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Abstract

:

Ginger residues left after the extraction of active ingredients from ginger rhizomes are considered to be a bio-waste, available in abundance and very rarely used. Extraction and isolation of natural nanofibers from the agro-waste is economical, environmentally benign, and an alternate strategy to replace synthetic fibers. Here, we report, for the first time, the isolation of ginger nanofibers (GNF) from ginger rhizomes spent by acid hydrolysis and followed by high-pressure homogenization. Scanning electron microscopy was utilized to identify the surface morphology of the GNF and the widths ranged between 130 to 200 nm. Structural analysis of GNF was identified by Fourier transform infrared spectroscopy, Differential scanning calorimetry, and X-ray diffraction methods. This GNF was used to make natural nanocomposites by the solvent-casting method reinforcement, using potato starch (PS) and tapioca starch (TS), and was characterized through various methods. These composites were prepared by the addition of 1, 3, 5, and 7 weight % of GNF with PS or TS. Among these, 5% of the GNF composites of these starches showed very high mechanical properties. The antibacterial test showed that the bionanocomposites with 5% GNF exhibited good antibacterial activity against Bacillus cereus, Escherichia coli, Staphylococcus aureus, and Salmonella typhimurium, due to the addition of GNF in the biopolymer matrices. The viable use of GNF from the unexploited ginger agro-waste would create additional profit and it would help to diminish a large amount of waste generation. Thus, the developed bio-composite could also be employed for development of packing materials and be used in medical applications, such as wound healing pads and medical disposables.
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1. Introduction


Synthetic polymers play an important role in modern research but the accumulation of non-degradable waste is a major environmental concern [1]. Nanocomposites prepared by biopolymers, such as cellulose and starch, attain much attention nowadays due to their versatile applications [2]. These biopolymers are abundant in nature, renewable, sustainable, and economical, when compared with synthetic fibers, and are an alternative to non-degradable synthetic ones [3]. Starch-based nanocomposites, cross-linked with cellulose nanofiber (CNF), would increase the mechanical and barrier properties of starch which could be prepared from biomass residues, hence they could be potential alternatives for fossil fuel-derived plastics, thus minimizing the creation of waste [4,5].



CNF can be isolated from biomass through acid hydrolysis, using a strong acid, like H2SO4 or HCl. CNF have unique properties, such as toughness, thickness, length, and their crystalline realm is well oriented, which helps to make more-resistant materials with distinct magnetic, optical, electrical, and conductivity properties, as compared to the macroscopic material [6,7,8]. There are many lignocellulosic sources available to make CNF, such as wood, cotton, jute, and many more [9]. Similarly, CNF isolated from turmeric agro-industrial waste have also been utilized in different applications, such as phytogenic feed additive [10], anti-colitis activity product [11], making bioavailable forms of curcumin [12,13], and liposomal powders [14]. These CNF have characteristic mechanical properties due to its ability to make chemical configurations through strong interactions and H-bonding, when mixed with starch [15,16]. The agricultural wastes can be utilized to make value-added products that make an extra income for farmers and lower the environmental pollution. CNF has captured widened interest, recently, in the field of pharmacology and medicinal applications because of their boundless potential to improve the functional qualities of drug delivery and antimicrobial action [17,18].



India is the largest producer of ginger rhizomes, estimated to be approximately 0.68 million tons, which account for 33% of the total world production [19]. A large amount of biomass is accumulated after the isolation of the oil and oleoresin. The generation of CNF from the ginger residue helps to reduce the agro-waste accumulation in the environment by diminishing the amount of waste generation and thus creates an additional profit. However, there has yet been no research done on the isolation of GNF from the ginger agro-residues.



Starch is composed of D-glucose derived linear amylose and branched amylopectin and can be isolated from various sources, such as wheat, corn, potato, and tapioca. Starch can be easily transformed to thermoplastic starch, which is a continuous phase as its granular structure is obtained during its biosynthesis [20]. Thermoplastic property of starch can be improved, significantly, by making composites, by the addition of plasticizers, such as water, glycerol, and sorbitol, with the help of thermal/or mechanical energy [21]. Even though these thermoplastic starches have improved free volume properties, yet they show some limitations, like low-mechanical properties and high affinity towards water, hence, they are strongly affected by relative humidity [22]. Addition of cellulose nanofibers (CNF) to the starch helps to overcome these hurdles and offers a promising strategy. These biocomposites display low toxicity, biodegradability, high tensile strength, flexibility, and thermal stability [23]. Moreover, these CNF have many applications in the production of cellulose-based nanomaterials which have potential uses in different fields, such biomedicine [24], drug delivery systems [2], textiles [25], as coating materials [26], and in paper production [27].



In the present study, we prepared ginger nanofibers (GNF)—the first attempt to do this from ginger waste after the extraction of active ingredients, like gingerols and shogaol—and used them to make composites, with potato starch (PS) or tapioca starch (TS), through the solvent-casting method. Due to the high availability and low cost, we chose PS and TS-based thermoplastic starch as the plasticizers for the GNF, to make the composites. We used four different compositions viz. 1%, 3%, 5%, and 7% of the GNF, to reinforce the composite with the PS and TS. Ginger contains approximately 3% of fiber and the NF isolated from ginger could be a promising approach, as it has distinctive chemical properties and pronounced biological activities. These GNF have been characterized through various methods, such as Fourier transform infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), X-ray diffraction (XRD), and differential scanning colorimetry (DSC). In addition, the antibacterial activities of GNF, as well as nanocomposite films, were evaluated against that of the Bacillus cereus, Escherichia coli, Staphylococcus aureus, and Salmonella typhimurium. The antibacterial activities of these composites were confirmed against, both, Gram-positive-and-negative bacterial pathogens.




2. Materials and Methods


2.1. Isolation of Ginger Nanofiber (GNF)


Ginger spent was obtained from Plant Lipids (P) Ltd., Kerala, India after the isolation of natural ingredients, such as gingerols and shogaol. The powdered ginger agro-waste was washed with distilled water to remove dirt, dust, and water-soluble impurities. Then the ginger spent was dried before the isolation of GNF, which was produced as per the protocol described earlier, with some modifications [28]. Cleaned ginger residues were treated with 4% NaOH solution (w/w) at 80 °C, for 2 h, under mechanical stirring which removed the residual additives, such as partially solubilized pectin, lignin, and hemicellulose impurities. After each treatment, the obtained reaction mass was filtered and washed with distilled water, until the filtrate became neutral. After this alkali treatment, the fiber was decolorized with aqueous 3% sodium chlorite (w/w) to bleach and leach the fiber. This process was accomplished at 80 °C, for 2 h, and was repeated two times. The resultant fiber was washed continuously in distilled water, until the complete removal of sodium chlorite. After this, the residue was hydrolyzed using 10% H2SO4 (w/w), at 80 °C, for 2 h, using mechanical stirring. The acid hydrolysis treatment helped in leaching out traces of minerals, residual starch, and also hydrolyzed amorphous cellulose and eased in getting the required fiber suspension. After the acid hydrolysis, the reaction mass was cooled with ice cubes to quench the hydrolysis, washed with distilled water, and centrifuged for 20 min, at 8000 rpm, at 10 °C. The resulted suspension was homogenized using APV 1000 homogenizer (SPX Flow Technology, Holzwickede, Germany) with five passes, with an operating pressure of 1000 bar, and filtered using a glass filter to obtain the GNF. The GNF solution was concentrated to near 2–3% (by weight) dispersion and kept under refrigeration to make composites.




2.2. Preparation of Bionanocomposites


The solvent-casting method was used to prepare the bionanocomposites, as reported earlier with some variations [28]. The known weight of GNF was suspended in 100 mL distilled water, under stirring for 30 min, then sonicated for 20 min, using an ultrasonic bath sonicator (PCI Analytics Pvt. Ltd., Mumbai, India). The obtained GNF suspension was stirred well with formerly prepared PS/TS with glycerol (15 weight % on dry basis), in 100 mL water, for 30 min, at 80 °C, to get a homogenous suspension. The resulting solution was sonicated for 20 min, and approximately 100 mL of solution was carefully poured on to a Borosil petri dish, to get an even thickness. The plates were kept at 55–60 °C, for 12 h, till it dried completely. 1, 3, 5, and 7 weight % of GNF were used to prepare these films of potato starch–ginger nanofiber (PS–GNF) and tapioca starch–ginger nanofiber (TS–GNF).




2.3. Characterization and Measurement of the GNF and Bionanocomposites


2.3.1. Fourier Transform Infrared Spectroscopy (FTIR-ATR)


FTIR-ATR spectra were recorded using a JASCO ATR-FT/IT-4700 instrument. All the samples were dried well and analyzed at a range of 400–4000 cm−1, with 32 scans per sample.




2.3.2. Scanning Electron Microscopy (SEM)


The surface morphology of the GNF and composites samples were examined using a scanning electron microscope (Vega3 Tescan, Brno, Czech Republic). Prepared samples were placed in aluminum stubs with double-sided carbon tape and sputter-layered with a fine coating of gold, using a sputter gold coater to eliminate charring, during the analysis. Prepared GNF and bionanocomposites were scanned using an accelerating voltage of 20 kV.




2.3.3. X-ray Diffraction (XRD)


The crystalline properties of the GNF and the prepared bionanocomposites were determined by an X-ray diffractometer (Xpert-Pro). Oven dried samples were analyzed at ambient temperatures, using Ni-filtered Cu K radiation (λ = 0.1541 nm), over the scattering 2θ angles from 5° to 80°, with a scanning speed of 1.2°/min.




2.3.4. Mechanical Test


The mechanical properties of the GNF and composites were determined using a Universal Test Machine (Tinius Olsen, H1KS Benchtop Tester, load cell of 1 kN, Noida, India) with a crosshead speed of 60 mm/min. All tests were conducted at room temperature till the elongation breakage happened. The films were cut into 0.1 × 5 × 40 mm3 and the results were the average of five measurements, for each formulation.




2.3.5. Differential Scanning Calorimetry (DSC)


The thermal properties of the GNF and the prepared bionanocomposites films were estimated on a differential scanning calorimeter (DSC) Q10 DSC equipment (Mettler Toledo DSC 822e, Greifensee, Switzerland). About 5–7 mg of the film sample was weighed in an aluminum crucible and the reference was an empty aluminum crucible for all DSC analysis. The bionanocomposite films were heated from 0 to 400 °C, at a range of 10 °C /min, under a nitrogen flow of 10 mL/min.





2.4. Antimicrobial Activity


All the title compounds were screened for their in vitro antibacterial activity against four bacterial species as experiment organisms which include two gram-positive strains, i.e., Bacillus cereus, Staphylococcus aureus, and two gram-negative strains, i.e., Escherichia coli, and Salmonella typhimurium. The bacteria were preserved in Mueller Hinton Agar (MH). Inocula were prearranged through accumulation, during the night civilization of the organisms in the MH broth, to attain 0.1 OD600 suspension. The groups were permitted to cultivate until they attained the 0.5 McFarland turbidity standard (approximately, 1.5 × 108 CFU/mL). However, this concentration was further diluted to attain 106 CFU/mL (1:1000) in MH broth, for the determination of Minimum Inhibitory Concentration (MIC). The prepared GNF, PS–GNF, TS–GNF, and ampicillin disc (positive control) were positioned on the MH agar plates, earlier swabbed with the objective bacterial segregate, at a concentration of 106 CFU/mL. In a disc, the particular solvent was mixed as a negative control, to establish the probable inhibition activity of the solvent. Then it was isolated for a period of 24 h, at 30 °C. Antibacterial activity was defined as the diameter of the comprehensible inhibitory region formed around the discs.





3. Results and Discussions


3.1. Fourier Transform Infrared Spectroscopy (FTIR-ATR)


FT-IR spectra of individual starches, GNF, and bionanocomposites of PS–GNF (5% GNF) and TS–GNF (5% GNF) are shown in Figure 1. PS and TS showed almost a similar pattern and a very broad band appeared at 3427 cm−1, due to the vibration of the H-bonded hydroxyl groups (O-H) [29]. The typical broad band at 3340 cm−1, due to the -OH group stretching of the cellulose and it was decreased to 3298 cm−1, in both GNF–PS and GNF–TS. This was due to the intermolecular hydrogen bonding between GNF and the starch matrices, which indicated the formation of bionancomposites [30,31]. The peak at 2900 cm−1 matched up with the C-H symmetrical stretching which indicated the existence of polysaccharide functionality, and was observed in all of the samples. The sharp peak at 1027 cm−1 represented the C-O-C and C-H vibrational stretching of cellulose. It indicated that the hemicellulose xylan, presented in the GNF, confirmed the higher cellulose content in the GNF [11]. The peak presented at 1446 cm−1 was attributed to the H-C-H in plane-bending vibrations. Moreover, the H-O-H bending of the absorbed water was detected at 1643 cm−1 which was larger in the GNF–PS than the GNF and GNF–TS, indicating that the GNF–PS was more hygroscopic than GNF and GNF–TS [32]. This was further confirmed by the larger -OH stretching of the GNF–PS, at 3298 cm−1, compared to the GNF–TS.




3.2. Scanning Electron Micrograph (SEM)


The scanning electron micrographs of the GNF and the bionanocomposites of the PS–GNF and TS–GNF are shown in Figure 2 and Figure 3. Figure 2a,b shows the morphological changes before and after the homogenization. The cellulose matrix was in a colloidal stage before homogenization was attributed to the hydrolysis of the matrix and after the homogenization, the width of the GNF decreased to 130 to 200 nm, as in the Figure 2b, which indicated that high pressure could reform the structural morphology of the cellulose.



Figure 3a,b show the SEM micrographs of the bionanocomposite films of the PS–GNF and TS–GNF, with 5 weight % of the GNF, respectively. A coarse and uneven morphology was obtained after the addition of the GNF in the PS and the TS, which resulted in tight and aggregated film matrices, due to the strong intermolecular H-bonding of the GNF with the starch matrices. The structured SEM micrographs of the composites indicated that the GNF uniformly dispersed in the PS and the TS matrices, due to the strong electrostatic interactions, along with H-bonding. In addition, the incorporation of the GNF to the starch matrices resulted in higher density composite films, as indicated by the SEM images.




3.3. X-ray Diffraction (XRD)


The crystallinity of the GNF was the key feature to resolve the performance of the nanocomposites. Figure 4 illustrates the XRD diffractograms for the GNF and its bionanocomposites, with 5% GNF films using the PS and the TS. The characteristic peak for GNF 2θ, around 23°, was allotted to the cellulose crystalline structure. Strong inter and intramolecular interfaces resulted in the higher crystallinity of GNF achieved by the acid hydrolysis. Moreover, the two peaks at 2θ = 23° and 16° identified the existence of the orthorhombic cellulose crystal I and II. The crystalline nature of the GNF enhanced the rigidity and firmness of the composites, during the reinforcement [33]. The crystalline nature of the GNF was still preserved in the bionanocomposites, as the peak at 23° was still present in the nanocomposites, even though, the content of the GNF was low (5%).




3.4. Mechanical Properties


The effects of GNF on tensile strength, and percent elongation at break and Young’s modulus of starches and composite films are displayed in Table 1. The tensile strength of the composites was gradually increased from 100% PS film to 5% GNF–PS composite and the values were 1.6 and 3.9 MPa, respectively. The same trend was experienced in the GNF–TS as 2.3 MPa (TS alone) to 4.2 MPa (5% GNF–TS). The tensile strength further decreased in the 7% GNF composite for both PS (3.2 MPa) and TS (3.9 MPa), when compared to the 5% composites. This may be because the increase of the GNF led to the decrease in molecular mobility. This increased the stiffness of the starch composites, which made the composites more brittle. This further reduced the strain, at the break, and the flexural strength, with a higher GNF loading [34]. The elongation at the break reduced from of 61% (PS alone) to 44% (5% GNF–PS), then increased to 45% (7% GNF–PS). Similarly, for the TS, the elongation at the break decreased from 55% (TS alone) to 43% (5% GNF–TS), then increased to 44% (7% TS–GNF). Young’s modulus also showed the same trend as the tensile strength, which increased up to the 5% GNF composite and decreased for the 7% GNF composites, in both the PS and the TS.



The high tensile strength and low elongation at the break showed the good mechanical properties of the films. These results showed that the cross-linking of the GNF, with the PS and the TS, noticeably increased the tensile strength and the Young’s modulus, until up to 5% addition of GNF and decreased at 7% addition of the GNF, as was expected. Similarly, the elongation at the break, decreased up to the addition of 5% GNF, showing that the mechanical properties were maximum at 5% of the GNF cross-linked with PS and TS. These modifications were associated with a solid interfacial interface comprising the GNF with the starch environment. This association was enabled by the prevailing strong intermolecular H-bonds (with hydrogen acceptors of polymer molecules) among the GNF cellulose [35], as well as the PS and the TS, The results were in good agreement with the FTIR results.




3.5. Thermal Properties by DSC


The DSC analysis of GNF and the bionanocomposite films reinforced with 5% of the GNF content are presented in Table 2 and the DSC curves are presented in Figure 5. The results were similar to the typical endothermic values which were attributable to the starch gelatinization. The onset temperature (Tonset) of GNF was 33 °C, the peak temperature (Tpeak) was 69 °C, and endset temperature (Tendset) was 107 °C. These parameters were higher in the nanocomposites because of the stiffness of the composite films. This was caused by the well-ordered alignment of the GNF cellulose in the composite moiety. This alignment is as a result of the chemical interaction with the starch molecules, which resulted more from the thermal stability of the composites than that of the GNF alone. The melting enthalpy (ΔHmelting) was mainly used to estimate the degree of crystallinity and the value was higher in the GNF (109 J/g) than in the GNF–PS (21 J/g) and the GNF–TS (25 J/g) composites, which indicated a decrease in the degree of crystallinity, as revealed by the XRD analysis [36].




3.6. Antibacterial Activities of Bionanocomposites


The minimum inhibitory concentration (MIC) of GNF, 5% GNF–PS, and 5% GNF–TS was determined by the agar diffusion assay, the results of which are shown in Table 3, along with the positive control (ampicillin). All tested strains were susceptible to the bionanocomposite films with variable degrees of MIC. The films were found effective against both gram-positive bacteria and gram-negative bacteria. The solvent control did not have any effect on the microorganism growth. In the case of the GNF film, the highest percentage of MIC value was observed, demonstrating that the GNF had maximum ability to inhibit the bacteria in the tested strains. Similarly, the prepared bionanocomposites (GNF–PS and the GNF–TS) were registered considerable inhibitory effect against the test organisms. Meanwhile, the MIC value of the GNF–TS film (8.3 ± 1 µg/mL against Bacillus cereus, 3.1 ± 0 µg/mL against Escherichia coli, 12 ± 2 µg/mL against Staphylococcus aureus, and 19 ± 1 µg/mL against Salmonella typhimurium) were slightly lower than those of the GNF–PS (9.1 ± 1 µg/mL against Bacillus cereus, 8.1 ± 1 µg/mL against Escherichia coli, 15 ± 1 µg/mL against Staphylococcus aureus, and 24 ± 2 µg/mL against Salmonella typhimurium). Additionally, the zone of inhibition by ampicillin, for the selected microorganisms, was apparently higher when compared to the GNF, GNF–PS, and GNF–TS.





4. Conclusions


The results presented here show that the incorporation of the cellulose nanofibers, extracted from ginger biomass, after the extraction of active constituents, and the prepared starch-based films were feasible in the production of nanocomposites through the solvent-casting method, and featured improved physiochemical properties. The combination of the PS and the TS starches (as the polymer matrix) and the GNF (as fillers for reinforcement purposes) was shown to possibly lead to nanocomposite films with superior barrier and mechanical properties. Mechanical properties, such as tensile strength and the elastic modulus were increased by the addition of 5% GNF concentrations to the starches. SEM analysis revealed the facilitation of bionanocomposites, which were dense structures with a large aggregation of tightly-packed GNF, due to the formation of new hydrogen bonds by the GNF, among the hydroxyl groups of the PS and the TS. XRD and FTIR data also revealed that the characteristic peak of the GNF indicated the incorporation of GNF in the bionanocomposite matrices. The antibacterial activities showed that the prepared-bionanocomposites exhibited good antibacterial performance against Bacillus cereus, Escherichia coli, Staphylococcus aureus, and Salmonella typhimurium, due to the addition of the GNF in the biopolymer matrixes.



The production of cellulose nanofibers from this underutilized agro-waste has the potential for commercial applications that could add value to ginger cultivation, generate extra income for farmers, and help in agribusiness diversification. In addition, the reuse of these residues allows a significant reduction, both, in the volume of waste accumulated in the environment and in the extraction of raw materials. Thus, the developed composite material could also be utilized for construction of packing materials, breathable wound dressing, surgical gloves, surgical gowns or drapes, medical bags, organ retrieval bags, and medical disposables.
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Figure 1. FTIR images of PS (a), TS (b), GNF (c), and 5% GNF with PS (d) and TS (e) composites. 
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Figure 2. SEM images of the GNF before (a) and after (b) homogenization. (The formation of the GNF is marked in red). 
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Figure 3. SEM images of the GNF (5%) with Potato starch (a) and Tapioca starch (b). 
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Figure 4. X-ray diffractograms of GNF (a) and composites with 5% GNF, composited with PS (b) and TS (c). 
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Figure 5. DSC curves of the GNF (a) and the 5% GNF-based nanocomposites, incorporated with PS (b) and TS (c). 
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Table 1. Mechanical properties of the GNF–PS and GNF–TS composites with different compositions.
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	Sample
	Tensile Strength (MPa)
	Young’s Modulus (MPa)
	Elongation at Break (%)





	PS
	1.6 ± 0.6
	19 ± 1
	61 ± 2



	GNF–PS (1%)
	2.2 ± 0.5
	22 ± 2
	53 ± 1



	GNF–PS (3%)
	2.9 ± 1.2
	24 ± 2
	48 ± 2



	GNF–PS (5%)
	3.9 ± 0.9
	32 ± 1
	44 ± 1



	GNF–PS (7%)
	3.2 ± 0.9
	29 ± 1
	45 ± 2



	TS
	2.3 ± 0.8
	22 ± 1
	55 ± 2



	GNF–TS (1%)
	2.5 ± 0.3
	25 ± 1
	52 ± 2



	GNF–TS (3%)
	3.1 ± 0.8
	29 ± 1
	47 ± 2



	GNF–TS (5%)
	4.2 ± 0.4
	33 ± 1
	43 ± 2



	GNF–TS (7%)
	3.9 ± 0.7
	29 ± 2
	44 ± 2
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Table 2. DSC analysis of the GNF and the 5% loaded-GNF–PS and GNF–TS.
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	Sample
	To (°C)
	Tp (°C)
	Te (°C)
	ΔHm (J/g)





	GNF
	33
	69
	107
	109



	GNF–PS
	57
	78
	108
	21



	GNF–TS
	44
	81
	147
	25







To: Tonset, Tp: Tpeak, Te: Tendset; ΔHm: ΔHmelting.
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Table 3. Antibacterial activity of the GNF and its PS and TS bionanocomposites, with 5% GNF, in comparison with the control.
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Samples

	
Minimum Inhibitory Concentration (µg/mL)




	
Bacillus cereus

	
Escherichia coli

	
Staphylococcus aureus

	
Salmonella typhimurium






	
GNF

	
14 ± 2

	
13 ± 1

	
18 ± 0

	
31 ± 0




	
GNF–PS

	
9.1 ± 1

	
8.1 ± 1

	
15 ± 1

	
24 ± 2




	
GNF–TS

	
8.3 ± 1

	
3.1 ± 0

	
12 ± 2

	
19 ± 1




	
Positive Control

	
1.6 ± 0

	
0.4 ± 0

	
6 ± 0

	
12 ± 1








Values are expressed as the mean ± the standard error of mean (SEM), for triplicate readings.
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