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The wound healing process is accompanied by changes in pH values. Monitoring this physicochemical parameter can indicate the effectiveness of the applied treatment and act as early identification of wound infection. This study focuses on the development of a fluorescent film-based polyvinyl alcohol (PVA) and carbon dots (CDs) derived from lemon bagasse (CD-L) and ortho-phenylenediamine (CD-oPD) named to act as antioxidants and potential ratiometric fluorescent pH sensors, in wound applications. The I460/I550 intensity ratio, as a function of pH value for the dual-system CDs prepared from the mixture of CD-L and CD-oPD, named CD-L/oPD, was investigated. The fit corresponded to a sigmoidal function in the pH range of 5–10, with a relationship having a r2 = 0.992. The variation in the values of the I460/I550 ratio allows for the visualization of the color change from yellowish-green to green with increasing pH. Through a simulated ex vivo pig skin model, it was possible to note that the films prepared from mixed of the CD-L and CD-oPD carbon dots incorporated in a matrix PVA named CD-L/oPD-F was more efficient at visually discriminating color in relation to changes in pH than the films prepared from both individual CD-L (CD-L-F) and CD-oPD (CD-oPD-F) carbon dots. CD-L and CD-oPD demonstrated antioxidant capacity against reactive oxygen species (ROS). The IC50 values for CD-L and CD-oPD were 56.7 and 39.5 μg mL−1 in the DPPH● inhibition assay, and 25.1 and 63.4 μg mL−1 in the HOCl scavenging one, respectively. MTT viability assays using human non-tumoral skin fibroblast (HFF-1) cell showed a cell survival rate of over 80% for both CDs up to a concentration of 1,000 μg mL−1. Finally, the developed films can act in a bifunctional way, by monitoring healing through pH changes and by acting as an antioxidant agent in the treatment of wounds.
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1 INTRODUCTION
Carbon dots are luminescent carbon nanoparticles (CNP) with sizes smaller than 10 nm and a spherical morphology (He et al., 2022; Wang et al., 2022). A graphitic structure forms the core, while the surface contains functional groups characteristic of the materials used during synthesis, mainly from the precursor (Ding et al., 2020; He et al., 2022; Davi, L. B. O. et al., 2021). CDs exhibit excellent optical properties, such as fluorescence in the visible spectrum, good dispersion in water, biocompatibility, photo-stability, low toxicity, antimicrobial activity, and low-cost synthesis (Mary et al., 2022). These properties associated with their non-invasiveness and good sensitivity have contributed to the development of various biological fluorescent sensors (Omidi et al., 2017; Yang et al., 2019).
The pH in biological systems plays a critical role in maintaining homeostasis and regulating vital processes (Mei et al., 2022). In this sense, a number of diseases are associated with disrupted pH values, and monitoring their changes is important to aid treatment. (Xia et al., 2019; Macairan et al., 2020). The exudates (liquids) released in the wounds during the healing process are capable of responding to pH, since the pH value influences physiological processes, such as the inflammatory response, collagen formation and angiogenesis (Zhu et al., 2020). The skin surface has a typical pH value ranging from 4 to 6, providing resistance against microbial invasion (Zhu et al., 2020; Sharma et al., 2023). However, chronic wounds have a more alkaline pH, between 7 and 9, and are more vulnerable to bacterial infections, while acute wounds have a pH similar to that of the skin under normal conditions, around 4 to 6, due to the activity of neutrophils which prevent the colonization of bacteria (Kadam et al., 2019; Zhu et al., 2020; Pang et al., 2023). In this sense, pH can help monitoring wound healing by enabling previous information to be provided which can contribute to effective treatment (Tang et al., 2021).
CDs have emerged as versatile and promising materials in the field of pH sensing. When exposed to different pH environments, CDs exhibit alterations in their emission spectra, resulting in changes in the wavelength of the emission or intensity (Yang et al., 2019; Zhang et al., 2019; Ehtesabi et al., 2020; Liu et al., 2021). pH-responsive property has positioned them as valuable tools for pH-sensing applications in various systems (Wang et al., 2020; Cui et al., 2021). Although studies on the treatment of wounds using CDs are in progress, the use of these nanoparticles in the detection of pH in wounds is rare (Omidi et al., 2017; Kasouni et al., 2021; Wu et al., 2022; Farshidfar et al., 2023). Omidi et al. (2017) synthesized single-channel CDs with blue emission derived from ammonium citrate to fabricate CD/chitosan nanocomposite films for application in wound healing. The results had shown that they were able to detect pH variation, during in vivo stages of wound healing (rat model). Yang et al. (2019) also prepared orange-emitting CDs using 1, 2, 4-triaminobenzene and urea (O-CDs), applied in the monitoring of wound healing, through the detection of pH values variation. Medical cotton cloth (MCC) was used as a support for the O-CDs and the combined (O-CDs/MCC) system was responsive to a pH range of 5 up 9.
However, the presence of only one emission band and/or gradation of wavelength of the maximum emission changes with low clarity, and difficulties to be visualized challenged the pH detection. In light of the limitations of single-channel nanoparticles, researchers are developing ratiometric sensors to improve the sensitivity of CDs to pH. (Song et al., 2017; Lei et al., 2020; Xu et al., 2020; Li et al., 2021; Silva et al., 2022). Ratiometric fluorescent sensors typically exhibit dual emission bands at different wavelengths (Silva et al., 2022). A correlation is provided from the ratios of the fluorescence intensities of the different wavelengths of the sample, which minimizes background interferences, improving the sensitivity, precision and detection of the material (Li et al., 2021). In addition, ratiometric sensors enable rapid detection due to the response of the sample, which can also be seen with the naked eye. From this perspective, they can be applied to the detection of ions, pH, temperature, diseases, etc (Lei et al., 2020; Xu et al., 2020; Li et al., 2021). The advantages of these sensors, combined with the unique properties of CDs, allow the development of new platforms for in situ pH detection in biological systems with high efficiency. In this regard, the obtained results are highly promising for early diagnosis, and treatment’s monitoring of diseases, such as chronic wounds (Yang et al., 2019; Farshidfar et al., 2023; Sharma et al., 2023).
Additionally, the use of CDs as antioxidant agents for therapeutic applications has been widely explored, however, in wounds, are still not common (Huangfu et al., 2021; Moniruzzaman et al., 2022; Roy et al., 2022; Varillas et al., 2022). In this sense, Qu et al. (2023) synthesized positively charged CDs from p-phenylenediamine and polyethyleneimine and studied their ability to reduce radicals as DPPH●, ●OH and O2●˗ in wounds, and results indicated that CDs effectively eliminated excess of these radicals, and relieved excessive inflammatory responses (Qu et al., 2023). Reactive oxygen species (ROS) are formed during normal cellular respiration, but studies have shown that in excess they can contribute to the development and progression of diseases resulting from oxidative stress (Juan et al., 2021; Dong et al., 2022). According to the intensity scale, we have the so-called physiological oxidative stress (eustress), essential for redox signaling and excessive and toxic oxidative stress, which causes damage to biomolecules (distress) (Sies et al., 2017). In general, wounds healing experiences three phases: inflammation, proliferation and maturation. In the inflammatory phase, an excess of ROS is produced, which is considered to be the main factor hindering skin regeneration (Bankoti et al., 2017). Thus, distress occurs, causing oxidative structural modifications in lipids, DNA, and proteins, leading to necrosis at the wound site (Bankoti et al., 2017; Juan et al., 2021).
The immobilization of CDs-based colorimetric/fluorescent pH sensors, and antioxidant agents in polymeric matrices is a good strategy for their use as bioactive dressings (Liu et al., 2021). In this sense, due to its properties of biocompatibility, hydrophilicity, low cost, and known benefits in wound healing, the synthetic polyvinyl alcohol (PVA) has been explored in the manufacture of dressings, usually associated with other organic and inorganic compounds (Moghaddam et al., 2021; Jin, 2022; Qu et al., 2023).
As such, this study aims to develop biocompatible, antioxidant fluorescent pH sensors using dual-system CDs prepared from lemon peel bagasse (CD-L) and o-phenylenediamine (CD-oPD) to offer a real-time, in situ measurement of pH value and redox status in wounds.
2 EXPERIMENTAL
2.1 Chemicals
Tahiti lemons (Citrus latifolia) were obtained from local markets (SisGen access number: A4098F3). The chemicals o-phenylenediamine, boric acid, acetic acid, phosphoric acid, MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide], polyvinyl alcohol (PVA-average mol wt 89,000–98,000) and glycerol were acquired from Sigma-Aldrich (St. Louis, United States). Deionized water (18.2 MΩ cm) obtained from the Master System MS 2000 (Gehaka, Brazil) was used. Pig belly skin was purchased freshly from a local butcher.
2.2 Synthesis of lemon waste-derived carbon dots (CD-L)
The CD-L was synthesized according to the methodology reported by Silva et al., 2023. Briefly, the aqueous extract of Tahiti lemon was obtained using 60 g of the bagasse in 130 mL of deionized water, stirred for 60 min at 100°C. After heating, the mixture containing lemon bagasse was separated from the aqueous extract by filtration through a filtered through the fluted paper in a glass funnel. Fifty (50) mL of this resulting solution was heated using a domestic microwave (5 min, 720 W). Subsequently, 50 mL of deionized water was added to the solids resulting to obtain a suspension containing the CDs, since the solvent was completely evaporated during the reaction. The purification was carried by centrifugation of suspension at high speed (15,000 rpm), and filtration, using membranes of cellulose acetate (0.22 µm). The concentration of CD-L in the aqueous solution was ≈20 mg mL−1. Finally, they were stored in a refrigerator at 4°C.
2.3 Synthesis of o-phenylenediamine-derived carbon dots (CD-oPD)
The CD-oPD was obtained by a simple hydrothermal reaction adapted from Davi et al. (2021). The reaction consisted of a mixture of 20 mg of o-phenylenediamine and 10 mL of deionized water in a stainless steel reactor, which was heated for 4 h at 200°C. The purification and storage of the CD-oPD was carried out according to the established protocol for CD-L.
2.4 Film of CD-L-F, CD-oPD -F and CD-L/oPD-F
The synthesis of the film CD-L/oPD-F was based on reported data (Elias et al., 2023). Briefly, 150 mg of PVA dissolved in 5 mL of deionized water under stirring at 80°C for 5 min. After cooling, 250, 125, and 60 µL of CD-L, CD-oPD, and glycerol were added to the solution, respectively. The mixture was stirred, deposited onto a plastic Petri dish (35 mm x 10 mm), and placed in an oven at 50°C for 48 h. The same procedure was used to synthesize film CD-L/CD-oPD-F, adding 250 µL of CD-L and 125 µL of CD-oPD.
2.5 Ex-vivo pH ratiometric sensor model
The pH ratiometric sensor assay using the CD-L/oPD-F film was carried out on pig belly skin samples ex vivo. Pieces of pig skin were cut uniformly in a 2 cm × 1.5 cm size and sprayed with different pH solutions ranging from 5 to 9 for 15 min according to previous studies (Tamayol et al., 2016). The CD-L-F or CD-oPD-F film was cut in 1 cm × 1 cm and supported on the skin. After 30 min, the emission colors of the films were visualized through an ultraviolet lamp (360 nm).
2.6 Swelling test of the CD-L-F, CDs-oPD -F and CD-L/oPD-F films
The swelling assay was performed to evaluate the absorption and solubility of CD-L-F, CD-oPD-F and CD-L/oPD-F films in Britton-Robinson buffer solution at different pH. The films were cut into squares of 1.0 cm × 0.5 cm and immersed at intervals of time up to 90 min in a buffer solution at pH 5, 7 and 9 (≈37°C). Afterward, the films were removed from the solution and the excess buffer solution on the surface of the films was removed by blotting the surface with tissue paper (this procedure was carried out in triplicate). The swelling degree (%SW) was calculated according to Eq. 1, where Mt represents the mass of the film at intervals of time and M0 represents the mass of the dry film at the initial time.
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2.7 Characterization of materials
For Transmission Electron Microscopy (TEM) images, a JEM-2100 (JEOL, Japan) with a 200-kV accelerating voltage was used. The CDs for TEM measurements were prepared by diluting them 10-fold with ultrapure water, followed by dispersion in an ultrasonic bath, for 5 min and the resulting materials were deposited on 400-mesh carbon-coated Cu grids. To process our TEM microscopy images, we used ImageJ software for particle characterization. One hundred (100) particles were counted, and, based on this count, the average particle size for each CD synthesized was calculated. Fourier transform infrared spectroscopy (FTIR) spectra analysis of the CDs was carried out using Nicolet iS05 FTIR Spectrometer (Thermo Fisher Scientific, United States) and potassium bromide (KBr) pelleting method. To obtain the KBr pellets of the CDs, approximately 50 µL of the concentrated solution of CD-L and CD-oPD was dropped onto 20 mg of KBr. The sample was dried in an oven at 100°C for 24 h. The spectral range used for analysis was 4,000 to 400 cm−1. The ultraviolet-visible (UV-Vis) absorption spectra of the CDs were acquired via Shimadzu UV/Vis/NIR Spectrometer UV-3600. The UV-Vis measurements of the films were carried on the aforementioned equipment using the solid-state system, in which the films were previously cut into a rectangular shape of 2 cm × 1.25 cm. Fluorescence spectroscopy analysis of the CDs in solution was carried out using a Shimadzu RF-5301PC Fluorescence Spectrophotometer. Solid-state measurements of the films were recorded using the Horiba-Jobin Yvon Fluorolog-3 spectrofluorometer. The emission modulation of CD-L and CD-oPD to obtain the ratiometric system was performed based on the photoluminescence spectrum of the sample and analyzed while varying the quantity of CDs. Thus, the obtained CD-L and CD-oPD were mixed in a ratio of 2:1 to produce the ratiometric system CD-L/oPD. The FL of the CDs (CD-L, CD-oPD and CD-L/oPD) as a function of pH was then measured using a Shimadzu RF-5301PC spectrofluorimeter. For this purpose, 50 and 25 µL of CD-L and CD-oPD, respectively, were added to 2 mL of pH solution (4–10). CD-L/oPD was measured by mixing 50 and 100 µL of CD-L and CD-oPD, respectively, in 2 mL of pH solution (4–10). The pH 4 to 10 solutions were prepared using Britton Robinson buffer (BR buffer) (0.1 mol/L), which was prepared using acetic, boric and phosphoric acids, all at a concentration of 0.4 mol/L. The acids were mixed and analyzed in a pHmeter to obtain the required pH value. Solutions of hydrochloric acid and sodium hydroxide (1 mol/L) were used to calibrate the solutions from pH 4 to 10. The photostability of the CDs was evaluated using photoluminescence spectroscopy. 50 and 25 µL of CD-L and CD-oPD, respectively, were added separately to 2 mL of water in a quartz cuvette. The fluorescence intensity (FI) of CD-L and CD-oPD was recorded under UV lamp excitation at 365 and 350 nm with emission monitored at 450 and 550 nm, respectively. Analyses were carried out for 60 min continuously, with the sample partially irradiated. The CIE 1931 chromaticity color coordinates diagram were obtained using the emission spectra of the all materials from the software Origin Pro.
2.8 Viable cells assay
To determine the biocompatibility of CD-oPD, MTT assay was used as previously reported (Mosmann, 1983; Silva et al., 2023). Human skin fibroblast lineage (HFF-1) cells were grown in 96-well plates, treated with different concentrations (0–1,000 µg mL−1) and incubated for 24 h at 37°C, in a CO2 incubator. After that, the optical density (OD) of the cells was measured at 540 nm using a spectrophotometer leading to viability (%), according to Eq. 2:
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For statistical analysis of viable cell results, the ANOVA one-way test was used and data were compared using Tukey’s method. The statistically significant difference accepted was p < 0.05.
2.9 Hypochlorous acid (HOCl) scavenging activity
The HOCl scavenging activity was performed according to Lucas et al. (2021). An HOCl solution was prepared at the time of analysis by adjusting the pH value of a 1% (v/v) NaOCl solution to 6.2 with H2SO4 addition. The reaction system consisted of the addition of phosphate buffer (100 mM, pH 7.4), CD-L or CD-oPD (3–100 μg mL−1) solution, dihydrorodamine solution (DHR, 5 µM), and HOCl (5 µM). Fluorescence measurements were performed in a microplate reader (Infinite® 200 PRO, TECAN, Männedorf, Switzerland), at 310 K, at wavelengths of 505 ± 10 nm and 530 ± 10 nm, for excitation and emission, respectively. The results were expressed as the half-maximal inhibitory concentration (IC50) in μg mL−1.
2.10 Radical superoxide anion scavenging activity
The radical superoxide anion scavenging activity was determined according to Lucas et al. (2021). In a 96-well plate, the following solutions were added to the indicated final concentrations: CD-L (3–800 μg mL−1) or CD-oPD (3–1,000 μg mL−1), NADH (166 µM), NBT (43.3 µM) and PMS (2.7 µM). Potassium phosphate buffer (19 mM, pH 7.4) was used to dissolve CD-L, NADH, NBT, and PMS. Quercetin was used as a standard for comparison purposes. The experiment was conducted at 310 K in a microplate reader, and the absorbance was measured at 560 nm. The results were expressed as IC50 in μg mL−1.
2.11 DPPH• scavenging assay
The evaluation of the reducing capacity of DPPH● was conducted as previously described (Xavier et al., 2017). Briefly, aliquots of CD-L or CD-oPD (5–100 μg mL−1) were added to a DPPH● solution (40 μg mL−1 in methanol). Measurements were taken at 516 nm after 30 min of incubation in the dark, using a UV-Vis spectrophotometer (Agilent Technologies, Santa Clara, CA, United States). The results were expressed as IC50 in μg mL−1.
3 RESULTS AND DISCUSSION
CD-L and CD-oPD were obtained by a simple and rapid method via microwave and hydrothermal procedures, respectively (Davi et al., 2021; Silva et al., 2023). TEM was used to provide information about the CDs morphology and size. In this regard, the TEM images showed that both CD-L and CD-oPD exhibited spherical graphitic morphology with uniform size dispersion, and average values of 2.54 ± 0.44 nm and 2.64 ± 0.60 nm, respectively (Figures 1A–C). In the magnified image displayed in Figures 1B–D, the interplanar distances typical of the graphitic structure can be observed for both carbon dots, which exhibited values of 0.21 and 0.24 nm corresponding to the diffraction plane (100) for CD-L and CD-oPD, respectively (Nascimento et al., 2023).
[image: Figure 1]FIGURE 1 | TEM micrographs for CD-L (A,B) and CD-oPD (C,D).
Fourier transform infrared spectroscopy (FTIR) was used to identify, in the CDs, the absorption peaks of the main functional groups (Figure 2A). The FTIR spectra revealed a broad and intense band attributed to the vibration of O-H stretching at around 3,445 and 3,330 cm−1 for CD-L and CD-oPD, respectively (He et al., 2022; Wang et al., 2022; Venugopalan and Vidya, 2023). In addition, for the CD-oPD this region includes the N-H axial deformation vibration at 3,220 cm−1 (Yang et al., 2019). For both CDs, it is also possible to observe C-H (sp3) vibrations between 2,970 and 2,700 cm−1 (Döring et al., 2022; Jing et al., 2023). CD-L shows broad bands centered at 1722, 1,398 and 1,205 cm−1 suggestive of the presence C=O, C=C and C-N, associated with oxygenated groups, polyaromatic in its graphitic core and surface-functionalizing nitrogen groups, respectively (Ding et al., 2017; Ding et al., 2019). For CD-oPD, FTIR reveals peaks characteristic of aromatic C-N and N-H angular deformation associated with aromatic chain bonds observed at 1,330 and 780 cm−1, respectively (Yang et al., 2019).
[image: Figure 2]FIGURE 2 | (A) FT-IR spectra for CD-L (blue line) and CD-oPD (green line), (B) UV-Vis absorption spectra for CD-L (blue line) and CD-oPD (green line), (C) Photostability under UV light (365 nm) for CD-L and (D) under UV light (350 nm) for CD-oPD.
UV-Vis absorption spectroscopy revealed the π-π* electronic transitions of C=C bonds in the CD-L and CD-oPD graphitic nucleus, with bands centered at 225, 210 and 230 nm, respectively (Figure 2B) (Tadesse et al., 2018; Hui, 2023). In contrast, the n-π* transitions from C=O and C-N bonds can be observed in 278 e 320 nm for CD-L, and 290 e 430 nm for CD-oPD, respectively (Lu et al., 2021; Gedda et al., 2023). The photostability of the CDs was assessed using photoluminescence spectroscopy, with the fluorescence intensity (FI) recorded under UV lamp excitation for 60 min continuously (Figures 2C, D). The FI results for CD-L and CD-oPD remained practically unchanged during the analyzed period, with variations in the fluorescence signal of less than 10% (El-Shafey and Asma, 2021; Javed and O’Carroll, 2021).
Photoluminescence spectroscopy (PL) was used to investigate the luminescent properties of the CDs. CD-L and CD-oPD exhibit excitation-independent emission and the fluorescence spectrum. CD-L revealed an emission band maximum centered in the blue region, at 450 nm (λexc = 330 nm) (Figure 3A). CD-oPD exhibits emission in the yellowish-green region with a maximum centered at 550 nm (λexc = 420 nm) (Figure 3C). The CDs behaviors clearly followed the chromaticity diagram, formulated by the Commission Internationale de L'Eclairage (CIE) (Figure 3B–D). Researchers have associated the independent emission of excitation wavelength (λexc) to some features of CDs, such as their uniform sizes, the presence of molecular states and/or similar groups on the surface with passivated defects (Li et al., 2014; Singh et al., 2022; Wei et al., 2023).
[image: Figure 3]FIGURE 3 | Photoluminescence spectra for (A) CD-L, (B) CD-oPD and (C) CD-L/oPD and CIE chromaticity diagram for (D) CD-L, (E) CD-oPD, and (F) CD-L/oPD.
Under optimized conditions, solutions of CD-L and CD-oPD were mixed and it was possible to observe a fluorescence dual emission with bands centered on 450 nm and 550 nm (Figure 3E), which are consistent with the individual spectra of CD-L and CD-oPD, respectively. CD-L/oPD color coordinate points obtained from the CIE chromaticity diagram showed a clear distinction between blue and yellowish-green when the excitation wavelength increased from 370 to 420 nm (Figure 3F).
The analytical CDs response to pH variation was investigated using PL. CD-L results demonstrate that the fluorescence intensity rises with the pH increase from 4 to 5. On the other hand, fluorescence intensity decreases from pH 6 to 10 (Figure 4A). This behavior can be explained by the protonation/deprotonation mechanism, in which, after pH 7, the oxygenated groups present on the surface of CD-L are deprotonated, causing a decrease in their fluorescence intensity (Ehtesabi et al., 2020; Liu et al., 2021). In addition, the emission region did not change, remaining blue, as shown in the images of the CIE chromaticity diagram (Figure 4B).
[image: Figure 4]FIGURE 4 | Photoluminescence spectra under different pH values for (A) CD-L, (B) CD-oPD and (C) CD-L/oPD and CIE chromaticity diagram for (D) CD-L, (E) CD-oPD and (F) CD-L/oPD.
The emission of CD-oPD was also monitored as a function of pH variation. Figure 4C shows that the fluorescence intensity gradually increased up to pH 6, after which it gradually decreased up to pH 10. This profile is similar to that of CD-L and can be explained by the same protonation/deprotonation mechanism. It can also be seen from the CIE chromaticity diagram that the emission region of CD-oPD remained in the green region (Figure 4D). Therefore, from these results, it was shown that individual CDs are unable to monitor wound healing efficiently, due to the difficult detection of color and/or fluorescence variations (Song et al., 2017; Lei et al., 2020; Xu et al., 2020; Li et al., 2021).
In this sense, a ratiometric system CD-L/oPD was developed using an optimized mixture of CD-L and CD-oPD, where the modulated resulting solutions show an excellent ratiometric colorimetric response as a function of pH (Figure 4E). From the CIE chromaticity diagram it was possible observing that the emission of CD-L/oPD aqueous solution, even with naked eyes, varied from yellowish-green to green (Figure 4F). The ratiometric system showed a high sensitivity for detecting pH in the range of 5–10. This interval, as mentioned previously, is suitable for monitoring the wound healing process. The pH response as a function of the intensity ratio (I460/I550) fits well to a sigmoidal curve (Figure 5), as shown in Equation 3, with an r2 = 0.992.
[image: image]
[image: Figure 5]FIGURE 5 | Sigmoidal fitting of the ratiometric fluorescent (I460/I550) CD-L/oPD in different pH.
On the other hand, CD-L and CD-oPD show a linear function in the pH range from 6 to 10. The linear fitting equation was y = 763.0–22.8x with r2 = 0.991 and y =1,666.8–107.5x with r2 = 0.983 for CD-L and CD-oPD, respectively (Supplementary Figures S1, S2).
The data presented in Figures 4A–C, related to the influence of pH for CD-L, CD-oPD and CD-L/oPD, together with the photographs of the solutions (Figures 6A–C), indicate their corresponding trends, as expected. Hence, the CD-L results demonstrate a blue emission with no perceptible change to the naked eye. Similarly, the CD-oPD results reveal a consistent yellow emission, except at pH 9, where a pale yellowish-green color was observed. In contrast, the CD-L/oPD ratiometric system exhibits a gradient of emission color changes from yellowish-green to green with the pH varying from 5 to 9.
[image: Figure 6]FIGURE 6 | (A) Photographs of CD-L, (B) CD-oPD and (C) CD-L/oPD under different pH variations (pH = 5–9) under 360 nm UV lamp. 
Both the individual nanocompounds, the CD-L and CD-oPD, and the combined one, the CD-L/oPD, were incorporated into PVA to obtain fluorescent polymeric films able to detect pH variation. Under natural light, the films obtained were colorless for CD-L-F and yellowish for CD-oPD-F and CD-L/oPD-F (Figure 7A). On the other hand, under UV light, the characteristic blue emission of CD-L was observed for CD-L-F, and yellow and yellowish-green for CD-oPD and CD-L/oPD films, respectively (Figure 7B). In addition, the fluorescent films exhibited flexibility and transparency, which can be seen in Figures 7C, D). The maximum emission wavelength of CD-L-F and CD-oPD-F shifted towards blue compared to CDs in solution. The maximum emission intensity of the CD-L-F film is at 425 nm (λExc = 320 nm) (Supplementary Figure S3A), while CD-L in solution exhibits the maximum emission at 450 nm (λexc = 330 nm) (Figure 3A). Similarly, the maximum emission of the CD-oPD-F film occurred at 525 nm (λExc = 410 nm) (Supplementary Figure S3B), compared to CD-oPD in solution with a maximum emission intensity of 550 nm (λExc = 420 nm) (Figure 3B). Furthermore, when comparing CD-L/oPD solution and CD-L/oPD-F film, it can be observed that although they exhibit a similar profile in terms of the emission spectrum in the 400–650 nm range, the relative intensities of the emission bands at 450 and 550 nm have changed. In this context, it is suggested that these changes in the emission maximum or intensity ratio of the CDs in solution and in the PVA films occur due to the formation of hydrogen bonds between the PVA and the surface functional groups of the CDs when the nanoparticles are stabilized in the polymer (Bandi et al., 2018; Taspika et al., 2019). Despite the reported changes, the emission color of the films demonstrated similar behavior to those presented in solution.
[image: Figure 7]FIGURE 7 | (A,B) Image before and after exposure to ultraviolet light, (C) flexibility tests and (D) transparency for CD-L-F, CD-oPD-F and CD-L/oPD-F.
For the simulation test, pork skin was exposed to solutions with different pH values in the range of 5–9, Figure 8. The prepared films were placed on the pork skin previously sprayed with different pH solutions and after 30 min they were exposed to UV radiation and a behavior similar to that previously found in the solution was clearly observed. As the pH increased from 5 to 9, a color change was observed to CD-L/oPD-F from greenish-yellow to green, respectively.
[image: Figure 8]FIGURE 8 | CD-L-F, CD-oPD-F, CD-L/oPD-F films supported on pieces of pig skin with different pH values.
The values of the swelling degree (%SW) at different pH values of the films produced are shown in Figure 9. Overall, the degree of swelling of the films increased with pH and time reached equilibrium in 60 min. The minimum and maximum %SW values of the films at pH 5, 7 and 9 were 47.5–59.5, 59.0–75.5 and 97.5–153.5, respectively. These values were suitable to maintain the shape and uniform edges of the films, after the swelling tests (Supplementary Figures S4–S6). The swelling response as a function of pH can be attributed to ionizable functional groups of the PVA (OH) and CDs (OH and COOH), which promote an electrostatic repulsion and increase interactions with water in the function of the increase of pH (Naeem et al., 2017; Kalantari et al., 2020; Sabzi et al., 2020; Akhlaq et al., 2021; Suhail et al., 2021). As a result, an expansion of the film is observed creates a greater surface area available for the diffusion of water molecules, which leads to a significant increase in the degree of absorption of the medium. (Zafar et al., 2023).
[image: Figure 9]FIGURE 9 | Swelling kinetics for CD-L-F, CD-oPD-F and CD-L/oPD-L in different pH values.
The antioxidant capacity of CDs has been extensively examined and is attributed to the functional groups present on their surface that can stabilize reactive species through mechanisms of electron transfer or hydrogen atom transfer. The DPPH● assay is the most commonly employed method because it is fast, easy, and economically viable; however, it is not a physiologically relevant reactive species. In this study, in addition to evaluating the antioxidant capacity of CD-oPD and CD-L against DPPH●, we also examined their potential to eliminate two biologically relevant reactive species: O2●− and HOCl (Table 1).
TABLE 1 | DPPH●, O2●˗ and HOCl scavenging potential (IC50, mean ± SD) of CD-L and CD-oPD.
[image: Table 1]CD-L exhibited higher antioxidant capacity against physiological reactive species such as O2●− and HOCl. CD-oPD showed no elimination capacity against O2●−, however, it demonstrated a greater potential for capturing the DPPH radical, with a lower IC50. CDs derived from Beta vulgaris (beet juice) exhibited an IC50 of 231.7 μg mL−1 (Smrithi et al., 2022), value higher than those obtained in this study, indicating greater potential for reducing DPPH● by CD-oPD and CD-L (Table 1). CDs derived from cloves exhibited an IC50 value (57 μg mL−1) (Pandey et al., 2022) similar to that obtained for CD-L and higher than that obtained for CD-oPD (Table 1). Clove-derived CDs were also assessed against O2●− and showed an IC50 of 53 μg mL−1 (Pandey et al., 2022), indicating greater activity against this reactive species, compared to CD-L.
The samples were evaluated for their biocompatibility (absence of cytotoxicity) by the MTT method. As shown in Figure 10, cells exposed to CD-oPD showed viability greater than 80% at all concentrations tested, similar to cells treated with CD-L (Silva et al., 2023), corroborating the relatively negligible cytotoxicity of the CDs in non-transformed human fibroblasts HFF-1 cells. Cells treated with triton-X (1%) were used as a control for reduced cell viability (28% of viable cells) (Arechabala et al., 1999; Goiato et al., 2023). In comparison with other CDs and nanomaterials reported in the literature, the cell viability of CD-oPD in human fibroblasts (HFF-1 cells) exhibited more prominent cell viability (Supplementary Table S1).
[image: Figure 10]FIGURE 10 | MTT assay results of the treatment of the HFF-1 cells with CD-oPD (100–1,000 μg mL−1). Bars represent the mean ± standard error of the mean (SEM) of triplicates performed in the assay. Data are expressed as % viable cells compared to the control group (DMEM). Results were analyzed using GraphPad Prism software using ANOVA followed by Tukey’s post-test, *p <0.05 and **p <0.01 (DMEM vs. treatment).
Although carbon dots have been explored as fluorescent pH sensors, there are still few studies on their use for monitoring pH in wounds, since this parameter changes during the healing process. In addition, systematic studies aimed at combining different properties to offer both monitoring and treatment of wound healing are still rare (Omidi et al., 2017; Yang et al., 2019; Liu et al., 2021; Liu et al., 2021). In this sense, this work seeks to combine the use of CDs in the form of films to act as an antioxidant agent, protective barrier and colorimetric pH sensor in wounds with a view to their use as bioactive dressings.
4 CONCLUSION
Carbon dots (CD) derived from lemon peel bagasse (L) and o-phenylenediamine (o-PD) were prepared via simple microwave and hydrothermal methods, respectively. The blue fluorescence of CD-L and the yellow-green of CD-oDP were successfully explored in the preparation of a highly efficient dual-emissive system CD-L/oPD for pH detection. Polymeric films based on PVA and a mixture of CD-L and CD-oPD were prepared and when applied on pig skin, they displayed a significant change in the wavelength of the emission line from greenish-yellow to green with the increase of the pH values from 5 to 9. In addition, the CDs exhibited low cytotoxicity in human fibroblasts HFF-1 cells and relevant antioxidant capacity. Finally, the fluorescent film based on a CD ratiometric system may have potential for monitoring the in-situ pH of wounds.
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