the daily weight loss. It was observed that the suture became more brittle and lost its mechanical properties by day 4; this stage was called mechanical degradation. The next day, day 5, the sutures started to break down and spread apart, indicating that the weight degradation stage had initiated a higher rate. After that, the sutures continued losing their weight until they lost 50% of their weight by day 15. It was reported that the mechanism of biopolymer degradation occurs in three steps including molecular weight loss followed by mechanical loss and final weight loss [42].



Based on Figure 5, it can be seen that the mechanical properties of the materials attempted to resist degradation in the first 4–5 days, but could not resist degradation any further, exhibiting almost a linear behavior pattern. Upon the completion of day 5, the behavior was practically linear in terms of weight loss with an R2 of 0.9778.



The experimental results in this study showed that the pH of the solution decreased from 6.49 to 4.42 after 15 days, indicating an increase in the acidity in the water bath due to the degradation of the sutures. This is consistent with the breakdown of the polylactic acid polymer into lactic acid, which can lower the pH of the solution. The decrease in pH also suggests that the degradation of the sutures was accelerating over time. Figure 6 presents pH values at various degradation times.



It is noteworthy that, after 43 days of degradation, the pH of the solution had decreased further to 2.8, signifying an advanced stage in the degradation process. Additionally, the weight loss measurements revealed that, apart from the weight loss itself, the sutures were consistently and predictably decreasing in weight over time. This observation suggests that the sutures are undergoing degradation in a uniform and foreseeable manner.



As compared to the results observed in this study, another study examined the accelerated degradation tests of polylactic acid scaffolds for tissue engineering applications [43]. Their experiment involved subjecting specimens to soaking in saline solution at different temperatures of 37, 50, and 70 °C. They found that the specimens subjected to 70 °C lost their structural integrity by day 4, rendering the mechanical testing results unobtainable. Similarly, by day 7, the specimens subjected to 50 °C showed similar behavior.



In contrast, the experiment conducted in our study only used a temperature of 70 °C, and mechanical losses were already observed by day 4. These observations suggest that temperature has a significant impact on the degradation of polylactic acid, with higher temperatures resulting in a greater weight loss and faster degradation rate. It is very important to note that when PLA degrades, it breaks down into lactic acid. Lactic acid is a weak acid that is naturally produced by the body. However, in high concentrations, lactic acid can induce skin irritation and burns [44].



The results of the degradation experiment indicate that our surgical sutures have the potential to undergo biodegradation in physiological saline solutions under controlled conditions, as shown by the results of the degradation experiment. We find that our sutures have potential for use in surgical procedures where they can provide temporary wound support once they are absorbed by the body in a gradual manner. These findings highlight the potential of our sutures for use in surgical procedures.





5. Conclusions


The objective of this study was to develop a biocompatible, biodegradable, and cost-effective medical suture based on polymers, intended for high-volume production using the plastics extrusion method. This suture is intended for use in patients undergoing surgeries or experiencing injuries, facilitating the secure fastening of body tissues and the approximation of wound edges. A biodegradable and biocompatible suture material was successfully developed using PLA through the extrusion and stretching method. The PLA sutures showed proficient mechanical features, including a high elongation, adequate controlled thickness, surgical tying and knotting quality. A human skin simulator and rat animal tissue were used and proved the effective biocompatible wound healing/closure of the suture manufactured in this study.



The thermal properties obtained via DSC proved it to be a successful stretching technique used in this study, where the crystallinity of the suture reached 27.27% as compared to 4.54% for the untreated suture. The mechanisms and behaviors underlying the degradation of physiological saline water have been explored and established. The degradation study verified that the sutures produced in this study are capable of withstanding up to 15 days, losing 50% of their weight.



There exists an immediate demand for the development of a suture material that is both biodegradable and biocompatible. The results of this project have offered a practical solution to address this pressing issue. Such a material holds promise for a wide range of medical applications and has the potential to substantially enhance patient outcomes when utilized across various medical contexts.
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Figure 1. Manufacturing steps of PLA sutures. 
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Figure 2. Coating the PLA suture using chitosan. 
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Figure 3. Average measured suture thickness with their error bars. S1 (PLA suture before stretching), S2 (PLA suture after stretching), and S3 (after stretching and adding chitosan coating). 
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Figure 4. DSC thermal behavior of sutures. 
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Figure 5. Suture degradation behavior at temperature of 70 °C. The dash line represents the straight line fit for the data. 
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Figure 6. pH values at various degradation times. 
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