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Abstract

:

Here, nitrogen-doped carbon dots (N-doped CDs) were synthesized by the hydrothermal method embedded within poly(lactic acid-co-glycolic acid) ((PLGA)) films at different amounts. The N-doped CDs (or CD) that possess fluorescence properties also have antimicrobial properties against S. aureus and E. coli microorganisms, determined by the disc diffusion method with 19 ± 2 and 18 ± 1 mm zone diameters, respectively. The CD embedded PLGA films (CD@PLGA) with different CD contents revealed an increased fluorescence intensity with the increased amount of CD. Moreover, the antibacterial potency of 50% CD containing PLGA (50-CD@PLGA) films (by weight) against S. aureus and E. coli microorganisms was examined and the zone diameters were found to be 14 ± 1 and 13 ± 1 mm, respectively. In addition, CD release studies from different amounts of CD (2.5–50 by weight) containing composite films showed that 50-CD@PLGA film released 127 ± 16 mg/g CD dots, which is 38 ± 5% of the embedded CDs in about 12 days, suggesting their potential application in food packing and wound dressing. Moreover, all CD@PLGA films were found to be blood compatible via hemolysis and blood clotting index tests with <5% hemolysis and >90% blood clotting indices regardless of their CD content.
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1. Introduction


Plastics have widespread use in food packaging due to their easy availability and cost effectiveness. However, plastics cause very serious environmental problems [1]. Environmentally friendly, biodegradable, and functional food packaging materials are gaining continuing importance. It is advantageous for food packaging to be able to detect deterioration and prevent spoilage. Microbial communities can be detected and identified with a wide range of application methodologies, such as Species-specific PCR [2], PCR-DGGE [3], and so on. Besides this, freshness indicators also exist that work via the sensory changes in food to detect toxicity, meat spoilage, and fruit ripening. However, most of the spoilage and microbial detectors are either expensive or non-mobile systems, and, as a result, the industry still requires easy synthesis, low cost, and fast detection methodologies. In addition, the presence of antimicrobial properties in food packaging increases the shelf-life of the food and food safety. There are studies on food packaging consisting of films containing nanoparticles, metal nanoparticles, essential oils, liposomes, or various phenolics [4]. In the literature, a film was developed from sodium carboxymethyl cellulose and polyvinyl alcohol doped with anthocyanins that prepared an active and pH-responsive sensitivity to monitor the freshness of pork [5]. Active food packaging materials reported include sulfur-functionalized CDs embedded in pectin and gelatin films that have UV-barrier properties and antioxidant properties [1].



The skin is an organ that covers our body and protects it from the environment. Any wound on the skin needs to be protected from external microorganisms such as bacteria, viruses, and fungi. Moist and antimicrobial materials are very effective in the healing of wounds [6,7]. Three-dimensional hydrogel networks could be used to cure infected wounds [8]. Pharmaceuticals and drug delivery systems commonly utilize PLGA, a hydrophobic copolymer approved by the Food and Drug Administration (FDA, Silver Spring, MD, USA) [9]. In addition to its biocompatibility [10], biodegradability [11], and low toxicity [12], this polymer provides controlled drug delivery opportunities, as well as improved clinical experience.



In the last decade, the emergence of CDs, one of the carbon allotropes, has attracted intense interest due to its great capabilities and use in areas such as photocatalysis [13], and optoelectronic devices [14], due to its bio-imaging [15], biosensor [16], anti-bacterial [17], and anti-biofilm [18] properties. Besides these properties, its low toxicity, and great biocompatibility [19], and use in easy synthesis methodologies, such as laser ablation [20], hydrothermal treatment [21], and microwave and ultrasound methods [18], makes CDs one of the most promising advanced materials to detect food spoilage and act as a sensor due to their fluorescent and anti-bacterial properties.



In this study, CD embedded PLGA films were synthesized for use in food packing and wound dressing materials. Citric acid monohydrate (CA) was used as the carbon and polyethyleneimine (PEI) was used as a nitrogen source to create N-doped-CDs. It is known that amine functional groups contain structures that are further modifiable and make the material antibacterial. The N-doped-CDs used here are < 100 nm in size and have florescent and biocompatible possessing antibiofilm, and antibacterial properties [22]. The CD@PLGA-composite films were fabricated by introducing CDs in PLGA solution at different amounts and casting into Petri dishes. The antibacterial properties of CD@PLGA-composite films against S. aureus and E. coli microorganisms was assessed as zone inhibition diameters. Furthermore, CD release studies from different amounts of CD@PLGA-composite films were investigated.




2. Materials and Methods


Citric acid (CA, Carlo Erba, >99%) as the carbon precursor and polyethyleneimine solution (PEI, 50 wt% in H2O, Mn: 1800) as the nitrogen precursor were used to synthesize the N-doped CD. Poly(lactic acid-co-glycolic acid) (PLGA, Purasorb PLG-8531, Corbion, Amsterdam, The Netherlands) was used as a template for the film formation and chloroform (Riedel-de Haẽn, >99%) was used as a solvent for dissolving the PLGA. For the antimicrobial test, the Gram-positive microorganism S. aureus ATCC 6538 (KWIK-STIKTM) and Gram-negative microorganism E. coli ATCC 8739 (KWIK-STIKTM) bacterial strains were procured from Microbiologic. Nutrient agar and nutrient broth were purchased from Merck for the bacterial medium.



2.1. Synthesis of N-Doped CD and CD@PLGA Films


Primarily using citric acid (CA) as a carbon source and polyethyleneimine (PEI) as a nitrogen source, the N-doped CDs were prepared by applying some modifications to the hydrothermal method as reported in the literature [22,23]. A solution of 1.0 g of CA in 22 mL of water was prepared. Then, 6.0 mL of 50% aqueous PEI solution was added to the solution and stirred continuously for another 5 min. The mixed solution was transferred to a 50 mL capacity inner Teflon-lined reaction chamber. This reaction chamber was placed in a stainless-steel hydrothermal autoclave. This autoclave was placed in a furnace and kept at 250 °C for 4 h. N-doped CDs were synthesized hydrothermally in an inner Teflon-lined autoclave at 250 °C for 4 h. The collected mixture was then moved to a dialysis membrane (molecular weight cut off 12,000 Da) and washed with distilled water for 24 h, with the water being refreshed every 8 h to get rid of unwanted organic molecules and for purification. Finally, rotary evaporation was used to concentrate the liquid N-doped CDs.



Following that, a 50 mg/mL PLGA solution in chloroform was prepared and stirred on a magnetic stirrer at 500 rpm for 2 h to dissolve the PLGA. In a separate vial, a 25 mg/mL N-doped CDs solution was prepared in chloroform. To prepare the N-doped CDs embedded films and illustrate the effects of the N-doped CDs numbers, different quantities of N-doped CDs (2.5–50 percent N-doped CDs by weight of PLGA) were added to the PLGA solution. Stirring was continued for 30 min to ensure that the N-doped CDs were uniformly and properly dispersed in the PLGA solution. The prepared film solutions were then poured into 90 mm diameter glass Petri dishes and left at room temperature for 24 h to form films.




2.2. Characterization of CD@PLGA Films


To determine the functional groups in the configuration of the film samples, a Fourier Transform Infrared Radiation Spectroscopic Analyzer (FT-IR, Perkin Elmer Spectrum 100, Akron, OH, USA) was used. The ATR technique was used to generate the FT-IR spectra with a wavenumber spectrum of 4000–650 cm−1 and a resolution of 4 cm−1. Using a thermogravimetric analyzer (SII TG/DTA 6300, Seiko Instruments Inc., Chiba, Japan), the thermal activity of the prepared films was assessed. Then, nearly 3 mg of dry sample from the prepared films was placed into ceramic tubs. The thermal degradation of the samples in the N2 (g) atmosphere at 100 mL/min flow rate, 10 °C/min heating rate, and 100–900 °C temperature range was investigated. A graph showing the temperature versus weight loss was created to represent the thermal degradation of the samples.




2.3. N-Doped CDs Released from CD@PLGA Film


N-doped CDs released from CD@PLGA films were investigated at PBS. Nearly 30 mg of dry film samples were weighed and placed in Falcon tubes containing 30 mL of PBS. These Falcon tubes were placed in a 37.5 °C water bath and stirred at 200 rpm. the composite film contained varying amounts of CDs. Measurements were taken at 437 nm and 550 PMT voltages in a fluorescence spectrometer using fluorescence spectroscopy (Lumina, Thermo Fisher Scientific, Waltham, MA, USA) at certain time intervals from the emission media containing the composite films containing different amounts of CD. A calibration curve was plotted for the N-doped CDs in PBS to calculate the released number of CDs.




2.4. Hemocompatibility of CD@PLGA Films


Depending on the field of use and the purpose of the materials that come into contact with blood, they should not cause blood coagulation and hemolysis in internal and external applications. With arterial and healthy human blood, hemocompatibility can easily and accurately be tested in vitro. The hemocompatibility assay of the CD@PLGA films was carried out by performing some modifications to the hemocompatibility tests reported in the literature [24]. Hemocompatibility studies were carried out with the approval of the ethics committee no. (KAEK-2011-KAEK-27/2022-2200063689), which was approved by the Human Research Ethics Committee of Çanakkale Onsekiz Mart University. Arterial blood was intravenously taken from healthy volunteers for the hemocompatibility tests. These blood samples were placed in blood tubes containing an anti-clotting agent, and the hemolysis and coagulation tests were started swiftly.



For the hemolysis test, dry samples weighing 10 mg were placed in 9.8 mL of 9% physiological saline solution. Then, a 2:2.5 by volume of blood and 9% physiological saline solution were mixed and gently shaken. Subsequently, 0.2 mL of this blood was transferred to the tubes containing the sample. It was kept at 37.5 °C for 2 h to incubate. Water was used as a positive control and physiological saline solution as a negative control, which were tested by simultaneous exposure to the same conditions.



After the incubated solutions were centrifuged at 1340 rpm for 5 min, the absorbance of the supernatant solution was determined using a UV-Vis Spectrophotometer at a 542 nm wavelength. The hemolysis index% of the samples was calculated according to the formula in Equation (1).




   Hemolysis Index % =  (  A sample  −  A saline  )  /  (  A water  −  A saline  )  × 100   



(1)





For the blood coagulation test, pieces of film weighing about 10 mg were placed in a centrifuge tube. In another tube, 0.064 mL of 0.2 M CaCl2 solution was added to 0.81 mL of arterial blood, and 0.27 mL was taken from this blood solution and bought into contact with the samples. Then, the tubes were incubated at 37.5 °C for 10 min. After incubation, 10 mL of DI water, kept at 37.5 °C, was slowly added to the blood-containing samples and centrifuged for 1 min at 540 rpm. The liquid part in the tube was then added to 40 mL of DI water, kept at 37.5 °C, and incubated for 2 h at 37.5 °C. As a control, 0.25 mL of blood was added to 50 mL of DI water, kept at 37.5 °C, and incubated for 1 h under the same conditions. The absorbance of the incubated solutions was determined at a 542 nm wavelength using a UV-vis Spectrophotometer. The blood coagulation index% of the samples was calculated using Equation (2).




   Blood coagulation Index % = (   A sample  /  A control   ) × 100   



(2)






2.5. Antibacterial Activity of CD@PLGA Films


The antimicrobial properties of the prepared CD@PLGA films were determined by the disc diffusion method against Gram-negative E. coli and Gram-positive S. aureus bacterial strains. The films and N-doped CDs whose antimicrobial effects were to be examined were kept under 420 nm UV light for 1 min for sterilization. Briefly, for the antimicrobial test, the stock microorganism suspension was adjusted to a concentration of approximately 0.5 × 108 CFU/mL (colony forming units) according to the McFarland 0.5 standard, and 0.1 mL of this suspension was inoculated on a nutrient agar plate. Three pieces of sterile discs with a diameter of 9 mm were placed on the plate, and immediately 10 μL, 20 μL, and 30 μL of 100 mg/mL concentration of the N-doped CDs suspension in 0.9% NaCl saline solution were dropped onto these discs. Moreover, 10 × 10 mm sized PLGA and CD@PLGA films were placed onto another plate and these plates were incubated at 35 °C for 24 h. After this process, the clear zone around the discs was measured in mm to determine the inhibition zone of the materials against the bacteria.





3. Results


3.1. Preparation and Characterization of CD@PLGA Film


N-doped CDs were synthesized using the hydrothermal method, the best known and frequently used method for CD synthesis, using CA as the carbon source and PEI as the nitrogen source. The characterization of the N-doped CDs was given in our previous study. As shown schematically in Figure 1a, the solution prepared using CA: PEI in a ratio of 1:1 by weight was reacted in a furnace at 250 °C for 4 h to form the N-doped CDs. The N-doped CDs removed from the furnace at the end of the reaction were cooled to room temperature and the resulting yellowish-brown liquid was transferred to the dialysis membrane. It was then washed for 24 h with the water refreshed every 8 h to get rid of unwanted organic molecules. Then, the N-doped CDs were dispersed in chloroform at a concentration of 25 mg/mL. PLGA at a concentration of 50 mg/mL in another vial was dissolved in chloroform for 2 h. After this, the N-doped CDs dispersed in chloroform were incorporated into the PLGA film structure as shown in Figure 1b and mixed for 30 min to ensure that the N-doped CDs were evenly distributed in the PLGA film solution. Then, the CD@PLGA was kept at room temperature for 24 h for film formation.



In Figure 1c, digital camera images of the films containing N-doped CDs in the ratios of 0, 2.5, 5, 10, 25 and 50% by the weight of the PLGA are given. As can be seen from the digital camera images, the images close to being transparent become darker with the increase in the number of N-doped CDs contained in the films.



FT-IR spectroscopy was used to verify the surface functional groups of the synthesized N-doped CDs and films. The FT-IR spectra given in Figure 2a have been attributed to the stretching vibration associated with the peak C=O ester group at 1750 cm−1 [25]. As can be clearly seen from the FT-IR spectrum, the 2.5-CD@PLGA, 5-CD@PLGA, and 10-CD@PLGA films show the same characteristic peaks as the PLGA film. This can be explained by the fact that PLGA contains fewer numbers of N-doped CDs relative to its weight and the results are not shown in the FT-IR spectra. On the other hand, the wideband observed between 3281–3272 cm−1 observed in the 25-CD@PLGA, and 50-CD@PLGA films ascribe the presence of –OH and N-H, which is characteristic of N-doped CDs. In addition, the characteristic N-doped CDs peaks are attributed to the C-N stretch at 1555 cm−1 and the N-H bending vibrations at 1656 cm−1 [26,27,28].



The thermograms of the TG analysis results were performed on films under N2 (g), at a 100 mL/min flow rate, and a constant heating rate of 10 °C/min for 25–100 °C to remove the moisture. Then, the temperature rose between 100–900 °C as demonstrated in Figure 2b. According to the thermograms shown in Figure 2b, the 2.5-CD@PLGA, 5-CD@PLGA, and 10-CD@PLGA films degrade in one stage, and the 25-CD@PLGA and 50-CD@PLGA films degrade in three stages. The thermograms of PLGA and the 2.5-CD@PLGA, 5-CD@PLGA, and 10-CD@PLGA films are similar. These films show a weight loss of about 96% between 275–390 °C. When the temperature reaches 900 °C, the final weight loss is almost 98%. The 25-CD@PLGA film degraded in three stages and exhibited a weight loss of 73% in the 190–290 °C temperature range, 85% in the 300–420 °C temperature range, and 87% in the 420–900 °C temperature range. The 50-CD@PLGA film was also degraded in three stages. The first stage started at 190 °C and ended at 280 °C, which corresponds to a weight loss of almost 67%. The second stage of degradation started at 280 °C and ended with a weight loss of 90% at 420 °C. The final stage of degradation started at 420 °C and continued up to 900 °C, and this stage ended with a weight loss of about 96%.




3.2. N-Doped CDs Released from CD@PLGA Films


N-doped CDs were synthesized by the hydrothermal method and embedded into the PLGA films in different amounts. The release rate was determined by the degradation of the films via Fluorescence Spectrum at pH 7.4. According to the results given in Figure 3a, all films release N-doped CDs, almost linearly, for up to about 24 h, and the N-doped CDs release continues slowly up to a period of 14 days until a plateau is reached. The N-doped CDs release amounts were 0.05 ± 0.01, 0.07 ± 0.01, 2.2 ± 0.1, 31.2 ± 6.1 and 124.2 ± 9.1 mg/g after 10 days for the 2.5-CD@PLGA, 5-CD@PLGA, 10-CD@PLGA, 25-CD@PLGA and 50-CD@PLGA films, respectively. In addition, the cumulative N-doped CDs release percentages of the films were calculated, and the results are given in Figure 3b. The cumulative N-doped CDs released from the films varied from 0.5 ± 0.04% to 38 ± 5% depending upon the number of N-doped CDs they involved. The Figure 3b inset shows the digital camera images under daylight and the UV light illumination of the samples withdrawn from the PBS release medium. It was observed that the images were transparent under daylight and only the 10-CD@PLGA, 25-CD@PLGA and 50-CD@PLGA films exhibited a bright blue, fluorescent color at 366 nm UV light illumination. With the increasing numbers of N-doped CDs in these films, the bright blue color intensity increases. The fact that the 2.5-CD@PLGA and 5-CD@PLGA films lack fluorescence features is explained by their low N-doped CDs content. What is more, these data for each film sample were fortified by their fluorescence spectrum as demonstrated in Figure 3c. The 2.5-CD@PLGA, 5-CD@PLGA, 10-CD@PLGA, 25-CD@PLGA, and 50-CD@PLGA films have characteristic peaks at 412, 412, 434, 437, 437 and 437 nm, respectively. However, the fluorescence spectra of the films containing different amounts of N-doped CDs indicate that, as the number of N-doped CDs in the CD@PLGA films increased, a gradual increase in the fluorescence intensity of the samples was observed.



As can clearly be seen from Figure 3, the differences between the release rate of N-doped CDs are related to the films, including the different amounts of N-doped CDs. In conclusion, as the rate of the number of N-doped CDs in the films increased, the amount of the N-doped CDs release, percentage, and fluorescence spectrum also increased linearly as illustrated in Figure 3a–c, respectively. The results showed that the number of N-doped CDs released, the cumulative release rate, and the fluorescence property was notably affected by the number of N-doped CDs the films contained.




3.3. Hemocompatibility Test Results of CD@PLGA Films


Material hemocompatibility is one of the parameters to consider in biological applications. Hemolysis and blood coagulation tests were conducted to assess the potential use of 10 mg PLGA films in the blood-contact application. Figure 4 shows the hemocompatibility results of films with in vitro hemolysis and blood coagulation tests. According to the hemolysis index results given in Figure 4a, all CD@PLGA and PLGA films are non-hemolytic.



Figure 4b exhibits the blood coagulation index results of the films. As can be seen from the results, the film blood coagulation index ranges from 97 ± 4% to 100 ± 2% for PLGA and CD@PLGA films.



As a result, irrespective of the number of N-doped CDs it contains, all films are hemocompatible and can be utilized confidently in studies that come into contact with blood.




3.4. Antimicrobial Activity of CD@PLGA Films


The antibacterial effect of N-doped CDs, PLGA, and CD@PLGA films against S. aureus and E. coli microorganisms was tested via the disc diffusion method. Digital camera images of the inhibition zone against both types of microorganisms are illustrated in Figure 5 and the results are summarized in Table 1. As can be clearly seen from the digital camera images, the zone diameter could be measured for all samples except for the PLGA film. For the different concentrations of N-doped CDs, the sample zone diameters increased with the increasing N-doped CDs concentration. The antibacterial effect of the N-doped CDs was investigated using CD at three different concentrations: 1 mg/mL, 2 mg/mL, and 3 mg/mL. Likewise, the zone diameters of the PLGA and 50-CD@PLGA films are given in Figure 5. The inhibition zone of the PLGA film was not observed against both microorganisms, but the inhibition zone of the 50-CD@PLGA film was easily measured.



As given in Table 1, the inhibition zone diameters of the N-doped CDs, for the concentration of 1, 2 and 3 mg/mL against S. aureus were measured as 12 ± 1, 15 ± 1 and 19 ± 2 mm, respectively. When the same concentrations of N-doped CDs were analyzed against E. coli, the zone diameters were determined as 12 ± 1, 14 ± 1 and 18 ± 1 mm, respectively.



The inhibition zone diameters of the PLGA and 50-CD@PLGA films are also given in Table 1. Although the PLGA film did not show any zone diameter against S. aureus and E. coli, the 50-CD@PLGA film reached a 13 ± 1 mm zone diameter against S. aureus and a 12 ± 1 mm zone diameter against E. coli. As 50-CD@PLGA films contain high amounts of N-doped CDs, the release of N-doped CDs in the S. aureus and E. coli media are limited, and therefore, the zone diameter may not have been revealed very clearly. However, given enough time and an aqueous environment, the degradation of the PLGA matrix will enable higher amounts of N-doped CDs that are very effective in killing S. aureus and E. coli microorganisms.





4. Conclusions


N-doped CDs were successfully synthesized via a hydrothermal method using CA: PEI at a ratio of 1:1 by weight as the precursors. The N-doped CDs were embedded in the PLGA films at different ratios and their controllable release behavior was investigated using fluorescence spectroscopy due to the fluorescence properties of the CDs. The results support how the release behavior could be controlled by increasing the number of CDs within the CD@PLGA film composites. Likewise, the antimicrobial effect of the films has also revealed a distinct result between films with and without CDs. Although no zone inhibition diameter is seen in PLGA films, the antibacterial activity of the 50-CD@PLGA film against S. aureus and E. coli bacterial strains has been revealed with zone inhibition diameters of 14 ± 1 and 13 ± 1 mm, respectively. In brief, CD@PLGA films can be used safely in fields such as food packaging products, medicine, and biomedicine as sensors with antimicrobial and fluorescent properties.



Attaining safe food with long-lasting storage capacity is very important for human health due to socio-economic considerations and income irregularity. Various strategies need to be adopted, including the use of smart packing materials. For example, to increase the shelf-life of meat products, antioxidants and/or antimicrobials in different formulations, whether synthetic or natural, must be used as additives. Food additives and/or smart food packing materials could be used to extend the shelf-life of foods, e.g., meat and meat products to prevent microbial spoilage [26]. It is important to note that many of the additives used in food processing plants can cause carcinogenic effects, food allergies, toxicity, or sensitivities [25]. In this regard, it is crucial to monitor food freshness and spoilage to ensure food safety and quality by employing smart packing materials that can prevent spoilage and signal decay, such as the one reported here, namely CD@PLGA composite films.
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Figure 1. Schematic representation of the synthesis of (a) N-doped CD; (b) CD@PLGA composite film preparation; and (c) digital camera images of the corresponding films. 
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Figure 2. (a) FT-IR spectra of N-doped CD and CD@PLGA with different CD contents, and (b) their corresponding thermograms. 
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Figure 3. (a) The N-doped CD release (mg/g) from CD@PLGA containing different amounts of CDs; (b) cumulative release (%); and (c) fluorescence emission spectra of films [Reaction conditions: 30 mg film, 30 mL pH 7.4 solution, 37.5 °C, 200 rpm mixing rate]. 
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Figure 4. Hemocompatibility of 10 mg PLGA and CD@PLGA films via (a) hemolysis, and (b) blood coagulation tests. 






Figure 4. Hemocompatibility of 10 mg PLGA and CD@PLGA films via (a) hemolysis, and (b) blood coagulation tests.



[image: Jcs 06 00260 g004]







[image: Jcs 06 00260 g005 550] 





Figure 5. Digital camera images of the zone inhibition diameters on S. aureus and E. coli according to the disc diffusion method for N-doped-CD, PLGA, and 50-CD@PLGA. 
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Table 1. Inhibition zone diameter of N-doped CDs and 50-CD@PLGA films against S. aureus and E. coli.
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Inhibition Zone (mm)




	
Materials

	
S. aureus (Gram Positive)

	
E. coli (Gram Negative)






	
N-doped-CD (1 mg/mL)

	
12 ± 1

	
12 ± 1




	
N-doped-CD (2 mg/mL)

	
15 ± 1

	
14 ± 1




	
N-doped-CD (3 mg/mL)

	
19 ± 2

	
18 ± 1




	
PLGA

	
-

	
-




	
50-CD@PLGA

	
13 ± 1

	
12 ± 1
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