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Abstract

:

Plant tissue culture has led to breakthroughs in understanding and applying the fundamental knowledge towards harnessing more from plants. Microbial contamination is one of the serious problems limiting the successful extrapolation of plant tissue culture practices. Sources of in vitro contamination include culture containers, media, explants, equipment, the environment of the culture room and transfer area, and operating personnel. The successful initiation of in vitro culture mostly depends on surface sterilization of explants because this is the primary source. Usually, surface sterilization is done using chemicals, or toxic nanomaterials, this is the first time such an approach has been demonstrated. Numerous surface microflora attached to plant surfaces grow faster than the cultured explants and release phytotoxic substances into the culture media, hindering positive outcomes. In the current work, for the first time, the applicability of turmeric and benzoin resin-based fumigation of explants is demonstrated. The results showed that fumigation methods for surface sterilization were promising and could lead to fifty and even 100% contamination-free plant tissue culture. Nanoparticulate carbon was identified in the turmeric and benzoin smoke and coined the key player in the surface sterilization effect. These studies open a whole new avenue for the use of fumigation-based methods for riddance of microbial contamination.
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1. Introduction


Plant tissue culture involves cultivation of explants on artificial media in a controlled laboratory environment. A supportive culture medium and environment for the explants is crucial for the success of this propagation technique. Further, culture media manipulations and cultural techniques eventually enable the regeneration of challenging plant species in vitro from cultured explants via plant biotechnological tools [1,2,3]. In vitro plant culture methods require expensive production facilities and skilled persons and face several problems associated with in vitro culture establishment, such as explant browning, hyperhydricity, microbial contamination, shoot tip necrosis, and tissue proliferation.



Microbial contamination is one other challenge facing plant tissue culture practices. Several possible sources of in vitro tissue culture contamination are culture containers, media, explants, equipment, the environment of the culture room and the transfer area, and operators [4,5,6,7,8,9]. The successful initiation of in vitro culture rests on effective surface sterilization of explants. This is crucial, since a wide range of microbes are attached to the surface of plants, and these grow faster than the cultured explants and release phytotoxic substances into the culture media, interfering with the culturing process. Several chemicals have been used to disinfect the explants before culturing [4]. However, surface sterilants are also toxic to the explants, and the level of toxicity depends on the dose of disinfectants and duration of treatment. Some sterilants have even failed to eliminate contaminants in explants; rather, they profoundly affect morphogenesis due to their phytotoxicity. Removing endophytic microbes is very challenging, and hence, antibiotics and antifungal compounds have been included in plant tissue culture media to destroy or prevent microbial growth [10]. Several studies have reported the phytotoxicity of antimicrobial agents to cell, organ, and tissue cultures in plant species [5,6,7,8,10].



In the recent decade, nanoparticles (NPs) have been applied for eliminating plant tissue culture contaminants [9]. The explants of Araucaria excelsa, Cynodon dactylon, Gerbera jamesonii, olive, Valeriana officinalis, and Vitis vinifera obtained from greenhouse- or field-grown plants were disinfected with ethanol or commercial bleach, and then silver nanoparticles (AgNPs) eventually reduced or eliminated the contaminants [11,12,13,14,15]. Few reports have confirmed that Ag NP treatments led to successful surface sterilization of cotyledons, leaves or seeds of Arabidopsis, G × N15 (hybrid of almond × peach) rootstock, potato, Rosa hybrida, and tomato [16,17,18,19]. Inclusion of Ag NPs, TiO2 NPs, Zn NPs or ZnO NPs in the culture medium is reported to reduce internal and external contamination in Araucaria excelsa, Bacopa monnieri, banana, barley, G × N15 (hybrid of almond × peach) rootstocks, olive, potato, Rosa hybrida, Vanilla planifolia, and tobacco [12,16,18,19,20,21,22,23,24,25,26,27]. The effectiveness of NPs in the elimination of microbial contaminants in plant tissue culture depends on their dimension, size, distribution, and type. Several researchers have also reported adverse effects of NPs on the survival and subsequent regeneration of explants while using cytotoxic NPs [9].



For the first time, we report the use of fumigation for surface sterilization of plant explants. Surface sterilization of plant explants has usually been accomplished using disinfectant solutions or nanomaterials. The impact of these sterilants is considered an unavoidable necessity. However, for the first time, we have demonstrated a technique where biocompatible fumigants from plant sources have been used for surface sterilization of explants. Turmeric and benzoin resin were used as the fumigation sources. The methodologies for fumigation that have been used in this work are also unique and reported for the first time. The role of carbon nanoparticles in the surface sterilization effect and the characterization of the carbon nanoparticles in the fumigants are also reported. This study opens up a new avenue of research towards the discovery of various other possible biocompatible fumigation methods offering ‘green’ (plant-based) solutions for surface sterilization of plant explants.




2. Materials and Methods


2.1. Preparation of Explants


Actively growing shoots of three ornamental plants (in the flowering stage), Rhododendron yedoense var. Poukhanense, Hedera helix, and Rosa hybrida ‘Red Sandra’, were collected from Konkuk University campus, Gwangjin-gu, Seoul, Korea in the month of June. They were thoroughly washed under running water. The shoot tips were defoliated, washed with mild detergent solution, rinsed with sterile distilled water for 1 min, and then blotted dry using sterile filter paper to remove traces of water. Rhododendron yedoense var. Poukhanense was coded as Explant 1, Hedera helix as Explant 2, and Rosa hybrid as Explant 3 in the subsequent sections.




2.2. Fumigation-Based Surface Sterilization


Turmeric and benzoin resin (Indian local name: sambrani), procured from the local supermarket in Tamilnadu, India, were used for the fumigation experiments. The explants were subjected to fumigation following three methods. Method A: fumigation of tissue culture media plates for a period of 3 min, by holding the agar plate (at a distance of 15 cm) in an inverted position over the fuming turmeric rhizome (Tur) or benzoin resin (BR). The culture media plates contained Murashige and Skoog medium amended with 0.8% (w/v) plant agar and 3% (w/v) sucrose. Method A thus involved fumigation of the culture medium in the plates prior to seeding the explants. The fumigated plates were kept sealed until use. Method B: Direct fumigation of explants held (at a distance of 30 cm) over fuming Tur/BR for 10 sec. Method C: The Tur/BR smoke as collected in sterile glass bottles and the settled soot dispersed in 25 mL of 20% ethanol (EtOH) (20 mL of ethanol in 80 mL of sterile distilled water); the explants were pretreated by immersing them in this soot solution for 5 min. Single nodal segments (one inch long) were directly placed on the plates prepared according to Method A. Single nodal segments (one inch long) prepared from Method B and C were inoculated on Petri dishes containing Murashige and Skoog (MS) medium. Control sets, which involved non-fumigated media plates and un-pretreated explants, were prepared for comparison. The experiment was conducted in triplicate with 25 explants for each treatment. Assessment of bacterial contamination was conducted two days after incubation and for fungal contamination, after a week’s incubation. The culture medium consisted of MS nutrients and vitamins [28] amended with 0.8% (w/v) plant agar and 3% (w/v) sucrose. The pH of the medium was adjusted to 5.6 before adding agar and was sterilized at 121 °C for 20 min. The cultures were kept at 25 ± 2 °C under a 16 h photoperiod with a photosynthetic photon flux density of 45 µmol m−2 s−1. Figure 1 presents the experimental details.




2.3. Characterisation of the Fumigants


The Tur/BR smudges suspended in 20% ethanol were characterized for the presence of carbon nanomaterial using a spectrophotometer (Nanodrop ND-1000 v 3.3.1), (Nanodrop Technologies, Inc., Wilmington, NC, USA). The absorbance was scanned from 220–700 nm. Both Tur and BR smudges were characterized using a transmission electron microscope ((TEM) JEM-1400PLUS, JEOL USA, Inc., Peabody, MA, USA). Further characterization was done using Fourier-transform infrared spectroscopy (FTIR), Shimadzu FTIR-8300 spectrometer, San Diego, CA, USA) using potassium bromide (KBr) pellets. For FTIR, KBr was added directly into the beaker containing the oven-dried smudge collected from the Tur or BR fumes, and then the smudge was scraped along with the KBr powder. When the KBr powder took up the smudge, it turned grayish. After this, it was ground, and pellets were made as per routine FTIR analysis.





3. Results and Discussion


Explants obtained from wild growing ornamental plants were subjected to surface sterilization by fumigation. Three different methods were used, wherein method A, the growth medium was fumigated, in Method B, the explants themselves were fumigated, and in Method C, the explants were pretreated in a 20% ethanolic wash of the smudges from Tur or BR. The results from an evaluation of post inoculation contamination following fumigation and in absentia are shown in Figure 2. As observed from Figure 2, the graph presents the % contamination of the explants; it can be clearly seen that the results varied between the treatment methods and samples. However, as can be seen clearly from Figure 2, all three treatments were successful in leading to efficient surface sterilization of the explants compared to the untreated control. The observations recorded for each of the methods will now be discussed individually for the sake of clarity.



3.1. Surface Sterilization of Explants: Method A


In the case of turmeric-fumigated plates (TurFP), a nearly two-order magnitude decrease in surface contaminants was observed in the case of Explants 1 & 3; no fumigation effect was evident for Explant 2. With respect to BR-fumigated plates (BRFP), no fumigation effect was observed for all three explants compared to the untreated control. Method A was devised keeping in mind the antibacterial effect of Tur and BR smoke; however, merely fumigating the media and not the explants was insufficient to control the surface contaminants.




3.2. Surface Sterilization of Explants: Method B


Method B resulted in significant inhibition of microbial contaminants in all three explants in the case of Tur -fumigated explants (TurFE)) and BR-fumigated explants (BRFE). As observed from Figure 2, TurFE led to 65% inhibition and BRFE, 80% inhibition of surface contamination in Explant 1, in Explant 2, 80% (TurFE) and 20% (BRFE), and in Explant 3, absolute inhibition (100%) following TurFE fumigation and 80% inhibition with BRFE. These results indicate that Method B was indeed successful in the surface sterilization of the explants although varying degrees of sterilization were observed. These results indicate that there is scope for extension and improvement to arrive at absolute results.




3.3. Surface Sterilization of Explants: Method C


With Method C, Explant 1 showed only 16% contamination with Tur smoke suspension-treated explants (TurSSTE)) and 31% with BR smoke suspension-treated explants (BRSSTE); however, for explant 2, TurSSTE showed only 20% inhibition while BRSSTE succeeded with 50% inhibition. In Explant 3, 80% inhibition was obtained with TurSSTE pretreatment, and 100% inhibition of surface contaminants was observed with BRSSTE. With Method C, similar to method B, although we did observe variance, on the whole, it can be concluded that Method C was successful in leading to effective surface sterilization of the explants.



Summarizing the results, in the case of Explant 1, TurSSTE, followed by BRFE and BRSSTE were the most successful; explant 2: TurFE > BRSSTE > TurSSTE. In the case of Explant 3, both TurFE and BRSSTE led to absolute inhibition of surface contaminants, followed by BRFE and TurSSTE. Thus, it can be said that TurFE was the most effective surface decontamination method, followed by TurSSTE and BRSSTE. Figure 3A–C display the photographs of the culture plates, showing extensive fungal and bacterial contamination of the untreated controls (Figure 3A(a),B(a),C(a)), in the case of all three explants used in this study. Figure 3B,C portrays the significant inhibition of these contaminants as a result of fumigation. These experiments demonstrate the applicability of Tur (Figure 3A(b),B(b),C(b)) or BR (Figure 3A(c),B(c),C(c), respectively)-based fumigation for surface sterilization of explants in tissue culture.




3.4. Characterization of the Fumigants


The absorption properties of the Tur and BR smudges were characterized using UV–Vis spectroscopy. An absorption maximum was observed in the UV range of the spectrum between 220 and 250 nm for both the Tur and BR smudges (Figure 4A). This matches the absorption characteristics of carbon nanoparticles obtained from natural gas soot reported by previous researchers [29]. It was interesting to observe that these soot-derived carbon nanoparticles showed highly identical absorption characteristics. Further, FTIR was used to confirm the chemical nature and functionalization of the Tur/BR smudges (Figure 4B). Earlier workers [29,30,31] indicated that characteristic absorption bands of υ (O-H), υ (C-H), and υ (C=O) at 3320 cm−1, 2934 cm−1, and 1764 cm−1, respectively, conform to the existence of –COOH in the case of carbon nanoparticles. The peak position at around 2360 cm−1 is due to the presence of CO2 and 1165 cm−1 the C=O (stretch). Thus, as observed from Figure 4B, the Tur and BR smudges showed absorption bands identical to those expected of carbon nanoparticles in smoke smudges, confirming the presence of nanoparticulate carbon in the smudges.



TEM was used to image the nanoparticulate carbon in the Tur and BR smudges; as observed from Figure 5A,B, many nanoparticulate carbon dots were evident. Carbon dots varying from 5 nm to 50 nm were well dispersed in the case of Tur (Figure 5A) and in BR, as seen from Figure 5B, particles smaller than 10 nm were observed. The larger particles were from fly ash debris. It is well established now that dispersion of carbon nanoparticles in ethanol lead to their uniform distribution [32]. Aggregation of nanoparticulate carbon is characteristic of carbon derived from smoke; the use of ethanol prevents this aggregation effect. The presence of carbon nanomaterial in smoke is not a new concept, but a well-established one. Reports of carbon nanomaterial present in soot are abundant and well documented; authors Anu and Manoj, 2012 [33], Song et al., 2011 [29], and Shooto et al., 2011 [34], have presented the characterization of such smoke-derived carbon nanomaterials [30,35]. These reports confirm the presence of carbon nanoparticles in smoke/soot. Our group has also reported the characterization and properties of soot-acquired carbon nanomaterials [30,31]. We have reported the use of fumigation for inhibition of biofilm on material surfaces [31]. Further, the role of carbon nanomaterials in turmeric smoke resulting in antimicrobial activity has also been reported [30]. Both these reports confirm the role of carbon in the fumigation effect.




3.5. Modulus Operandi of Tur and BR for Explant Surface Sterilization


Contemplating the reason why Tur/BR could lead to surface sterilization of the explants, we need to look into the composition of the fumigation sources. As for turmeric, it is a spice that is commonly used in Indian curries. It grows in India, China, and other Asian countries and has been used for centuries in traditional Indian medicine. Turmeric is well established for its powerful anti-inflammatory, antiseptic, antibacterial, antifungal, anticancer, and disinfectant properties and is used in several different ways, including burning and inhaling the smoke [36,37,38,39,40]. The burning of turmeric rhizomes and inhaling the smoke is a widespread practice in India. We have reported the effective inhibition of bacteria by the carbon dots functionalized with active turmeric ingredients in turmeric smoke [30,31].



The other fumigant source we used was benzoin resin (sambrani), which is a balsamic resin obtained from the bark of several species of trees in the genus Styrax. It is used in perfume incenses, as a flavoring, and for traditional medicine. Sambrani has been used in the culture for many years; it is a popular practice in Indian households to smoke this resin regularly as part of their customary and religious activity. Many countries use sambrani: in Arab countries, they use it directly, and in some countries they use it incorporated in incense. It is obtained by intentionally injuring the styrax tree. The plant is reported to produce this as a natural antimicrobial agent; benzoin begins as a semi-liquid sap oozing out from the injured bark. When dry, it becomes a somewhat pungent, dry (to slightly sticky) pale brown or rust-hued compound, having a somewhat marbled texture [41,42].



Thus, both the fumigation sources we have employed have a history of antimicrobial abilities. Moreover, fumigation as a source of cleansing or purging the air and atmosphere is a well-accepted fact [43]. Mohagheghzadeh et al. [44] summarized an exhaustive review of medicinal smoke, its sources, and uses, primarily highlighting the antimicrobial activity of smoke. Chun et al. [30] described and confirmed the nanoparticulate carbon role in the antimicrobial activity of smoke in their recent article. Our group [31] has also reported the successful inhibition of pathogenic biofilms using turmeric smoke-based fumigation. All these reports narrowed down the modulus operandi behind the antimicrobial disinfection of the carbon dots in the smoke. Based on these reports and the fact that our characterization studies revealed the presence of carbon material in the fumigant, we speculate that the mode of action of the surface sterilization of explants was because of the carbon nanodots functionalized with the active ingredients from the respective smoke, which led to the antimicrobicidal effect. Figure 6 represents this speculation. More studies are required to validate this speculation and to identify the exact mechanism behind the fumigation effect.



As observed from the results, it was found that fumigation of the explants and pretreatment of the explants in carbon soot solution resulted in excellent surface sterilization. Judy et al., (2016) recently reported the self-assembly of the soot-derived carbon dots onto substrates exposed to them [45]. It is a certain possibility that the carbon coated the explants when immersed in the soot solution and exposed to fumes. This carbon coating on the explants could have acted on the surface contaminants and sterilized these explants. Further, this carbon layer on the explants possibly acted as a protective coating on the explants, inhibiting any subsequent contaminant attack. Further, as reported in our previous work [30,31], the carbon nanodots in the soot were functionalized with the active ingredients present in the source material. Based on this, the antimicrobial activity expected of turmeric and BR was conferred onto the nanoparticulate carbon, which coated the explant surfaces, sterilizing the surface of microbial contaminants. Thus, the effect is not merely that from carbon nanoparticles, but apparently a combination of the antimicrobial properties of the active components (from Tur and BR) functionalized on them.





4. Conclusions


The successful use of turmeric and benzoin resin-based fumigation for the inhibition of surface contaminants on plant explants has been demonstrated for the first time. A surface-based interaction of the smoke-derived carbon nanomaterial with the explants is speculated as the reason for the surface decontamination of the tested explants. The carbon nanomaterial laden with the natural antimicrobial properties of the source material is expected to have brought about this surface sterilization effect. Surface sterilization as well as the fumigation of the culture environment is expected to have led to this outcome. This study takes the application a step further in that the use of toxic nanoparticles such as Ag, ZnO, and TiO2 routinely used for surface sterilization has been replaced by a more cytofriendly nanomaterial such as carbon.







Author Contributions


Authors I.S., M.M., J.G. designed and carried out all experiments and prepared the manuscript. S.T., D.-H.K. and J.-W.O. participated in the discussion and reviewed the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by Korea Institute of Planning and Evaluation for Technology in Food, Agriculture and Forestry (IPET) through Agri-food R&D Performance Follow-up Support Program, funded by Ministry of Agriculture, Food and Rural Affairs (MAFRA), Grant No. 120026011HD020.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Acknowledgments


This work was supported by the KU Research Professor Program of Konkuk University.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Thorpe, T.A. History of plant tissue culture. Methods Mol. Biol. 2006, 318, 9–32. [Google Scholar] [PubMed]

	



Reed, B.M.; Wada, S.; DeNoma, J.; Niedz, R.P. Mineral nutrition influences physiological responses of pear in vitro. In Vitro Cell. Dev. Biol. Plant 2013, 49, 699–709. [Google Scholar] [CrossRef]

	



Park, H.Y.; Kim, D.H.; Sivanesan, I. Micropropagation of Ajuga species: A mini review. Biotechnol. Lett. 2017, 39, 1291–1298. [Google Scholar] [CrossRef] [PubMed]

	



Leifert, C.; Morris, C.E.; Waites, W.M. Ecology of microbial saprophytes and pathogens in tissue culture and field-grown plants: Reasons for contamination problems in vitro. Crit. Rev. Plant Sci. 1994, 13, 139–183. [Google Scholar] [CrossRef]

	



Leifert, C.; Cammota, H.; Waites, W.M. Effect of combinations of antibiotics on micropropagated Clematis, Delphinium, Hosta, Iris and Photinia. Plant Cell Tissue Organ Cult. 1992, 29, 153–160. [Google Scholar] [CrossRef]

	



Silva, J.A.T.; Nhut, D.T.; Tanaka, M.; Fukai, S. The effect of antibiotics on the in vitro growth response of chrysanthemum and tobacco stem transverse thin cell layers (tTCLs). Sci. Hortic. 2003, 97, 397–410. [Google Scholar] [CrossRef]

	



Qin, Y.H.; Teixeira de Silva, J.A.; Bi, J.H.; Zhang, S.L.; Hu, G.B. Response of in vitro strawberry to antibiotics. Plant Growth Regul. 2011, 65, 183–193. [Google Scholar] [CrossRef]

	



Tambarussi, E.V.; Rogalski, M.; Nogueira, F.T.S.; Brondani, G.E.; De Martin, V.F.; Carrer, H. Influence of antibiotics on indirect organogenesis of Teak. Ann. For. Res. 2015, 58, 177–183. [Google Scholar] [CrossRef]

	



Kim, D.H.; Gopal, J.; Iyyakkannu Sivanesan, I. Nanomaterials in plant tissue culture: The disclosed and undisclosed. RSC Adv. 2017, 7, 36492–36505. [Google Scholar] [CrossRef]

	



Leifert, C.; Cassells, A.C. Microbial hazards in plant tissue and cell cultures. In Vitro Cell. Dev. Biol. Plant 2013, 37, 133–138. [Google Scholar] [CrossRef]

	



Abdi, G.; Salehi, H.; Khosh-Khui, M. Nano silver: A novel nanomaterial for removal of bacterial contaminants in valerian (Valeriana officinalis L.) tissue culture. Acta Physiol. Plant. 2008, 30, 709–714. [Google Scholar] [CrossRef]

	



Sarmast, M.K.; Salehi, H.; Khosh-Khui, M. Nano silver treatment is effective in reducing bacterial contamination of Araucaria excelsa R. Br. var. glauca explants. Acta Biologica Hungarica 2011, 62, 477–484. [Google Scholar] [CrossRef] [PubMed]

	



Fakhrfeshani, M.; Bagheri, A.; Sharifi, A. Disinfecting effects of nano silver fluids in Gerbera (Gerbera jamesonii) capitulum tissue culture. J. Biol. Environ. Sci. 2012, 6, 121–127. [Google Scholar]

	



Gouran, A.; Jirani, M.; Mozafari, A.A.; Saba, M.K.; Ghaderi, N.; Zaheri, S. Effect of silver nanoparticles on grapevine leaf explants sterilization at in vitro conditions. In Proceedings of the 2nd National Conference on Nanotechnology from Theory to Application, Isfahan, Iran, 20 February 2014; pp. 1–6. [Google Scholar]

	



Taghizadeh, M.; Solgi, M. The application of essential oils and silver nanoparticles for sterilization of sermuda grass explants in in vitro culture. J. Hortic. Sci. Technol. 2014, 1, 131–140. [Google Scholar]

	



Rostami, A.A.; Shahsavar, A. Nano-silver particles eliminate the in vitro contaminations of Olive ‘Mission’ explants. Asian J. Plant Sci. 2009, 8, 505–509. [Google Scholar] [CrossRef]

	



Mahna, N.; Vahed, S.Z.; Khani, S. Plant in vitro culture goes nano: Nanosilver-mediated decontamination of ex vitro explants. J. Nanomed. Nanotechnol. 2013, 4, 1. [Google Scholar] [CrossRef]

	



Arab, M.; Yadollahi, M.; Hosseini-Mazinani, A.; Bagheri, S. Effects of antimicrobial activity of silver nanoparticles on in vitro establishment of G × N15 (hybrid of almond × peach) rootstock. J. Genet. Eng. Biotechnol. 2014, 12, 103–110. [Google Scholar] [CrossRef]

	



Shokri, S.; Babaei, A.; Ahmadian, M.; Hessami, S.; Arab, M.M. The effects of different concentrations of nano-silver on elimination of bacterial contaminations and phenolic exudation of Rosae (Rosa hybrida L.) in vitro culture. Int. J. Farm. Alli. Sci. 2014, 3, 50–54. [Google Scholar]

	



Safavi, K.; Esfahanizadeh, M.; Mortazaeinezahad, D.H.; Dastjerd, H. The study of nano silver (NS) antimicrobial activity and evaluation of using NS in tissue culture media. Int. Conf. Life Sci. Technol. IPCBEE 2011, 3, 159–161. [Google Scholar]

	



Safavi, K.; Mortazaeinezahad, F.; Esfahanizadeh, M.; Asgari, M.J. In vitro antibacterial activity of nanomaterial for using in tobacco plants tissue culture. World Acad. Sci. Eng. Technol. 2011, 55, 372–373. [Google Scholar]

	



Safavi, K. Evaluation of using nanomaterial in tissue culture media and biological activity. In Proceedings of the 2nd International Conference on Ecological, Environmental and Biological Sciences (EEBS 2012), Bali, Indonesia, 13–14 October 2012; pp. 5–8. [Google Scholar]

	



Safavi, K. Effect of titanium dioxide nanoparticles in plant tissue culture media for enhance resistance to bacterial activity. Bull. Environ. Pharmacol. Life Sci. 2014, 3, 163–166. [Google Scholar]

	



Mandeh, M.; Omidi, M.; Rahaie, M. In vitro influences of TiO2 nanoparticles on Barley (Hordeum vulgare L.) tissue culture. Biol. Trace Elem. Res. 2012, 150, 376–380. [Google Scholar] [CrossRef] [PubMed]

	



Helaly, M.N.; El-Metwally, M.A.; El-Hoseiny, H.; Omar, S.A.; El-Sheery, N.I. Effect of nanoparticles on biological contamination of in vitro cultures and organogenic regeneration of banana. Aust. J. Crop Sci. 2014, 8, 612–624. [Google Scholar]

	



Kalsaitkar, P.; Tanna, J.; Kumbhare, A.; Akre, S.; Warade, C.; Gandhare, N. Silver nanoparticles induced effect on in-vitro callus production in Bacopa monnieri. Asian J. Biol. Life Sci. 2014, 3, 167–172. [Google Scholar]

	



Spinoso-Castillo, J.L.; Chavez-Santoscoy, R.A.; Bogdanchikova, N.; Pérez-Sato, J.A.; Morales-Ramos, V.; Bello-Bello, J.J. Antimicrobial and hormetic effects of silver nanoparticles on in vitro regeneration of vanilla (Vanilla planifolia Jacks. Ex Andrews) using a temporary immersion system. Plant Cell Tissue Organ Cult. 2017, 129, 195–207. [Google Scholar] [CrossRef]

	



Murashige, T.; Skoog, F. A revised medium for rapid growth and bio assays with tobacco tissue cultures. Physiol. Plant. 1962, 15, 473–497. [Google Scholar] [CrossRef]

	



Song, Y.; Kang, X.; Zuckermann, N.B.; Phebus, B.; Konopelski, J.P.; Chen, S. Ferrocene-functionalized carbon nanoparticles. Nanoscale 2013, 3, 1984–1989. [Google Scholar] [CrossRef]

	



Chun, S.; Muthu, M.; Gansukh, E.; Thalappil, P.; Gopal, J. The ethanopharmacological aspect of carbon nanodots in turmeric smoke. Sci. Rep. 2016, 6, 35586. [Google Scholar] [CrossRef]

	



Anthonydhason, V.; Gopal, J.; Chun, S.; Muthu, M. Nanocarbon Effect of Smoking Biofilms for Effective Control. J. Clust. Sci. 2018, 29, 541–548. [Google Scholar] [CrossRef]

	



Liu, W.; Li, C.; Ren, Y.; Sun, X.; Pan, W.; Li, Y.; Wang, J.; Wang, W. Carbon dots: Surface engineering and applications. J. Mater. Chem. B 2016, 4, 5772–5788. [Google Scholar] [CrossRef]

	



Mohan, A.N.; Manoj, B. Synthesis and characterization of carbon nanospheres from hydrocarbon soot. Int. J. Electrochem. Sci. 2012, 7, 9537–9549. [Google Scholar]

	



Shooto, D.N.; Dikio, E.D. Morphological characterization of soot from the combustion of candle wax. Int. J. Electrochem. Soc. 2011, 6, 1269–1276. [Google Scholar]

	



Ray, S.C.; Saha, A.; Jana, N.R.; Sarkar, N.R. Fluorescent carbon nanoparticles: Synthesis, characterization, and bioimaging application. J. Phys. Chem. C 2009, 113, 18546–18551. [Google Scholar] [CrossRef]

	



Govindarajan, V.S.; Stahl, W.H. Turmeric-chemistry, technology, and quality. Crit. Rev. Food Sci. Nutr. 1980, 12, 199–301. [Google Scholar] [CrossRef]

	



Lai, P.K.; Roy, J. Antimicrobial and chemopreventive properties of herbs and spices. Curr. Med. Chem. 2004, 11, 1451–1460. [Google Scholar] [CrossRef]

	



Maheshwari, R.K.; Singh, A.K.; Gaddipati, J.; Srimal, R.C. Multiple biological activities of curcumin: A short review. Life Sci. 2006, 78, 2081–2087. [Google Scholar] [CrossRef]

	



Araujo, C.C.; Leon, L.L. Biological activities of Curcuma longa L. Mem. Inst. Oswaldo Cruz 2001, 96, 723–728. [Google Scholar] [CrossRef]

	



Burt, S. Essential oils: Their antibacterial properties and potential applications in foods: A review. Int. J. Food Microbiol. 2004, 94, 223–253. [Google Scholar] [CrossRef] [PubMed]

	



Duke, J.A. Benzoin (Styrax benzoin Dryander.), Duke’s Handbook of Medicinal Plants of the Bible; Taylor & Francis: Oxfordshire, UK, 2008; p. 446. [Google Scholar]

	



Burdock, G.A. Benzoin Resin, Fenaroli’s Handbook of Flavor Ingredients, 6th ed.; Taylor & Francis: Oxfordshire, UK, 2010; pp. 139–140. [Google Scholar]

	



Nautiyal, C.S.; Chauhan, P.S.; Nene, Y.L. Medicinal smoke reduces airborne bacteria. J. Ethnopharmacol. 2007, 114, 446–451. [Google Scholar] [CrossRef] [PubMed]

	



Mohagheghzadeh, A.; Faridi, P.; Shams-Ardakani, M.; Ghasemi, Y. Medicinal smokes. J. Ethnopharmacol. 2006, 108, 161–184. [Google Scholar] [CrossRef]

	



Gopal, J.; Muthu, M.; Chun, S. Autochthonous self-assembly of nature’s nanomaterials: Green, parsimonious and antibacterial carbon nanofilms on glass. Phys. Chem. Chem. Phys. 2016, 18670–18677. [Google Scholar] [CrossRef] [PubMed]








[image: Ijerph 18 02282 g001 550] 





Figure 1. Schematic of the experimental methodology. BR—Benzoin resin 
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Figure 2. Graph showing results of the surface sterilization effect following fumigation. 
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Figure 3. Photographs showing the results of the fumigation effect on explants versus the control. (A) Explant 1, (B) Explant 2, and (C) Explant 3; (a) Control (b) Tur (c) BR. Details are given in above text. 
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Figure 4. (A) UV–Vis curve of Tur and BR smoke. (B) FTIR of Tur and BR smoke. 
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Figure 5. TEM micrographs (A) Turmeric and (B) BR (Benzoin resin) smudges. 
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Figure 6. Cartoon speculating the mechanism of fumigation-based surface sterilization. 
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