

  carbon-06-00069




carbon-06-00069







C 2020, 6(4), 69; doi:10.3390/c6040069




Article



Carbon Nanodots Synthesized from Dunaliella salina as Sun Protection Filters



Theodoros G. Chatzimitakos 1[image: Orcid], Athanasia Kasouni 2, Anastassios Troganis 2, Ioannis Leonardos 2, Ioannis Tzovenis 3[image: Orcid], Alexandros Ntzouvaras 3 and Constantine Stalikas 1,*[image: Orcid]





1



Laboratory of Analytical Chemistry, Department of Chemistry, University of Ioannina, 45110 Ioannina, Greece






2



Department of Biological Applications and Technologies, University of Ioannina, 45110 Ioannina, Greece






3



Department of Ecology and Systematics, Faculty of Biology, National and Kapodistrian University of Athens, Panepistimiopolis Zografou, 15701 Athens, Greece









*



Correspondence: cstalika@uoi.gr; Tel.: +30-2651008414







Received: 29 September 2020 / Accepted: 27 October 2020 / Published: 30 October 2020



Abstract

:

Carbon nanodots (CNDs) are more and more being exploited for various applications including biological ones. To this end, they have been thoroughly studied for their potential as antibacterial, wound healing, and bioimaging agents. In this study, we examined the sun protection properties of CNDs. Dunaliella salina was selected as a promising precursor for the synthesis of CNDs which were compared with those produced by citric acid, a widely used precursor for such materials. The CNDs were examined spectrophotometrically, and the sun protection factors were calculated. Additionally, in vitro experiments were carried out to evaluate their UV protection properties and to obtain better insight into whether CNDs are suitable to be used as filters for the development of new sunscreens. The results were conclusive that both CNDs possess favorable properties that potentiate their use for the development of sunscreens. However, the CNDs from Dunaliella salina were found to be superior to those derived from citric acid. Therefore, they can further be exploited as sun protection filters.
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1. Introduction


It is well known that exposure to sunlight has many benefits for human health. However, overexposure has been associated with various skin problems, such as sunburn, accelerated skin aging [1], even cancer [2]. This is the reason that the World Health Organization has classified ultraviolet light as carcinogenic [3]. Although the most damaging type of irradiation for the skin is UV-C (280–200 nm), it poses no threat, since it is filtered from the ozone layer [4]. Among the other two types, UV-B (320–280 nm) is the most dangerous, since it has almost 40 times higher energy than the UV-A (400–320nm) type and thus, its erythemal power is a thousand times as high as that of UV-A [1,5].



The use of sunscreens has been proved to protect the skin from UV damages. Many compounds are being synthesized and examined in terms of their UV absorbance properties. These substances fall between two main categories: inorganic photoactive compounds and organic UV absorbers [6]. The organic compounds are often toxic and exhibit low photostability, while the inorganic analogs have a higher agglomeration tendency at concentrations needed to achieve sufficient protection. Therefore, the demand for new compounds that can be used in sunscreens is increasing. Such compounds must have good UV absorption properties and photostability, negligible toxicity, and must be environmentally friendly, while, ideally, they should combine more than one beneficial activity. To this end, many efforts have been made (and their number still increases) to develop new sunscreens, using compounds from natural resources, such as plant extracts [1,5,7,8]. This is due to many activities that plant extracts exhibit, including antioxidant, antibacterial, etc.



Carbon nanodots (CNDs) are a type of nanomaterial that can potentially combine all the above favorable properties and present unique optical properties, among the carbon-based nanomaterials. Many studies have been carried out in the last few years, demonstrating their fluorescent properties (emission is generated, usually, after excitation at the UV region), photostability, negligible toxicity towards eukaryotic cells, and environmental friendliness [9,10,11]. Additionally, CNDs have been found to possess other non-fluorescent properties, such as antibacterial, anticancer, wound healing etc. [12,13]. In our laboratory, CNDs from human fingernails have been used to produce CNDs that exhibit wound healing properties [14]. In another study, we proved clearly that nitrogen-doped and nitrogen and sulfur co-doped CNDs exhibit antibacterial properties [15]. Based on the above, CNDs exhibit fluorescence, by absorbing UV light, and have many other favorable properties. Altogether, that can be put to good use to produce multifunctional sunscreens.



This study aims to explore the potential in vitro sun protection properties of CNDs. To this end, CNDs from two different sources were synthesized and compared. For the one kind of CNDs, a well-established synthesis based on the hydrothermal treatment of citric acid was employed. The other kind of CNDs was produced using a carbonization procedure and Dunaliella salina as the carbon-based biomass. Strains of the green flagellate Dunaliella salina (Dunal) Teodoresco 1905 (Chlorophyta, Chlamydomonadales) are usually found in hypersaline environments [16]). This organism is very efficiently adapted to such extreme environmental conditions rendering it a valuable species for producing high added value biomolecules. It accumulates glycerol as an osmoregulator at high salinity, and β-carotene at high UV radiation to protect its photosynthetic machinery from stress [17]. These molecules not only are in abundance in Dunaliella salina but also exhibit better biological activities, compared to their synthetic analogs [18]. Moreover, the mix of components present in the microalgae results in superior activities, compared with single components, highlighting the potential of microalgae for the development of novel cosmetics for skin [19,20]. The sun protection factors of the as-synthesized CNDs were calculated and compared to obtain a better insight into whether the CNDs possess sun protection properties, or the properties are dependent on the precursor material. The suitability of the CNDs was further examined by an in vitro toxicity and a UV protection study.




2. Materials and Methods


2.1. Chemicals


Crystal violet was obtained from Merck (Darmstadt, Germany). Fetal bovine serum (FBS), Dulbecco’s Modified Eagle’s medium (DMEM), antibiotics (50 units mL−1 penicillin and 50 μg mL−1 streptomycin), phosphate buffer saline (PBS), formaldehyde solution (37% w/v), Ribonuclease type A, trypsin solution 0.05%, were obtained from Sigma Aldrich (Steinheim, Germany). Propidium iodide staining solution (1.0 mg mL−1 in water) was obtained from Biotium (Fremont, California). Double distilled water (DDW) was used throughout the experiments. The solvents used were of HPLC grade. The crystal violet solution used for the estimation of cell number consisted of 0.4% w/v crystal violet, 5 mL of 37% w/v formaldehyde solution, 0.25 g sodium chloride, 50 mL methanol, and 45 mL DDW. N-replete Conway medium (1 L) consisted of: Na2EDTA 0.045g; H3BO3 0.0336g; KNO3 0.116g; NaH2PO4.2H2O 0.02g; MnCl2.4H2O 0.00036g; FeCl3.6H2O 0.0013g; ZnCl2 0.0021g; CoCl2.6H2O 0.002g; (NH4)6Mo7O2.4H2O 0.0009g; CuSO4.5H2O 0.002g and concentrated HCl 0.01mL; Conway medium vitamin stock consisted of 200 mg thiamine hydrochloride and 10 mg cyanocobalamin in 100 mL of deionized water [21].




2.2. Instruments


A Perkin Elmer Spectrum (Two FTIR PerkinElmer, Waltham, MA, USA) was used to record FTIR spectra (of powdered samples), using an attenuated total reflectance accessory. High resolution-transmission electron microscopy (HR-TEM) images were obtained with a JEOL JEM-2100 microscope (Jeol SAS, Croissy-Sur-Seine, France) operated at 200 kV equipped with LaB6 filament. Samples for HR-TEM measurements were prepared by depositing a drop of CNDs dispersion on carbon-coated copper grids and drying, at room temperature. The UV-Vis absorption spectra of CNDs solutions were recorded on a Lambda 35 UV-Vis spectrometer (Perkin Elmer, Rodgau, Germany). All fluorescence measurements and photostability experiments of CNDs solutions were performed on an RF 5301 PC spectrofluorometer (Shimadzu, Kyoto, Japan) in a quartz cell, with 1-cm pathlength and excitation and emission slits set at 5 nm bandpass. Lyophilization of the samples was carried out by an Alpha 1-4 LD freeze-dryer (Christ, Osterode, Germany). Digital images were captured with an Infinity 2-2 digital camera (Lumenera, Danville, Canada), mounted on an Olympus BX43 microscope.




2.3. Dunaliella Salina Culture Conditions


The strain of Dunaliella salina used was Duna 32 (Athual, strain bank, University of Athens, Athens, Greece), isolated from the Greek salt works of Megalo Embolo (Aegean Sea, Angellochori, North Greece). It was cultivated in quadruplicate batches of 5 L volume of mildly aerated (0.5 vvm) synthetic seawater (Tropical Marine™ salts dissolved in deionized water, (Wartenberg, Germany) of 120 ppt salinity at a temperature of 26 ± 1 °C, a photoperiod of 12:12 h L: D, 100 μmol photons m−2·s−1. The seawater was enriched with 1mL N-replete Conway medium and 0.1 mL Conway medium vitamin stock [21]. The strain was cultivated until senescence (at least 20 days).




2.4. Synthesis of CNDs


For the synthesis of CNDs from Dunaliella salina (CNDs-DS), 30 mg dried algal biomass was placed into a crucible and heated into a pre-heated oven for 2 h at 250 °C. After cooling down to room temperature, water was added to the black powder and the mixture was ultrasonicated for 5 min. Then, the mixture was centrifuged at 3500 rpm for 5 min and the supernatant was collected. The procedure was repeated until the collected supernatant exhibited no fluorescence. The collected supernatants were filtered through 0.20 μm syringe filters and then freeze-dried. The obtained powder (~12.8 mg; synthetic yield: 38.7%) was stored in the dark, at room temperature.



The citric acid-based CNDs (CNDs-CA) were synthesized by placing 0.20 g of citric acid in a stainless-steel Teflon-lined autoclave and heating in an oven at 200 °C, for 3 h. After cooling to room temperature, double-distilled water was added, and the solution was centrifuged at 8000 rpm for 10 min. The supernatant was collected, filtered through 0.20 μm syringe filters, and then freeze-dried. The obtained powder (~114 mg; synthetic yield: 57%) was stored in the dark, at room temperature.




2.5. Sun Protection Factor (SPF) Calculation


To determine the SPF of the CNDs, the UV spectrum of the CNDs was recorded between 290 and 320 nm. SPFs were calculated using Mansur’s Equation (1), based on previous studies [1,2].


  S P F = C F ×   ∑   290   320   E E  ( λ )  × I  ( λ )  × A B S  ( λ )   



(1)




where CF is the correction factor (=10), EE(λ) is the erythemogenic effect of radiation at wavelength λ, I(λ) is the solar light intensity at wavelength λ and ABS(λ) is the absorbance of the tested solution at a wavelength λ. The EE(λ) × I(λ) values are constant according to Sayre et. al. [22].




2.6. In Vitro Toxicity Study


The toxicity study was carried out, according to our previous publications [14,23,24]. In brief, HaCaT cells were seeded into 24-well plates and incubated overnight. Different concentrations of CNDs (100, 200, 400, 600, and 800 μg mL−1) were added to each well. Cells incubated in the absence of CNDs were taken as control. In all cases, three parallel samples were prepared for each tested concentration. After incubating for 24 h, the culture supernatant was removed, and cells were washed with PBS. Cell viability was assessed using the crystal violet assay. The optical absorbance was measured at 570 nm and the % cell viability was calculated using the formula:


% cell viability = (ODtreated/ODnon-treated) ∗ 100



(2)




where % cell viability represents the number of alive cells, ODnon-treated represents the absorbance of control cells and ODtreated represents the absorbance of the cells treated with CNDs.




2.7. In Vitro UV Protection


HaCaT cells were seeded in 24-well plates and incubated overnight. After complete adhesion of cells in the plate surface, 200 μg mL−1 CNDs were added and cells were incubated overnight. Next, the medium was removed, and cells were washed twice with PBS. A small amount of PBS was added so that a thin layer of PBS was above cells, and cells were irradiated using a UV lamp in the range 280–340 nm (peak emission at 314 nm). The dose was 60 mj/cm2. Next, the PBS was replaced with fresh medium, and cells were left to incubate for 24 h. After incubation, the cells were counted following the crystal violet assay, according to our previous study [25].




2.8. Cell Cycle Analysis


HaCaT cells were treated with CNDs as described in Section 2.7. After irradiation, cells were harvested, and their DNA content was analyzed by flow cytometry according to our previous study [14].




2.9. Statistical Analysis


All assays were replicated three times and p values lower than 0.05 were considered to be statistically significant. Results were expressed as mean ± standard deviation and the levels of significance between samples were compared by one-way ANOVA using Student’s t-test, as a post-hoc test for comparison of means. Statistically significant differences at p < 0.05, p < 0.01 and p <0.001 are denoted in Figures with *, ** and ***, respectively.





3. Results and Discussions


3.1. CNDs Characterization and Optical Properties


Detailed characterization data of the citric acid-based CNDs can be found in our previous study [15]. As regards the Dunaliella salina-based CNDs, Figure 1 depicts their FTIR spectrum. The broad absorption band around 3300 cm−1 is characteristic of O–H stretching vibrations. The broad peak at 2930 cm−1 is attributed to the stretching vibration of sp3 C–H moieties. Peaks attributed to C=C stretching and –COO– asymmetric and symmetric stretching can be seen at 1600 and 1420 cm−1, respectively [24,26,27]. The peaks at 1137 and the shoulder at 996 cm−1 can be ascribed to C–O, and C=O stretching vibrations [28,29]. As can be seen in Figure 2, the average size of CNDs-DS is between 3.0 and 3.5 nm, which is typical of CNDs structure.



Figure 3 shows the UV-Vis spectrum of the CNDs-DS. A weak shoulder can be seen at ~270 nm. This can be attributed to the n-π* and π-π* transitions of the –C-O bonds, from carboxyl groups, or to the π-π* transitions or aromatic –C=C bonds [23,24,30,31]. The fluorescence emission spectra of the CNDs-DS at excitation wavelengths between 280 and 480 nm are illustrated in Figure 4. Maximum fluorescence emission was recorded at 470 nm after excitation at 380 nm. The fluorescence emission was found to be excitation dependent, since emission shifts from 400 to 550 nm, as the excitation wavelength increases. The photostability of CNDs was examined by recording the UV-Vis absorbance and the fluorescence emission intensity (for excitation at 300 nm) after 2 h of irradiation with a 150W Xenon lamp. The photostability was examined in the UV-B region (290–320 nm) because as potential sun protection filters they should be stable after irradiation in this region. The CNDs were found to be stable with respect to their optical properties rendering them good candidates for use in sunscreens (Figure 5).




3.2. SPF of CNDs


To quantitatively assess the effectiveness of a sunscreen formulation, the SPF factor was calculated. The absorbance values of CNDs solutions (concentrations between 0.5 and 11 mg mL−1) for both CNDs species were recorded between 290 and 320 nm (with an increment of 5 nm). Using the Mansur equation, the SPFs were calculated and can be seen in Figure 6. According to the results, a solution with an SPF of ~37 can be prepared using 11 mg mL−1 (1.1% w/v) CNDs-DS. A solution containing the same concentration of CNDs-CA has an SPF of 18. As can be seen from Figure 6, in all tested concentrations the CNDs-CA exhibit nearly two times lower SPF compared to CNDs-DS. This signifies that although both CNDs have sun protection properties, their properties are dependent on other parameters, such as the precursors employed and the synthesis procedure. Since better results were obtained from the CNDs-DS, further experiments were carried out using this material. Until now, there have been only two reports dealing with the use of CNDs to enhance the UV protection properties of other materials. In the first study, the authors examined various CNDs as an additive to PVA films and found that they can enhance their UV properties [32]. The CNDs were synthesized from citric acid, ethylene glycol, and N,N’-bis(2-aminoethyl)-1,3-propanediamine, and a 0.7% w/w addition of CNDs in the PVA films resulted in an SPF of 22. In the second study, authors functionalized cotton fabrics with CNDs from citric acid, ethylenediamine, and borax [33] and the resulting fabrics exhibited an SPF of 28 (the bare fabrics exhibited an SPF of 9).



As stated in the introduction, many natural resources are also being studied to extract compounds with UV protection properties. Each of them has its pros and cons. For instance, the ink from sepia exhibits much higher SPF compared with the examined CNDs. However, the formulations containing eumelanin (deriving from melanin from sepia ink) have not been put on the market, due to aesthetic reasons (sunscreens have an unpleasant dark color) [20]. The CNDs-DS solution exhibits a pale-yellow color, as can be seen from the UV-Vis spectrum, and this could be aesthetically more pleasant, compared with a dark-colored product. Hence, CNDs are considered as a propitious material for sun protection applications. However, the use of Dunaliella salina is more favorable since it is a low-cost, renewable material. Taking into consideration that most sunscreens have a content of 10% w/v in nanoparticles, the superiority of CNDs-DS as sunscreen additives is further strengthened since a 10 times lower content of CNDs-DS can be used to produce sunscreens with high SPF. The reduction in the mass of nanoparticles used in sunscreens can have many benefits, such as reduction of the cost and avoidance of potential side effects (caused by a high concentration of nanomaterials).




3.3. In Vitro Assessment of CNDs Toxicity, UV Protection, and Cell Cycle


Despite their favorable UV absorption properties, CNDs will be of no use if they are toxic towards eukaryotic cells. In this context, we examined the cell viability of HaCaT keratinocyte cells, after treatment with different concentrations of CNDs-DS, as can be seen in Figure 7. Although the use of normal human epidermal keratinocytes over HaCaT cells (spontaneously immortalized aneuploid human keratinocytes) is still controversial, the use of the latter is highly accepted, as they offer more reproducible results, compared with the former [34,35]. It is obvious that CNDs-DS are non toxic to the cells at concentrations in the range of 100–600 μg mL−1.



Next, we evaluated the potency of CNDs-DS to protect cells from UV irradiation. Although the spectrophotometrically calculated SPF was promising, it is of high importance to evaluate the in vitro effect of the CNDs. For this reason, cells were firstly treated with the CNDs-DS, so that they could enter cell cytoplasm and then they were irradiated with UV light. The cell viability was measured and compared with that of control cells, which were irradiated without any pre-treatment with CNDs-DS. As can be seen in Figure 8, a pre-treatment with 100 μg mL−1 of CNDs-DS can increase the viability of cells by 23% (compared with control), while a pre-treatment with an amount of CNDs-DS twice as much, increases cell viability by 34%, compared with control cells.



It is known that UVB radiation can cause damage to cell DNA. Therefore, obtaining information about the proliferation state of cells is also important. The DNA damage has been associated with abnormal cell cycle progression. On the other hand, the physiological cell cycle progression is of high importance to maintain normal cell function. To gain a better insight into the UV protection properties of the CNDs-DS, we examined the cell cycle progression of cells subjected to irradiation, previously treated with CNDs-DS, and non-treated. As can be seen in Figure 9, exposure of cells to UVB irradiation increased the number of sub-G1 cells by four times, compared with the non-irradiated cells (statistically significant at p < 0.001). When cells were pre-treated with CNDs-DS, the number of cells in the sub-G1 phase was 50% lower compared with the control cells (statistically significant for p < 0.01). Additionally, it can be seen that the UVB irradiation arrested cells in the G0/G1 phase (increasing the percentage of cells in this phase) (statistically significant for p < 0.05), while it decreased the number of cells in the S and the G2/M phases, compared with the negative control (statistically significant at p < 0.01). Interestingly, cells pre-treated with the CNDs-DS exhibit a cell cycle profile which is more similar to that of the negative control cells, signifying that CNDs-DS hinder the arrest of cells in the G0/G1 phase (no statistically significant differences were observed).





4. Conclusions


In this study, the in vitro UV protection properties of CNDs from Dunaliella salina and CNDs from citric acid were examined. Our results demonstrate that both CNDs species exhibit sun protection properties, however, to a different degree. The CNDs deriving from Dunaliella salina exhibit an enhanced SPF, compared to CNDs from citric acid. The CNDs-DS exhibit negligible cytotoxicity towards eukaryotic cells, while they were found to protect cells from UV irradiation. This was further validated by the cell cycle analysis, which confirmed that the percentage of cells treated with CNDs-DS in the cell cycle phases were similar to non-irradiated cells. Despite that this is the first step trying to shed light on another potential application of CNDs, the results corroborate the real prospect of CNDs being used in sunscreen formulations to enhance their SPFs. Since CNDs can combine other beneficial properties (bestowed by heteroatom doping) they can be the basis to develop multifunctional sunscreens. More research should be carried out on examining the UV protection of CNDs in sunscreen formulations. Additionally, further studies are needed to strengthen the biocompatibility and their other biological properties.
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Figure 1. FTIR spectrum of the synthesized carbon nanodots of Dunaliella salina (CNDs-DS). 
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Figure 2. (A) TEM image and (B) size distribution of the synthesized CNDs-DS. 
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Figure 3. UV-Vis spectrum of the synthesized CNDs-DS. 
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Figure 4. Fluorescence emission spectra of the synthesized CNDs-DS at excitation wavelengths between 280 and 480 nm. 
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Figure 5. Absorbance (at 290, 300, 310, and 320 nm) and fluorescence values of (A) CNDs-DS and (B) CNDs-CA solutions, irradiated with a 150W Xenon lamp; data are presented as means ± standard deviation; n = 3. 
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Figure 6. Sun protection factors of CNDs solutions at different concentrations; data are presented as means ± standard deviation; n = 3. 
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Figure 7. % Viability of HaCaT cells after incubation with CNDs-DS for 24 h; No statistically significant differences were recorded between control and cells treated with concentrations 100–600 μg mL−1, while between control cells and cells treated with 800 μg mL−1 there is a statistically significant difference at p < 0.01 (**); positive control: treatment with H2O2 100 μΜ. 
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Figure 8. % Viability of HaCaT cells: (1) negative control (cells not irradiated), (2) control (irradiated cells, without CNDs-DS), (3) cells pre-treated with 100 μg mL−1 CNDs-DS, and (4) cells pre-treated with 200 μg mL−1 CNDs-DS. The samples treated with the CNDs were found to be statistically different from the control sample at p < 0.001 (***). 
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Figure 9. % number of cells in the four phases of cell cycle; negative control: cells not irradiated, control cells: irradiated cells, without CNDs-DS treatment, sample: cells pre-treated with 200 μg mL−1 CNDs-DS; * denotes statistically significant differences at p < 0.05, ** at p < 0.01 and *** at p < 0.001. 
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