

  metals-07-00516




metals-07-00516







Metals 2017, 7(12), 516; doi:10.3390/met7120516




Review



Collagen-Nanoparticles Composites for Wound Healing and Infection Control



Mădălina Elena Grigore 1, Alexandru Mihai Grumezescu 2,3, Alina Maria Holban 3,4, George Dan Mogoşanu 5,* and Ecaterina Andronescu 2





1



Faculty of Engineering in Foreign Languages, University Politehnica of Bucharest, 313 Independenţei Avenue, Sector 6, 060042 Bucharest, Romania






2



Department of Science and Engineering of Oxide Materials and Nanomaterials, Faculty of Applied Chemistry and Materials Science, University Politehnica of Bucharest, 1–7 Gheorghe Polizu Street, Sector 1, 011061 Bucharest, Romania






3



Academy of Romanian Scientists (AOSR), 54 Independenţei Avenue, Sector 5, 050085 Bucharest, Romania






4



Division of Earth, Environmental and Life Sciences, Faculty of Biology, Research Institute of the University of Bucharest (ICUB), 1–3 Portocalelor Lane, Sector 6, 060101 Bucharest, Romania






5



Department of Pharmacognosy & Phytotherapy, Faculty of Pharmacy, University of Medicine and Pharmacy of Craiova, 2 Petru Rareş Street, 200349 Craiova, Romania









*



Correspondence: george.mogosanu@webmail.umfcv.ro; Tel.: +40-351-443-507







Received: 7 October 2017 / Accepted: 15 November 2017 / Published: 23 November 2017



Abstract

:

Nowadays, the world is facing a serious crisis represented by the rapid emergence of resistant bacteria, which jeopardizes the efficacy of antibiotics. This crisis has been attributed to the overuse and misuse of antibiotics, as well as the cessation of new drug production by the pharmaceutical industry. Therefore, bacterial strains with resistance to multiple antibiotic classes have appeared, such as Staphylococcus aureus, Acinetobacter spp. and Pseudomonas aeruginosa. This review aims to provide an updated summary of the current approach to the treatment of infections due to resistant microorganisms, with a focus on the application of the antimicrobial effects of inorganic nanoparticles in combination with collagen to promote wound healing. In addition, the paper describes the current approaches in the field of functionalized collagen hydrogels capable of wound healing and inhibiting microbial biofilm production.
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1. Introduction


One of the most significant problems faced by the world in recent years is the appearance of antibiotic resistance and the adaptation of microorganisms to conventional therapies as a result of improper use [1,2].



Bacteria have evolved in order to survive antimicrobial treatments by effectively developing resistance mechanisms. These resistance mechanisms include: (i) the modification of the antibiotic by the synthesis of degradative enzymes that inactivate the molecule; (ii) the alteration of bacterial proteins that act as therapeutic targets; (iii) changes in membrane permeability; (iv) preventing the chemical agent from entering the cell and the active efflux of the antibiotic. Because of these resistance mechanisms, many Gram-positive bacteria, including pneumococci and staphylococci, are already showing a high level of resistance to existing treatments [3].



One particularly important example of bacterial adaptation is the ability to grow as part of a sessile community, commonly referred to as biofilm formation, which represents a survival strategy for bacteria and fungi to adapt to their living environment. From the moment that cells are under the protection of biofilm, they become resistant to antibiotics and to immune responses, which increase the difficulties for the clinical treatment of biofilm infections. It has been reported that bacteria in biofilms have a greater resistance to antimicrobial stress than their planktonic counterparts and the antimicrobial concentrations necessary to inhibit bacterial biofilms can be up to 10–1000 times higher than those needed to inhibit the same bacteria grown planktonically [4,5,6]. Strategies for biofilm-associated infections include: removal of the foreign bodies, prevention of initial contamination, minimization of microbial cell attachment, use of antimicrobials to penetrate the biofilm matrix and inactivate the embedded microorganisms [5]. One of the significant advantages of a rapid bactericidal action may be that it permits wound healing to proceed without bacterial interference and reduces the likelihood for resistance to develop [7]. New composites, based on collagen and nanoparticles, are currently under research to be used for the wound healing [8,9,10].




2. Challenges in Antimicrobial Therapy


The rapid emergence of resistant bacteria is occurring worldwide, causing a serious problem in our society. This problem has been attributed to the overuse and misuse of these medications and to the lack of the development of new drugs by the pharmaceutical industry [11]. Strains with resistance to multiple antibiotic classes have emerged among major Gram-positive and Gram-negative species, including Staphylococcus aureus, Pseudomonas aeruginosa, Enterobacteriaceae or Acinetobacter spp. [12]. For example, in the USA, at least two million people become infected with bacteria that are resistant to antibiotics and each year at least 23,000 people die as a direct result of these infections. In 2013, the Centers for Disease Control (CDC) and Prevention published a report of the top 18 drug-resistant threats to the USA and these threats were categorized into three groups based on the severity of the threat they pose. The first two categories require more monitoring and prevention activities and are presented below (Table 1) [13].



Escherichia coli is a widespread bacterium in nature, which is normally found in the human and animal intestines. Although this species is a member of normal microbiota, numerous E. coli strains could be the cause of many common bacterial infections, including wounds. In a study performed on 696 abdominal operations, it was observed that E. coli dominated in cultures from infected wounds after contaminated surgery and patients with wound infection were also prone to develop other postoperative infections [14].



Multidrug-resistant (MDR) P. aeruginosa is a nosocomial pathogen, which is resistant to two or more classes of antibiotics. Multidrug resistance is responsible for 10% of all hospital-acquired infections and this pathogen can cause severe side effects due to its limited susceptibility to antimicrobial agents and the high frequency of the emergence of antibiotic resistance during therapy [15,16]. This opportunistic pathogen causes severe respiratory infections in critical care patients, being highly difficult to treat in patients with burns and chronic wound injuries. The inefficiency of the current anti-pseudomonadal therapy relies on the high resistance rates of this microorganism, but also in its ability to colonize and develop difficult to eradicate biofilms on various surfaces. It was reported that treatment options for infections caused by MDR pathogens are limited, and it will take a long time before more experimental agents become available for clinical use [15,17].



The world now faces a public health issue, in that the high rate of associated resistance prevents the use of conventional antibiotics. In the case of a person infected with an antibiotic-resistant bacterium, the treatment becomes more difficult and the modified microorganism may spread to other people, transmitting its resistance features. With the emergence of the antibiotic resistance crisis, there has been a push to discover new antibiotics and some new drugs with activity against the urgent and serious threats are currently found in advanced stages of development [12,18,19]. Clinicians’ opinion on wound healing is that common pathogens such as S. aureus, P. aeruginosa, and beta-hemolytic streptococci are the primary causes of delayed healing and infection in both acute and chronic wounds [20]. For example, Tzaneva et al. performed a study on 110 patients with chronic vascular wounds that had been hospitalized for a year. They reported that most frequent diagnosed chronic wound was peripheral arteriopathy and 30% of patients presented multiple microbial etiology, the species most frequently isolated from chronic wounds being S. aureus, E. coli, Enterococcus faecalis, P. aeruginosa and Proteus mirabilis, with a significant predominance of the Gram-negative species (55.1%). Many of the isolated microorganisms were resistant to one or more of the five most commonly utilized and major classes of antibiotics: Beta-Lactams (Penicillins and Cephalosporins), Macrolides, Fluoroquinolones, Tetracyclines and Aminoglycosides. In addition, it was reported that an efficient antibiotic treatment of chronic wounds should be based on the optimal selection, dosage and duration of administration of antimicrobial agents, with an aim to minimize both the toxicity to the patients and the impact on subsequent resistance selection [21]. Another similar study was performed on 676 surgery patients with signs and symptoms indicative for wound infections. At the end of the study, it was reported that a single etiologic agent was identified in 271 patients, multiple agents were found in 343, and no bacterial agent was identified in 62 cases. It was observed that the most common etiologies were S. aureus (191 patients), P. aeruginosa (170 patients), E. coli (53 cases), Staphylococcus epidermidis (48 cases), and E. faecalis (38 patients) [22].




3. Wound Management and Healing


Current therapies in the case of wound healing are limited because of the cellular and molecular mechanisms underpinning tissue repair. Poor wound healing affects millions of people worldwide each year due to the poorly regulated elements of the healthy tissue repair response (inflammation, angiogenesis, matrix deposition, cell recruitment, and infection). After skin injury, the wound healing process requires extensive communication between the different cellular constituents of the diverse compartments of the skin and its extracellular matrix (ECM). In the next phase, there may be two cases:




	
If the wound healing occurs in normal physiological conditions, restoration of a functional epidermal barrier is highly efficient, while postnatal repair of the deeper dermal layer is less present, resulting in a scar with a substantial loss of original tissue structure and function;



	
If the normal repair process goes wrong, producing an ulcerative skin defect or an excessive formation of scar tissue (which may be a hypertrophic scar or keloid) [23].








One of the big problems regarding wound healing is the great heterogeneity observed among diverse organisms: some organisms perfectly regenerate injured tissues and organs, whereas others replace the damaged tissue by scar tissue [24]. In the human body, the tissues that maintain the highest regenerative capacity are gut epithelium, postnatal human epidermis, and the hematopoietic system. In several studies, fingertip regeneration in young children has been reported [22]. In soft tissues and organs that contain connective tissue, the parenchymal tissue can be replaced by the deposition of excessive extracellular matrix, leading initially to tissue fibrosis and, ultimately, to loss of organ function [25]. In addition, delayed healing in wounds occurs in the presence of a high bacterial load, in a sustained influx of pro-inflammatory cells and increased inflammation. Wounds infected with biofilm-embedded bacteria are more difficult to heal, causing a number of inconveniences such as rising health care costs, patient inconvenience and prolonged hospitalization [26]. Current wound management refers to the utilization of various antiseptic solutions applied on the affected site, along with systemic antibiotic use and the local application of different dressings to avoid microbial colonization and subsequent biofilm formation [27]. Due to the alarming statistics regarding antimicrobial resistance rates in wound-related pathogens, alternative preventive and therapeutic approaches for wound management are currently being investigated. For example, the development of tailored wound dressings made by natural materials and functional nanoparticles able to promote healing while avoiding microbial contamination and biofilm formation is a much-studied approach.




4. Collagen: Structure and Properties in Wound Management


Collagen is the most abundant fibril protein in the human and animal constitution, representing approximately 30% of total protein mass. Collagen members are included in a family of several genetically different types (isotypes), serving both a structural role as the basic protein of connective tissues such as skin and bone, as well as a functional role by being involved in complex mechanisms of tissue growth and repair [28,29].



Currently, at least 28 different types of collagen (Table 2) composed of at least 46 distinct polypeptide chains have been identified in vertebrates, showing remarkable diversity in their molecular and supramolecular organization [30,31,32]. This protein is a natural polymer formed by the polymerization of 20 amino acids, arranged in sequences characteristic for the specific type of collagen molecule, which has a unique triple helix conformational structure. In the composition of collagen, glycine (Gly) amino acid represents about 33%, and proline (Pro) and hydroxyproline (hPro) amino acids about 22% [33].



Collagens exhibit properties associated with both their gelling behavior (thickening and water-binding capacity) and their surface behavior (formation and stabilization of emulsions) [34]. Besides these properties, collagen presents excellent tissue compatibility, facile biodegradation and its degradation products are absorbed easily without inflammation [35].



The stages of wound healing proceed in an organized way and follow four processes: hemostasis, inflammation, proliferation and maturation. Although the stages of wound healing are linear, wounds can progress backward or forward depending on the internal and external patient conditions (age, stress, diabetes, medications, obesity, alcohol consumption, smoking, nutrition, etc.) [36]. In the case of the wound healing process, collagen plays an important role in each of these phases of wound healing, due to a series of functions and properties, such as: chemotactic properties, the large surface of collagen fibers can attract fibrotic cells that can help the wound healing; guidance function, the collagen fibers help with the guidance of fibroblasts leading to a good vascularization; nucleation, another role of exogenous collagen in wound healing, based on the observation that neutral salt molecules favor the production of fibrillation [33]. Thus, a fibrillated collagen network in the form of sponge serves as a guide support for the orientation of new collagen deposition for capillary growth and repair of damaged tissue [33]. For example, to study the role of the basement membrane protein collagen VII (COL7A1) in wound healing, Nyström et al. used two different mouse models of genetic skin fragility. It was reported that COL7A1 is a critical player in physiological wound healing in humans and helps with the skin wound closure by two interconnected mechanisms. In the first stage, COL7A1 helps with re-epithelialization through organization of laminin-332 at the dermal-epidermal junction, and, in the second stage, COL7A1 regulates cytokine production in the granulation tissue [37].




5. Collagen-Inorganic Nanoparticles Composites


In the last decade, nanoparticles (NPs) have been explored as an alternative to antibiotics in the treatment of the bacterial infections because of their cost-effectiveness and powerful outcomes. Various types of inorganic NPs (such as silver, gold, copper-titanium and zinc oxide) have been shown to have potential therapeutic effects on wound healing, suppressing local skin inflammation and preventing pathogens from entering the skin [38,39,40]. Compared to organic nanostructures, the disadvantages of inorganic NPs are represented by their limited chemical and mechanic stability and swelling [41].



Because NPs present greater chemical reactivity than micro-sized materials, the cytotoxicity of these NPs has raised many questions. In the last several years, many authors have examined the toxicity of inorganic NPs in cultured cell lines and in animal models [42,43,44]. Several factors must be tracked in the case of inorganic NPs cytotoxicity: the first step is represented by in vitro studies that are essential for screening the toxicological effects of NPs on cultured cells. However, in vitro studies lack the system complexity found in vivo because of the immune response or biological interactions with proteins, which may lead to make false interpretations on the NPs toxicity. In addition, another important factor is represented by the changes in physicochemical properties of inorganic NPs in biological fluids (particle size, agglomerates, surface charge). In particular, for inorganic NPs, such as silver NPs, several factors play important roles in mediating cellular responses: i.e., size, shape, surface chemistry, dose, and exposure time and cell types [45,46].



There are several known mechanisms of the action of NPs against bacteria, including oxidative stress induction, metal ion release and non-oxidative mechanisms.



Inorganic NPs are used in several applications in infection control and wound management: i.e., antibiotic delivery systems to treat disease, antibacterial coatings for implantable devices and improved materials to prevent infection and promote wound healing, antibacterial vaccines to control bacterial infections, and bacterial detection systems for microbial diagnostics [47].



Several studies have investigated the antimicrobial activity of inorganic NPs, such as silver (Ag), copper oxide (CuO) and zinc oxide (ZnO), against bacteria over time, especially with regard to minimum bactericidal concentrations (MBCs) of inorganic NPs (Table 3). All of these tested NPs demonstrated antimicrobial activity against a range of Gram-positive and Gram-negative bacteria, including antibiotic resistant strains (MBC value for Ag NPs was 100 μg/mL against all strains tested, MBC values for CuO NPs ranged from 100 μg/mL to 5000 μg/mL and, for ZnO NPs, MBC values ranged from 2500 μg/mL to 5000 μg/mL) [48].



5.1. Collagen-Silver (Ag) NPs Composites


For centuries, silver, in ionic or nanocrystalline form has been used as an antimicrobial agent for the treatment of severe bacterial infections, including antibiotic-resistant bacteria [49]. Currently, Ag NPs play important roles in many diverse applications such as medicine or biosensing, and can be obtained with smaller size and larger surface area due their strong chemical, magnetic, and plasmonic properties. These NPs can be synthesized by various methods like chemical reduction, sonochemical, hydrothermal and green synthesis. Chemical reduction is the most commonly used method due to its large-scale production of nano-suspension free from aggregation (dimension and morphology variable) with low preparation costs. In addition, it was reported that the reduction of Ag NPs using hydrazine hydrate (HH) helps the large scale production of Ag NPs that could be more interesting in biomedical applications [50,51].



Sondi and Salopek-Sondi reported that the E. coli cells treated with Ag NPs were damaged, showing the formation of “pits” in the cell wall of the bacteria, while the Ag NPs were found to accumulate in the bacterial membrane. A membrane presenting this morphology exhibits a significant increase in permeability, resulting in cell death. These NPs, which can be prepared in a simple and cost-effective manner, are suitable for the formulation of new types of bactericidal materials [51,52].



A recent study tested the antimicrobial activity of Ag NPs biosynthesized by Penicillium spp. against E. coli, Salmonella spp., Pseudomonas spp. and Bacillus spp. It was reported that, when Ag NPs were used in combination with Streptomycin, the maximum antimicrobial activity was observed against Salmonella spp., Pseudomonas spp. and E. coli, followed by Bacillus spp. In addition, the maximum antimicrobial activity of Ag NPs in combination with Tetracycline was observed against Bacillus spp. and Pseudomonas spp., followed by E. coli and Salmonella spp. [53]. In another study, an acidophilic Actinobacteria strain was used as a novel reducing agent for a single-step synthesis of Ag NPs and a Streptacidiphilus durhamensis HGG16n isolate was used for the efficient synthesis of bioactive Ag NPs. It was reported that Ag NPs with crystalline structure, mostly spherical shape, and size ranged from 8 to 48 nm were obtained. The antimicrobial activity of these NPs was tested against pathogenic bacteria, with the highest antimicrobial activity observed against P. aeruginosa, S. aureus and Proteus mirabilis, followed by E. coli, Klebsiella pneumoniae and B. subtilis [54].



Kim et al. reported that yeasts and E. coli were inhibited at low concentrations of Ag NPs (>6.6 nM and >3.3 nM, respectively), whereas the growth inhibitory effects on S. aureus were mild (>33 nM) [54]. In addition, Hsueh et al. reported that a concentration of 10 ppm of Ag NPs exerts significant toxicity against B. subtilis, causing chromosomal DNA (deoxyribonucleic acid) degradation [55].



Ag NPs are amongst the most promising candidates in the case of the safety and efficacy against MDR bacteria, due to their wide spectrum of antimicrobial action. The recent development of dressing impregnated with silver has widened its use for many other wound types that are either colonized or infected [56,57]. Several studies were performed to incorporate Ag NPs into collagen hydrogels for tissue engineering applications. It was reported that this hybrid material retained the mechanical properties and biocompatibility for primary human skin fibroblasts and keratinocytes of collagen hydrogels. In addition, it was observed that these materials present remarkable anti-infective properties against S. aureus, E. coli, S. epidermidis and P. aeruginosa at considerably lower concentrations than silver nitrate [57,58].



Cardoso et al. synthesized Ag NPs stabilized with type I collagen to build a nanomaterial with antimicrobial activity. It was reported that this material showed antimicrobial activity against both S. aureus and E. coli with no observed cellular toxicity at the tested concentrations (1:1, 1:6 and 1:15) [58]. In another study, an antiseptic collagen sponge was obtained by chemical reduction of Ag+ in the presence of glucose and by plasma sputtering of Ag NPs onto the collagen sponge. The collagen sponge was obtained by cross-linking of the collagen gel with glutaraldehyde. It was observed by in vitro assays that the antiseptic activity against E. coli was present even at a low content of Ag NPs (10 ppm) [59]. In another study, a composite material from TiO2-Ag was obtained by precipitation and then it was encapsulated in the collagen matrix. It was observed that the presence of collagen did not change the antimicrobial activity, and increased both biocompatibility and skin regeneration. By in vitro microbiology tests, the nanocomposites displayed a good resistance towards S. aureus, and it was reported that the antibacterial activity was induced by the presence of Ag NPs [60].



You et al. used an Ag NPs-collagen/chitosan hybrid scaffold (NAg-CCS) to investigate the potential effects on wound healing. The scaffold was applied in full-thickness skin defects in Sprague-Dawley (SD) rats to evaluate the therapeutic effects of treatment. By an in vivo test, an increased level of pro-inflammatory and scar-related factors was observed, and the markers for macrophage activation were upregulated. After 60 days post-transplantation, it was reported that the regenerated skin by NAg-CCS had a similar structure to normal skin [61]. In addition, Rath et al. incorporated Ag NPs in collagen nanofibers to study the wound healing potential. The rate of wound healing of the Ag NPs composite nanofiber was more accelerated compared with plain collagen nanofibers and the composite nanofiber seemed to provide an aseptic environment at the wound site. In addition, in the case of Ag NPs composite collagen nanofibers, an accelerated re-epithelialization, collagen production, and better wound contraction was reported [10].




5.2. Collagen-Copper Oxide (CuO) NPs Composites


Although the specific mechanism of the antimicrobial effect related to the use of CuO NPs is not fully known, it has been reported that the generation of reactive oxygen species (ROS) within bacterial cells is enhanced when using CuO-water suspensions [62,63].



Ren et al. synthesized CuO NPs by thermal plasma technology, with a size between 20 and 95 nm, to test their antimicrobial activity. It was reported that CuO NPs in suspension showed activity against a range of bacterial pathogens such as MRSA and E. coli, with MBCs ranging from 100 to 5000 μg/mL [47]. In another study, it was reported that CuO NPs exhibit significant toxicity, at pH 5, against three different S. aureus strains (Newman, SA113, and ATCC6538). The toxicity of CuO NPs at pH 5 is caused by Cu2+ release, and it was observed that these NPs dramatically decreased the reductase activity in the strains tested [64]. In another study, CuO NPs were synthesized from copper sulphatepentahydrate by the simple precipitation method; CuO NPs were loaded into a collagen matrix and then different herbs (Andrographis paniculata, Senna auriculata and Mimosa pudica) were incorporated into the collagen-CuO matrix. It was reported that these composites presented excellent activity against S. aureus and E. coli and the highest antimicrobial activity was obtained in the case of the composite with Andrographis herb [64].



Comparing the bactericidal effects of Ag NPs and CuO NPs, it was observed that this effect depends on the microbial species. For example, disk diffusion studies with E. coli and S. aureus revealed a greater effectiveness of the Ag NPs compared with CuO NPs. B. subtilis presented the highest sensitivity to NPs compared to the other strains and it was more affected by the CuO NPs than by Ag NPs [65,66]. In addition, the highest susceptibility (Z = 0.0734 mL/μg) was reported in the case of CuO NPs (100 nm) reaction with B. subtilis, whereas Ag NPs (40 nm) reaction with E. coli showed the lowest one (Z = 0.0236 mL/μg) [66,67].



It seems that CuO NPs incorporated into polymers produce a release of Cu2+ ions, which may be required for optimum killing [50]. At this time, this issue is not very well developed; there are only a few studies on the incorporation of the copper NPs at the surface of polymers. For example, Cu2+ implantation by plasma immersion was used to create an antimicrobial surface on polyethylenes against E. coli and S. aureus [68].




5.3. Functionalized Collagen Hydrogels for Wound Healing Applications


Collagen hydrogels have been used for various applications including wound healing, as a scaffold for cartilage tissue engineering and for the investigation of adherence of bone marrow stromal cells [69] (Figure 1). Several studies have been developed for wound healing and inhibition of microbial biofilm production for chronic wounds. For example, functionalized Ag NPs were synthesized with dimensions between 10 and 50 nm; these NPs were cross-linked with succinylated collagen and then lyophilized. It was reported that the functionalized scaffold was more stable in comparison to the control (collagen scaffold), displaying an improved tensile strength, that which is essential for wound healing purposes. In addition, the functionalized scaffold shows lower minimum inhibitory concentration (MIC) with both in vitro and in vivo studies, suggesting that it can be used as a wound dressing material for clinical applications [69].



Albu et al. developed new antimicrobial collagen/zinc titanate (ZnTiO3) biomaterials using a sol-gel cryogenic drying technology, keeping the native collagen activity. The antimicrobial activity of these composites was observed for S. epidermidis, B. cereus, Candida lusitaniae, E. coli, S. enterica and P. putida. It was reported that the optimal balance between antimicrobial activity and cytotoxicity could be achieved by a variation of ZnTiO3 concentration. It was demonstrated that the properties of these composites (antifungal and broad-spectrum antibacterial activity) make them a promising anti-infection biomaterial [70]. In another study, Păunica-Panea et al. developed new composites to be used in wound healing. These composites were based on collagen hydrogels with various concentrations of dextran (used as natural polymers) and zinc oxide (used as antimicrobial agent). It was reported that the results were strongly influenced by the nature and concentration of composite components. From the obtained results (performances of the hydrogels, stationary rheometry, porous structure, morphology, and biological behavior), it was observed that the composite based on collagen and dextran with 50% ZnO was the most promising for future applications in wound dressing and as a biomaterial with a high potential for skin regeneration [8].



Akturk et al. prepared collagen scaffolds incorporating gold NPs for wound healing applications. Initially, it was observed that a dose of Au NPs (<20 ppm) was not cytotoxic on HaCat keratinocytes and 3T3 fibroblasts. Subsequently, collagen scaffolds (Cs) incorporating Au NPs were cross-linked with glutaraldehyde (Cs-Au-GTA). By incorporation of Au NPs into cross-linked scaffolds, both an improved stability against enzymatic degradation and increase in tensile strength was observed. The in vitro biocompatibility of the scaffold was examined via histopathological and biomechanical tests after 14 days of operation. It was reported that the inflammatory reaction against the Cs-Au-GTA was milder than the control and the neovascularization was higher in the case of Cs-Au-GTA. In addition, the wound closure was better than control, indicating a faster course of dermal healing [9]. In another study, nanocomposites were developed consisting of DNA-polyethyleneimine-mesoporous silica nanoparticles (MSNs) complexes co-encapsulated with fibroblasts within collagen hydrogels. It was reported that particle encapsulation limits DNA and silica dissemination outside the collagen hydrogels. In addition, it was demonstrated that these composites are promising materials for the development of novel gene delivery systems to promote tissue repair [71].





6. The Role of Vascular Endothelial Growth Factor in Wound Healing


Vascular endothelial growth factor (VEGF) is a homodimeric glycoprotein that shares almost 20% amino acid homology with platelet-derived growth factor and functions as a chemotactic agent, endothelial cell mitogen and inducer of vascular permeability. In addition, in the case of wound healing, VEGF presents unique activities such as angiogenesis, and, more recently shown, epithelialization and collagen deposition [72,73]. Another advantage of a VEGF receptor in wound healing is represented by the fact that this receptor can be expressed by a variety of other cell types, e.g., macrophages and keratinocytes, which both carry out important functions during wound healing [74]. In a recent study, it was reported that keratinocytes in the wound are a major source of VEGF [74].



Kim et al. loaded VEGF on MSNs, which was then incorporated into a type I collagen sponge. The obtained composite released VEGF sustainably over the test period of 28 days, and it was observed that the release of VEGF improved cell proliferation and induced significantly increased number of blood vessel complexes, when compared with the VEGF-free scaffold. The composite presented good biocompatibility, as examined in rat subcutaneous tissue. These results demonstrate that the scaffold can be potentially used to accelerate the wound healing process for tissue regeneration [72]. In another research, Tian et al. used Ag NPs to study the wound healing in diabetic mice. It was reported that Ag NPs accelerated wound healing in comparison to the control group. In addition, VEGF expression patterns were investigated using quantitative real-time polymerase chain reaction (RT-PCR), and it was found that both transforming growth factor-beta (TGF-β) had increased, while significantly higher VEGF mRNA (messenger ribonucleic acid) levels were also maintained in the early stage of wound healing [75].




7. Conclusions


In the last several years, wound healing has been the subject of intense research because of antibiotic resistant bacteria, which may colonize wounds and delay the healing process. New research in wound healing involves many different fields, such as gene therapy to materials science. However, this challenge remains unsolved. Current trends are moving towards the development of innovative wound care treatments employing collagen, which is the most abundant fibril protein in the animal constitution. This protein displays very good properties such as biocompatibility, biodegradability, thickening and water binding capacity. Another advantage of the collagen is the cost-effective production of materials that utilize non-mammalian sources of collagen or extracellular matrix components. Therefore, this protein is capable of providing an optimal structure for cellular ingrowth to facilitate healing [76].



The latest research in the field demonstrated that antibiotic-loaded NPs-collagen composite hydrogels are suitable for wound healing and inhibition of microbial biofilm development in chronic wounds. The future directions are heading towards providing time-released delivery of bioactive molecules or drugs based on the degradation rate of the scaffold or specific signals from the wound microenvironment [77,78].
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Figure 1. The main advantages of the functionalized collagen hydrogels. 






Figure 1. The main advantages of the functionalized collagen hydrogels.



[image: Metals 07 00516 g001]







[image: Table] 





Table 1. The antibiotic resistance threats published by the CDC (Centers for Disease Control) [13].
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Threats

	
Drug-Resistant Microbes






	
Urgent threats

	
Clostridium difficile (C-diff)




	
Carbapenem-resistant Enterobacteriaceae (CRE)




	
Neisseria gonorrhoeae




	
Serious threats

	
Multidrug-resistant Acinetobacter




	
Drug-resistant Campylobacter




	
Fluconazole-resistant Candida




	
Extended-spectrum β-lactamase (ESBL)-producing Enterobacteriaceae




	
Vancomycin-resistant Enterococcus (VRE)




	
Multidrug-resistant Pseudomonas aeruginosa




	
Drug-resistant non-typhoidal Salmonella




	
Drug-resistant Salmonella enterica serotype typhi




	
Drug-resistant Shigella




	
Methicillin-resistant Staphylococcus aureus (MRSA)




	
Drug-resistant Streptococcus pneumoniae




	
Drug-resistant tuberculosis




	
Concerning threats

	
Vancomycin-resistant S. aureus (VRSA)




	
Erythromycin-resistant Group A Streptococcus




	
Clindamycin-resistant Group B Streptococcus
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Table 2. The distribution of collagen types in connective tissues [33].
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	Type
	Class
	Distribution





	I
	Fibrillar
	Dermis, bone, tendon



	II
	Fibrillar
	Cartilage, vitreous



	III
	Fibrillar
	Blood vessels



	IV
	Network
	Basement membranes



	V
	Fibrillar
	Dermis, bone, tendon



	VI
	Filaments, 100 nm
	Dermis, bone, tendon



	VII
	Fibers with antiparallel dimers
	Dermis, bladder



	VIII
	Hexagonal matrix
	Membrane



	IX
	Fibril-associated collagens with interrupted triple helices
	Cartilage, vitreous



	X
	Hexagonal matrix
	Cartilage



	XI
	Fibrillar
	Cartilage



	XII
	Fibril-associated collagens with interrupted triple helices
	Tendon
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Table 3. MBCs (minimum bactericidal concentrations) of some inorganic NPs (nanoparticles) [48].
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Bacterial Strain

	
MBC (μg/mL)




	
Ag

	
CuO

	
ZnO






	
Staphylococcus aureus (Golden)

	
100

	
2500

	
2500




	
S. aureus (Oxford)

	
100

	
100

	
5000




	
Escherichia coli NCTC (National Collection of Type Cultures) 9001

	
100

	
250

	
>5000




	
Pseudomonas aeruginosa PAO1

	
100

	
5000

	
>5000




	
Proteus spp.

	
100

	
5000

	
>5000




	
S. epidermidis SE-4

	
100

	
2500

	
2500




	
Meticillin-resistant S. aureus 252

	
100

	
1000

	
>5000




	
Epidemic meticillin-resistant S. aureus 15

	
100

	
250

	
5000




	
Epidemic meticillin-resistant S. aureus 16

	
100

	
1000

	
5000
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