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Abstract

:

Bacterial cellulose (BC) is a microbial cellulose that presents various characteristics such as high mechanical strength, high water content, and great biocompatibility and biodegradability. Therefore, it provides great potential to be applied in functional packaging applications. In this study, formic acid (80 µg/mL) was found to promote BC production (a 23% increase in yield from 5.18 to 6.38 g/L) utilizing quorum sensing-related gene (ginI) induction within 5 days of cultivation. The enhancement in BC relied on the addition of FA in static culture, and there was no need to shift to another production system, thus providing an economical approach for industrial production. The characteristic analysis showed that the induced BC still retained its high water-holding capacity (98.4%) with no other structure, morphology, or property changes including chemical groups, crystallinity (80.4%), and thermostability (with Tmax at 360 °C). Analysis of the produced BC showed that it is a suitable, ecofriendly biomaterial for food packaging, and its further evaluation will be accomplished in future studies.
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1. Introduction


Cellulose is a water-insoluble polysaccharide [1] known as the most abundant, renewable, and inexpensive polymer [2], which can be obtained from plants, animals, and microorganisms. Mostly, plant cellulose has hemicellulose, lignin, and pectin and thus needs to undergo treatment to obtain the pure product [3]. Animal cellulose is found in tunicate and provides limited applications due to its low productivity [4].



Bacterial cellulose (BC) is a type of nanoscale cellulose produced by microorganisms [5]. The intricate network of cellulose nanofibers within the nano scale consists of the beta-1, 4 glucan chain with the molecular formula (C6H10O5)n. The glucan chains are held together by inter- and intra- hydrogen bonding [6]. Compared to plant cellulose, BC is composed of cellulose without other impurities (lignin, pectin, and hemicellulose) [7]. Therefore, BC exhibits extremely different material properties such as high crystallinity [8], high water-holding capacity [9], and mechanical properties [10], as well as biodegradability [11] and biocompatibility [12]. Due to its special material properties, BC has garnered great attention in biomedical and food packaging applications. However, the high cost of BC production limits its wide application at an industrial level. Static culture is the most primitive method of BC production, and is widely used due to its simplicity without the need for complex instruments such as a bioreactor. A solid hydrogel might be produced at the liquid–air interface after 5 to 20 days depending on the BC-producing strain and its medium under static culture. Thus far, most studies on BC production focused on establishing a production system [13], optimizing the culture conditions [14], identifying new BC-producing strains [15], and using alternative nutrients [16,17]. Nonetheless, these strategies often require additional costs, processing, or instruments to achieve improvements in BC production. Finding a simple, cost-effective approach has become an important issue for scaling up BC production.



Quorum sensing (QS) is a well-known communication pathway in microorganisms. Most microbes make contact with each other and regulate phenotypes, such as biofilm formation, swarming motility, and specific product production, through signal accumulation. Liu, et al. [18] found that QS plays a crucial role in the BC biosynthesis pathway, and QS induction is mainly regulated by N-acyl-L-homoserine lactones (AHLs), which induce the LuxI/R system to trigger BC production. Iida et al. [19] also revealed that three kinds of AHLs accumulate during BC producer growth leading to QS pathway induction. In the regulatory process, ginI and ginR are considered to be related to the synthesis of AHLs in Komagataeibacter xylinus (K. xylinus). Thus, expressions of these genes are helpful to confirm the regulation of the AHL-induced QS pathway for BC production. Although the QS mechanism in K. xylinus has been proposed, its application for BC production improvement is still not widely studied. Discovering more information on QS-induced BC production is helpful for constructing a more effective production system for BC at the industry level.



Formic acid (FA) is a carboxylic acid that can be obtained from the acid hydrolysis of cellulosic waste [20]. Santoso et al. [16] indicated that BC production can be improved using agriculture waste acid hydrolysates, and further found a correlation between specific FA concentrations and enhanced BC production. In addition, Cheng et al. [21] also demonstrated that FA will induce the QS system of Chromobacterium violaceum (C. violaceum), resulting in an increment in violacein production. According to those results, we assumed that FA addition might provide the same regulation of BC production through QS promotion. This study aimed to investigate the relationship between FA and the QS system in BC production. Furthermore, the effect of FA on BC yield enhancement was also evaluated to determine whether it can be used in current BC production processes. Last but not least, the material properties of the produced BC were analyzed.




2. Materials and Methods


2.1. Materials


K. xylinus ATCC 700178 was used as the BC-producing strain, which was cultured in a CSL-fructose medium in a static condition at 28 °C for 5 days. Cellulase was purchased from Sigma-Aldrich (St. Louis, MO, USA). Fructose and xylose were purchased from Himedia (Mumbai, India). FA was purchased from JT Baker Chemical (Phillipsburg, NJ, USA).




2.2. Microorganisms and Maintenance


Frozen stock (1 mL) of K. xylinus 700178 was added to a 50 mL CSL-fructose medium at 28 °C for 3 days of cultivation. BC pellicles were then broken using a blender for the inoculation (10%) in a 50 mL CSL-fructose medium with different concentrations of FA at 28 °C. After 5 days of culture, the BC pellicles were collected and boiled at 80 °C in 100 mL of a 0.1 N NaOH solution for 30 min and washed in double-distilled (dd)H2O until they became a white color. The obtained translucent BC pellicles were dried utilizing a freeze-drying machine for the following material property analyses.




2.3. Relative Expressions of QS Genes Using a Quantitative Polymerase Chain Reaction (qPCR)


Total RNA was extracted from K. xylinus 700178 using a TRIzolTM Kit (Invitrogen, Carlsbad, CA, USA) according to the protocol of the manufacturer, and then messenger (m)RNA was reverse-transcribed into complementary (c)DNA using a RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA, USA). Next, 18~20 ng of cDNA was used to analyze gene expressions using an SYBR Green Real-Time PCR Kit (Geneone, Seoul, Korea). qPCR conditions were as follows: 2 min at 50 °C, 10 min at 95 °C, and 40 cycles of 15 s at 95 °C and 60 s at 60 °C. The qPCR was performed using designed forward and reverse primers (gyrB-F, 5′-TCTCGTCACAGACCAAGGACAAG-3′ and gyrB-R, 5′-TTCCTTGGGGTGGGTTTCAAAC-3′; and ginI-F, 5′-TGTGGCCAATGAGCAGTGGG-3′ and ginI-R, 5′-ACCGGGTGATTTCCCAGACC-3′. The abundance was normalized to the gyrB housekeeping gene.




2.4. Characteristic Analysis of BC


2.4.1. Scanning Electron Microscopy (SEM)


The surface of freeze-dried BC pellicles was coated with nano-gold and detected by SEM at an accelerating voltage of 5 kV (Hitachi S-4800 Field Emission Scanning Electron Microscope, Tokyo, Japan) with 30,000× image magnification. Fiber size measurements were conducted using image processing software (ImageJ, National Institute of Science and Technology, Gaithersburg, MD, USA).




2.4.2. X-ray Diffraction (XRD)


The freeze-dried BC film was pulverized into BC powder using a homogenizer (Prep-CB24, Clubio, Lionbio, New Taipei City, Taiwan) to avoid a preferred orientation [22]. To determine the crystallinity of the produced BC, XRD patterns were collected on an X-ray powder diffractometer (X Pert PRO model, Nalytical, Almelo, The Netherlands) using a copper X-ray source. Scans were collected at 4°/min from 5° to 40° 2θ. The crystallinity was calculated using an XRD deconvolution method [8] by collecting the peak area from 14°, 16°, 22°, 34°, and 21.5° (assigned to the amorphous region).




2.4.3. Fourier Transform Infrared (FTIR)


Attenuated total reflectance FTIR spectroscopy (PerkinElmer, Wellesley, MA, USA) was selected to evaluate the chemical group changes on the surface of FA-induced BC. The investigated spectral range was from 4000 to 1000 cm−1. The signal was obtained by averaging 30 scans at a resolution of 1 cm−1.




2.4.4. Thermogravimetric Analysis (TGA)


To analyze the thermostability of BC produced by the addition of different amounts of FA, weight changes under different temperatures were examined using a thermogravimetric analyzer (Pyris 1 model, PerkinElmer, Waltham, MA, USA). For the thermal decomposition behavior test, BC samples were dried at 80 °C before undergoing an N2 purge (40 mL/min) in a temperature range of 80~650 °C at a heating rate of 10 °C/min.




2.4.5. Water Content


To calculate the water content of BC, the wet and dry weights of BC were detected, and it was calculated using the following equation:


   Water   content     %  =    W t  −  W 0    /  W t  × 100 % ;    



(1)




where W0 and Wt represent the weight of dried BC and wet BC, respectively.





2.5. Statistical Analysis


Statistical evaluation of all experimental data (variation from basal values) was performed using an analysis of variance (ANOVA). Post-hoc comparisons with the negative control were performed with Tukey’s test. Statistical analyses were conducted with IBM SPSS Statistics 19 (IBM, Armonk, NY, USA) with p < 0.05 considered significant.





3. Results and Discussion


3.1. Effects of Different Concentrations of FA on BC Production


BC production and biomass using different concentrations of added FA of 40 to 320 µg/mL are presented in Figure 1. The highest BC yield (Figure 1a) was found in the 80 µg/mL FA-addition group (6.38 g/L) and showed a significant 23% increase compared to the control group (5.17 g/L). In the biomass result (Figure 1b), no groups showed a correlation with the results of BC production, which suggests that the enhancement of BC with FA treatment was not due to cell growth. In a past study, BC production was optimized using different carbon sources and nitrogen sources, but optimization often increased both the BC and biomass [23]. However, our results (Figure 1) showed that the addition of FA caused a special signal to initiate the BC production synthesis pathway.



Interestingly, our results are similar to those of Cheng, Hsiao, Hou, Hsieh, Hsu, Chen, and Lin [21]. Their study indicated that a specific FA concentration (160 µg/mL) improved violacein production in C. violaceum without an increase in the bacterial number. Furthermore, bacterial growth would be inhibited under a much higher FA concentration than 160 µg/mL. A higher concentration of FA treatment will inhibit the C. violaceum growth but not influence K. xylinus growth, which might be due to the high tolerance of K. xylinus for FA [16].




3.2. Effects of FA on QS-Related Genes Involved in BC Production


In order to explore the relationship between FA addition and the increase in BC production, the QS-related gene, ginI, was selected to confirm whether the QS pathway was induced by FA treatment [18]. The qPCR results (Figure 2) demonstrated that the ginI gene was significantly expressed at 80 µg/mL FA induction compared to the control. The GinI–GinR system, a kind of common Gram-negative bacterial QS system (LuxR–LuxI system) homolog, was found in Gluconacetobacter intermedius [24]. The GinI–GinR system can regulate the QS system by controlling autoinducer synthesis. Zhang, et al. [25] also indicated that luxR gene expression reached 38-fold, which caused a 15.6% increase in BC production by K. xylinus. Therefore, the results in Figure 2 show [25] that the effect of FA addition was of major importance in regulating the QS system to increase BC production. However, the induction of QS by the GinI–GinR system or its upstream genes as regulated by FA still needs to be confirmed. In fact, most QS-related studies focus on biofilm formation [26], spore formation [27], and virulence factor regulation [28]. However, it has attracted more attention in the application of regulating biosynthesis pathways in recent years. Kim, et al. [29] established an expression system of recombinant Escherichia coli (E. coli) with the QS gene as a regulator to produce bisabolene, which can enhance its production by 44%. In addition, the QS system can also balance strain growth and product synthesis to alleviate the toxicity of end products and intermediates [30]. More information on QS regulation in BC production will be helpful to establish the QS overexpression system in K. xylinus in the same manner as the E. coli system.



In many QS-related studies, autoinducers such as N-acyl-l-homoserine lactones (AHLs) were added to induce the QS mechanism to improve the target product. Morohoshi et al. [31] added a long-chain AHL to enhance violacein production. Wang et al. [32] tried to co-culture microalgae with bacteria to accumulate an AHL concentration to induce the extracellular production of polymeric substances. There are many strategies to promote the QS mechanism using autoinducer induction, but all of these autoinducers present high costs. Therefore, FA can be considered as a replacement strategy for autoinducers.




3.3. Morphology of the Produced BC


BC has many unique applications, such as surface coatings, due to its nanoscale fiber sizes [33]. This property also differs from plant cellulose with microscale fibers [7]. In the visualization of SEM results (Figure 3), BC samples presented a network structure with nanoscale fibers of 52~68 nm (Table 1). Fiber sizes did not significantly differ in any of the BC groups. This was similar to the results of a previous nutrient optimization study [34].



In some cases, the fiber size of BC increased when certain additives, such as carboxymethyl cellulose [35], microcrystalline cellulose [13], and chitosan [36], were added to the medium during BC production. Additives being incorporated into the BC fibers not only changed the fiber sizes but also increased BC production [37]. In this study, the concentration of added FA was too low to be incorporated into the BC fibers. The FTIR results also proved that no FA-related signal peak existed in the spectrum of the produced BC (Figure 4b), which suggests that FA’s effect of increasing BC production may have been due to its function as a QS induction mechanism. The FA addition did not change the structure of the produced BC, which may suggest there is no need to alter the BC post-processing step after production. In some BC production improvement-related studies, impurities need to be removed from BC, which resulted in extra processing costs [38]. Furthermore, the distribution of the fiber size (Figure 3) was mainly 40 to 80 nm. For drug-delivery applications, the nanoscale fiber can allow the drug to be adsorbed on its surface and slowly released out of the fiber [39]. Meanwhile, its tight fiber structure can prevent microorganisms from passing through the BC film and form a physical barrier for wound dressing or food packaging purposes [40].




3.4. Characterization of the Produced BC


XRD patterns were used to confirm the crystal type of the produced BC (Figure 4a) and indicated that all of the BC groups presented three major peaks at diffraction angles of 14.4°, 16.7°, and 22.5°, which correspond to the cellulose Iα form [7]. Moreover, one slight peak existed at 34.7° in all BC samples, which demonstrated that no preferred orientation appeared, which indicated that the degree of ground BC samples was sufficient [22]. In the crystallinity results (Table 1), all BC samples ranged from 80.4% to 84% and exhibited no significant difference from each other. The crystallinity results also showed no correlation with the different concentrations of added FA. A previous study demonstrated that organic acid treatment changed the amorphous region on the BC surface [41] resulting in crystallinity decreasing. However, we did not find the same result in our study, which indicated that the concentration of FA used will not influence the BC crystal structure.



In the FTIR results of all BC samples (Figure 4b), the characteristic peak of stretching of O-H groups was observed at 3350 to 3220 cm−1. Other absorption spectra of chemical groups were detected in the stretching of C-H at 2850~2920 cm−1, bending of H-O-H groups at 1650 cm−1, bending of CH2 at 1428 cm−1, and stretching of C-O groups at 1109 cm−1. These BC characterization peaks were consistent with those of a previous study [42]. According to Molina-Ramírez, et al. [43], using ethanol and acetic acid as inducers in the medium to improve BC production did not influence functional groups on the BC surface. In addition, no proportional relationship was found between the intensity of FA characterization peaks and different concentrations of added FA in the produced BC. Rashid et al. [44] showed that the FA characteristic peak of C-H stretching was at 2929 cm−1. The result indicated that no signal existed at 2929 cm−1, which suggests no FA remained in the BC.



The thermostability of FA-induced BC was investigated using TGA analysis (Figure 4c, Table 1). All of the BC samples showed a single thermal decomposition peak from 339.5 °C to 361.1 °C, which was similar to our previous study [13]. Lin et al. [17] demonstrated that impurities incorporated into BC will cause multiple decomposition peaks generated under different temperatures. The result of a single decomposition peak in each group indicated that without the alteration of the cellulose structure, no impurity existed inside the BC. Among these samples, the 80 µg/mL FA-induced BC group had a maximum thermal degradation temperature of 361.1 °C, which suggests that it would provide the greatest thermostability. A higher thermostability of BC might extend its application in further material processing such as surface modifications.



In the water content results (Table 1), all of the BC samples retained a high water-holding capacity of 98.41% to 98.58%. The water was absorbed between the network structure of BC microfibers instead of interacting with the hydrophilic group of fibers [7]. The similar water content of each group presented indirect evidence that FA induction may not change the microfiber distance or structure. Furthermore, such a high water-holding capacity would allow BC to be used for food trays [45] and functional food packaging [46]. In summary, the results of SEM, XRD, FTIR, and TGA might be indirect evidence that FA was not incorporated into BC.





4. Conclusions


The effects of specific concentrations of FA for BC production were investigated. The results showed that the ginI QS-related gene was induced when utilizing 80 µg/mL FA treatment, and the BC yield further increased by 23%. These findings provide a foundation for a mechanistic understanding of the FA-induced QS system for enhancing BC production. Furthermore, the BC produced from FA induction presented high crystallinity, high water content, and great thermostability. Further analysis of food packaging applications such as water vapor permeability or food storage tests will be evaluated in future work.
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Figure 1. The effect of different FA concentrations on (a) BC yield and (b) biomass. Each value is expressed as mean ± standard deviation (n = 3). Different superscripts are significantly different (p < 0.05). 
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Figure 2. Effect of formic acid (80 µg/mL) on the gene expression of ginI in K. xylinus 700178. Each value is expressed as mean ± standard deviation (n = 3). Different superscripts are significantly different (p < 0.05). 
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Figure 3. Visualization of BC control (a), 40 µg/mL (b), 80 µg/mL (c), 160 µg/mL (d), and 320 µg/mL (e) groups, and its fiber size distribution (n = 30). 






Figure 3. Visualization of BC control (a), 40 µg/mL (b), 80 µg/mL (c), 160 µg/mL (d), and 320 µg/mL (e) groups, and its fiber size distribution (n = 30).



[image: Fermentation 08 00608 g003]







[image: Fermentation 08 00608 g004 550] 





Figure 4. The material properties of produced BCs. (a) XRD, (b) FTIR, and (c) TGA analysis. 
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Table 1. Material properties of bacterial cellulase (BC) samples.
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	Addition of FA (µg/mL)
	Water Content

(%)
	Crystallinity

(%)
	Major Tpeak

(°C)
	Fiber Size Average

(nm)





	Control
	98.47 ± 0.07 a
	83.1 ± 4 a
	339.5
	68 ± 27 a



	40
	98.58 ± 0.09 a
	80.9 ± 3.1 a
	346.6
	52 ± 17.9 a



	80
	98.41 ± 0.08 a
	80.4 ± 2.7 a
	361.1
	57 ± 18.4 a



	160
	98.57 ± 0.01 a
	84 ± 1.2 a
	359.3
	60.1 ± 25.7 a



	320
	98.53 ± 0.07 a
	81.6 ± 1.8 a
	354.7
	52 ± 23.6 a







Each value is expressed as the mean ± standard deviation (n = 3). The number of replicates for fiber size was 30 for each group. Different superscript letters indicate a significant difference (p < 0.05). FA, formic acid; Tpeak, maximal thermal degradation temperature.
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