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Abstract

:

Surgical operations on the peritoneum are often associated with the formation of adhesions, which can interfere with the normal functioning of the internal organs. The effectiveness of existing barrier materials is relatively low. In this work, the effectiveness of soluble alginate–polyvinylpyrrolidone (PVP-Alg) and non-soluble Ca ion cross-linked (PVP-Alg-Ca) films in preventing these adhesions was evaluated. Experiments in vivo were performed on mice via mechanical injury to the adjacent peritoneum wall and the caecum, followed by the application of PVP-Alg or PVP-Alg-Ca films to the injured area. After 7 days, samples from the peritoneal wall and caecum were analyzed using histology and quantitative polymerase chain reaction (qPCR). It was shown that the expression of genes responsible for adhesion formation in the caecum in the PVP-Alg group was comparable to that in the control group, while in the PVP-Alg-Ca group, it increased by 5–10 times. These results were consistent with the histology: in the PVP-Alg group, the adhesions did not form, while in the PVP-Alg-Ca group, the adhesions corresponded to five points on the adhesion scale. Therefore, the formation of intraperitoneal adhesions can be effectively prevented by non-crosslinked, biodegradable PVP-Alg films, whereas cross-linked, not biodegradable PVP-Alg-Ca films cause inflammation and adhesion formation.
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1. Introduction


Intraperitoneal adhesions (IPAs) form in 20–80% of cases of surgical operations [1]. IPAs are more common in men after peritoneal surgery (2:1, men to women) and in women after appendectomy (3:1, women to men). The main causative factor of the formation of IPAs is the interaction between the abdominal mucosa and the membranes of organs. The risk factors include blood clots in the peritoneum, peritonitis, the size of the damaged area upon interventions, and co-morbidity diseases. The adhesive process is also influenced by such factors as decreases in intestinal tone during the postoperative period or a significant increase in intraperitoneal pressure. Re-operations increase the risk of adhesive disease by 20% after the first intervention and up to 50% after the fifth surgery. The prevention and treatment of adhesions after peritoneal surgery, as well as after gynecological and cardiac surgery, are particularly challenging tasks [2].



At present, the main method of preventing adhesions is the application of chemical (pharmacological) or physical (mechanical) barriers [2]. Physical barriers are preferable, as they do not induce bleeding or immunosuppression [3].



Existing physical barrier materials are based on natural and synthetic polymers used in the form of gels or films [3,4]. There are a number of requirements for barrier materials, such as biocompatibility, the absence of toxic by-products, and the ability to biodegrade or to be bioabsorbed [5,6,7]. In addition, the material should not damage the surrounding soft tissues but at the same time should be viscous enough and last for ease of handling during the operation; it should also not require additional means of fixation [2]. Ideally, such materials should not only prevent the formation of adhesions, but also have some healing factors, such as the stimulation of tissue regeneration, anti-inflammatory action, and antibacterial effects [2,5,8].



Natural polymers have excellent biocompatibility and are widely available [3,9]. The most common natural polymers are polysaccharides–chitosan, alginate (Alg), cellulose, hyaluronic acid (HA), pectin, and starch [3]. Some polysaccharides can be rapidly decomposed by endogenous enzymes in vivo [3,10]. In particular, HA can be decomposed by hyaluronidase [11]. The rate of biodegradation can be controlled by gamma irradiation (for HA and its derivatives) or ionic cross-linking (for Alg) [2,12,13].



Synthetic polymers are preferred because their manufacturing allows for the reproducibility of the properties. Synthetic polymers such as polyethylene glycol (PEG), lactic acid derivatives (polylactide, PLA) [14], polycaprolactone (PCL) [15], polyvinyl alcohol (PVA) [16], and polyvinylpyrrolidone (PVP) are already used in clinics [3,4]. These polymers are biocompatible, bioinert (PEG, PVA, PVP), and non-immunogenic [17]. PEG, PVA, and PVP cannot be degraded with specific enzymes, which means they do not emit toxic by-products [18].



PVP and Alg look promising for the development of anti-adhesion materials. The choice of PVP and Alg was determined by their hydrophilic nature and low cell adhesion [19]. Alg has a negative charge, which plays a role in its anti-adhesion effect [20,21]. In addition, Alg is widely used in pharmaceuticals and food production [13]. PVP, a non-toxic, non-immunogenic hemocompatible polymer [22], has been used as a blood plasma substitute [23]. Currently, PVP is widely used to create various forms of drugs and implants for controlled drug delivery [24]. When administered orally, low-molecular-weight PVP is easily excreted by the kidneys without side effects [23].



Previously, we studied the physical–chemical properties of PVP-alginate film materials: mechanical strength, swelling, and biocompatibility in vitro [25,26]. In the present work, attention is focused on the investigation of the in vivo behavior of soluble PVP-Alg and insoluble Ca-ion-crosslinked PVP-Alg-Ca films. The microstructure of the PVP-Alg and PVP-Alg-Ca films and the morphology of mouse fibroblasts on the surface of the insoluble-film PVP-Alg-Ca were studied, and the solubility of the PVP-Alg-Ca film in water was measured. An in vivo study of the anti-adhesion activity of the above-mentioned films was conducted via intraperitoneal surgery in mice followed by histological and quantitative polymerase chain reaction (qPCR) tests. Based on the obtained data from the visual evaluation of adhesions according to a five-point scale of adhesion formation, as well as on the histology and analysis of gene expression, conclusions were drawn regarding the anti-adhesion activity of the proposed films and the possibility of their use in abdominal surgery.




2. Materials and Methods


2.1. PVP-Alg Film and PVP-Alg-Ca Film Preparation


PVP (360 kDa; Sigma-Aldrich, Saint-Quentin Fallavier, France) and alginate (Alg) (Ingrid, food, Voronezh, Russia) were dissolved in deionized water at a ratio of 1:1 to obtain a 2.5% solution and mixed at 700 rpm until homogeneity was achieved. The resulting gel was placed in polypropylene pads and dried in the air until dry films of PVP-Alg were obtained. To prepare PVP-Alg-Ca films, the dried PVP-Alg films were immersed for 5 min in 50 mL of 0.5 M CaCl2 solution for partial crosslinking with calcium ions [27] and dried at 40 °C. As a result of drying, hard brittle PVP-Alg-Ca films were formed. The preparation scheme is shown in Figure 1.




2.2. Scanning Electron Microscopy (SEM) Investigation


A scanning electron microscope, Tescan VEGA3 (Tescan, Brno, Czech Republic), was used to study the microstructure of the PVP-Alg and PVP-Alg-Ca films before and after soaking, as well as the morphology of attached cells on the surface. The secondary electron mode at an accelerated voltage of 20 kV was used. The Q150R Plus rotary pump spraying system was used to pre-spray gold onto the surface of the dried samples (Quorum Technologies Ltd., Lewes, Great Britain).




2.3. Investigation of PVP-Alg-Ca Film Solubility


To evaluate the solubility of the PVP-Alg-Ca films, 0.5 g of the samples was soaked in 50 mL of deionized water at 37 °C for 1, 10, 28, and 42 days. To calculate the mass loss, the samples were dried at 40 °C and then weighed in a desiccator.




2.4. Investigation of Fibroblast L929 Attachment


For a qualitative assessment of cell attachment to the insoluble PVP-Alg-Ca material, SEM images of mouse fibroblast L929 (PanEco, Moscow, Russia) on the surface of the samples were also obtained. To achieve this, fragments of PVP-Alg-Ca films of 1 cm in diameter were placed in a 24-well plate, and a suspension of fibroblasts in a growth medium with a seeding density of 3000 cells/cm2 was introduced; afterward, the 24-well plate was placed in a CO2 incubator for 24 h. The fibroblasts were fixed with a 2.5% solution of glutaraldehyde for 30 min at room temperature. The samples were successively washed with ethanol solutions (50%, 75%, 80%, 90%, and 100%) for 5 min at each concentration. Finally, the samples were airdried.




2.5. Anti-Adhesive Activity of PVP-Alg and PVP-Alg-Ca Films in Murine Model


CD1 male mice (40 ± 5 g) were taken from the laboratory of the “Pushchino” animal nursery in the Moscow region. All animals had unhindered access to food and water and were kept in conventional conditions. CD1 mice were anesthetized with xylazine hydrochloride (Alfasan International B.V., Woerden, The Netherlands) (20 mg/mL) at a dose of 5 mg/kg and telazol (Zoetis, Parsippany-Troy Hills, NJ, USA) (100 mg/mL) at 70 mg/kg. The animals were divided into 5 groups: sham-operated mice; control mice operated on without barrier films; and mice operated on using PVP-Alg dry films, using moisturized and swelled PVP-Alg films (hereinafter «gels») and PVP-Alg-Ca films. Earlier we showed that the adhesion scores of CD1 mice increased from the 2nd to 4th day to the 7th day post-operation [28]. Therefore, to evaluate the formation of adhesions, mice were withdrawn from the experiment after 7 days.



The aseptic technique was used throughout the experimental period. The fur on the belly was removed with a depilator. The skin surface was sterilized with an iodine solution. An incision about 1 cm long was made with eye scissors along the midline of the anterior wall of the peritoneal cavity. The caecum was extracted with tweezers and wrapped with a sterile gauze cloth and a 0.5 × 0.5 cm surface area was fixed and rubbed using a sterile abrasive material until spot bleeding was achieved. A section of the muscle layer of 0.5 × 0.5 cm on the lateral wall of the peritoneal cavity adjacent to the caecum was also rubbed until spot bleeding was achieved. In the experimental groups, the following films were applied to the injured surface: PVP-Alg gel, PVP-Alg dry film, and PVP-Alg-Ca film, all in the form of circles of 1 cm in diameter. The injured caecum was placed back in the peritoneal cavity near the injured peritoneal wall. All mice recovered from anesthesia and were active a day after the surgical operation. The animals were euthanized after the operation. The peritoneal cavity was opened with a U-shaped incision, and the severity of adhesions was evaluated on a five-point scale of adhesion formation (Table 1) [29].




2.6. Analysis of Gene Expression


Tissue samples (injured peritoneal wall and caecum, ≈100 mg) taken at autopsy were homogenized in 1 mL of ExtractRNA solution (EuroGen, Moscow, Russia). RNA was extracted as recommended by the manufacturer. The resulting RNA was dissolved in the required volume of RNase-free water. Genomic DNA was removed using a kit (Thermo Scientific, Waltham, MA, USA). cDNA was obtained from the isolated RNA using a commercial Reverse Transcriptase M-MuLV–RH kit (Biolabmix, Novosibirsk, Russia). The resulting cDNA was stored at −20 °C until a quantitative real-time polymerase chain reaction (qPCR) was performed using a BioMaster HS-qPCR SYBR Blue (2×) kit (Biolabmix, Novosibirsk, Russia). The reaction was carried out in a volume of 20 µL using specific primers. The list of primers is given in Table 2.



Cycle threshold (Ct) values for the target genes were normalized to the Ct value for the housekeeping gene β-actin. The relative expression of the target genes was calculated by comparing the Ct value for the tissue from experimental mice to intact tissue. Data are presented as fold changes in mRNA levels in the tissue of experimental mice compared with the intact ones or to the surgery mice. To carry out the reaction, an amplifier using real-time detection with CFX Connect (Bio-Rad, Hercules, CA, USA) was used. The results of the qPCR were processed using the CFX Manager program (Bio-Rad, Hercules, CA, USA). The expression of each gene was analyzed in three replicates.




2.7. Histology


Tissue samples of the peritoneal wall and caecum were treated with paraformaldehyde (4%) and filled with paraffin. The samples were cut into slices with a thickness of 4 µm using a Leica RM 2145 RTS cryomicrotome (Leica Biosystems, Nussloch, Germany). After the removal of paraffin from the tissue sections, they were stained with hematoxylin-eosin (H&E) or a commercial Trichome Mason stain (Biovitrum, Novosibirsk, Russia) according to the manufacturer’s protocol. Then, the sections were dehydrated, lightened, and enclosed under a cover glass using a histological medium: Consul-Mount (Thermo-Scientific, Waltham, MA, USA). The stained samples were examined using a Zeiss Primo Starlight microscope (Carl Zeiss, Oberkochen, Germany).




2.8. Statistical Analysis


Graphs were created using MS Excel. The data are represented as mean ± standard error of the mean for at least three independent experiments or as one representative experiment from three. Statistical analysis was performed using Student’s t-test. Significance levels of p < 0.05 were considered statistically reliable.





3. Results


3.1. Microstructure, Cells Attachment, and Solubility of PVP-Alg and PVP-Alg-Ca Films


Microphotographs of the films are shown in Figure 2. The PVP-Alg dry films are transparent, colorless, and glossy, with large pores with thin walls (Figure 2a, upper and b). The PVP-Alg-Ca films are opaque white and matte (Figure 2a, lower). The PVP-Alg-Ca films have different upper and lower surfaces. The upper side of the PVP-Alg-Ca film is rough and porous with some smooth areas (Figure 2b). The side of the PVP-Alg-Ca film adjacent to the pad is smooth with no pores (Figure 2c). This may be due to the redistribution of PVP from the immersion of the film in the CaCl2 solution. The morphology of L929 fibroblasts on the partially smooth surface of the PVP-Alg-Ca is shown in Figure 2d. However, the cells do not form a monolayer on the surface of the film, which indicates their low adhesion to the material. This behavior of cells on the surfaces of crosslinked alginate films was observed in ref. [30]. Previously, the absence of platelet adhesion to the PVP surface and a decrease in fibrinogen adsorption were shown in [31]. A similar effect was also observed with respect to bacteria on the surface of the PVP-Alg gels [32].



To evaluate the possibility of PVP-Alg-Ca biodegradation, we carried out a study on the solubility of PVP-Alg-Ca in deionized water. As can be observed from Figure 3a, the samples quickly lose weight by up to ≈50% during the first 24 h and then reach a plateau during the next 42 days (Figure 3a). This is a result of a crosslinked insoluble alginate “grid” formation, with soluble PVP released from the film during the first few hours, as shown in ref. [32]. After 24 h, the sample becomes more porous, and the polymer acquires a dendritic structure (Figure 3b). The micrographs after 10 days of immersion show that the PVP-Alg-Ca film is still solid (Figure 3c).




3.2. Prevention of Adhesion Formation by PVP-Alg and PVP-Alg-Ca Films


It is known that Alg is degraded by alginate lyase, which is only found in algae, marine invertebrates, and microorganisms, from which Alg is extracted [33,34]. Mammals do not have a specific enzyme through which Alg can be degraded. However, any exogenous materials can be eliminated by unspecific mechanisms, such as macrophages. In the case of enzymatically nondegradable biopolymers, in order to be eliminated by macrophages, the biopolymers should easily dissociate into small particles comparable to the size of microorganisms. This property of anti-adhesion materials is very important.



Both PVP-Alg dry films and gels completely prevented the formation of adhesions (Table 3). It should be noted that the PVP-Alg dry films immediately gelled when applied to the tissue and were not detected in the cavity on the 7th day (Figure 4a). Contrary to the PVP-Alg material, the crosslinked PVP-Alg-Ca films did not degrade over 7 days. The crosslinked PVP-Alg-Ca films in the peritoneal cavity were found to be almost unchanged (Figure 4b, arrow).




3.3. Gene Expression Induced by Model Surgery


The tissue samples from the injured sites of the peritoneal wall and caecum were used to extract RNA for the analysis. Since a sham operation can also induce some changes in gene expression, the effect of the tissue abrasion was compared with the sham-operated mice separately in the peritoneal wall and caecum cells. The expression of TGF-β and TIMP-2 was higher than that of the housekeeping gene actin-β (Figure 4c–f). High expression was also found in the fibrinogen system (Figure 5a,b). Among 20 genes tested, the expressions of hyaluronidase, MMP-1, MMP-2, MMP-3, MMP-5, MMP-7, MMP-8, MMP-10, tropoelastin, and collagen I were neglectable and are not shown.



3.3.1. Transforming Growth Factor β


The main gene is most likely TGF-β since its expression was the highest. When evaluated using ΔCt, its expression in some samples was 50–100 times higher than that of actin-β used as a housekeeping gene (Figure 4c,d). The expression of TGF-β in the peritoneal wall was comparable (p > 0.05) between all groups and, consequently, was not specific to the formation of the adhesions.



In contrast to the peritoneal wall cells, the caecum cells responded with a significant increase in TGF-β expression compared with the control group. The crosslinked insoluble PVP-Alg-Ca films increased the TGF-β expression in comparison with the model control and PVP-Alg gel (Figure 4d).



The second highly expressed gene (up to 10–12 ΔCt) was TIMP-2, which was identified mainly in the peritoneal wall cells (Figure 4e,f). The PVP-Alg-Ca film decreased the TIMP-2 expression, which can be related to adhesion formation. At the same time, both the PVP-Alg gel and film also decreased its expression (not statistically significant), so the role of TIMP-2 is still questionable. Both materials, PVP-Alg and PP-Alg-Ca, may decrease its expression, with the difference that the insoluble PVP-Alg-Ca film cannot prevent adhesion formation for other reasons.




3.3.2. Fibrinogens α, β, and γ


The main role of fibrinogen is to induce clot formation after the conversion of thrombin to fibrin. Fibrinogen is synthesized mostly in the liver and released in the blood. Differentiated intestinal epithelial cells also constitutively express fibrinogen [35]. The role of different types of fibrinogens in adhesive disease is not well known. In most cases of wound healing, fibrin is removed, but incomplete removal can lead to the development of various disorders, including the formation of adhesions. An analysis of fibrinogen gene expression demonstrated that all three isoforms increased mostly in the intestinal epithelium but not in the peritoneal wall cells in the control mice compared with the sham-operated ones (Figure 5a,b). There was no difference in fibrinogen α expression between the groups. The aggravation of inflammation in the case of the PVP-Alg-Ca film samples was associated with an increase in fibrinogen β (black brackets), while the expression of fibrinogen γ decreased (blue brackets) in mice with both types of the barrier material (PVP-Alg and PVP-Alg-Ca).



TIMP-1 is another type of tissue metalloprotease inhibitor. Its increased expression was found in both the peritoneal wall and caecum cells compared with the sham samples; however, there were no significant differences between the control and barrier group mice (Figure 5c,d). It was concluded that the involvement of TIMP-1 in adhesion formation is unlikely.




3.3.3. Fibrinolytic Systems tPA and PAI-1


The balance between tissue plasminogen activator tPA and its inhibitor PAI-1 is important for blood clotting and fibrin degradation. Both the peritoneal wall and caecum cells increased tPA and PAI-1 gene expression in the control mice in comparison with the sham-operated mice (Figure 6a,b). The ratios of tPA/PAI-1 in the caecum tissue did not change in different groups; however, the expression of the PAI-1 was lower in the caeca of mice in the presence of the PVP-Alg gel (Figure 6b, brackets). The response in the peritoneal tissue was more informative: the tPA/PAI-1 ratio for the PVP-Alg gel was 3.6 compared with 0.2 in the PVP-Alg-Ca group and 1.9 in the control group.




3.3.4. Matrix Metalloproteinases


PAI-1 also inhibits the activity of matrix metalloproteinases (MMP). Among the many MMPs tested, the only reliable expression was found in the MMP-9 and MMP-12 genes [34,35]. A decrease in MMP-9 expression has been found in patients with intrauterine adhesions [36]. In this work, the results obtained from the peritoneal wall supported the decrease in MMP-9 expression; however, there were no significant differences between the PVP-Alg, PVP-Alg-Ca, and control groups (Figure 6c). At the same time, an increase in MMP-9 expression was found in the epithelial caecum cells in comparison with the sham group, without the differences between the experimental groups.



MMP-12 is a unique protease also known as macrophage elastase, which is produced by macrophages. It is involved in some types of fibrosis [37]. The removal of polymers from the peritoneal cavity is realized by macrophages. MMP-12 could be produced by both resident tissue macrophages and peritoneal macrophages attached to the injured tissue. A higher MMP-12 expression was found both in the peritoneal wall and in the PVP-Alg and PVP-Alg-Ca groups compared with the sham-operated and control mice (Figure 6c), while a higher expression was identified in the caecum only in the PVP-Alg-Ca group (Figure 6d). The activation of MMP-12 is expected when using exogenous material in the body.




3.3.5. Histology of the Adhesions


In the control groups with abrasions, the caecal fusion tunica muscularis (blue arrows) and peritoneal muscularis externa (red arrows) were observed (Figure 7a–c). The same fusion was also observed in the PVP-Alg-Ca film groups (Figure 7d–f). In contrast to these two groups, the PVL-Alg gel prevented the formation of adhesions and stimulated granular tissue formation (Figure 7g–i, green arrows). The fusion of the muscular layers is an early stage of adhesion formation. Later, they are separated, keeping the connective tissue bonds. The formation of such adhesions was registered after PicroSirius Red staining (Figure 7c,f, gray arrowheads).




3.3.6. Comparison of Gene Expression in Different Groups


The analysis of the gene expression showed the activation of multiple genes induced by the mesothelial and epithelial layer abrasions. To clarify the effects of abrasion versus the sham operation, protection (PVP-Alg) versus control attrition, and aggravation (PVP-Alg-Ca) versus protection (PVP-Alg), relative gene expression folds were calculated using the following formulas: folds = ΔCtcontrol/ΔCtsham (brown columns); ΔCtPVP-Alg/ΔCtcontrol (PVP/control, green columns); and ΔCtPVP-Alg-Ca/ΔCtPVP-Alg (Ca/PVP, gray columns) (see Figure 8). Clearly, the response of the caecal epithelial cells was significantly higher than that of the peritoneal mesothelial cells after the control abrasion. This may be the result of much lower gene expression in caecal samples from intact or sham-operated mice compared with peritoneal mesothelial cells from the same mice.



Three different groups of genes were identified: tPA, PAI-1, and fibrinogen α. TIMP-2 increased 20–60 times after abrasion (Figure 8a–d); fibrinogens β and γ and TGF-β increased 10 times (Figure 8e–g); MMP-9, 12 and TIMP-1 increased only 3–6 times (Figure 8h–j). The application of both types of PVP-Alg-based barriers (gel and film) effectively decreased the expression of multiple genes.



The calculated relative gene expression showed that the change in the expression of only three genes was associated with the protection induced by the PVP-Alg gel and film and, particularly, TIMP-2, fibrinogen γ, and MMP-12 (Figure 8, blue arrows). At the same time, enhanced fibrinogen γ and MMP-9 gene expressions led to an increase in the formation of adhesions in the PVP-Alg-Ca film groups (Figure 8, red arrow).



Among them, MMP-12 simply shows the involvement of macrophages, which is expected. It should be noted that, in the PVP-Alg gel group, it is produced by the macrophages accumulated in the granular tissue, while in the PVP-Alg-Ca film group, the macrophage pool runs out.



Our results demonstrated that fibrinogen γ likely plays a major role in the formation of adhesions. An increase in TIMP-2 and MMP-9 expressions in the PVP-Alg-Ca group can be indicative of the system’s ongoing efforts to eliminate adhesions. The residual adhesions can be observed in both the PVP-Alg and PVP-Alg-Ca groups (Figure 9a,b, green arrows). They are formed on the peritoneal wall and consist of connective tissue infiltrated by fibroblasts and macrophages (Figure 9c,d, blue arrows).



To summarize, the obtained results demonstrated that both the PVP-Alg and PVP-Alg-Ca films suppress multiple gene expression. However, the failure of the homeostatic system to degrade the insoluble PVP-Alg-Ca film prevented the elimination of the fibrous adhesions and the production of fibrinogen γ, MMP-9, and TIMP-2. This means that the ability of the barrier material to be timely removed is an important characteristic of the biopolymer.






4. Discussion


Fibrinolysis is one of the most important protective and adaptive systems of the body, providing hemostasis. The role of fibrinolysis in the formation and reformation of adhesions is to destroy fibrin clots formed during the healing process. The main active element in the process of fibrinolysis is plasmin. Plasminogen is transformed in plasmin with the participation of tissue-type plasminogen activator (tPA) and urokinase-type plasminogen activator (uPA). Plasmin causes fibrin degradation [38]. Both the plasminogen activators equally destroy fibrin clots, but the t-PA is more specific for fibrin, acting predominantly on fibrin-bound plasminogen. Plasminogen activator inhibitors (PAIs) form inactive complexes with t-PA and the u-PA [39]. The PAI-1 is a serine protease inhibitor protein secreted primarily by endothelial cells and peritoneal mesothelial cells. Endothelial cells, monocytes, macrophages, and fibroblasts all produce both types of PAIs [40]. The balance in the fibrinolysis changes during surgical interventions [41]. In this work, when using PVP-Alg-Ca films, there was a significant increase in the expression of PAI-1 in the cecum and abdominal wall cells in comparison with the intact mice. An increase in PAI-1 expression was also observed in the abdominal wall compared with mice operated on without anti-adhesive materials (the control). This was accompanied by extensive adhesions in the abdominal cavity, confirming the role of excess PAI-1 in suppressing fibrinolytic activity. However, the fibrinolytic activity is not always reduced because of a decrease in the expression of the tPA gene and an increase in PAI-1. In a number of studies, an increase in both the expression levels of PAI-1 and tPA was registered during the analysis of peritoneal fibrinolytic responses [41]. The analysis of peritoneal biopsies in humans taken at the beginning and the end of the operation showed an increase in tPA expression, while the PAI-1 expression index did not change [42]. When using the soluble PVP-Alg gels and films, the adhesions did not form, as compared with the control and PVP-Alg-Ca film group. Both types of PVP-Alg materials (gel and film) significantly reduced the increase in both tPA and PAI-1 occurring in the caecal tissue. This means that the PVP-Alg barrier materials effectively blocked the fibrinolytic system’s activation. Other genes, such as fibrinogen γ, MMP-9, and MMP-12, may be involved in the non-protective effects of PVP-Alg-Ca films. The protective effects of both barrier material types were found in TGF-β and fibrinogen α gene expressions.



Transforming factors take part in tissue reparation and adhesion formation [43,44]. However, the PVP-Alg material did not reduce the TGF-β gene expression’s ability to be protective at the same time, whereas the insoluble PVP-Alg-Ca films increased its effect, confirming the role of TGF-β in adhesion formation.



It is known that plasmin activates MMPs [45,46]. The proteolytic activity of MMPs is partially regulated by physiological inhibitors, the tissue inhibitors of MMPs (TIMPs). MMPs and TIMPs are the key regulators of cell migration; inflammation; angiogenesis; and, most importantly, the degradation of the extracellular matrix. Twenty genes (MMPs, collagenase, tropoelastin, collagen I) and four tested TIMPs are responsible for the formation and degradation of the extracellular matrix. However, only MMP-9, MMP-12, TIMP-1, and TIMP-2 were highly expressed in the samples of the caecum from the control mice. The major difference between the PVP-Alg gels and PVP-Alg-Ca films was the activation of fibrinogen γ and MMP-9, with MMP-12 gene expression only. It can be hypothesized that despite the protective effect of PVP-Alg-Ca films on the fibrinolytic system, the presence of insoluble PVP-Alg-Ca film in the peritoneal cavity can stimulate a pathogenic response. This is manifested by fibrinogen γ and MMP-9 production in an attempt to encapsulate the film and via the activation of macrophages that are able to remove it. MMP-12 is a macrophage metalloelastase or a macrophage elastase.



To summarize, PVP-Alg, being soluble, is eliminated by macrophages, as with other similar exogenous materials [47]. This fact is decisive in preventing the formation of adhesions. Crosslinking alginate makes it impossible to disintegrate the PVP-Alg-Ca film in the same way. Fibrinogen γ production and fibrosis occur despite the low adhesion of fibroblasts to the surface of the PVP-Alg-Ca material (Figure 2e). This is likely due to the absence of specific mechanisms of decomposition in structures such as crosslinked Alg. Crosslinking Alg might be subjected to bioresorption with the promotion of bone tissue de novo [48] via osteoclast activity—that is, specific bone tissue cells sensitive to calcium ions [49]. However, this only applies to bone tissue. In other cases, as in this work, crosslinked Alg did not undergo bioresorption [50].



Previously, the authors of [28] studied the anti-adhesion effects of barriers based on carboxymethylcellulose (CMC) and chitosan in a murine model. It was shown that the best result was achieved using materials based on CMC, preventing adhesion formation by 87%, though chitosan did not prevent adhesion formation. Considering that modern commercial anti-adhesion barriers are based on CMC and chitosan, the PVP-Alg material proposed in the present work looks promising, preventing the formation of adhesions by 95–100% (tested on a mouse model).



It should be taken into account that the results reported in the present work were obtained from mice, and further tests should be performed first in larger animals and, subsequently, humans. This is because the anti-adhesion effect of the material also depends on other factors, such as, for example, on its interaction with the biological environment, the size and severity of the injury, the size of the animal and its metabolism, etc. In particular, in an experiment on rabbits, non-crosslinked hyaluronic acid degraded too fast and ran out of the operating cavity, while the presence of iron-crosslinked hyaluronic acid was sufficient for a month until complete healing was achieved without adhesion formation [51,52]. These facts should be considered when planning further steps for the treatment of adhesions using the proposed PVP-Alg films.




5. Conclusions


The anti-adhesion activity of the soluble PVP-Alg and insoluble PVP-Alg-Ca materials was studied in vivo. Intraperitoneal surgery on mice was carried out, followed by histological and qPCR tests. Visual evaluation of adhesions, as well as the histology of the operated organs and an analysis of gene expression, allowed us to draw the following conclusions. The results of the gene expression analysis demonstrated that both types of materials effectively influenced the expression of several important genes responsible for adhesion formation. An increase in TGF-b1 expression in tissues was observed in both PVP-Alg and PVP-Alg-Ca films. However, in the case of the PVP-Alg-Ca film, the increase in the expression of this gene in the tissues of the caecum significantly exceeded its expression when using the PVP-Alg film. In this latter case, there was an increase in the expression of MMP-9 and -12 and TIMP-1 in the tissues of the caecum. MMP-9 and TIMP-1 also increased compared with the control animals. In the tissues of the abdominal wall, an increase in the expression of only MMP-12 was observed when compared with the intact and control animals. At the same time, the PVP-Alg-Ca films had no significant effect on the expression of MMP and TIMP genes. That is, the soluble PVP-Alg film induced the process of fibrinolysis, while the insoluble PVP-Alg-Ca film aggravated the inflammation and adhesion formation. Therefore, non-crosslinked soluble PVP-Alg films can be recommended as effective anti-adhesion barrier materials.







Author Contributions


Conceptualization, A.A.F. and E.V.S.; methodology, A.A.F., M.V.K., O.S.A., O.D.K., T.K.S. and E.V.S.; validation, A.A.F., I.V.F., E.V.S., O.D.K. and T.K.S.; formal analysis A.A.F., J.V.R. and E.V.S.; investigation, A.A.F., M.V.K., O.S.A. and E.V.S.; resources, I.V.F. and E.V.S.; data curation, I.V.F., J.V.R. and E.V.S.; writing—original draft preparation, A.A.F., M.V.K. and E.V.S.; writing—review and editing, A.A.F., M.V.K., J.V.R. and E.V.S.; visualization, A.A.F., M.V.K. and E.V.S.; supervision, J.V.R. and E.V.S.; project administration, I.V.F. and J.V.R.; funding acquisition, I.V.F. All authors have read and agreed to the published version of the manuscript.




Funding


This work was carried out with the support of the Russian Scientific Fund, project No. 22-23-00278.




Institutional Review Board Statement


The animal study protocol was carried out in accordance with good clinical practice and the ethical principles of the current version of the Declaration of Helsinki and was approved by the Ethics Committee of the Institute of Bioorganic Chemistry RAS (protocol No. 327 from 14.06.2021).




Informed Consent Statement


Not applicable.




Data Availability Statement


The experimental data on the results reported in this manuscript are available upon reasonable request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Limperg, T.; Chaves, K.; Jesse, N.; Zhao, Z.; Yunker, A. Ultrasound Visceral Slide Assessment to Evaluate for Intra-Abdominal Adhesions in Patients Undergoing Abdominal Surgery—A Systematic Review and Meta-Analysis. J. Minim. Invasive Gynecol. 2021, 28, 1993–2003.e10. [Google Scholar] [CrossRef] [PubMed]

	



Kheilnezhad, B.; Hadjizadeh, A. Biomaterials Science from a Biomaterial Perspective. Biomater. Sci. 2021, 9, 2850–2873. [Google Scholar] [CrossRef] [PubMed]

	



Park, H.; Baek, S.; Kang, H. Biomaterials to Prevent Post-Operative Adhesion. Materials 2020, 13, 3056. [Google Scholar] [CrossRef] [PubMed]

	



Chandel, A.K.S.; Shimizu, A.; Hasegawa, K.; Ito, T. Advancement of Biomaterial-Based Postoperative Adhesion Barriers. Macromol. Biosci. 2021, 21, e2000395. [Google Scholar] [CrossRef] [PubMed]

	



Brochhausen, C.; Schmitt, V.H.; Hollemann, D.; Tapprich, C.; Krämer, B.; Wallwiener, C.; Hierlemann, H.; Zehbe, R.; Planck, H.; Kirkpatrick, C.J. Current Strategies and Future Perspectives for Intraperitoneal Adhesion Prevention. J. Gastrointestig. Surg. 2012, 16, 1256–1274. [Google Scholar] [CrossRef]

	



Dhall, S.; Coksaygan, T.; Ho, T.; Moorman, M.; Lerch, A.; Kuang, J.; Sathyamoorthy, M.; Danilkovitch, A. Bioactive Materials Viable Cryopreserved Umbilical Tissue (VCUT) Reduces Post-Operative Adhesions in a Rabbit Abdominal Adhesion Model. Bioact. Mater. 2018, 4, 97–106. [Google Scholar] [CrossRef]

	



Spicer, C.D. Hydrogel Scaffolds for Tissue Engineering: Polymer Chemistry Importance of Polymer Choice. Polym. Chem. 2020, 11, 184–219. [Google Scholar] [CrossRef]

	



Xiao, Z.; Li, Q.; Liu, H.; Zhao, Q.; Niu, Y.; Zhao, D. Adhesion Mechanism and Application Progress of Hydrogels. Eur. Polym. J. 2022, 173, 111277. [Google Scholar] [CrossRef]

	



Catoira, M.C.; Fusaro, L.; Di, D.; Martina, F.; Francesca, R. Overview of Natural Hydrogels for Regenerative Medicine Applications. J. Mater. Sci. Mater. Med. 2019, 30, 115. [Google Scholar] [CrossRef]

	



Li, L.; Wang, N.; Jin, X.; Deng, R.; Nie, S.; Sun, L.; Wu, Q.; Wei, Y. Biomaterials Biodegradable and Injectable in Situ Cross-Linking Chitosan-Hyaluronic Acid Based Hydrogels for Postoperative Adhesion Prevention. Biomaterials 2014, 35, 3903–3917. [Google Scholar] [CrossRef]

	



Xu, X.; Jha, A.K.; Harrington, D.A.; Farach-carson, M.C.; Jia, X. Hyaluronic Acid-Based Hydrogels: From a Natural Polysaccharide to Complex Networks. Soft Matter 2012, 8, 3280–3294. [Google Scholar] [CrossRef]

	



Kang, S.; Park, S.; Baek, I.; Song, Y.; Kim, S.; Choi, D.; Kim, J.; Lee, Y. Materials Science & Engineering C Development of Poly (D,L-Lactic-Co-Glycolic Acid) Films Coated with Biomembrane-Mimicking Polymers for Anti-Adhesion Activity. J. Gastrointest. Surg. 2021, 120, 111780. [Google Scholar] [CrossRef]

	



Yong, K.; Mooney, D.J. Progress in Polymer Science Alginate: Properties and Biomedical Applications. Prog. Polym. Sci. 2012, 37, 106–126. [Google Scholar] [CrossRef]

	



Zebiri, H.; Van Den Berghe, H.; Sayegh, S.; Chammas, P.E.; Pompée, C.; Chammas, M.; Garric, X. Synthesis of PLA–poly (ether urethane)–PLA copolymers and design of biodegradable anti-adhesive membranes for orthopaedic applications. J. Mat. Chem. B 2021, 9, 832–845. [Google Scholar] [CrossRef]

	



Lo, H.Y.; Kuo, H.T.; Huang, Y.Y. Application of polycaprolactone as an anti-adhesion biomaterial film. Artif. Org. 2010, 34, 648–653. [Google Scholar] [CrossRef]

	



Osadchenko, S.V.; Sten’kina, M.V.; Mezhuev, Y.O.; Shtil’man, M.I. A New Biocompatible Release Material Based on Branched Polyvinyl Alcohol. Polym. Sci. D 2022, 15, 436–440. [Google Scholar] [CrossRef]

	



Anisha, A.D.; Shegokar, R. Expert Opinion on Drug Delivery Polyethylene Glycol (PEG): A Versatile Polymer for Pharmaceutical Applications. Expert Opin. Drug Deliv. 2016, 13, 1257–1275. [Google Scholar] [CrossRef]

	



Shi, J.; Yu, L.; Ding, J. PEG-Based Thermosensitive and Biodegradable Hydrogels. Acta Biomater. 2021, 128, 42–59. [Google Scholar] [CrossRef]

	



Ho, S.S.; Murphy, K.C.; Binder, B.Y.K.; Vissers, C.B.; Leach, J.K. Increased Survival and Function of Mesenchymal Stem Cell Spheroids Entrapped in Instructive Alginate Hydrogels. Stem Cells Transl. Med. 2016, 5, 773–781. [Google Scholar] [CrossRef]

	



Metwally, S.; Stachewicz, U. Materials Science & Engineering C Surface Potential and Charges Impact on Cell Responses on Biomaterials Interfaces for Medical Applications. Mater. Sci. Eng. C 2019, 104, 109883. [Google Scholar] [CrossRef]

	



Khalili, A.A.; Ahmad, M.R. A Review of Cell Adhesion Studies for Biomedical and Biological Applications. Int. J. Mol. Sci. 2015, 16, 18149–18184. [Google Scholar] [CrossRef] [PubMed]

	



Zawada, A.M.; Lang, T.; Ottillinger, B.; Kircelli, F.; Stauss-grabo, M.; Kennedy, J.P. Impact of Hydrophilic Modification of Synthetic Dialysis Membranes on Hemocompatibility and Performance. Membranes 2022, 12, 932. [Google Scholar] [CrossRef] [PubMed]

	



Schwarz, W. PVP: A Critical Review of the Kinetics and Toxicology of Polyvinylpyrrolidone (Povidone); CRC Press: Boca Raton, FL, USA, 1990; ISBN 0873712889. [Google Scholar]

	



Luo, Y.; Hong, Y.; Shen, L.; Wu, F.; Lin, X. Review Article Multifunctional Role of Polyvinylpyrrolidone in Pharmaceutical Formulations. AAPS PharmSciTech 2021, 22, 1–16. [Google Scholar] [CrossRef] [PubMed]

	



Fadeeva, I.V.; Trofimchuk, E.S.; Forysenkova, A.A.; Ahmed, A.I.; Gnezdilov, O.I.; Davydova, G.A.; Kozlova, S.G.; Antoniac, A.; Rau, J.V. Composite Polyvinylpyrrolidone—Sodium Alginate—Hydroxyapatite Hydrogel Films for Bone Repair and Wound Dressings Applications. Polymers 2021, 13, 3989. [Google Scholar] [CrossRef]

	



Fadeeva, I.V.; Forysenkova, A.A.; Gafurov, M.R.; Ahmed, A.I.; Davidova, G.A.; Antonova, O.S.; Barinov, S.M.; Federation, R.; Biophysics, E.; Federation, R. Porous Matrixes Based on Polyvinylpyrrolidone Containing Calcium Phosphates for Medical Application. Russ. Chem. Bull. 2022, 71, 543–548. [Google Scholar] [CrossRef]

	



Forysenkova, A.A.; Ivanova, V.A.; Fadeeva, I.V.; Mamin, G.V.; Rau, J.V. NMR and EPR Spectroscopies Investigation of Alginate Cross-Linking by Divalent Ions. Materials 2023, 16, 2832. [Google Scholar] [CrossRef]

	



Konovalova, M.V.; Tsaregorodtseva, D.S.; Venzhik, A.N.; Poltavtseva, R.A.; Svirshchevskya, E.V. Antiadhesion Effect of Materials Based on Carboxymethylchitosan and Carboxymethylcellulose. Appl. Biochem. Microbiol. 2022, 58, 155–160. [Google Scholar] [CrossRef]

	



Scott-Coombes, D.M.; Vipond, M.N.; Thompson, J.N. General Surgeons’ Attitudes to the Treatment and Prevention of Abdominal Adhesions. Ann. R. Coll. Surg. Engl. 1993, 75, 123. [Google Scholar]

	



Esser, E.; Tessmar, J.K. V Preparation of Well-Defined Calcium Cross-Linked Alginate Films for the Prevention of Surgical Adhesions. J. Biomed. Mater. Res. Part B Appl. Biomater. 2013, 101B, 826–839. [Google Scholar] [CrossRef]

	



Łojszczyk, I.; Kuźmińska, A.; Butruk-raszeja, B.A.; Ciach, T. Materials Science & Engineering C Fenton-Type Reaction Grafting of Polyvinylpyrrolidone onto Polypropylene Membrane for Improving Hemo- and Biocompatibility. Mater. Sci. Eng. C 2020, 113, 110960. [Google Scholar] [CrossRef]

	



Doria-Serrano, M.C.; Riva-Palacio, G.; Ruiz-Treviño, F.A.; Hernández-Esparza, M. Poly (N-Vinyl Pyrrolidone)-Calcium Alginate (PVP-Ca-Alg) Composite Hydrogels: Physical Properties and Activated Sludge Immobilization for Wastewater Treatment. Ind. Eng. Chem. Res. 2002, 41, 3163–3168. [Google Scholar] [CrossRef]

	



Wong, T.Y.; Preston, L.A.; Schiller, N.L. Alginate lyase: Review of major sources and enzyme characteristics, structure-function analysis, biological roles, and applications. Ann. Rev. Microb. 2000, 54, 289–340. [Google Scholar] [CrossRef]

	



Cheng, D.; Jiang, C.; Xu, J.; Liu, Z.; Mao, X. Characteristics and applications of alginate lyases: A review. Int. J. Biol. Macromol. 2020, 164, 1304–1320. [Google Scholar] [CrossRef]

	



Seltana, A.; Cloutier, G.; Nicolas, V.R.; Khalfaoui, T.; Teller, I.C.; Perreault, N.; Beaulieu, J.F. Fibrin(Ogen) Is Constitutively Expressed by Differentiated Intestinal Epithelial Cells and Mediates Wound Healing. Front. Immunol. 2022, 13, 916187. [Google Scholar] [CrossRef]

	



Li, C.; Wang, W.; Sun, S.; Xu, Y.; Fang, Z.; Cong, L. Expression and Potential Role of MMP-9 in Intrauterine Adhesion. Mediators Inflamm. 2021, 2021, 6676510. [Google Scholar] [CrossRef]

	



Yi, C.; Liu, J.; Deng, W.; Luo, C.; Qi, J.; Chen, M.; Xu, H. Macrophage Elastase (MMP12) Critically Contributes to the Development of Subretinal Fibrosis. J. Neuroinflamm. 2022, 19, 78. [Google Scholar] [CrossRef]

	



Whawell, S.A.; Vipond, M.N.; Scott-Coombes, D.M.; Thompson, J.N. Plasminogen Activator Inhibitor 2 Reduces Peritoneal Fibrinolytic Activity in Inflammation. Br. J. Surg. 1993, 80, 107–109. [Google Scholar] [CrossRef]

	



Hong, G.-S.; Schwandt, T.; Stein, K.; Schneiker, B.; Kummer, M.P.; Heneka, M.T.; Kitamura, K.; Kalff, J.C.; Wehner, S. Effects of Macrophage-Dependent Peroxisome Proliferator-Activated Receptor γ Signalling on Adhesion Formation after Abdominal Surgery in an Experimental Model. Br. J. Surg. 2015, 102, 1506–1516. [Google Scholar] [CrossRef]

	



Arung, W.; Meurisse, M.; Detry, O. Pathophysiology and Prevention of Postoperative Peritoneal Adhesions. World J. Gastroenterol. 2011, 17, 4545–4553. [Google Scholar] [CrossRef]

	



Fometescu, S.G.; Costache, M.; Coveney, A.; Oprescu, S.M.; Serban, D.; Savlovschi, C. Peritoneal Fibrinolytic Activity and Adhesiogenesis. Chirurgia 2013, 108, 331–340. [Google Scholar]

	



Moris, D.; Chakedis, J.; Rahnemai-azar, A.A.; Wilson, A.; Hennessy, M.M.; Athanasiou, A.; Beal, E.W.; Argyrou, C.; Felekouras, E.; Pawlik, T.M. Postoperative Abdominal Adhesions: Clinical Significance and Advances in Prevention and Management. J. Gastrointest. Surg. 2017, 21, 1713–1722. [Google Scholar] [CrossRef] [PubMed]

	



Caley, M.P.; Martins, V.L.C.; O’Toole, E.A. Metalloproteinases and Wound Healing. Adv. Wound Care 2015, 4, 225–234. [Google Scholar] [CrossRef] [PubMed]

	



Dissemond, J.; Augustin, M.; Dietlein, M.; Faust, U.; Keuthage, W.; Lobmann, R.; Münter, K.C.; Strohal, R.; Stücker, M.; Traber, J.; et al. Efficacy of MMP-Inhibiting Wound Dressings in the Treatment of Hard-to-Heal Wounds: A Systematic Review. J. Wound Care 2020, 29, 102–118. [Google Scholar] [CrossRef]

	



Falk, P.; Ma, C.; Chegini, N.; Holmdahl, L. Differential Regulation of Mesothelial Cell Fibrinolysis by Transforming Growth Factor Beta 1. Scand. J. Clin. Lab. Investig. 2000, 60, 439–447. [Google Scholar] [CrossRef] [PubMed]

	



Atta, H.M. Prevention of Peritoneal Adhesions: A Promising Role for Gene Therapy. World J. Gastroenterol. 2011, 17, 5049. [Google Scholar] [CrossRef]

	



Van Rooijen, N.; Sanders, A. Elimination, Blocking, and Activation of Macrophages: Three of a Kind? J. Leukoc. Biol. 1997, 62, 702–709. [Google Scholar] [CrossRef]

	



Luo, Z.; Yang, Y.; Deng, Y.; Sun, Y.; Yang, H.; Wei, S. Peptide-Incorporated 3D Porous Alginate Scaffolds with Enhanced Osteogenesis for Bone Tissue Engineering. Coll. Surf. B Biointerf. 2016, 143, 243–251. [Google Scholar] [CrossRef]

	



Kameda, T.; Mano, H.; Yamada, Y.; Takai, H.; Amizuka, N.; Kobori, M.; Izumi, N.; Kawashima, H.; Ozawa, H.; Ikeda, K.; et al. Calcium-Sensing Receptor in Mature Osteoclasts, Which Are Bone Resorbing Cells. Biochem. Biophys. Res. Commun. 1998, 245, 419–422. [Google Scholar] [CrossRef]

	



Weber, D.E.; Semaan, M.T.; Wasman, J.K.; Beane, R.; Bonassar, L.J.; Megerian, C.A. Tissue-Engineered Calcium Alginate Patches in the Repair of Chronic Chinchilla Tympanic Membrane Perforations. Laryngoscope 2006, 116, 700–704. [Google Scholar] [CrossRef]

	



Johns, D.B.; Rodgers, K.E.; Donahue, W.D.; Kiorpes, T.C.; DiZerega, G.S. Reduction of adhesion formation by postoperative administration of ionically crosslinked hyaluronic acid. Fertil. Steril. 1997, 68, 37–42. [Google Scholar] [CrossRef]

	



Yeo, Y.; Highley, C.B.; Bellas, E.; Ito, T.; Marini, R.; Langer, R.; Kohane, D.S. In situ cross-linkable hyaluronic acid hydrogels prevent post-operative abdominal adhesions in a rabbit model. Biomaterials 2006, 27, 4698–4705. [Google Scholar] [CrossRef] [PubMed]








[image: Materials 16 05532 g001 550] 





Figure 1. Scheme of PVP-Alg film and PVP-Alg-Ca film preparation. 
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Figure 2. Characteristics of PVP-Alg and PVP-Alg-Ca films. PVP-Alg (a, upper) and PVP-Alg-Ca (a, lower) dried films; SEM images of porous PVP-Alg dry film (b); dense porous upper (c) and smooth nonporous lower (d) sides of the PVP-Alg-Ca film; SEM image of murine fibroblasts L929 incubated on the smooth side of PVP-Alg-Ca film for 24 h (e). 






Figure 2. Characteristics of PVP-Alg and PVP-Alg-Ca films. PVP-Alg (a, upper) and PVP-Alg-Ca (a, lower) dried films; SEM images of porous PVP-Alg dry film (b); dense porous upper (c) and smooth nonporous lower (d) sides of the PVP-Alg-Ca film; SEM image of murine fibroblasts L929 incubated on the smooth side of PVP-Alg-Ca film for 24 h (e).



[image: Materials 16 05532 g002]







[image: Materials 16 05532 g003 550] 





Figure 3. PVP-Alg-Ca dissolution characteristics: dissolution curve (a) (the error bar is the arithmetic mean); SEM of PVP-Alg-Ca surface after 24 h (b); SEM of PVP-Alg-Ca surface after 10 days (c). 
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Figure 4. Surgery site overview and gene expression of the peritoneal wall and caecum cells from the injured sites. (a,b) Overview of the peritoneal cavity of PVP-Alg (a) and PVP-Alg-Ca (b) mice. Black arrow shows PVP-Alg-Ca film. (c–f) The expression of transforming growth factor β (TGF-β) (c,d) and tissue matrix metalloprotease inhibitor 2 (TIMP-2) (e,f) in the sham group, control group, PVP-Alg gel group, and PVP-Alg-Ca film groups. Significant differences are shown as square brackets. The error bar is the mean standard deviation, p < 0.05. 
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Figure 5. Gene expressions of the peritoneal wall and caecum cells from the injured sites. The expression of fibrinogens αβγ (a,b) and TIMP-1 (c,d) in sham, control model surgery, PVP-Alg-gel-treated mice, and PVP-Alg-Ca-film-treated mice in the peritoneal wall (a,c) and caecum (b,d) tissues. Significant differences are shown with brackets. The error bar is the mean standard deviation, p < 0.05. 
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Figure 6. Gene expressions of the peritoneal wall and caecum cells from the injured sites. The expressions of tPA and PAI-1 (a,b) and MMP-9 and MMP-12 (c,d) in the sham and control model. Significant differences are shown with brackets. The error bar is the mean standard deviation, p < 0.05. 
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Figure 7. Histology of the injured sites. Samples of control (a–c), PVP-Alg-Ca (d–f), and PVP-Alg (g–i) mice stained with H&E (a,d,g), Trichome Mason (b,e,h), and PicroSirius Red (c,f,i). Blue arrows show caecum muscle layers; red arrows show peritoneal wall muscle layers; green arrows show granular tissue; gray arrowheads show connective tissue formation. Scale bar—50 µm. 
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Figure 8. Comparison of the gene expression of PVP-Alg gel and PVP-Alg-Ca film: (a) folds of the relative expression of tPA; (b)—PAI-1; (c)—fibrinogen α; (d)—TIMP-2; (e)—fibrinogen β; (f)—fibrinogen γ; (g)—TGF-β; (h)—MMP-9; (i)—MMP-12; (j)—TIMP-1. Columns: ΔCtcontrol/ΔCtsham (Cont/Sham, brown columns); ΔCtPVP-Alg/ΔCtcontrol (PVP/Control, green columns); and ΔCtPVP-Alg-Ca/ΔCtPVP-Alg (Ca/PVP, gray columns) in different genes in the peritoneum and caecum cells. Major protective (blue arrows) and nonprotective (red arrows) effects are shown. The error bar is the mean standard deviation, p < 0.05. 
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Figure 9. Overview and structure of the adhesions. (a,b): Adhesions in the PVP-Alg-Ca film group (a) and residual adhesion in the PVP-Alg gel group (b). (c,d) Histological image of adhesion sites produced by caecum (c) and peritoneal wall (d) cells. Scale bar—30 µm. 
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Table 1. Assessment of the adhesive process.
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	Points
	Description





	0
	No adhesion



	1
	Thin-film adhesion



	2
	Dense adhesion with small point attachment



	3
	More than one thin adhesion



	4
	Tight adhesion with flat attachment



	5
	A dense blood-supplied adhesion or more than one adhesion with a flat attachment
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Table 2. List of primers.
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	No
	Gene
	Direct Primer
	Reverse Primer





	1
	Actin-β
	GGCTGTATTCCCCTCCATCG
	CCAGTTGGTAACAATGCCATGT



	2
	tPA
	TGCTGTGTGTACTGCTGCTT
	TCTGCGTTGGCTCATCTCTG



	3
	PAI-1
	AGTGTTTCAGCAGGTGGTCC
	GACAAAGATGGCATCCGCAG



	4
	Fibrinogen α
	GCCATCCCTAAACGCAGACA
	AATCCTGGTTGGCTTCGTCA



	5
	Fibrinogen β
	GAAAGTAGAACGGAGACCCCC
	AGCGGAGCACACGAAGATT



	6
	Fibrinogen γ
	CGGCTGGTGGATGAACAAATG
	TGAAAATGAAGTGAGGTCCTGAAAG



	7
	MMP-9
	GGGTCTAGGCCCAGAGGTAA
	AGACACGCCCCTTGCTGA



	8
	MMP-12
	TGCACTCTGCTGAAAGGAGTC
	TGAGTTGTCCAGTTGCCCAG



	9
	TIMP-1
	GGACCTGGTCATAAGGGCTA
	GGCATATCCACAGAGGCTTT



	10
	TIMP-2
	TTCCGGGAATGACATCTATGG
	GGGCCGTGTAGATAAACTCGAT



	11
	TGF-β1
	ACTGGAGTTGTACGGCAGTG
	GGGGCTGATCCCGTTGATTT







tPA—tissue plasminogen activator; PAI-1—plasminogen activator inhibitor 1; MMP—matrix metalloprotease; TIMP—tissue inhibitor of matrix metalloproteases; TGF-β1—transforming growth factor beta 1.













[image: Table] 





Table 3. Anti-adhesive effect of PVP-Alg barrier material.
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Group

	
Number of

Animals

	
Adhesion

Score

	
The Median Score

	
Standard

Deviation

	
p-Value

vs. Control






	

	

	
0

	
1

	
2

	
3

	
4

	
5

	

	

	




	

	

	
Animal distribution

	

	

	




	
Control

	
5

	
1

	
0

	
0

	
0

	
4

	
0

	
4

	
1.79

	




	
PVP-Alg gel

	
5

	
5

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0.019




	
PVP-Alg film

	
8

	
7

	
1

	
0

	
0

	
0

	
0

	
0

	
0.35

	
0.011




	
PVP-Alg-Ca film

	
5

	
0

	
0

	
0

	
0

	
0

	
5

	
5

	
0

	
0.006
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