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Abstract

:

Nanoparticles possess unique features due to their small size and can be composed of different surface chemistries. Carbon quantum dots possess several unique physico-chemical and antibacterial activities. This review provides an overview of different methods to prepare carbon quantum dots from different carbon sources in order to provide guidelines for choosing methods and carbon sources that yield carbon quantum dots with optimal antibacterial efficacy. Antibacterial activities of carbon quantum dots predominantly involve cell wall damage and disruption of the matrix of infectious biofilms through reactive oxygen species (ROS) generation to cause dispersal of infecting pathogens that enhance their susceptibility to antibiotics. Quaternized carbon quantum dots from organic carbon sources have been found to be equally efficacious for controlling wound infection and pneumonia in rodents as antibiotics. Carbon quantum dots derived through heating of natural carbon sources can inherit properties that resemble those of the carbon sources they are derived from. This makes antibiotics, medicinal herbs and plants or probiotic bacteria ideal sources for the synthesis of antibacterial carbon quantum dots. Importantly, carbon quantum dots have been suggested to yield a lower chance of inducing bacterial resistance than antibiotics, making carbon quantum dots attractive for large scale clinical use.
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1. Introduction


The spread of antibacterial-resistant infections is considered to be one of the largest threats to public health [1]. Concerns particularly arise from prolonged use and overuse of antibiotics, both in clinical and in agricultural practices [2,3]. Since bacteria can adapt quickly to many hostile environmental conditions, including antibiotic exposure, antibiotic resistance is rampant [4], and occurring faster and faster after the market introduction of a new antibiotic. Clinically, antibiotic-resistant bacterial infections are highly challenging to treat, often resulting in morbidity and mortality [5]. New, innovative antibacterial agents on a non-antibiotic basis, or that can bypass bacterial mechanisms of developing antibiotic-resistance [6], are therefore urgently needed.



Nanoparticles possess many unique features due to their extremely small size. Nanoparticles can be composed of highly different surface chemistries and generally range in size from several nanometers to hundreds of nanometers (for comparison, a gold atom has a diameter of one third of a nanometer), yielding large surface areas and highly diverse shapes. These unique features can also provide nanoparticles with antibacterial activity.



Carbon quantum dots have a diameter of less than 10 nm. Carbon quantum dots can be classified according to their structure and composition. Graphene dots consist of a single or a few graphene layers [7,8], and polymer dots are aggregated or cross-linked polymer structures around a hollow or carbon core [9,10,11]. Carbon nanodots are carbon-based quantum dots [12,13]. All carbon quantum dots possess sp2 or sp3-hybridized carbon domains that provide stability and special optical features, including giant Stokes shifts in photoluminescence and a strong dependence of emission color on excitation wavelength, depending on their size, core structure and composition [14]. Carbon quantum dots are widely investigated for possible application in bio-imaging, drug delivery, biosensors, cancer therapy and antibacterial applications [15,16,17,18,19].



Carbon quantum dots can be obtained through a variety of methods (Table 1). Size control is critical in the synthesis of carbon quantum dots [20] and, collectively, it can be seen from Table 1 that poor size control is the main problem in the synthesis of carbon quantum dots. Accordingly, synthesis of carbon quantum dots is often followed by dialysis [21], centrifugation [22] or filtration [23] to obtain a uniform size distribution.



“Top-down” synthesis methods break down large carbon-rich materials as a carbon source, whereas “bottom-up” methods synthesize carbon quantum dots from small precursor molecules. Both the method applied as well as the carbon source or precursor used are determinant factors for the final physico-chemical and functional properties of carbon quantum dots, including their biocompatibility and antibacterial efficacy [71,72]. Therefore, we first provide a more detailed description of the different synthesis methods listed in Table 1, and a summary of physico-chemical and functional properties, including antibacterial activity of carbon quantum dots made using different methods and carbon sources, with the aim of providing guidelines for choosing methods and carbon sources that yield optimal antibacterial activity of carbon quantum dots.




2. Methods for Synthesizing Carbon Quantum Dots


In the forthcoming sections, we will describe the different methods for synthesizing carbon quantum dots listed in Table 1 in more detail.



2.1. Acidic Oxidation


Acidic oxidation is a relatively simple method in which mainly inorganic carbon sources are oxidized by exposure to HNO3, H2SO4, NaNO3, KMnO4 or other oxidizers at temperatures up to 140 °C. Reaction times to break down a carbon source into carbon quantum dots range from 12 to 48 h [21,24,25,26,27,28,29,30,31,32,33,34,35,36]. The acidic conditions combined with high temperatures necessitate extreme care when applying acidic oxidation to synthesize carbon quantum dots. Different carbon sources, such as coal [25,27], fullerene C60 [26], carbon nano-powders [24,29,30,34], carbon fibers [35], candle soot [21] and graphite [31,32,33] can be applied for acidic oxidation, resulting in carbon quantum dots. Typically, cleavage occurs at carbon-carbon bonds, introducing negatively charged, oxygen-containing groups, such as C-O, C=O or O-H, onto the surface of the resultant carbon quantum dots (Figure 1). Thus prepared, carbon quantum dots are hydrophilic and highly suitable for further chemical modification [25,26]. In order to obtain a uniform size distribution and remove acid residues and molecular intermediates, carbon quantum dots synthesized by acidic oxidation usually need purification (Figure 2) [45].




2.2. Pyrolysis


Pyrolysis can be applied to synthesize carbon quantum dots by heating carbon sources to reaction temperatures up to 1500 °C [42]. Pyrolysis allows one to synthesize carbon quantum dots within several hours, but with a highly variable yield ranging from 0.01% [37] to 51% [19], depending on the carbon source and treatment conditions applied. Pyrolysis can typically use widely different carbon sources, ranging from silicon carbide [42], flour [43], gentamicin sulfate [39], ammonium citrate [19] or dopamine [38], together with spermidine, citric acid or dicyandiamide [41]. In pyrolysis, carbon quantum dots result from intermolecular dehydration, carbonization and condensation, and the resulting carbon skeleton is held together by chemical groups such as –SO2, –HSO3 and –H2PO4 [44].




2.3. Hydrothermal Synthesis


Hydrothermal synthesis can either be applied as a top-down or bottom-up method to prepare carbon quantum dots, using natural biomass, graphite, polymers or small organic molecules as carbon sources. In hydrothermal synthesis, carbon sources are heated in an aqueous suspension to reaction temperatures ranging from 120 °C to 260 °C. Hydrothermal synthesis of carbon quantum dots is commonly performed in an autoclave, requiring between 4 h and 24 h [22,23,46,47,48,49,50,51,53]. Hydrothermally obtained carbon quantum dots do not possess a uniform size (Figure 3) and require dialysis or filtration to obtain a uniform size distribution.




2.4. Microwave-Assisted Synthesis


Microwave-assisted synthesis is applied in combination with acidic oxidation or hydrothermal synthesis methods as a convenient way to achieve the desired high-reaction temperatures [21,54,55,56,57]. Compared with conventional heating systems, microwave-heating is more targeted at the carbon source, which shortens the reaction times from several days [29] to hours [57] or even minutes [21].




2.5. Laser Irradiation


Laser irradiation can be a top-down or bottom-up method to synthesize carbon quantum dots by pulsed, high energy laser irradiation of carbon sources, such as graphite [59,73], benzene [58] or toluene [60], reducing the time required for synthesis to several hours or even minutes. Carbon quantum dots derived using laser ablation usually need centrifugation or filtration to remove large nanoparticles.




2.6. Electrochemical Synthesis


In electrochemical synthesis of carbon quantum dots, a counter electrode and a working electrode made of an appropriate carbon source, such as graphite rods [12,64,65], carbon fibers [63] or multi-walled carbon nanotubes [62], are used. As an electrolyte solution, a degassed solution of acetonitrile supplemented with 0.1 M tetrabutylammonium [62], water [64] or phosphate solutions [65] has been applied. Upon application of a voltage across the electrodes, carbon quantum dots can be top-down exfoliated from the carbon source constituting the working electrode. As a major advantage, the size of carbon quantum dots can be precisely controlled by adjusting the electrode potential and current density (see Figure 4A).



Electrochemical synthesis can also be employed bottom-up using alcohols or vitamin C as precursor molecules to synthesize carbon quantum dots under constant voltage conditions through molecular crosslinking and dehydration [61,66]. A higher applied potential resulted in larger carbon quantum dots (Figure 4B), which is in contrast to using bulk carbon materials, as the small molecules would undergo crosslinking and dehydration to form carbon quantum dots.




2.7. Nanoreactor-Assisted Synthesis


Size control is one of the major challenges in the synthesis of carbon quantum dots. This has stimulated the development of templates for the synthesis of carbon quantum dots in a confined volume (“nanoreactors”). Nanoreactors are mostly mesoporous silica nanoparticles because they possess high thermal stability, uniform pore size distribution and large pore volume [67,68,69,70]. Nanoreactor-assisted synthesis is usually performed through bottom-up pyrolysis, after the absorption of precursor molecules which are dissolved in a fluid phase into the nanoreactor. The release of the synthesized carbon dots can be achieved, e.g., by exposure of the nanoreactor to alkaline solutions, necessitating dialysis to purify the resulting carbon quantum dot suspension. Nanoreactor construction can be difficult and time-consuming to prepare, but the use of nanoreactors directly yields highly monodisperse carbon quantum dots with narrow size distribution (Figure 5).





3. Physico-Chemical and Functional Properties of Carbon Quantum Dots


Carbon quantum dots have physico-chemical and functional properties, including antibacterial activity, that depend on the carbon source or precursor molecules used. In this section, we will briefly overview physico-chemical and functional properties characteristic to carbon quantum dots derived from different sources, including the coating of carbon nanoparticles to enhance their functionality. In Section 4, we will deal with the antibacterial activities of carbon quantum dots.



3.1. Carbon Quantum Dots Derived from Organic Carbon Sources


Organic reagents can be employed in various methods for the preparation of carbon quantum dots (see Table 1), and range from polyamine [19,21,37,38], quaternary ammonium salt [47,74], gentamicin [39], poly(sodium-4-styrene sulfonate) [46], polyvinylpyrrolidone [46], metronidazole [49] citric acid and polyethyleneimine [75], vitamin C [61] to benzene [58], polyoxyethylene−polyoxypropylene−polyoxyethylene Pluronic 68 and phosphoric acid [76]. The quantum yield of carbon dots prepared from organic sources using heating-based carbonization increases with increasing reaction temperature (Figure 6A) [37]. However, when carbonization temperatures become too high, carbon quantum dots obtained can become difficult to suspend [37,38,39].



Carbon quantum dots can bear similarity to the organic reagents that they are derived from (Figure 6B) [19,21,37,38,39,48]. Similarities disappear, however, when reaction temperatures become too high. Accordingly, carbon quantum dots derived from amide- and amine-rich sources have a more positive surface charge than carbon dots derived from acids and sulfonate groups [19,21,37,38,46,49,77]. Zeta potentials of carbon quantum dots synthesized from tri-basic citric acid and dicyandiamide under hydrothermal conditions were pH dependent. Below the lowest pKa of citric acid (2.94), citric acid-derived carbon quantum dots were positively charged due to protonation (Figure 6C) while, above pH 3 and its two higher pKa values (4.28 and 5.21), carbon quantum dots became negatively charged [77].




3.2. Carbon Quantum Dots Derived from Inorganic Carbon Sources


Carbon nanopowders and graphite are the most common inorganic carbon sources used for the synthesis of carbon quantum dots. Inorganic carbon sources can be applied in a wide variety of synthesis methods (Table 1).



Graphite has been employed as a carbon source using acidic oxidation to yield carbon quantum dots [31,32,33] bearing a negative charge with zeta potentials around −22 mV due to the oxygen-containing groups on the surface. Quantum yields ranged from 12.5% to 33% depending on the nitrogen content. When the reaction was performed in the presence of ammonia, nitrogen was introduced in carbon quantum dots. These nitrogen-doped carbon quantum dots exhibited higher quantum yields than nitrogen free carbon quantum dots, and were able to generate a higher amount of reactive oxygen species (ROS) under photoexcitation [32]. Additionally, carbon quantum dots prepared from graphite have been reported to possess peroxidase-like activity, which catalyzed H2O2 decomposition and generate hydroxyl radicals [54].




3.3. Carbon Dots Derived from Natural Carbon Sources


Compared to synthetic carbon sources, natural carbon sources are ecologically friendly, cost-effective and easy to obtain [23,78,79,80,81]. Natural carbon sources such as leaves [78], paper [81], honey [82], flour [83] and bacteria [23] have all been applied to synthesize carbon quantum dots. Natural carbon sources are mostly applied in pyrolysis, hydrothermal heating and microwave-assisted methods to synthesize carbon quantum dots (see Table 1). Carbon quantum dots prepared from highly different natural carbon sources roughly possess comparable elemental compositions. However, natural carbon sources often contain non-carbon atoms that have replaced a carbon atom in the molecular structure of the molecules. Typically, the presence of such hetero-atoms, including, e.g., nitrogen, phosphorus or sulphur, can provide special properties to carbon quantum dots during synthesis, without additional surface coating [32,33,77]. Using Artemisia argyi leaves as the carbon precursor, carbon quantum dots were synthesized simulating smoking of the leaves [78] that consisted mainly of carbon, oxygen and nitrogen (Figure 7A). Carbon quantum dots derived from cigarette smoke, i.e., tobacco leaves, had a similar composition as Artemisia argyi leave-derived carbon quantum dots [79]. Carbon quantum dots prepared from flour under microwave-assist had a quantum yield of 5% and were mainly composed of carbon, oxygen and nitrogen (Figure 7B), resulting in a slightly negative zeta potential of −4 mV [83]. Carbon quantum dots hydrothermally derived from the bacterium Lactobacillus plantarum at a quantum yield of 10% were also mainly composed of carbon, with oxygen and nitrogen as the main hetero-atoms, next to small amounts of phosphorus and sulphur (Figure 7C). These hetero-atoms yielded highly negatively zeta potentials of −22 mV. Thus, it can be concluded that the similarity between carbon quantum dots and their natural carbon sources is mainly due to the presence of hetero-atoms. Differences in the prevalence of hetero-atoms are responsible for the different properties of carbon quantum dots derived from natural sources.




3.4. Surface Modification of Carbon Quantum Dots to Enhance their Functionality


Carbon quantum dots in the absence of surface modification can be weakly fluorescent, or do not exhibit the functionality desired. Accordingly, carbon quantum dots can be surface modified with organic molecules to generate strong fluorescence, photodynamic effects and functionalities that include antibacterial activity. The photodynamic effect of carbon quantum dots synthesized from carbon nanopowders by acidic oxidation could be enhanced by amidation with 2,2′-(ethylenedioxy) bis(ethylamine), yielding positively charged carbon quantum dots with a quantum yield between 7 and 27%, depending on the effectiveness of surface passivation [24,29,30,34]. Carbon quantum dots hydrothermally prepared from citric acid and polyethyleneimine were positively charged at pH 5.0 due to the possession of cationic amino groups, and could be made negatively charged by modification with 2,3-dimethylmaleic-anhydride [75].





4. Antibacterial Activities of Carbon Quantum Dots


Antibacterial activity is often misused as an expression, as it can relate to several different mechanisms [19,21,46,47,54,61,74]. The mildest antibacterial activity relates to growth inhibition, impeding multiplication of bacteria and allowing the host immune system ample time to deal with infecting bacteria [23]. Killing is the strongest expression of antibacterial activity and implies that a bacterium has permanently lost its ability to be metabolically active and multiply [19,21,37,38,46,58,61,76]. Both growth inhibition and killing can be preceded or accompanied by cell wall damage [39,47,78,84].



4.1. Bacterial Killing by Carbon Quantum Dots


Direct antibacterial activity of carbon quantum dots is due in a major part to oxidative stress induced by ROS [85] generated by carbon quantum dots. In low concentrations, ROS acts as a signaling molecule within cells in response to, e.g., a pathogen challenge. Oxidative stress develops when the level of ROS generation exceeds the natural antioxidant defense of a bacterium [86] and, when overly present, it causes oxidative damage to nucleotides, lipids and proteins, leading to cell wall damage and bacterial death [21,46]. Hetero-atoms in carbon quantum dots enhance the generation of ROS due to extra free electron incorporation in carbon dots [46]. The lifetime of ROS is generally short, depending on the type of ROS. As compared with other types of ROS, hydrogen peroxide has the longest lifetime of about 1 ms. Other types of ROS have lifetimes in the µs-range [87]. As a result, ROS can only diffuse over short distances up to several 100 nm, allowing diffusion across lipid membranes. Nevertheless, these short lifetimes of ROS necessitate generation in the close vicinity of its target pathogens for effective antibacterial activity. Nitrogen hetero-atoms in carbon quantum dots will yield positively charged groups and enhance the electrostatic double-layer attraction to negatively charged bacterial cell surface [46] that will aid ROS generation close to target pathogens. Additionally, a positive charge on its own, i.e., without ROS generation can cause antibacterial effects.



Positively charged carbon quantum dots prepared from spermidine [19,37] or quaternary ammonium salts [47] have been demonstrated to adhere strongly to proteins, porins and bacterial cell wall peptidoglycan, resulting in inhibition of cell wall synthesis in Gram-positive and Gram-negative bacteria, persister cells and antimicrobial-resistant bacteria. As a result, the minimal inhibitory concentrations (MICs) of carbon quantum dots prepared from spermidine [19] or quaternary ammonium salts [47] for different Gram-positive and Gram-negative pathogens were up to 250,000-fold lower than those of spermidine (around 26 mg/mL), and up to 8-fold lower than those of ammonium salts (around 16 µg/mL [88]), indicating that their carbonization enhances antibacterial activity (also see Table 2). The MICs of these carbon quantum dots in terms of weight per unit volume are therewith considerably lower than for antibiotics (MIC of MRSA for gentamicin, rifampicin, penicillin and methicillin was 8, 8, >64 and >64 μg/mL, respectively, and the MIC for ampicillin-resistant E. coli for gentamicin, rifampicin, penicillin and methicillin was >64, 4, >64, >64 μg/mL, respectively [47]). Carbon quantum dots derived from Artemisia argyi leaves killed only Gram-negative bacteria by inhibiting enzyme activity exclusively related with Gram-negative bacterial cell wall synthesis [78]. After damaging the cell wall, carbon quantum dots gain access to the interior of a bacterium to cause oxidative damage to its DNA [21].



The inheritance of antibacterially active chemical functionalities by carbon quantum dots as derived, e.g., from carbonization of gentamicin sulfate (Figure 6B) forms another mechanism of antibacterial activity by carbon quantum dots [39]. Based on a weight comparison, MICs of gentamicin sulfate-derived carbon quantum dots by carbonization at low temperature (150 °C) were roughly of the same order of magnitude as the MIC of gentamicin against S. aureus (0.18 µg/mL) or E. coli (3 µg/mL). Carbonization at temperatures above 190–200 °C caused loss of antibacterial activity. However, the MICs of gentamicin-derived carbon quantum dots when carbonized at 180 °C were lower at an acidic biofilm pH (see Table 2) those of gentamicin for S. aureus (0.2 µg/mL) and E. coli (23 µg/mL) [39].




4.2. Carbon Quantum Dots as a Biofilm Dispersant


In infection, bacteria not only adhere to each other to form aggregates, but also to mammalian cell surfaces, bone or tooth structures or prosthetic implant surfaces. Once it has adhered, a bacterium adapts to its substratum surface and starts producing a protective matrix composed of extracellular polymeric substances (EPS) that enwraps them into a biofilm [94,95]. The biofilm-mode of growth protects the inhabiting bacteria against the host immune system and antibiotic penetration [95,96]. Accordingly, disruption of the EPS matrix may also be considered as a mechanism of antibacterial activity, as it causes detachment of bacteria into a planktonic state (“biofilm dispersal”) that makes them amenable to the host’s immune system and antibiotics [74,75,94]. Interestingly, dimethyloctadecyl-[3-(trimethoxysilyl)propyl] ammonium chloride-derived carbon quantum dots not only dispersed S. aureus biofilms but also killed biofilm inhabitants [74], but this occurred at comparatively high carbon quantum dot concentrations of around 1000 μg/mL. Citric acid/polyethyleneimine-derived carbon dots modified with 2,3-dimethylmaleic anhydride exclusively dispersed biofilm of non-EPS producing S. epidermidis at concentrations of 125 μg/mL, but did not kill staphylococci up to at least 1000 μg/mL [75].




4.3. Carbon Quantum Dots and Induction of Resistance


In addition to antibacterial efficacies summarized for carbon quantum dots in Table 2, it is important to notice that carbon quantum dots not only show good antibacterial activity but also possess a reduced risk for the development of antibiotic resistance compared to antibiotics (Figure 8) [39].



Nitrogen-doped carbon quantum dots, hydrothermally synthesized from a bis-quaternary ammonium salt, for instance, exhibited lower MIC than many common antibiotics, while inducing less resistance within an MRSA strain than penicillin [47]. Reduced risk of antimicrobial resistance might arguably be the most promising feature of carbon quantum dots, as many new antimicrobials lose efficacy within shorter and shorter periods of time [97], making the market introduction and clinical application of new antibiotics unlikely [98]. Carbon quantum dots probably evade mechanisms of bacterial resistance development by bacterial membrane disruption and ROS generation [46], instead of targeting a specific stage in the metabolic pathway of bacteria [39]. On the downside of this, bacteria have been shown to upregulate their antioxidant defense mechanism for scavenging ROS causing oxidative stress [99]. Whether or not this is a prelude towards bacterial resistance to ROS remains to be seen.




4.4. Mechanisms of Antibacterial Activity of Carbon Quantum Dots


The summary of antibacterial activities of carbon quantum dots presented in Table 2 and the above discussion of their mechanism lead to the conclusion that the antibacterial mechanisms of carbon quantum dots mainly comprise cell wall damage (Figure 9A) [37] and disruption of the EPS matrix, causing biofilm dispersal (Figure 9B) [94]. Growth inhibition (Figure 9C) [84] and killing (Figure 9D) [47] were reported as possible mechanisms of antibacterial activity of carbon quantum dots in a significantly smaller number of papers. Little is known about the molecular mechanism of antibacterial activity once carbon quantum dots have gained intra-cellular access through cell wall damage. It is likely that carbon quantum dots affect gene expression [90].




4.5. Gram-Positive vs. Gram-Negative Strains


The different mechanisms through which carbon quantum dots exert antibacterial activities all act across both Gram-positive and Gram-negative bacterial strains. However, antibacterial efficacies of carbon quantum dots have been suggested to be slightly stronger for Gram-positive than for Gram-negative bacterial strains due to the possession of an inner and outer lipid membrane by Gram-negative bacteria consisting of lipids, proteins and lipopolysaccharides that make intracellular entry of carbon quantum dots more difficult [100]. This suggestion is confirmed by the generally higher MIC values of different quantum carbon dots against Gram-negative strains in Table 2. Table 2 furthermore shows that quite a number of carbon quantum dots from different sources selectively kill Gram-positive bacterial strains by causing cell wall damage [74,89] or Gram-negative ones [78,84]. Carbon quantum dots synthesized from aminoguanidine and citric acid have been described to highly selectively inhibit growth of Gram-negative P. aeruginosa by specific interactions of aminoguanidine units on the quantum carbon dots and lipopolysaccharide residues in the outer membrane of P. aeruginosa [84].



Quaternized carbon quantum dots prepared from dimethyl diallyl ammonium chloride and glucose as precursors had MIC values between 12.5 μg/mL and 25 μg/mL for Gram-positive S. epidermidis, S. aureus, MRSA and E. faecalis, ranging up to 50 μg/mL for Gram-negative E. coli and P. aeruginosa (also see Table 2) [90]. Proteomic analyses suggested that the quaternized carbon quantum dots acted on ribosomal proteins in Gram-positive bacteria and downregulated metabolization-related proteins of Gram-negative bacteria. Real-time quantitative PCR confirmed differences in expression level of genes related to these proteins in Gram-positive and Gram-negative strains.




4.6. Synergistic Use of Carbon Quantum Dots Combined with Antibiotics or Photosensitizers


Although carbon quantum dots exhibit antibacterial activities as a stand-alone antimicrobial, clinical translation and market introduction often proceeds stepwise. Cell wall damage inflicted by carbon quantum dots facilitates entry of antibiotics through pores created into a bacterium to enhance killing. Matrix disruption and reduction of volumetric bacterial densities in infectious biofilms by carbon quantum dots enhance antibiotic penetration and killing in a biofilm (Figure 9E) [75]. Additionally, photoactivated carbon quantum dots combined with commonly used photosensitizers, such as methylene blue and toluidine blue, achieve higher ROS generation than photosensitizers alone under visible light illumination, thus resulting in an enhanced, synergistic killing of bacteria [34,58]. This implies that combined use of carbon quantum dots with existing antibiotics might be a good first step in clinical translation.




4.7. Use of Carbon Quantum Dots in In Vivo Studies


In vivo studies are either performed with respect to evaluating antibacterial efficacies of carbon quantum dots or to establish their biosafety. Carbon is generally considered non-toxic, and quaternized carbon quantum dots, for instance, showed no obvious toxic side-effects during experimental treatment of infected wounds in rats [90] or pneumonia in mice [91]. Systematic evaluation of the biosafety of photoluminescent carbon quantum dots, synthesized through nitric acid oxidation, demonstrated no acute or sub-acute toxicity nor genotoxicity [101]. Additionally, no abnormalities or lesions were observed in the organs of mice. However, quantum dots intended for imaging purposes have sometimes been found to be less harmless, but these quantum dots are usually not carbon based, having a cadmium-telluride [102] or cadmium-selenium core [103]. Non-cytotoxicity of cadmium-selenide quantum dots could be enhanced by polyethylene glycol coating.



In vivo evaluation of the antibacterial efficacy of carbon quantum dots, so far, has pointed out that quaternized carbon quantum synthesized from organic sources were equally efficacious in treating infection in rodents as antibiotics. The application of quaternized carbon quantum dots to wounds infected by a combination of S. aureus and P. aeruginosa in rats was equally efficacious as treatment with levofloxacin [90]. Additionally, positively charged carbon quantum dots prepared by heating of polyethene polyamine could be used to treat wounds infected by a combination of S. aureus and E. coli, with an efficacy equal to levofloxacin [92]. Nasally applied quaternized carbon quantum dots caused regression of MRSA-induced pneumonia in mice, with an efficacy similar to the one of vancomycin, by affecting protein translation, posttranslational modification and protein turnover in bacteria [91]. Collectively, we can conclude that quantum carbon dots are bio-safe, while quaternized carbon quantum dots appear promising for the treatment of infection, although their efficacy is not higher than that of antibiotics. Nevertheless, they may be useful, as they appear to be efficacious against infections by antibiotic-resistant strains.





5. Conclusions and Outlook


Carbon quantum dots can be effectively synthesized from both natural and synthetic carbon sources using various experimental methods. Among the synthetic carbon sources distinguished in this review, organic carbon sources more broadly cover the entire spectrum of antibacterial activities distinguished here than inorganic carbon sources. By maintaining critical, chemical functional groups of their source materials, carbon quantum dots can acquire desired properties for antibacterial applications towards both Gram-positive and Gram-negative bacterial strains. Carbon quantum dots derived through heating (pyrolysis, hydrothermal methods or smoking) of antibiotics and natural carbon sources, such as medicinal herbs and plants or probiotic bacteria, are ideal sources for the synthesis of antibacterial carbon quantum dots, since essential properties of carbon sources are inherited by carbon quantum dots. Quaternized carbon quantum dots have been found to be equally efficacious for controlling infections in rodents as antibiotics. Antibacterial activity of carbon quantum dots predominantly involves cell wall damage and disruption of the matrix of infectious biofilms (“dispersal”) through the generation of ROS. Synergistic antibacterial efficacy of carbon quantum dots, when combined with existing antibiotics and the added advantage of antibiotic-derived carbon quantum dots to yield a lower chance of inducing bacterial resistance than their source antibiotics, make carbon quantum dots attractive for further clinical translation and large-scale clinical use.







Author Contributions


All authors have contributed to collection of the literature employed in this review, interpretation of the literature and writing of the text. All authors have read and agreed to the published version of the manuscript.




Funding


The work has received funding from the European Union’s Horizon 2020 research and innovation program under the MarieSkłodowska-Curie grant agreement No 713482.




Conflicts of Interest


H.J.B. is also director of a consulting company SASA BV. The authors declare no potential conflict of interest with respect to authorship and/or publication of this article. Opinions and assertions contained herein are those of the authors and are not construed as necessarily representing views of the funding organization or their respective employer(s).




References


	



Monack, D.M.; Mueller, A.; Falkow, S. Persistent Bacterial Infections: The Interface of the Pathogen and the Host Immune System. Nat. Rev. Microbiol. 2004, 2, 747–765. [Google Scholar] [CrossRef] [PubMed]

	



Gilberg, K.; Laouri, M.; Wade, S.; Isonaka, S. Analysis of Medication Use Patterns: Apparent Overuse of Antibiotics and Underuse of Prescription Drugs for Asthma, Depression, and CHF. J. Manag. Care Pharm. 2003, 9, 232–237. [Google Scholar] [CrossRef] [PubMed]

	



Martin, M.J.; Thottathil, S.E.; Newman, T.B. Antibiotics Overuse in Animal Agriculture: A Call to Action for Health Care Providers. Am. J. Public Health 2015, 105, 2409–2410. [Google Scholar] [CrossRef]

	



Giedraitiene, A.; Vitkauskiene, A.; Naginiene, R.; Pavilonis, A. Antibiotic Resistance Mechanisms of Clinically Important Bacteria. Medicina 2011, 47, 137–146. [Google Scholar] [CrossRef] [PubMed]

	



Dugassa, J.; Shukuri, N. Review on Antibiotic Resistance and Its Mechanism of Development. J. Health Med. Nurs. 2017, 1, 1–17. [Google Scholar]

	



Yu, T.; Jiang, G.; Gao, R.; Chen, G.; Ren, Y.; Liu, J.; Van der Mei, H.C.; Busscher, H.J. Circumventing Antimicrobial-Resistance and Preventing its Development in Novel, Bacterial Infection-Control Strategies. Expert Opin. Drug Deliv. 2020, 17, 1151–1164. [Google Scholar] [CrossRef]

	



Sun, H.; Wu, L.; Wei, W.; Qu, X. Recent Advances in Graphene Quantum Dots for Sensing. Mater. Today 2013, 16, 433–442. [Google Scholar] [CrossRef]

	



Yan, Y.; Gong, J.; Chen, J.; Zeng, Z.; Huang, W.; Pu, K.; Liu, J.; Chen, P. Recent Advances on Graphene Quantum Dots: From Chemistry and Physics to Applications. Adv. Mater. 2019, 31, e1808283. [Google Scholar] [CrossRef]

	



Miao, X.; Qu, D.; Yang, D.; Nie, B.; Zhao, Y.; Fan, H.; Sun, Z. Synthesis of Carbon Dots with Multiple Color Emission by Controlled Graphitization and Surface Functionalization. Adv. Mater. 2018, 30, 1704740. [Google Scholar] [CrossRef]

	



Kwon, W.; Do, S.; Kim, J.-H.; Seok Jeong, M.; Rhee, S.-W. Control of Photoluminescence of Carbon Nanodots via Surface Functionalization Using Para-Substituted Anilines. Sci. Rep. 2015, 5, 12604. [Google Scholar] [CrossRef]

	



Tao, S.; Song, Y.; Zhu, S.; Shao, J.; Yang, B. A New Type of Polymer Carbon Dots with High Quantum Yield: From Synthesis to Investigation on Fluorescence Mechanism. Polymer 2017, 116, 472–478. [Google Scholar] [CrossRef]

	



Li, H.; He, X.; Kang, Z.; Huang, H.; Liu, Y.; Liu, J.; Lian, S.; Tsang, C.H.A.; Yang, X.; Lee, S.T. Water-Soluble Fluorescent Carbon Quantum Dots and Photocatalyst Design. Angew. Chem. Int. Ed. 2010, 49, 4430–4434. [Google Scholar] [CrossRef] [PubMed]

	



Shamsipur, M.; Barati, A.; Taherpour, A.A.; Jamshidi, M. Resolving the Multiple Emission Centers in Carbon Dots: From Fluorophore Molecular States to Aromatic Domain States and Carbon-Core States. J. Phys. Chem. Lett. 2018, 9, 4189–4198. [Google Scholar] [CrossRef]

	



Molaei, M.J. Carbon Quantum Dots and Their Biomedical and Therapeutic Applications: A Review. RSC Adv. 2019, 9, 6460–6481. [Google Scholar] [CrossRef]

	



Liu, C.; Zhang, P.; Zhai, X.; Tian, F.; Li, W.; Yang, J.; Liu, Y.; Wang, H.; Wang, W.; Liu, W. Nano-Carrier for Gene Delivery and Bioimaging Based on Carbon Dots with PEI-Passivation Enhanced Fluorescence. Biomaterials 2012, 33, 3604–3613. [Google Scholar] [CrossRef]

	



Feng, T.; Ai, X.; An, G.; Yang, P.; Zhao, Y. Charge-Convertible Carbon Dots for Imaging-Guided Drug Delivery with Enhanced In Vivo Cancer Therapeutic Efficiency. ACS Nano 2016, 10, 4410–4420. [Google Scholar] [CrossRef]

	



Li, J.; Yang, S.; Deng, Y.; Chai, P.; Yang, Y.; He, X.; Xie, X.; Kang, Z.; Ding, G.; Zhou, H.; et al. Emancipating Target-Functionalized Carbon Dots from Autophagy Vesicles for a Novel Visualized Tumor Therapy. Adv. Funct. Mater. 2018, 28, 1800881. [Google Scholar] [CrossRef]

	



Wang, C.; Xu, Z.; Zhang, C. Polyethyleneimine-Functionalized Fluorescent Carbon Dots: Water Stability, pH Sensing, and Cellular Imaging. ChemNanoMat 2015, 1, 122–127. [Google Scholar] [CrossRef]

	



Li, Y.J.; Harroun, S.G.; Su, Y.C.; Huang, C.F.; Unnikrishnan, B.; Lin, H.J.; Lin, C.H.; Huang, C.C. Synthesis of Self-Assembled Spermidine-Carbon Quantum Dots Effective against Multidrug-Resistant Bacteria. Adv. Healthc. Mater. 2016, 5, 2545–2554. [Google Scholar] [CrossRef] [PubMed]

	



Kang, Z.; Liu, Y.; Lee, S.-T. Carbon Dots for Bioimaging and Biosensing Applications. In Carbon-Based Nanosensor Technology; Springer Series on Chemical Sensors and Biosensors (Methods and Applications); Springer: Berlin, Germany, 2017; Volume 17, pp. 201–231. [Google Scholar]

	



Bing, W.; Sun, H.; Yan, Z.; Ren, J.; Qu, X. Programmed Bacteria Death Induced by Carbon Dots with Different Surface Charge. Small 2016, 12, 4713–4718. [Google Scholar] [CrossRef]

	



Hou, J.; Tian, Z.; Xie, H.; Tian, Q.; Ai, S. A Fluorescence Resonance Energy Transfer Sensor Based on Quaternized Carbon Dots and Ellman’s Test for Ultrasensitive Detection of Dichlorvos. Sens. Actuators B Chem. 2016, 232, 477–483. [Google Scholar] [CrossRef]

	



Lin, F.; Li, C.; Chen, Z. Bacteria-Derived Carbon Dots Inhibit Biofilm Formation of Escherichia coli without Affecting Cell Growth. Front. Microbiol. 2018, 9, 259. [Google Scholar] [CrossRef]

	



Al Awak, M.M.; Wang, P.; Wang, S.; Tang, Y.; Sun, Y.P.; Yang, L. Correlation of Carbon Dots’ Light-Activated Antimicrobial Activities and Fluorescence Quantum Yield. RSC Adv. 2017, 7, 30177–30184. [Google Scholar] [CrossRef] [PubMed]

	



Ye, R.; Xiang, C.; Lin, J.; Peng, Z.; Huang, K.; Yan, Z.; Cook, N.P.; Samuel, E.L.G.; Hwang, C.-C.; Ruan, G.; et al. Coal as an Abundant Source of Graphene Quantum Dots. Nat. Commun. 2013, 4, 2943. [Google Scholar] [CrossRef] [PubMed]

	



Chua, C.K.; Sofer, Z.; Šimek, P.; Jankovský, O.; Klímová, K.; Bakardjieva, S.; Hrdličková Kučková, Š.; Pumera, M. Synthesis of Strongly Fluorescent Graphene Quantum Dots by Cage-Opening Buckminsterfullerene. ACS Nano 2015, 9, 2548–2555. [Google Scholar] [CrossRef] [PubMed]

	



Dong, Y.; Lin, J.; Chen, Y.; Fu, F.; Chi, Y.; Chen, G. Graphene Quantum Dots, Graphene Oxide, Carbon Quantum Dots and Graphite Nanocrystals in Coals. Nanoscale 2014, 6, 7410–7415. [Google Scholar] [CrossRef]

	



Hu, C.; Yu, C.; Li, M.; Wang, X.; Yang, J.; Zhao, Z.; Eychmüller, A.; Sun, Y.-P.; Qiu, J. Chemically Tailoring Coal to Fluorescent Carbon Dots with Tuned Size and Their Capacity for Cu(II) Detection. Small 2014, 10, 4926–4933. [Google Scholar] [CrossRef]

	



Meziani, M.J.; Dong, X.; Zhu, L.; Jones, L.P.; Lecroy, G.E.; Yang, F.; Wang, S.; Wang, P.; Zhao, Y.; Yang, L.; et al. Visible-Light-Activated Bactericidal Functions of Carbon “Quantum” Dots. ACS Appl. Mater. Interfaces 2016, 8, 10761–10766. [Google Scholar] [CrossRef]

	



Abu Rabe, D.I.; Al Awak, M.M.; Yang, F.; Okonjo, P.A.; Dong, X.; Teisl, L.R.; Wang, P.; Tang, Y.; Pan, N.; Sun, Y.P.; et al. The Dominant Role of Surface Functionalization in Carbon Dots’ Photo-Activated Antibacterial Activity. Int. J. Nanomed. 2019, 14, 2655–2665. [Google Scholar] [CrossRef]

	



Kuo, W.S.; Chang, C.Y.; Chen, H.H.; Hsu, C.L.L.; Wang, J.Y.; Kao, H.F.; Chou, L.C.S.; Chen, Y.C.; Chen, S.J.; Chang, W.T.; et al. Two-Photon Photoexcited Photodynamic Therapy and Contrast Agent with Antimicrobial Graphene Quantum Dots. ACS Appl. Mater. Interfaces 2016, 8, 30467–30474. [Google Scholar] [CrossRef]

	



Kuo, W.S.; Chen, H.H.; Chen, S.Y.; Chang, C.Y.; Chen, P.C.; Hou, Y.I.; Shao, Y.T.; Kao, H.F.; Lilian Hsu, C.L.; Chen, Y.C.; et al. Graphene Quantum Dots with Nitrogen-Doped Content Dependence for Highly Efficient Dual-Modality Photodynamic Antimicrobial Therapy and Bioimaging. Biomaterials 2017, 120, 185–194. [Google Scholar] [CrossRef]

	



Kuo, W.S.; Shao, Y.T.; Huang, K.S.; Chou, T.M.; Yang, C.H. Antimicrobial Amino-Functionalized Nitrogen-Doped Graphene Quantum Dots for Eliminating Multidrug-Resistant Species in Dual-Modality Photodynamic Therapy and Bioimaging under Two-Photon Excitation. ACS Appl. Mater. Interfaces 2018, 10, 14438–14446. [Google Scholar] [CrossRef] [PubMed]

	



Dong, X.; Bond, A.E.; Pan, N.; Coleman, M.; Tang, Y.; Sun, Y.P.; Yang, L. Synergistic Photoactivated Antimicrobial Effects of Carbon Dots Combined with Dye Photosensitizers. Int. J. Nanomed. 2018, 13, 8025–8035. [Google Scholar] [CrossRef] [PubMed]

	



Peng, J.; Gao, W.; Gupta, B.K.; Liu, Z.; Romero-Aburto, R.; Ge, L.; Song, L.; Alemany, L.B.; Zhan, X.; Gao, G.; et al. Graphene Quantum Dots Derived from Carbon Fibers. Nano Lett. 2012, 12, 844–849. [Google Scholar] [CrossRef]

	



Zhang, Q.; Sun, X.; Ruan, H.; Yin, K.; Li, H. Production of Yellow-Emitting Carbon Quantum Dots from Fullerene Carbon Soot. Sci. China Mater. 2017, 60, 141–150. [Google Scholar] [CrossRef]

	



Jian, H.J.; Wu, R.S.; Lin, T.Y.; Li, Y.J.; Lin, H.J.; Harroun, S.G.; Lai, J.Y.; Huang, C.C. Super-Cationic Carbon Quantum Dots Synthesized from Spermidine as an Eye Drop Formulation for Topical Treatment of Bacterial Keratitis. ACS Nano 2017, 11, 6703–6716. [Google Scholar] [CrossRef]

	



Jian, H.J.; Yu, J.; Li, Y.J.; Unnikrishnan, B.; Huang, Y.F.; Luo, L.J.; Hui-Kang Ma, D.; Harroun, S.G.; Chang, H.T.; Lin, H.J.; et al. Highly Adhesive Carbon Quantum Dots from Biogenic Amines for Prevention of Biofilm Formation. Chem. Eng. J. 2020, 386. [Google Scholar] [CrossRef]

	



Li, P.; Liu, S.; Cao, W.; Zhang, G.; Yang, X.; Gong, X.; Xing, X. Low-Toxicity Carbon Quantum Dots Derived from Gentamicin Sulfate to Combat Antibiotic Resistance and Eradicate Mature Biofilms. Chem. Commun. 2020, 56, 2316–2319. [Google Scholar] [CrossRef]

	



Zhou, J.; Sheng, Z.; Han, H.; Zou, M.; Li, C. Facile Synthesis of Fluorescent Carbon Dots Using Watermelon Peel as a Carbon Source. Mater. Lett. 2012, 66, 222–224. [Google Scholar] [CrossRef]

	



Hou, J.; Wang, W.; Zhou, T.; Wang, B.; Li, H.; Ding, L. Synthesis and Formation Mechanistic Investigation of Nitrogen-Doped Carbon Dots with High Quantum Yields and Yellowish-Green Fluorescence. Nanoscale 2016, 8, 11185–11193. [Google Scholar] [CrossRef]

	



Lee, N.E.; Lee, S.Y.; Lim, H.S.; Yoo, S.H.; Cho, S.O. A Novel Route to High-Quality Graphene Quantum Dots by Hydrogen-Assisted Pyrolysis of Silicon Carbide. Nanomaterials 2020, 10, 277. [Google Scholar] [CrossRef] [PubMed]

	



Teng, X.; Ma, C.; Ge, C.; Yan, M.; Yang, J.; Zhang, Y.; Morais, P.C.; Bi, H. Green Synthesis of Nitrogen-Doped Carbon Dots from Konjac Flour with “off–on” Fluorescence by Fe3+ and l-Lysine for Bioimaging. J. Mater. Chem. B 2014, 2, 4631. [Google Scholar] [CrossRef]

	



Tang, J.; Zhang, J.; Zhang, Y.; Xiao, Y.; Shi, Y.; Chen, Y.; Ding, L.; Xu, W. Influence of Group Modification at the Edges of Carbon Quantum Dots on Fluorescent Emission. Nanoscale Res. Lett. 2019, 14, 241. [Google Scholar] [CrossRef]

	



Hinterberger, V.; Damm, C.; Haines, P.; Guldi, D.M.; Peukert, W. Purification and Structural Elucidation of Carbon Dots by Column Chromatography. Nanoscale 2019, 11, 8464–8474. [Google Scholar] [CrossRef] [PubMed]

	



Travlou, N.A.; Giannakoudakis, D.A.; Algarra, M.; Labella, A.M.; Rodríguez-Castellón, E.; Bandosz, T.J. S- and N-Doped Carbon Quantum Dots: Surface Chemistry Dependent Antibacterial Activity. Carbon 2018, 135, 104–111. [Google Scholar] [CrossRef]

	



Wang, H.; Song, Z.; Gu, J.; Li, S.; Wu, Y.; Han, H. Nitrogen-Doped Carbon Quantum Dots for Preventing Biofilm Formation and Eradicating Drug-Resistant Bacteria Infection. ACS Biomater. Sci. Eng. 2019, 5, 4739–4749. [Google Scholar] [CrossRef] [PubMed]

	



Hou, P.; Yang, T.; Liu, H.; Li, Y.F.; Huang, C.Z. An Active Structure Preservation Method for Developing Functional Graphitic Carbon Dots as an Effective Antibacterial Agent and a Sensitive pH and Al(III) Nanosensor. Nanoscale 2017, 9, 17334–17341. [Google Scholar] [CrossRef]

	



Liu, J.; Lu, S.; Tang, Q.; Zhang, K.; Yu, W.; Sun, H.; Yang, B. One-Step Hydrothermal Synthesis of Photoluminescent Carbon Nanodots with Selective Antibacterial Activity against Porphyromonas gingivalis. Nanoscale 2017, 9, 7135–7142. [Google Scholar] [CrossRef]

	



Huang, H.; Lv, J.-J.; Zhou, D.-L.; Bao, N.; Xu, Y.; Wang, A.-J.; Feng, J.-J. One-Pot Green Synthesis of Nitrogen-Doped Carbon Nanoparticles as Fluorescent Probes for Mercury Ions. RSC Adv. 2013, 3, 21691. [Google Scholar] [CrossRef]

	



Xu, Q.; Pu, P.; Zhao, J.; Dong, C.; Gao, C.; Chen, Y.; Chen, J.; Liu, Y.; Zhou, H. Preparation of Highly Photoluminescent Sulfur-Doped Carbon Dots for Fe(III) Detection. J. Mater. Chem. A 2015, 3, 542–546. [Google Scholar] [CrossRef]

	



Zhu, X.; Zuo, X.; Hu, R.; Xiao, X.; Liang, Y.; Nan, J. Hydrothermal Synthesis of Two Photoluminescent Nitrogen-Doped Graphene Quantum Dots Emitted Green and Khaki Luminescence. Mater. Chem. Phys. 2014, 147, 963–967. [Google Scholar] [CrossRef]

	



Sahu, S.; Behera, B.; Maiti, T.K.; Mohapatra, S. Simple One-Step Synthesis of Highly Luminescent Carbon Dots from Orange Juice: Application as Excellent Bio-Imaging Agents. Chem. Commun. 2012, 48, 8835. [Google Scholar] [CrossRef]

	



Sun, H.; Gao, N.; Dong, K.; Ren, J.; Qu, X. Graphene Quantum Dots-Band-Aids Used for Wound Disinfection. ACS Nano 2014, 8, 6202–6210. [Google Scholar] [CrossRef]

	



Zhu, H.; Wang, X.; Li, Y.; Wang, Z.; Yang, F.; Yang, X. Microwave Synthesis of Fluorescent Carbon Nanoparticles with Electrochemiluminescence Properties. Chem. Commun. 2009, 34, 5118–5120. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Xiao, N.; Gong, N.; Wang, H.; Shi, X.; Gu, W.; Ye, L. One-Step Microwave-Assisted Polyol Synthesis of Green Luminescent Carbon Dots as Optical Nanoprobes. Carbon 2014, 68, 258–264. [Google Scholar] [CrossRef]

	



Li, L.-L.; Ji, J.; Fei, R.; Wang, C.-Z.; Lu, Q.; Zhang, J.-R.; Jiang, L.-P.; Zhu, J.-J. A Facile Microwave Avenue to Electrochemiluminescent Two-Color Graphene Quantum Dots. Adv. Funct. Mater. 2012, 22, 2971–2979. [Google Scholar] [CrossRef]

	



Kholikov, K.; Ilhom, S.; Sajjad, M.; Smith, M.E.; Monroe, J.D.; San, O.; Er, A.O. Improved Singlet Oxygen Generation and Antimicrobial Activity of Sulphur-Doped Graphene Quantum Dots Coupled with Methylene Blue for Photodynamic Therapy Applications. Photodiagnosis Photodyn. Ther. 2018, 24, 7–14. [Google Scholar] [CrossRef]

	



Hu, S.-L.; Niu, K.-Y.; Sun, J.; Yang, J.; Zhao, N.-Q.; Du, X.-W. One-Step Synthesis of Fluorescent Carbon Nanoparticles by Laser Irradiation. J. Mater. Chem. 2009, 19, 484–488. [Google Scholar] [CrossRef]

	



Yu, H.; Li, X.; Zeng, X.; Lu, Y. Preparation of Carbon Dots by Non-Focusing Pulsed Laser Irradiation in Toluene. Chem. Commun. 2016, 52, 819–822. [Google Scholar] [CrossRef]

	



Li, H.; Huang, J.; Song, Y.; Zhang, M.; Wang, H.; Lu, F.; Huang, H.; Liu, Y.; Dai, X.; Gu, Z.; et al. Degradable Carbon Dots with Broad-Spectrum Antibacterial Activity. ACS Appl. Mater. Interfaces 2018, 10, 26936–26946. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, J.; Booker, C.; Li, R.; Zhou, X.; Sham, T.-K.; Sun, X.; Ding, Z. An Electrochemical Avenue to Blue Luminescent Nanocrystals from Multiwalled Carbon Nanotubes (MWCNTs). J. Am. Chem. Soc. 2007, 129, 744–745. [Google Scholar] [CrossRef]

	



Bao, L.; Zhang, Z.-L.; Tian, Z.-Q.; Zhang, L.; Liu, C.; Lin, Y.; Qi, B.; Pang, D.-W. Electrochemical Tuning of Luminescent Carbon Nanodots: From Preparation to Luminescence Mechanism. Adv. Mater. 2011, 23, 5801–5806. [Google Scholar] [CrossRef]

	



Ming, H.; Ma, Z.; Liu, Y.; Pan, K.; Yu, H.; Wang, F.; Kang, Z. Large Scale Electrochemical Synthesis of High Quality Carbon Nanodots and their Photocatalytic Property. Dalt. Trans. 2012, 41, 9526. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, L.; Chi, Y.; Dong, Y.; Lin, J.; Wang, B. Electrochemiluminescence of Water-Soluble Carbon Nanocrystals Released Electrochemically from Graphite. J. Am. Chem. Soc. 2009, 131, 4564–4565. [Google Scholar] [CrossRef]

	



Deng, J.; Lu, Q.; Mi, N.; Li, H.; Liu, M.; Xu, M.; Tan, L.; Xie, Q.; Zhang, Y.; Yao, S. Electrochemical Synthesis of Carbon Nanodots Directly from Alcohols. Chem. A Eur. J. 2014, 20, 4993–4999. [Google Scholar] [CrossRef]

	



Zong, J.; Zhu, Y.; Yang, X.; Shen, J.; Li, C. Synthesis of Photoluminescent Carbogenic Dots Using Mesoporous Silica Spheres as Nanoreactors. Chem. Commun. 2011, 47, 764–766. [Google Scholar] [CrossRef] [PubMed]

	



Lai, C.-W.; Hsiao, Y.-H.; Peng, Y.-K.; Chou, P.-T. Facile Synthesis of Highly Emissive Carbon Dots from Pyrolysis of Glycerol; Gram Scale Production of Carbon Dots/MSiO2 for Cell Imaging and Drug Release. J. Mater. Chem. 2012, 22, 14403. [Google Scholar] [CrossRef]

	



Yang, Y.; Wu, D.; Han, S.; Hu, P.; Liu, R. Bottom-up Fabrication of Photoluminescent Carbon Dots with Uniform Morphology via a Soft–Hard Template Approach. Chem. Commun. 2013, 49, 4920. [Google Scholar] [CrossRef] [PubMed]

	



Mikhraliieva, A.; Zaitsev, V.; Xing, Y.; Coelho-Júnior, H.; Sommer, R.L. Excitation-Independent Blue-Emitting Carbon Dots from Mesoporous Aminosilica Nanoreactor for Bioanalytical Application. ACS Appl. Nano Mater. 2020, 3, 3652–3664. [Google Scholar] [CrossRef]

	



Lin, F.; Bao, Y.-W.; Wu, F.-G. Carbon Dots for Sensing and Killing Microorganisms. J. Carbon Res. C 2019, 5, 33. [Google Scholar] [CrossRef]

	



Anand, A.; Unnikrishnan, B.; Wei, S.C.; Chou, C.P.; Zhang, L.Z.; Huang, C.C. Graphene Oxide and Carbon Dots as Broad-Spectrum Antimicrobial Agents-a Minireview. Nanoscale Horiz. 2019, 4, 117–137. [Google Scholar] [CrossRef]

	



Sun, Y.-P.; Zhou, B.; Lin, Y.; Wang, W.; Fernando, K.A.S.; Pathak, P.; Meziani, M.J.; Harruff, B.A.; Wang, X.; Wang, H.; et al. Quantum-Sized Carbon Dots for Bright and Colorful Photoluminescence. J. Am. Chem. Soc. 2006, 128, 7756–7757. [Google Scholar] [CrossRef]

	



Ran, H.H.; Cheng, X.; Bao, Y.W.; Hua, X.W.; Gao, G.; Zhang, X.; Jiang, Y.W.; Zhu, Y.X.; Wu, F.G. Multifunctional Quaternized Carbon Dots with Enhanced Biofilm Penetration and Eradication Efficiencies. J. Mater. Chem. B 2019, 7, 5104–5114. [Google Scholar] [CrossRef]

	



Wu, Y.; Van der Mei, H.C.; Busscher, H.J.; Ren, Y. Enhanced Bacterial Killing by Vancomycin in Staphylococcal Biofilms Disrupted by Novel, DMMA-Modified Carbon Dots Depends on EPS Production. Colloids Surf. B Biointerfaces 2020, 193, 111114. [Google Scholar] [CrossRef]

	



Stanković, N.K.; Bodik, M.; Šiffalovič, P.; Kotlar, M.; Mičušik, M.; Špitalsky, Z.; Danko, M.; Milivojević, D.D.; Kleinova, A.; Kubat, P.; et al. Antibacterial and Antibiofouling Properties of Light Triggered Fluorescent Hydrophobic Carbon Quantum Dots Langmuir-Blodgett Thin Films. ACS Sustain. Chem. Eng. 2018, 6, 4154–4163. [Google Scholar] [CrossRef]

	



Wu, Z.L.; Gao, M.X.; Wang, T.T.; Wan, X.Y.; Zheng, L.L.; Huang, C.Z. A General Quantitative pH Sensor Developed with Dicyandiamide N-Doped High Quantum Yield Graphene Quantum Dots. Nanoscale 2014, 6, 3868–3874. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Zhang, M.; Ma, Y.; Wang, B.; Shao, M.; Huang, H.; Liu, Y.; Kang, Z. Selective Inactivation of Gram-Negative Bacteria by Carbon Dots Derived from Natural Biomass: Artemisia Argyi Leaves. J. Mater. Chem. B 2020, 8, 2666–2672. [Google Scholar] [CrossRef] [PubMed]

	



Song, Y.; Lu, F.; Li, H.; Wang, H.; Zhang, M.; Liu, Y.; Kang, Z. Degradable Carbon Dots from Cigarette Smoking with Broad-Spectrum Antimicrobial Activities against Drug-Resistant Bacteria. ACS Appl. BioMater. 2018, 1, 1871–1879. [Google Scholar] [CrossRef]

	



Liu, Y.; Zhao, Y.; Zhang, Y. One-Step Green Synthesized Fluorescent Carbon Nanodots from Bamboo Leaves for Copper(II) Ion Detection. Sens. Actuators B Chem. 2014, 196, 647–652. [Google Scholar] [CrossRef]

	



Wei, J.; Shen, J.; Zhang, X.; Guo, S.; Pan, J.; Hou, X.; Zhang, H.; Wang, L.; Feng, B. Simple One-Step Synthesis of Water-Soluble Fluorescent Carbon Dots Derived from Paper Ash. RSC Adv. 2013, 3, 13119. [Google Scholar] [CrossRef]

	



Yang, X.; Zhuo, Y.; Zhu, S.; Luo, Y.; Feng, Y.; Dou, Y. Novel and Green Synthesis of High-Fluorescent Carbon Dots Originated from Honey for Sensing and Imaging. Biosens. Bioelectron. 2014, 60, 292–298. [Google Scholar] [CrossRef] [PubMed]

	



Qin, X.; Lu, W.; Asiri, A.M.; Al-Youbi, A.O.; Sun, X. Microwave-Assisted Rapid Green Synthesis of Photoluminescent Carbon Nanodots from Flour and Their Applications for Sensitive and Selective Detection of Mercury(II) Ions. Sens. Actuators B Chem. 2013, 184, 156–162. [Google Scholar] [CrossRef]

	



Otis, G.; Bhattacharya, S.; Malka, O.; Kolusheva, S.; Bolel, P.; Porgador, A.; Jelinek, R. Selective Labeling and Growth Inhibition of Pseudomonas aeruginosa by Aminoguanidine Carbon Dots. ACS Infect. Dis. 2019, 5, 292–302. [Google Scholar] [CrossRef]

	



Li, Y.; Zhang, W.; Niu, J.; Chen, Y. Mechanism of Photogenerated Reactive Oxygen Species and Correlation with the Antibacterial Properties of Engineered Metal-Oxide Nanoparticles. ACS Nano 2021, 6, 5164–5173. [Google Scholar] [CrossRef]

	



Sharma, P.; Jha, A.B.; Dubey, R.S.; Pessarakli, M. Reactive Oxygen Species, Oxidative Damage, and Antioxidative Defense Mechanism in Plants under Stressful Conditions. J. Bot. 2012, 217037. [Google Scholar] [CrossRef]

	



Schmitt, F.-J.; Renger, G.; Friedrich, T.; Kreslavski, V.D.; Zharmukhamedov, S.K.; Los, D.A.; Kuznetsov, V.V.; Allakhverdiev, S.I. Reactive Oxygen Species: Re-evaluation of Generation, Monitoring and Role in Stress-Signaling in Phototrophic Organisms. Biochim. Biophys. Acta 2014, 1837, 835–848. [Google Scholar] [CrossRef] [PubMed]

	



Song, Z.; Wang, H.; Wu, Y.; Gu, J.; Li, S.; Han, H. Fabrication of Bis-Quaternary Ammonium Salt as an Efficient Bactericidal Weapon Against Escherichia coli and Staphylococcus aureus. ACS Omega 2018, 3, 14517–14525. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Zhang, X.; Ma, Y.H.; Gao, G.; Chen, X.; Jia, H.R.; Li, Y.H.; Chen, Z.; Wu, F.G. Carbon Dot-Based Platform for Simultaneous Bacterial Distinguishment and Antibacterial Applications. ACS Appl. Mater. Interfaces 2016, 8, 32170–32181. [Google Scholar] [CrossRef]

	



Zhao, C.; Wang, X.; Yu, L.; Wu, L.; Hao, X.; Liu, Q.; Lin, L.; Huang, Z.; Weng, S.; Liu, A.; et al. Quaternized Carbon Quantum Dots with Broad-Spectrum Antibacterial Activity for Treatment of Wounds Infected with Mixed Bacteria. Res. Sq. 2020. [Google Scholar] [CrossRef]

	



Zhao, C.; Wu, L.; Wang, X.; Weng, S.; Ruan, Z.; Liu, Q.; Lin, L.; Lin, X. Quaternary Ammonium Carbon Quantum Dots as an Antimicrobial Agent against Gram-Positive Bacteria for the Treatment of MRSA-Infected Pneumonia in Mice. Carbon 2020, 163, 70–84. [Google Scholar] [CrossRef]

	



Hao, X.; Huang, L.; Zhao, C.; Chen, S.; Lin, W.; Lin, Y.; Zhang, L.; Sun, A.; Miao, C.; Lin, X.; et al. Antibacterial Activity of Positively Charged Carbon Quantum Dots without Detectable Resistance for Wound Healing with Mixed Bacteria Infection. Mater. Sci. Eng. C 2021, 123, 111971. [Google Scholar] [CrossRef]

	



Dong, X.; Al Awak, M.; Tomlinson, N.; Tang, Y.; Sun, Y.P.; Yang, L. Antibacterial Effects of Carbon Dots in Combination with Other Antimicrobial Reagents. PLoS ONE 2017, 12, e0185324. [Google Scholar] [CrossRef]

	



Wang, Y.; Kadiyala, U.; Qu, Z.; Elvati, P.; Altheim, C.; Kotov, N.A.; Violi, A.; Vanepps, J.S. Anti-Biofilm Activity of Graphene Quantum Dots via Self-Assembly with Bacterial Amyloid Proteins. ACS Nano 2019, 13, 4278–4289. [Google Scholar] [CrossRef] [PubMed]

	



Davies, D. Understanding Biofilm Resistance to Antibacterial Agents. Nat. Rev. Drug Discov. 2003, 2, 114–122. [Google Scholar] [CrossRef] [PubMed]

	



Flemming, H.C.; Wingender, J.; Szewzyk, U.; Steinberg, P.; Rice, S.A.; Kjelleberg, S. Biofilms: An Emergent Form of Bacterial Life. Nat. Rev. Microbiol. 2016, 14, 563–575. [Google Scholar] [CrossRef]

	



Levy, S.B.; Bonnie, M. Antibacterial Resistance Worldwide: Causes, Challenges and Responses. Nat. Med. 2004, 10, S122–S129. [Google Scholar] [CrossRef] [PubMed]

	



Charles, P.G.P.; Grayson, M.L. The Dearth of New Antibiotic Development: Why We Should Be Worried and What We Can Do about It. Med. J. Aust. 2004, 181, 549–553. [Google Scholar] [CrossRef]

	



Vatansever, F.; De Melo, W.C.M.A.; Avci, P.; Vecchio, D.; Sadasivam, M.; Gupta, A.; Chandran, R.; Karimi, M.; Parizotto, N.A.; Yin, R.; et al. Antimicrobial Strategies Centered Around Reactive Oxygen Species-Bactericidal Antibiotics, Photodynamic Therapy, and Beyond. FEMS Microbiol. Rev. 2013, 37, 955–989. [Google Scholar] [CrossRef] [PubMed]

	



Salleh, A.; Fauzi, M.B. The In Vivo, In Vitro and In Ovo Evaluation of Quantum Dots in Wound Healing: A Review. Polymers 2021, 13, 191. [Google Scholar] [CrossRef]

	



Wang, K.; Gao, Z.; Gao, G.; Wo, Y.; Wang, Y.; Shen, G.; Cui, D. Systematic Safety Evaluation on Photoluminescent Carbon Dots. Nanoscale Res. Lett. 2013, 8, 122. [Google Scholar] [CrossRef]

	



Nguyen, K.C.; Zhang, Y.; Todd, J.; Kittle, K.; Patry, D.; Caldwell, D.; Lalande, M.; Smith, S.; Parks, D.; Navarro, M.; et al. Biodistribution and Systemic Effects in Mice Following Intravenous Administration of Cadmium Telluride Quantum Dot Nanoparticles. Chem. Res. Toxicol. 2019, 32, 1491–1503. [Google Scholar] [CrossRef] [PubMed]

	



Painuly, D.; Bhatt, A.; Krishnan, V.K. Mercaptoethanol Capped CdSe Quantum Dots and CdSe/ZnS Core/Shell: Synthesis, Characterization and Cytotoxicity Evaluation. J. Biomed. Nanotechnol. 2013, 9, 257–266. [Google Scholar] [CrossRef] [PubMed]








[image: Antibiotics 10 00623 g001 550] 





Figure 1. Acidic oxidation of a carbon source, yielding carbon quantum dots with different oxygen-containing groups. 
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Figure 2. Purification of carbon quantum dots, obtained by oxidation of cysteine using citric acid under hydrothermal conditions, via column chromatography: (A) Different fractions obtained in the purification of carbon quantum dots by chromatography. (B) FTIR spectra of dried free-floating fluorophores (TPDCA) first leaving the chromatography column and carbon quantum dots synthesized during acidification for 3 h at 150 °C (mild acidification). (C) FTIR spectra of different fractions of carbon quantum dots synthesized during acidification for 6 h at 200 °C (moderate acidification), obtained after different retention times in the chromatography column. Note the disappearance of the absorption bands due to free-floating fluorophores. Reproduced with permission from Ref. [45], copyright Royal Society of Chemistry, 2019. 
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Figure 3. Dialysis of carbon quantum dots hydrothermally synthesized using graphite powders to obtain quantum dots with a uniform size distribution: (A) TEM micrographs and size distribution of carbon quantum dots that passed through a dialysis bag, showing smaller particles with a uniform size distribution. (B) TEM micrographs and size distribution of carbon quantum dots that did not pass through a dialysis bag, showing larger particles with a wide size distribution. Reproduced with permission from Ref. [52], copyright Elsevier, 2014. 
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Figure 4. Size control in the electrochemical synthesis of carbon quantum dots: (A) Diameters of carbon quantum dots electrochemically top-down exfoliated from carbon sheets, applying different voltages. Reproduced with permission from Ref. [63], copyright Wiley, 2011. (B) Diameters of carbon quantum dots electrochemically obtained in a bottom-up approach from ethanol, applying different voltages. Reproduced with permission from Ref. [66], copyright Wiley, 2014. 
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Figure 5. TEM micrographs of carbon quantum dots prepared from different organic precursors in a soft–hard template nanoreactor consisting of Pluronic P123 micelles and mesoporous silica. Carbon quantum dots were synthesized from: (A) 1,3,5-trimethylbenzene, (B) diaminebezene, (C) pyrene and (D) phenanthroline. The insets show the size distributions. Reproduced with permission from Ref. [69], copyright Royal Society of Chemistry, 2013. 
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Figure 6. Physico-chemical properties of carbon quantum dots prepared from organic reagents: (A) Fluorescence spectra of carbon quantum dots pyrolytically synthesized from spermidine at different temperatures. Reproduced with permission from Ref. [37], copyright American Chemical Society, 2017. (B) Similarities in infrared absorption spectra between gentamicin sulfate and carbon quantum dots (CQDT) derived through calcination at different temperatures (T), demonstrating preservation of the active structure of gentamicin sulfate. Reproduced with permission from Ref. [39], copyright Royal Society of Chemistry, 2020. (C) Zeta potentials at different pH of carbon quantum dots hydrothermally synthesized from tri-basic citric acid and dicyandiamide. Reproduced with permission from Ref. [77], copyright Royal Society of Chemistry, 2014. 
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Figure 7. XPS spectra of carbon quantum dots prepared from natural carbon sources: (A) XPS spectra of carbon quantum dots derived from Artemisia argyi leaves. Reproduced with permission from Ref. [78], copyright Royal Society of Chemistry, 2020. (B) XPS spectra of carbon quantum dots derived from flour. Reproduced with permission from Ref. [83], copyright Elsevier. (C) XPS spectra of carbon quantum dots derived from Lactobacillus plantarum bacteria. Ratios presented are between at% of the elements indicated. Reproduced with permission from ref. [23], copyright Frontiers, 2018. 
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Figure 8. Minimal Inhibitory Concentrations (MIC) as a function of the number of times bacteria have been serially passaged in presence of increasing concentrations of gentamicin or gentamicin-derived carbon quantum dots. Carbon quantum dots synthesized by calcination at different temperatures, T (sub-script), from gentamicin (GENT), induce less resistance of (A) a Gram-positive S. aureus and (B) a Gram-negative E. coli strain than gentamicin used as a carbon source. Reproduced with permission from Ref. [39], copyright Royal Society of Chemistry 2020. 






Figure 8. Minimal Inhibitory Concentrations (MIC) as a function of the number of times bacteria have been serially passaged in presence of increasing concentrations of gentamicin or gentamicin-derived carbon quantum dots. Carbon quantum dots synthesized by calcination at different temperatures, T (sub-script), from gentamicin (GENT), induce less resistance of (A) a Gram-positive S. aureus and (B) a Gram-negative E. coli strain than gentamicin used as a carbon source. Reproduced with permission from Ref. [39], copyright Royal Society of Chemistry 2020.



[image: Antibiotics 10 00623 g008]







[image: Antibiotics 10 00623 g009 550] 





Figure 9. Examples of the antibacterial activity of carbon quantum dots according to different antibacterial mechanisms and synergistic use with antibiotics: (A) Cell wall damage to E. coli and S. aureus, inflicted upon exposure to cationic carbon quantum dots, pyrolytically synthesized from spermidine. Reproduced with permission from Ref. [37], copyright American Chemical Society, 2017. (B) Disruption of the EPS matrix of a S. aureus biofilm by carbon quantum dots synthesized from carbon fibers by acidic oxidation, causing biofilm dispersal. Reproduced with permission from Ref. [94], copyright American Chemical Society, 2019. (C) Growth inhibition of P. aeruginosa upon exposure to different concentrations of carbon quantum dots, hydrothermally synthesized from aminoguanidine and citric acid. Reproduced with permission from Ref. [84], copyright American Chemical Society, 2019. (D) Killing of stationary-phase MRSA upon exposure to nitrogen-doped carbon quantum dots, hydrothermally synthesized from a bis-quaternary ammonium salt, as compared with killing achieved by penicillin and gentamicin. MRSA were exposed to different concentrations of carbon quantum dots. Reproduced with permission from Ref. [47], copyright American Chemical Society, 2019. (E) Pre-exposure of S. epidermidis ATCC12228 biofilms to carbon quantum dots without (C-dots) and with 2,3-dimethylmaleic-anhydride (DMMA) functionalization (CDMMA-dots) yielded enhanced killing upon 72 h exposure to vancomycin at pH 5, as occurring in infectious biofilms. * p ˂ 0.05 and ** p ˂ 0.01 indicate significant differences with respect to vancomycin in absence of prior carbon dot exposure or prior exposure to C-dots (one way ANOVA). Reproduced with permission from Ref. [75], copyright ELSEVIER, 2020. 
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Table 1. Summary of methods to synthesize carbon quantum dots, including suitable carbon sources, their advantages and disadvantages.
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	Method
	Schematic Synthesis
	Advantages
	Disadvantages
	Reference





	Acidic oxidation
	 [image: Antibiotics 10 00623 i001]
	Large scale synthesis
	Poor size control, risk of burning or explosion, mainly inorganic carbon sources
	[21,24,25,26,27,28,29,30,31,32,33,34,35,36]



	Pyrolysis
	 [image: Antibiotics 10 00623 i002]
	Avoids use of strong acids or alkalis, cost effective, suitable for widely different carbon sources
	Poor size control
	[19,37,38,39,40,41,42,43,44]



	Hydrothermal synthesis
	 [image: Antibiotics 10 00623 i003]
	One step procedure, avoids use of strong acids or alkalis, cost effective, suitable for many carbon sources
	Poor size control
	[22,23,45,46,47,48,49,50,51,52,53]



	Microwave-assisted synthesis
	 [image: Antibiotics 10 00623 i004]
	Short reaction time, suitable for many carbon sources
	Poor size control
	[21,54,55,56,57]



	Laser irradiation
	 [image: Antibiotics 10 00623 i005]
	Short reaction time
	Poor size control
	[58,59,60]



	Electrochemical synthesis
	 [image: Antibiotics 10 00623 i006]
	Good size control
	Mainly inorganic sources, few available small molecule precursors
	[12,61,62,63,64,65,66]



	Nanoreactor-assisted synthesis
	 [image: Antibiotics 10 00623 i007]
	Good size control
	Time consuming, nanoreactor preparation is difficult, only liquid precursors
	[67,68,69,70]
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Table 2. Summary of carbon quantum dots synthesized from different carbon sources, their antibacterial activity and efficacy (i.e., MIC values).






Table 2. Summary of carbon quantum dots synthesized from different carbon sources, their antibacterial activity and efficacy (i.e., MIC values).





	
Carbon Source

	
Synthetic Method

	
Antibacterial Activity

	
Bacterial Strains Used

	
MIC *

(µg/mL)

	
Ref.






	
From Organic Reagents




	
Polyamine, polyamine combined with ammonium, dopamine

	
Pyrolysis, microwave-assisted synthesis

	
Bacterial killing through cell wall damage; ROS generation

	
Gram-positive

Staphylococcus aureus, Bacillus subtilis, Salmonella enterica, methicillin-resistant S. aureus (MRSA)

	
0.9–8

	
[19,37,38]




	
Gram-negative

Escherichia coli, Pseudomonas

aeruginosa

	
0.9–8




	
Bis-quaternary ammonium salt

	
Hydrothermal method

	
Bacterial killing through cell wall damage; ROS generation; biofilm growth inhibition; biofilm dispersal through electrostatic interactions

	
Gram-positive

MRSA, S. aureus

	
2–4

	
[47]




	
Gram-negative

E. coli, ampicillin-resistant E. coli (AREC)

	
8




	
Dimethyloctadecyl- [3-(trimethoxysilyl)propyl]ammonium chloride

	
Hydrothermal method

	
Biofilm dispersal through electrostatic and hydrophobic interaction with Gram-positive bacteria

	
Gram-positive

S. aureus

	
No MIC reported

	
[74]




	
Gram-negative

E. coli

	
No activity




	
3-[2-(2- aminoethylamino)ethylamino]propyl-trimethoxysilane, glycerol, quaternary ammonium compound lauryl betaine

	
Pyrolysis

	
Bacterial killing through cell wall damage

	
Gram-positive

S. aureus, Micrococcus luteus, B. subtilis

	
8 – 12

	
[89]




	
Gram-negative

E. coli, P. aeruginosa, Proteusbacillus vulgaris

	
>200




	
Dimethyldiallyl ammonium chloride, glucose

	
Pyrolysis

	
Acted on ribosomal proteins in Gram-positive bacteria and downregulated metabolization-related proteins of Gram-negative bacteria

	
Gram-positive

S. aureus, MRSA, Staphylococcus epidermidis, Enterococcus faecalis

	
12.5–25

	
[90]




	
Gram-negative

E. coli, P. aeruginosa

	
25–50




	
Diallyldimethylammonium chloride, 2,3-epoxypropyltrimethylammonium chloride

	
Pyrolysis

	
Affected protein translation, posttranslational modification and protein turnover

	
Gram-positive

S. aureus, MRSA, S. epidermidis, Listera monocytogenes, E. faecalis

	
5 – 20

	
[91]




	
Gram-negative

E. coli, Serratia marcescens, Salmonella paratyphi-β

	
No activity




	
Citric acid, l-glutathion, polyethene polyamine

	
Pyrolysis

	
Bacterial killing through cell wall damage; ROS generation

	
Gram-positive

S. aureus, MRSA, L. monocytogenes, E. faecalis

	
15–60

	
[92]




	
Gram-negative

E. coli, P. aeruginosa, S. marcescens, Drug-resistant P. aeruginosa, Drug-resistant E. coli

	
120–480




	
Citric acid combined with aminoguanidine

	
Hydrothermal method

	
Bacterial killing through cell wall damage; biofilm growth inhibition

	
Gram-positive

S. aureus, B. cereus

	
No activity

	
[84]




	
Gram-negative

E. coli, Salmonella enteritidis, Salmonella typhimurium, P. aeruginosa

	
0.5–1

(P. aeruginosa),

>1000

(other strains)




	
Citric acid combined with branched polyethyleneimine, 2,3-dimethylmaleic anhydride

	
Hydrothermal method

	
Biofilm dispersal through electrostatic and hydrophobic interaction with Gram-positive bacteria

	
Gram-positive

S. epidermidis

	
No MIC reported

	
[75]




	
Gentamicin sulfate

	
Pyrolysis

	
Biofilm dispersal; bacterial killing through cell wall damage; ROS generation and maintenance of antibiotic features

	
Gram-positive

S. aureus

	
0.002

(at pH 5.5)

	
[39]




	
Gram-negative

E. coli

	
0.203

(at pH 5.5)




	
Ciprofloxacin hydrochloride

	
Hydrothermal method

	
Bacterial killing through maintenance of antibiotic features

	
Gram-positive

S. aureus

	
1.0

	
[48]




	
Gram-negative

E. coli

	
0.025




	
Metronidazole

	
Hydrothermal method

	
Bacterial killing through maintenance of antibiotic features

	
Gram-positive

S. mutans

	
No activity

	
[49]




	
Gram-negative

E. coli, Porphyromonas gingivalis

	
No MIC reported




	
Vitamin C

	
Electrochemical method

	
Bacterial killing through cell wall damage

	
Gram-positive

S. aureus, Bacillus sp. WL-6, B. Subtilis

	
No MIC reported

	
[61]




	
Gram-negative

E. coli, AREC

	
No MIC reported




	
Poly-oxyethylene, -oxypropylene, -oxyethylene Pluronic 68

	
Pyrolysis

	
Bacteria killing through ROS production upon blue light irradiation

	
Gram-positive

S. aureus, B. cereus

	
No MIC reported

	
[76]




	
Gram-negative

P. aeruginosa

	
No MIC reported




	
From Inorganic Carbon Sources




	
Carbon nanopowder, 2,2′-(ethylenedioxy) bis(ethylamine)

	
Acidic oxidation

	
Bacterial killing through ROS production upon visible light irradiation

	
Gram-positive

B. subtilis

	
64

	
[24,29,30,34,93]




	
Gram-negative

E. coli

	
64




	
Graphite

	
Acidic oxidation

	
Bacterial killing through ROS generation under laser irradiation

	
Gram-positive

MRSA, S. aureus

	
No MIC reported

	
[31,32,33]




	
Gram-negative

E. coli

	
No MIC reported




	
Carbon fibers

	
Acidic oxidation

	
Biofilm dispersal through interference with the self-assembly of amyloid peptides

	
Gram-positive

S. aureus

	
No MIC reported

	
[94]




	
From Natural Carbon Sources




	
Lactobacillus plantarum

	
Hydrothermal methods

	
Biofilm growth inhibition

	
Gram-negative

E. coli

	
No MIC reported

	
[23]




	
Artemisia argyi leaves

	
Smoking

	
Bacterial killing by cell wall damage through cell wall-related enzyme inhibition

	
Gram-positive

S. aureus, B. Subtilis

	
No activity

	
[78]




	
Gram-negative

E. coli, P. aeruginosa, P. vulgaris

	
No MIC reported




	
Cigarettes

	
Smoking

	
Bacterial killing through destruction of DNA double helix structure

	
Gram-positive

S. aureus, AREC, B. subtilis

	
No MIC reported

	
[79]




	
Gram-negative

E. coli, kanamycin-resistant E. coli, P. vulgaris, P. aeruginosa

	
No MIC reported








* MIC values for quantum carbon dots are based on weight per unit volume, but values may not be directly comparable with the traditional MIC value of antibiotics. MIC values of antibiotics refer to the weight of dissolved molecules, while carbon quantum dots are nanoparticles with diameters that are larger than of molecules.
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