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Abstract 

A levan-type fructooligosaccharide was produced by a Paenibacillus strain isolated from 

Brazilian crude oil, the purity of which was 98.5% after precipitation with ethanol and 

dialysis. Characterization by FTIR, NMR spectroscopy, GC-FID and ESI‐MS revealed that it 

is a mixture of linear β(2→6) fructosyl polymers with average degree of polymerization (DP) 

of 18 and branching ratio of 20. Morphological structure and physicochemical properties 

were investigated to assess levan microstructure, degradation temperature and 

thermomechanical features. Thermal Gravimetric Analysis highlighted degradation 

temperature of 218ºC, Differential Scanning Calorimetry (DSC) glass transition at 81.47ºC, 

and Dynamic Mechanical Analysis three frequency-dependent transition peaks. These peaks, 

corresponding to a first thermomechanical transition event at 86.60°C related to the DSC 

endothermic event, a second at 170.9°C and a third at 185.2ºC, were attributed to different 

glass transition temperatures of oligo and polyfructans with different DP. Levan showed high 

morphological versatility and technological potential for the food, nutraceutical, and 
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pharmaceutical industries. 

Keywords: levan; physicochemical characterization; thermomechanical stability.  

1. Introduction 

Fructooligosaccharides (FOS), also known as oligofructans, are a group of 

oligosaccharides composed of fructosyl oligomers with different chemical structures and 

degrees of polymerization (DP) [1,2]. Capable of resisting the digestion process in the upper 

gastrointestinal tract, FOS are known to stimulate the growth of specific endogenous 

probiotics of gut microbiota (e.g. Bifidobacterium spp. and Lactobacillus spp.) [3], while 

suppressing the growth of pathogens [2,4]. Their role in boosting the immune system and 

reducing the risks of gastrointestinal infection and inflammation, as well as their therapeutic 

effects against inflammatory bowel disease, obesity-related metabolic disorders, diabetes and 

diarrhea, has been demonstrated in a significant number of experimental studies [4–7]. 

Further beneficial effects deriving from the direct interactions of these non-digestible 

oligosaccharides with host intestinal cells have also been described, in accordance with their 

recognition as soluble dietary fibers [8]. Based on their natural origin and remarkable health 

benefits, FOS are generally recognized as safe (GRAS) by the Food and Drug Administration 

(FDA) and other regulatory agencies around the word [9,10]. 

Levan-based FOS gained considerable interest in food and nutraceutical industries 

due to their biocompatibility, biodegradability, anti-inflammatory and anticarcinogenic 

effects, bioactivity profiles and organoleptic properties [11,12]. Produced by a small number 

of plant species as non-structural storage carbohydrates and by a wide range of 

microorganisms as exopolysaccharides (EPS), these fructose homopolymers exhibit a main 

glycosidic chain composed of repeating fructofuranosyl units linked mainly or exclusively by 

β(2→6) glycosidic bonds. Although predominantly linear, especially levans with high DP 

may have some degree of branching through β(2→1) fructosyl-fructose bonds [13]. Given the 

current market demand and growing industrial interest in such biopolymers, large-scale 
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microbial production has been proposed as an alternative to the current industrial production 

from plant raw materials [14]. 

The main current drawback of large-scale biotech production of oligo and 

polyfructans is the high cost of unit operations required to achieve the desired product yield 

as well as the required levels of purity and safety standards. Therefore, the development of 

low-cost upstream and downstream operations is of paramount importance to increase the 

techno-economic feasibility of these processes, especially in the field of bioactive food grade 

dietary fibers. To minimize the purification steps and ensure a cost-effective production 

process, the use of a low-complexity, low-cost nutrient-based culture medium is required. 

Moreover, the search for new levan-producing microorganisms, which can grow under such 

severe nutritional conditions but provide high production yields, is of particular interest. 

Despite the growing number of articles reporting the identification of novel levan-producing 

microbial strains, there is a paucity of studies devoted to the complete physicochemical 

characterization of the complex biopolymer blends typically obtained. Since FOS application 

in the food (i.e. food thickeners, edible films and coatings, prebiotics, among others), 

medical, pharmaceutical and cosmetic (i.e. glazing agents) sectors strongly depends on 

structural characteristics such as molecular weight, DP and ramification degree, studies are 

needed to evaluate the physicochemical properties of these blends in order to allow their 

proper commercial use [15]. In particular, the study of FOS thermogravimetric, 

thermomechanical, and morphological properties is considered essential given their growing 

applications in emerging products in the field of materials science and biopolymers.  

In the present work, the production of bacterial oligo and polyfructan by a 

Paenibacillus strain isolated from Brazilian crude oil was investigated in a low-complexity, 

low-cost Mineral Salt Solution supplemented with sucrose and ammonium nitrate as carbon 

and nitrogen sources, respectively. The oligo and polyfructan mixture produced after 24 h in 
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shake flasks at 140 rpm and 40 ˚C was purified by precipitation with ethanol and dialysis and 

then characterized in terms of sugar composition, type of bonds, as well as polymerization 

and branching degrees, using FTIR, NMR, GC-FID, GC-MS and ESI-MS. Finally, its 

microstructure, thermal stability and thermomechanical features were investigated by X-ray 

Diffraction Analysis, SEM, TGA, DSC and DMA, taking into consideration its main 

potential applications in different commercial sectors. 

2. Materials and Methods 

2.1. Microorganism  

The bacterial strain #210, isolated from heavy crude oil samples obtained from a 

Brazilian oil well (Potiguar, Northeast Brazil), was used in this work. The reservoir is 

characterized by alternated oil and water sand layers, with average porosity of 25%, 

permeability of 50 mD, pressure of 398-440 psi and temperature of 40ºC. The oil is 

paraffinic, with a high pour point and its density, viscosity, and American Petroleum Institute 

(API) gravity are 0.90 g L
-1

, 73.91 mPa s, and 25.5 º, respectively. The Saturate, Aromatic, 

Resin and Asphaltene (SARA) analysis revealed that this oil contains 55% of saturates (n-

alkanes ranging from C14 to C32), 18% of aromatics, 19% of resins, and 8% of asphaltenes 

[16]. 

Crude oil samples were collected at depths of 300-400 m in sterile bottles and stored 

at room temperature until use. For isolation of microorganisms, two different methods were 

used as described by Gudiña et al. [16]. Direct isolation was performed by serially diluting 

crude oil samples, which were plated on different solid culture media and incubated under 

either aerobic or anaerobic conditions at 40 ºC. Enrichment cultures were prepared in 500 mL 

glass bottles containing 200 mL of different culture media. Crude oil samples (5 mL) were 

transferred to the bottles and incubated at 40 ºC for one month under either aerobic or 

anaerobic conditions. To isolate bacterial strains, samples (200 µL) of the enrichment 
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cultures were periodically spread on agar plates, which were incubated at 40 ºC under either 

aerobic or anaerobic conditions. In both cases, after incubation, morphologically distinct 

colonies were re-isolated by transfer to fresh agar plates at least three times to obtain pure 

cultures. Pure cultures were stored at -80 ºC in LB medium containing glycerol (20%, v/v). 

All the isolates were evaluated for their production of different biomolecules, 

including biosurfacatnts and bioemulsifiers, as described elsewhere [16]. The isolate #210 

was selected since it proved to be a promising emulsifier producer. It was then characterized 

by 16S rRNA gene sequencing after partial amplification by PCR. The resulting sequences 

were compared using the nucleotide blast (BLASTn) network service at the GenBank 

database of the National Center for Biotechnology Information (NCBI) 

(http://www.ncbi.nlm.nih.gov). Based on the results obtained, the bacterial isolate was 

classified as Paenibacillus sp. #210. The 16S rRNA gene sequence was deposited in 

GenBank under the accession number MW577094. 

2.2. Levan production 

2.2.1. Culture medium and growth conditions 

Levan production was carried out by culturing Paenibacillus sp. #210 in Mineral Salt 

Solution (MSS) having the following composition (g.L
-1

): NaCl 10.0; Na2HPO4 5.0; NH4NO3 

2.0; KH2PO4 2.0; MgSO4·7H2O 0.2 and enriched with sucrose 10.0. To prepare the pre-

inoculum, the isolate was initially grown at 37 °C for 96 h on MSS agar plates. A single 

bacterial colony was subsequently transferred to 250-mL Erlenmeyer flasks containing 100 

mL of liquid MSS medium and incubated at 40 °C in an orbital shaker at 180 rpm for 12 h. 

The inoculum was prepared by resuspending freshly grown pre-inoculum biomass, 

previously centrifuged at 3000 rpm for 10 min, in fresh MSS medium contained in 50-mL 

Falcon tubes up to a final absorbance of 0.400 at 600 nm. The inoculum (100 mL) was added 

to 1-L Erlenmeyer flask containing 400 mL of MSS medium and further incubated at 40 °C 
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and 140 rpm for 24 h. The medium was sterilized in autoclave at 121 °C for 30 min and 

equilibrated at 40 °C before inoculation. Cultivations were carried out in triplicate.  

2.2.2. Analytical determinations 

Microbial growth was continuously monitored by measurements of optical density at 

600 nm (Dynamica Halo Vis-10, Clayton, Australia), whose values were converted into cell 

concentration using a calibration curve of optical density vs biomass dry weight. Aliquots (1 

mL) were collected approximately every 30 min during the first 11 h and at the end of 

cultivation (24 h). The dissolved O2 level and pH were monitored in real time (in one of the 

three parallel batch cultivations) using a pO2 sensor (325/12-VP-HM-Clark, Hamilton, 

Bonaduz, Switzerland) and a pH sensor (225/12-VP-HM, Hamilton) coupled with a micro-

DCU platform and data acquisition MFCS/DA 3.0 system (Sartorius Stedim Systems, 

Guxhagen, Germany).  

2.3. Levan purification  

After cultivation, biomass was removed from the medium by centrifugation at 4470 g 

for 20 min at 25 °C, and the cell-free supernatant mixed with three volumes of ethanol, 

incubated overnight at -20 °C and centrifuged again at 4470 g for 20 min at 4 ºC. The EPS-

containing pellet was subsequently dissolved in a minimum volume of demineralized water 

and dialyzed using a semipermeable regenerated cellulose membrane (Orange Scientific, 

Braine L’Alleud, Belgium) with a cut-off of 6000-8000 Da and width of 25 mm. Dialysis was 

performed using 4.0 L of deionized water for 4 cycles of 2 h and a final one of 12 h at 4 °C, 

and the dialysate subsequently filtered through a filter with 0.45-μm pore diameter, frozen 

and lyophilized using a freeze dryer (L101, Liobras, São Carlos, SP, Brazil). 

2.4. Levan characterization  

2.4.1. Elemental analysis 

The freeze-dried dialyzed EPS and a crude freeze-dried sample were analyzed for 
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total C, H, N, and S contents using a Truspec-Micro CHNS 630-200-200 elemental analyzer 

(Leco, St. Joseph, MI, USA). Temperatures of the combustion furnace and the afterburner 

were 1075 and 850 ºC, respectively. Infrared absorption was used for C, H and S 

determinations, while thermal conductivity for N. Each sample (2.0 ± 0.2 mg) was analyzed 

in triplicate. 

2.4.2. Fourier Transform Infrared Spectroscopy 

Fourier Transform Infrared Spectroscopy (FTIR) profiles of freeze-dried dialyzed 

EPS, as well as glucose and fructose standards, were recorded using a FT Raman 100/S 

spectrometer (Bruker, Billerica, MA, USA) in mid-IR mode, equipped with a Universal 

Attenuated Total Reflectance sampling device containing diamond/ZnSe crystal. The 

pressure applied to squeeze powdered samples towards the diamond was approximately 148 

± 1 N. Spectra were scanned at room temperature in transmittance mode over a wavenumber 

range from 4000 to 50 cm
-1

, with a scan speed of 0.20 cm·s
-1

 and 30 accumulations at a 

resolution of 4 cm
-1

. Triplicates of each sample were averaged to obtain an average spectrum. 

A background spectrum of air was scanned under the same instrumental conditions before 

each series of measurements. The acquired spectra were processed with the Spectrum 

software version 6.3.2 (Perkin Elmer, Shelton, CT, USA). 

2.4.3. Sugar analyses 

2.4.3.1. Neutral sugar content 

The glycosidic composition of the freeze-dried dialyzed EPS was assessed by 

analysing the alditol acetates of sugars [17]. The analysis included two steps: hydrolysis of all 

oligo and polysaccharide glycosidic bonds, followed by reduction and acetylation. Briefly, 

freeze-dried dialyzed EPS samples (2 mg) were pre-hydrolyzed with 72% (w/w) sulfuric acid 

(200 μL) for 3 h at room temperature. Samples were then further hydrolyzed with 1.0 M 

sulfuric acid at temperatures of 70 or 100 °C for 10, 20, 30, 40, 50, 60, and 150 min. A 1 
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mg·mL
-1

 2-deoxyglucose aqueous solution (200 μL) was added to the obtained hydrolyzate 

as an internal standard, and the monosaccharides were reduced with 100 μL of 15% (w/v) 

sodium borohydride in 3 M NH3 at 30 °C for 1 h. Excess borohydride was then removed by 

adding glacial acetic acid (100 μL), and the reduced monosaccharides were acetylated with 

acetic anhydride (1.0 mL) and 1-methylimidazole (3.0 mL) for 30 min at 30 °C. The solution 

was then treated with deionized water (3.0 mL) to decompose the excess of acetic anhydride, 

and the alditol acetates were extracted with dichloromethane (2.5 mL). The dichloromethane 

phase was washed twice with deionized water (3.0 mL) and evaporated to dryness. Samples 

were then injected into a gas chromatograph (Clarus 400, Perkin Elmer, Norwalk, CT, USA) 

with flame ionization detector (CG-FID), equipped with a DB-225 column (30 m long, 0.25 

mm in diameter and 0.5 μm thick). The temperature program used for the analysis of alditol 

acetates was as follows. The temperature was initially set at 200 °C, increased to 220 °C at a 

heating rate of 40 °C·min
-1

 and kept at this temperature for 7 min. Then, it was increased to 

230 °C at a heating rate of 20 °C·min
-1

 and stabilized for 1 min. The temperatures of the 

injector and detector were 220 and 230 °C, respectively. The carrier gas was H2 at a flow rate 

of 1.7 mL·min
-1

. Monosaccharides were identified by the retention time against the standards 

and quantified by comparing the areas of the sugar residues’ peaks with the peak area of the 

internal standard. 

2.4.3.2. Methylation analysis 

The type of bond present in the polysaccharide was determined by methylation 

analysis as described in the literature [18]. The freeze-dried dialyzed EPS (2 mg) was 

dissolved in 1.0 mL of anhydrous dimethylsulfoxide and stirred for 2 h at room temperature. 

After adding powdered NaOH pellets (40 mg) under argon atmosphere to the EPS solution 

and mixing for 30 min, samples underwent two steps of sequential methylation using CH3I 

(80 μL) for 20 min under magnetic agitation. Deionized water (2.0 mL) and dichloromethane 
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(3.0 mL) were then added to the sample, and the dichloromethane phase was washed thrice 

with fresh deionized water (2.0 mL). The organic phase was evaporated to dryness and 

remethylated to obtain complete methylation of all free OH groups. Methylated samples were 

then hydrolyzed with 2.0 M trifluoroacetic acid at 121 ⁰C for 1 h, cooled, and evaporated to 

dryness. Partially methylated sugars were reduced and acetylated as described before for 

neutral sugar content analysis. Partially methylated alditol acetates were separated and 

analyzed by gas chromatography-mass spectrometry (GC–MS) on a GC (6890N Network, 

Agilent Technologies, Santa Clara, CA, USA) connected to an Agilent 5973 mass quadrupole 

selective detector operating in electron impact mode at 70 eV and scanning the m/z range of 

50–700 in a 1 s cycle in a full scan mode acquisition. The GC was equipped with a capillary 

column (DB-1, J & W Scientific, Folsom, CA, USA) with 30 m length, 0.25 mm internal 

diameter and 0.10 μm film thickness. Prepared samples were then dissolved in anhydrous 

acetone (50 μL) and injected (0.2 μL) in split mode with the injector operating at 220 °C for 5 

min. Helium was used as a carrier gas at a flow rate of 1.84 mL·min
-1

 and a column head 

pressure of 124.1 kPa. The temperature program was as follows: the temperature was initially 

set at 80 °C, increased to 140 °C at a linear heating rate of 10 °C·min
-1

, and kept at this 

temperature for 5 min. Then it was increased to 150 °C at a heating rate of 0.5 °C·min
-1

 and 

stabilized for 1 min. Finally, the temperature was increased to 250 ⁰C at a heating rate of 15 

°C·min
-1

 and held at this value for a further 5 min. The sugar content of freeze-dried dialyzed 

EPS and the nature of glycosidic bonds were determined by comparing the characteristic 

retention times of standards injected separately under the same experimental conditions and 

further confirmed by comparing the MS fragmentation profiles with literature data.  

2.4.4. Nuclear Magnetic Resonance spectroscopy 

The chemical structure of freeze-dried dialyzed EPS was further assessed by 
1
H-

NMR, 
13

C-NMR, 
1
H-

13
C HSQC, and 

13
C-NMR DEPT 135 spectra obtained using a 400-MHz 
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NMR spectrometer (Avance III, Bruker, Madison, WI, USA) equipped with a 5-mm inverse 

probe. The analysis was performed at 25 °C in D2O, applying the following acquisition 

parameters: 90° pulse, relaxation delay of 12 s and 200 scans. Chemical shifts of samples 

were expressed in ppm with respect to the internal standard of tetramethylsilane. 

2.4.5. Electrospray Ionization Mass Spectroscopy 

The freeze-dried dialyzed EPS was evaluated by Electrospray Ionization Mass 

Spectroscopy (ESI-MS). Mass spectra were acquired in positive ionization mode using a 

quadrupole-time-of-flight electrospray ionization spectroscope (Compact, Bruker Daltonics, 

Billerica MA, USA) with a 45 V capillary voltage and a 200 °C source. An injection volume 

of 10 L of a 2 mg·mL
-1

 EPS aqueous solution diluted in 1:1 (v/v) water/methanol solution 

containing 0.1% (v/v) formic acid was used. The m/z range from 150 to 2000 was scanned, 

and the spectra were interpreted by the Bruker Daltonics Data Analysis software. 

2.5. Determination of levan thermal properties 

2.5.1. Thermogravimetric Analysis 

The onset decomposition temperature of freeze-dried dialyzed EPS was determined 

by Thermogravimetric Analysis (TGA) using a thermal mechanical analyzer (Setsys 

Evolution 1750, Setaram, Caluire, France). The sample (2.0 ± 0.2 mg) was heated in an 

alumina crucible, under nitrogen flow, over a temperature range from 20 to 1000 °C at a 

heating rate of 5 °C·min
−1

. 

2.5.2. Differential Scanning Calorimetry 

Temperatures and energy flows related to freeze-dried dialyzed EPS phase transitions 

were evaluated using a Differential Scanning Calorimeter (DSC) (Pyris Diamond DSC 

Autosampler, Perkin Elmer, Waltham, MA, USA) working at atmospheric pressure and 

previously calibrated with different standards with purity > 99%. Temperature of samples 

(2.0 ± 0.2 mg) was increased from 20 to 100 °C at a linear heating rate of 2 °C·min
−1

 and 
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stabilized for 1 min. Subsequently, the sample was cooled to 20 °C at a linear rate of 50 

°C·min
−1

, kept at this temperature for 3 min, and finally heated to 200 °C at a final linear rate 

of 2 °C·min
−1

. 

2.5.3. Dynamic Mechanical Analysis  

The dynamic mechanical properties of freeze-dried dialyzed EPS were explored by 

Dynamic Mechanical Analysis (DMA). DMA curves of 10 mm long, 7.5 mm wide, and 0.60 

mm thick rectangular-shaped samples were obtained using a Tritec 2000 DMA system 

(Triton Technologies, London, UK) operating in multiple tension mode (double strain) at 

1/10 Hz with 0.020-mm displacement. The temperature was raised from −120 to 200 °C at a 

constant heating rate of 2 °C·min
−1

. 

2.5.4. X-ray Diffraction 

Freeze-dried dialyzed EPS X-ray diffraction patterns were determined with a 

diffractometer (MiniFlex, Rigaku, Tokyo, Japan) under the following operating conditions: 

Cu Kα radiation, 40 kV, 200 mA, scattering angles (2θ) of 5-50°. Scattering intensity data 

were recorded at a rate of 0.5°·min
-1

 with a step resolution of 0.02°. 

2.5.5. Scanning Electron Microscopy  

Freeze-dried dialyzed EPS samples were gently placed on carbon conductive double-

sided adhesive tapes fixed in a metal holder. Samples were coated with a very thin carbon 

layer by high-vacuum evaporation coating (Emitech K950X, France) and analyzed by 

Scanning Electron Microscopy using a Hitachi SU-70 microscope operating at 15 kV. 

3. Results and discussion 

3.1. Production of levan by Paenibacillus sp. #210 – upstream and downstream 

processing  

The levan-producing bacterium was isolated from heavy crude oil samples obtained 

from a Brazilian oil field, identified as a strain of Paenibacillus and named Paenibacillus sp. 

#210 (Figure S1). The growth curve on Mineral Salt Solution (MSS) supplemented with 
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sucrose and ammonium nitrate (Figure S2) in shake flask at the oil well temperature (40°C) 

and 140 rpm showed that Paenibacillus sp. #210 had a very short lag phase (about 2 h), 

entered the exponential phase after 5 h and switched to the stationary phase after 11 h, 

reaching a maximum cell concentration of 0.49 g·L
-1

 that remained almost constant until the 

end of cultivation. The pH of the culture medium dropped from 7.0 to 5.9 due to acid 

production, as previously reported in studies on levan production by different strains of 

Paenibacillus sp. [19] and Bacillus sp. [20]. As shown by the pO2 curve, the isolate consumed 

all dissolved oxygen slightly before the beginning of the exponential phase, meaning that it 

initially grew aerobically but had the ability to subsequently grow in the absence of oxygen, 

consistent with its character of facultative anaerobic microorganism. The maximum specific 

growth rate (μmax) was 0.45 h
-1

 corresponding to a doubling time of 1.52 h.  

Although nutritionally restrictive, the use of enriched MSS ensured a satisfactory 

compromise between process time, EPS production and cell productivity. Levan production 

started only after a few hours and peaked (1.45 g·L
-1

 of levan from just 10 g·L
-1

 sucrose) after 

reaching the stationary phase. It is well known from the literature that increasing the initial 

sucrose concentration in the medium leads to both increased growth of Paenibacillus strains 

and EPS production [19–21]. Paenibacillus polymyxa EJS-3 showed EPS production ranging 

from less than 1 g·L
-1

 to a maximum of 22.82 g·L
-1

 at a sucrose concentration of 160 g·L
-1

 

[19]. Finally, the yields of biomass (YX/S) and product (EPS) (YP/S) on initial substrate were 

0.045 and 0.145 g/g, respectively.  

Since downstream processing greatly influences the economic viability of any 

bioprocess, often being a dominant factor in the overall cost of products [22], a simple two-

step purification process of the produced levan consisting of precipitation with ethanol 

followed by dialysis was applied. The main operations mentioned in the literature for the 

recovery of microbial levan from crude extract are ultrafiltration [20,23], ethanol 
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precipitation [23,24], and chromatography [19,25]. The C, H, N and S contents determined 

by elemental analysis of a freeze-dried crude sample and a freeze-dried dialyzed sample 

(Table S1) suggest that the inorganic contaminants present in the crude sample, responsible 

for its relatively low carbon content, were effectively removed by the selected downstream 

protocol. The results obtained indicate that the partially purified sample was mainly 

composed of an organic fraction with a hydrogen/carbon molar ratio of 1.93, which provides 

a first indication of its glycosidic nature. Taking into consideration the hydrogen/carbon 

molar ratio of pure dehydrated hexose of 1.96, it is possible to estimate a glycosidic content 

of up to 98.5 % for purified EPS, in line with the standard purity levels required for food 

additives. Furthermore, the efficacy of dialysis in purifying the product validates the use of 

membrane-based techniques (e.g., ultrafiltration) as cost-effective separation techniques for 

large-scale industrial production. 

3.2. EPS physicochemical characterization  

3.2.1. Fourier Transform Infrared Spectroscopy analysis 

To confirm the glycosidic nature of the biocompound produced by Paenibacillus sp. 

#210, a preliminary characterization of the dialyzed freeze-dried sample was performed using 

Fourier Transform Infrared (FTIR) spectroscopy (Figure 1).  

The sample exhibited a complex peak pattern from 3500 to 500 cm
−1

, which is typical 

of the geometry and functional group configuration of carbohydrates [26]. The intense and 

rounded peak at around 3500-3050 cm
−1 

was assigned to stretching vibrations of O-H groups, 

the two peaks at 2941 and 2890 cm
−1

 to CH/CH2 asymmetric and symmetric stretching 

vibrations modes, respectively [27], and the bands within the 1500 to 1200 cm
−1

 region to CH 

deformation vibrational modes. The several sharp and sequential peaks between 1200 to 800 

cm
-1

 were assigned to the combination of OH bending (δC–O–H), CO (νC–O), CC (νC–C) as 

well as C–O stretching and glycosidic bond, typically assumed as fingerprints of sugars in 

cyclic form [26,28]. The high degree of overlap of these absorption bands with those of 
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fructose suggests that the biomolecule produced by Paenibacillus sp. #210 could be an EPS 

composed mainly of fructosyl units. 

3.2.2. Evaluation of monosaccharides composition and type of glycosidic bonds 

 To further characterize the produced EPS, the neutral sugar content of a dialyzed 

freeze-dried sample was determined. To ensure a complete hydrolysis of the biopolymer, the 

content of total sugar residues released during hydrolysis was determined under mild 

hydrolysis conditions (1.0 M H2SO4 at 70 ºC) and compared with that obtained under severe 

conditions (1.0 M H2SO4 at 100 ºC). Considering the total EPS mass and the previously 

mentioned purity degree, the results show that, under harsh hydrolysis conditions 75.0 and 

55.6% of sugar residues were obtained (loss of about 25 and 50%) after 10 and 60 min, 

respectively, while after 150 min the loss was greater than 90% (Table S2). 

Instead, under mild hydrolysis conditions, a maximum monosaccharide yield of 

94.4% was observed after 30 min of hydrolysis, corresponding to the lowest sugar loss. This 

high yield of sugars confirms the high purity of the sample, as already indicated by other 

analytical techniques (i.e. FTIR and elemental analysis). As expected, even under mild 

conditions, the longer the hydrolysis time, the greater the degradation of monosaccharides 

(sugar loss of about 70.5% after 150 min). Therefore, the optimum hydrolysis conditions for 

the levan-type polymer are 70ºC for 30 min using 1 M sulfuric acid. 

A monosaccharide composition of approximately 57% glucose and 43% mannose was 

determined (results not shown). During the sugar analysis procedure (reduction and 

acetylation), as fructose forms a new asymmetric center (chiral carbon) at C2 under reducing 

conditions, a racemic mixture of two diastereoisomers, namely mannitol (Man) and glucitol 

(Glc) [29], was obtained, with a slightly higher percentage of the latter. These results further 

support that the produced EPS is a homopolysaccharide with a fructose-based composition. 

To shed light on the nature of FOS fructofuranosyl bonds, methylation analysis was 
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carried out (Table 1). The obtained results show (Figure S3-S7) that the main residues are 

2,5,6-linked Glc (51.5%) and 2,5,6–linked Man (38.3%), confirming the presence of 2,6-

linked Fru, the reduction of whose prochiral keto group actually led to the formation of Glc 

and Man alditols [29,30]. The presence of 2,5-linked Glc (2.9%) and 2,5–linked Man (2.2%) 

corresponded to terminally-linked fructose. Furthermore, the presence of 1,2,6-linked Glc and 

1,2,6–linked Man (2.3%), attributed to 1,2,6-linked Fru, revealed that this polymer was even 

branched in position O1 to a small extent (4.6%), as reported in literature [8]. 

The relative ratio of each fructosyl unit was then calculated by summing the 

contributions of the respective mannitol and glucitol derivatives, namely 5.0% terminal 

fructosyl units at C2 position, 89.7% β(2→6) fructosyl units, 0.6% (1→4) glucosyl units and 

4.6% β(2→1,2→6) fructosyl branch point units. Thus, it was possible to infer that the FOS 

produced by Paenibacillus sp. #210 was mainly a linear polyfructan containing β(2→6) 

bonds and β(2→1) branching points, with a levan rather than an inulin structure. 

Additionally, the presence of 4-substituted glucose units suggests that the neokestose series 

of oligomers was also present in small amount. By calculating the ratio of β(2→6) fructosyl 

residues by terminal and β(2→1) fructosyl branching point units, it was possible to estimate 

an average degree of polymerization (DP) of approximately 18 and a ramification ratio of 

approximately 20.   

3.2.4. Nuclear Magnetic Resonance spectroscopy 

Figure 2 shows the 
1
H Nuclear Magnetic Resonance (NMR) spectrum of dialyzed 

freeze-dried levan produced by Paenibacillus sp. #210, in the non-anomeric region (δ 3.5-

4.30 ppm) of which seven signals can be seen, with chemical shifts corresponding to the 

hydrogen atoms of fructofuranosyl residues [12, 31–33].  

The signal observed in the anomeric region of 
13

C spectrum (Figure 3) was assigned 

to the quaternary carbon atom (δ 107.06 ppm) involved in the oligomer intrachain linkage. Of 
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the five resonance signals observed in the non-anomeric region, three were assigned to 

methine carbon atoms (δ 83.14, 79.20, 78.07 ppm) and two to those of methylene (δ 66.25, 

62.82 ppm) [34]. The absence of 
13

C signals at the characteristic chemical shifts of glucose 

agrees with the results of sugar analysis, further validating the predominant presence of 

fructosyl residues in the biopolymer. Moreover, the absence of additional anomeric fructosyl 

signals of significant intensity in the 
13

C-NMR and 
13

C distortionless-enhancement-by-

polarization transfer (DEPT) spectra demonstrates that the FOS was mainly linear with a low 

level of branching, in agreement with the results of methylation analysis. All chemical shifts 

were consistent with those of oligo and polyfructans described in the literature [31-34]. The 

carbon chemical shift signals of isolated levans obtained from a wide variety of 

phylogenetically different bacteria (Zymomonas mobilis,[35], Pseudomonas fluorescens [36], 

Chromohalobacter japonicus BK-AB18[37]) demonstrated high similarity. 

To validate the 
1
H and 

13
C assignments, an additional analysis was performed using 

the 2D Heteronuclear Single-Quantum Correlation (HSQC) spectroscopy (Figure 4). The 

analysis of the intra-residue cross-peak allowed to correlate the fructosyl hydrogens with their 

directly bonded carbon atoms (JH/C). The absence of any cross-peak for C2 confirmed its 

quaternary anomeric character, typical of oligo and polyfructans configuration. Furthermore, 

cross-peaks between H1a-H1b/C1, H6a-H6b/C6, H5/C5, H4/C4 and H3/C3 are characteristic 

of levan type EPS [38]. Strong cross-peaks of long-range inter-residues (
3
JH/C) between 

1
H 

and 
13

C were additionally detected by Heteronuclear Multiple-Bond Correlation spectroscopy 

(results not shown). The inter-residue correlations assigned between the non-anomeric H6 

and the anomeric C2 signals confirmed the [→6)-β-D-Fruf-(2→]n-based structure previously 

suggested by methylation analysis [12,34]. The signals from the 
1
H, 

13
C NMR, and HSQC 

spectra refer to the characteristic β-(2,6) linkages of fructose residues similar to those 

detected by NMR/FTIP for the extracellular levan produced by Bacillus siamensis NR 
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11274.1 [39]. 

3.2.5. Electrospray Ionization Mass Spectroscopy 

Levan composition was further investigated in terms of DP of the oligomers by 

Electrospray Ionization Mass Spectroscopy (ESI-MS) (Figure S8). Levan average DP was 

calculated for mono-charged sodium adducts of anhydrous terminal fructose, considering the 

loss of one water molecule per glycosidic bond, by the equation m/z = [hexose Mw (180) x 

DP] – [H2O MW (18) x DP] + Na AW (23) [40]. 

By the analysis of m/z peaks, mono-charged sodium adducts of levan oligomers with 

DP in the range 2-11 were identified, namely F2 (m/z = 372.1), F3 (m/z = 509.2), F4 (m/z = 

671.3), F5 (m/z = 833.4), F6 (m/z = 995.5), F7 (m/z = 1157.5), F8 (m/z = 1319.7), F9 (m/z = 

1481.6), F10 (m/z = 1643.6) and F11 (m/z = 1805.5). Since such a distribution was far below 

the one previously highlighted by the methylation analysis, the presence of high molecular 

weight chains was also checked considering the existence of multiply charged adducts. As for 

an average levan DP of 18 (MW = 2918,88 g.mol
-1

), a molecular adduct with charge equal to 

six (z = 6), i.e. having six Na
+
 and a corresponding molecular ion with m/z = 509.2, was 

considered to be present in the levan blend. Although the determined molecular weight was 

less than the cut-off size used for dialysis, retention of the biopolymer by the membrane was 

successful, as evidenced by the whitish to blue color of the solution, as a likely result of 

biopolymer aggregation and nano-micro particles formation. It has been reported that such an 

aggregation can result from levan self-assembly in water into micellar aggregates of larger 

molecular weight (up to 2200 kDa) when the critical aggregation concentration threshold is 

reached (0.05 mg.mL
-1

 for levan-type FOS from microbial sources) [41]. Considering other 

levans produced by Paenibacillus sp., they generally have a high molecular weight, even 

higher than that determined in this study. For instance, Han and Clarke [20] reported a 

molecular weight of up to 2 × 10
6
 Da for the levan produced by Paenibacillus polymyxa 
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NRRL B-18475 grown on sucrose, and Liu et al. [19] characterized two EPS from 

Paenibacillus polymyxa EJS-3 with molecular weights of 1.22 × 10
6
 and 8.69 × 10

5
 Da, 

respectively. Polyfructans with DP > 11 were also considered to be present at pre-assigned 

m/z peaks under the same multiple charge phenomenon, namely F14 (m/z = 1157.5; z = 2) and 

F15 (m/z = 833; z = 3). Similar multiple charge occurrence was reported for partially acid-

hydrolyzed mannuronans and confirmed by the analysis of molecular ion fragmentation 

profiles [42]. 

3.2.6. X-ray Diffraction 

The X-ray diffractogram of the produced levan (Figure S9) showed a broad halo 

pattern with a single peak at 18º (2θ), pointing out an amorphous structure similar to that 

reported elsewhere [43,44]. The amorphous nature of a biomolecule is a strong indication not 

only of its likely low ability to develop a crystalline structure but also of possible protective 

and stabilizing properties in medical and pharmaceutical applications. However, although 

little information is available on levan crystallization mechanisms, some papers have reported 

the detection of different diffraction peaks related to semi-crystalline domains in high 

molecular weight levans produced by different microorganisms [28,45]. 

3.3. Scanning Electron Microscopy 

Figure 5 shows the microstructure and surface morphology of freeze-dried 

Paenibacillus sp. #210 levan particles detected by Scanning Electron Microscopy (SEM). 

Three main morphologies can be observed, namely ellipsoidal or spheroidal amorphous 

particles with variable average size, entangled filament networks, and uniform, smooth, 

apparently thin and malleable films. According to the literature, bacterial levans in aqueous 

solution often assume a compact morphology with spherical symmetry [46]. 

Such a morphological diversity may have been the result of different transformations 

of levan particles that occurred during freezing and lyophilization process. Regardless of the 
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phenomena underlying such physical transformations, i.e., aggregation, adsorption, fusion, 

deformation and/or elongation, it is evident the high versatility of Paenibacillus sp. #210 

levan to form a series of different microscopic structures. These observations support its 

potential use in a large number of different applications, including the preparation of 

nanoparticles [41], microparticles for drug delivery [47], fibers [44] and/or films [48]. 

3.4. Thermal analysis 

3.4.1. Thermogravimetric analysis  

Considering the potential applicability of levans mainly in the food and polymer sectors, their 

thermal features are of great importance. Therefore, the thermal stability of Paenibacillus sp. 

#210 levan was assessed following its decomposition profile by thermogravimetric analysis 

(TGA) and derivative thermogravimetry (DTG). Figure 6 shows the experimental results in 

terms of weight loss and derivative weight loss curves as functions of temperature.  

It can be seen that the levan underwent an initial weight loss of approximately 9% 

between 20 to 100 ºC due to moisture evaporation [45], while no significant loss was 

observed in the temperature range 100-200 ºC. A second fast weight loss event occurred at 

200-250 °C and another at 250-400 ºC, accounting for 30 and 31% of total weight loss, 

respectively. A further increase in temperature up to 1000 °C resulted in a gradual weight 

loss of only 10%, corresponding to a total levan degradation of 81%. Such weight losses 

suggest, after moisture release, sequential break of β(2→1) branch point linkages, β(2→6) 

linkages, and furanose rings along with other char-forming reactions [49]. DTG pointed to a 

degradation temperature (Td) of 218 ºC, which would allow the use of levan to synthesize 

different products using processing technologies at remarkably high temperatures [50].  Both 

levan Td and weight loss profile are in agreement with those reported in the literature for 

similar microbial levans [51–53]. 

3.4.2. Differential Scanning Calorimetry 

Figure 7 shows the levan thermal phase behavior obtained by Differential Scanning 
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Calorimetry (DSC) with a sequential heat-cool-reheat profile. 

According to these results, Paenibacillus sp. #210 levan exhibited an endothermic 

(heating cycle) and an exothermic (cooling cycle) transition event with onset temperatures of 

78 and 65 °C, and endset temperatures of 86 and 40 ºC, respectively. Since the endothermic 

transition event was reversible in both heating cycles, any relationship with water evaporation 

was excluded. Taking into consideration the amorphous structure of levan highlighted earlier 

by the X-ray diffraction analysis, the observed phase transition can be related to a glass 

transition, i.e., a transition of the amorphous polymer from a glassy-hard to a soft state when 

heated [54]. Even though reproducible, the reheating endothermic peak showed a maximum 

temperature deviation of 81.10 to 81.47ºC. This occurrence can be ascribed to the increased 

segmental molecular motion and biopolymer internal friction after sample moisture loss 

during the first heating cycle [55,56], due to several reorganizations of polymer water holding 

sites and the creation of new polymer-polymer intermolecular interactions [54]. These 

considerations agree with the observation of a reduction in FOS glass transition temperature 

(Tg) as the water content increased [57].  

The intersection of the baseline tangent with that of the endothermic transition peak 

with the highest slope made it possible to estimate a levan Tg of 79.61 °C, corresponding to 

an enthalpy change of 57.66 J.g
-1

 [54]. Such a Tg is close to that (75.5 ºC) reported for a 

Bacillus sp. levan [28], but much lower than those of other levans produced by a different 

Bacillus strain (140 °C) [50] and by Halomonas smyrnensis AAD6
T
 (150 ºC) [47]. Since no 

other exo-endothermal event of thermal degradation was detected after the assigned Tg event, 

it was possible to infer that Paenibacillus sp. #210 levan was thermally stable in the tested 

temperature range, thus confirming the thermal stability results obtained from the TGA.  

3.5. Dynamic Mechanical Analysis 

Considering that structural changes in polymers affect mechanical properties at a 

proportionally higher level than their specific heat [58], a final study on levan 
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thermomechanical properties was conducted using the Dynamic Mechanical Analysis 

(DMA).  

Figure 8 shows the temperature dependence of storage modulus (G’), loss modulus 

(G”) and damping coefficient (tan δ = G”/G′). It can be seen that levan underwent a series of 

changes in its mechanical properties due to the temperature increase, which included, in 

addition to the previously described glass transition detected by DSC, transitions events 

associated with small molecular motions occurring in the glassy or rubbery state region. As 

the material was heated in the glassy state region, in which the molecules are tightly 

compacted, the G’ curve that expresses the biopolymer elastic behaviour progressively 

decreased, while G” and tan δ curves, which measure its viscous response and energy 

dissipation, respectively, gradually increased. Levan expanded progressively, with an 

increase in the free volume of its chain segments, until reaching the so-called gamma 

transition (Tγ), in which both local main-chain groups and intramolecular chain segments, 

made up of four to six atoms, began to move.[59]. A further rise in temperature also resulted 

in an increase in the G” and tan δ curves, which suggests that the side chains and localized 

levan groups gained enough space to move, evolving into a structural transition classified as 

beta transition (Tβ) and belonging to the so-called transition region.  

Due to this transition, it is likely that levan side groups began to move based on 

cooperative movements from the main chain, acquiring a higher toughness profile. By 

continuing to heat the sample, the amorphous levan chains exhibited coordinated long-chain 

extensive segmental motions within polymer segments of the main chain, and Tg, also called 

alpha transition (Tα), was achieved. At this point, levan lost its glass-like rigid properties and 

gradually took on a more rubbery and flexible state [54]. Since a totally amorphous polymer 

has no melting point by definition, heating the levan beyond its Tg may have caused it to 

assume a softened nature up to a final viscous state, until its degradation temperature was 
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reached.  

Since that, contrarily to the melting peak, Tg, as well as other transitions like Tβ and 

Tγ, is frequency-dependent, its assignment was validated by comparing the 1 and 10 Hz tan δ 

curves, and it was calculated using the 1 Hz tan δ as a reference (zoomed-in section of Figure 

8c). Based on the obtained results, three clear frequency-dependent transition peaks were 

detected beyond the Tg temperature measured by DSC. A first transition event was detected at 

onset of 75.5 °C, endset of 103.3 °C and maximum tan δ of 86.60 °C. Such a temperature 

differed from that obtained by DSC by only 7 °C, i.e., a difference lower than that usually 

reported in the literature (10-20 °C), which suggests that the observed thermomechanical 

profile was related to the endothermic event detected by DSC. A second transition event was 

detected at onset of 155.7 °C, endset of 179.2 °C and maximum tan δ of 170.9 °C, 

corresponding approximately to a 69 ºC difference compared to the first transition peak, and a 

third one at onset of 179.2 ºC, endset of 195.5 ºC and maximum tan δ of 185.2 ºC, 

corresponding approximately to 109 and 24 ºC differences compared to the first and second 

transition peaks, respectively. These results provided shreds of evidence for the existence of 

three different Tg resulting from the mixture of oligo and polyfructans having significantly 

distinct DP (small, medium, and high DP). The fact that DSC analysis did not detect below 

200 °C any enthalpy event highlighting the two additional Tg temperatures is justified by its 

lower sensitivity compared to DMA [60]. Although the DSC and TGA results did not provide 

any evidence of thermal decomposition below 200 °C, strong insights support the high 

susceptibility of low-DP levan oligomers to undergo structural deformation after mechanical 

stress application, especially at high temperatures [61]. This consideration is justified by 

significantly high differences in Tg temperatures and viscoelastic profiles of levan mixtures 

with different DP values, especially between low-medium and medium-high DP [61,62]. As 

it is possible to observe, levan mixture stiffness and damping behaviour decreased after each 
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Tg transition, mainly at temperatures > 150 °C. In this temperature range, levan may have 

been more susceptible to deformations in its structure as a likely result of a reduced ability of 

the oligomers to disperse mechanical energy through internal molecular movements.  

These results taken together suggest a temperature range of 25-150 °C as the optimum 

one for thermomechanical processing of levan mixture [50].  However, further studies are 

required to fully understand the events occurring in complex mixtures of oligo and 

polyfructans. 

The thermostability of levan and its noteworthy mechanical properties would enable 

the fabrication of composite scaffolds by blending this biocompatible polymer with 

hydroxyapatite or sintered hydroxyapatite, which could be exploited as bone graft substitutes 

for bone tissue engineering [63]. 

4. Conclusions 

A polydisperse levan-type EPS composed of oligomers with a variable DP was 

successfully produced at a concentration of 1.45 g·L
-1

 using a Paenibacillus strain isolated 

from Brazilian crude oil. The isolated strain was grown in shake flasks at 40 ˚C (oil field 

temperature), using a mineral salt solution supplemented with sucrose (10.0 g·L
-1

) and 

ammonium nitrate (2.0 g·L
-1

) as carbon and nitrogen sources, respectively, obtaining an EPS 

yield on initial substrate of 0.145 g/g. After purification, an estimated purity percentage of up 

to 98 wt% was achieved. The EPS was characterized as a mainly linear levan, with averages 

degrees of polymerization and branching of approximately 18 and 20, respectively. A 

degradation temperature of 218 ºC and a glass transition temperature of 79.61ºC were 

determined by TGA and DSC. Based on thermomechanical data, an estimated optimum 

processing temperature has been defined between 25 and 150 °C, which supports its use for 

the synthesis of different products with different processing technologies even at high 

temperatures. Levan morphological features and amorphous nature highlight its potential not 

only in the food, biopharmaceutical, and nutraceutical sectors, but also in emerging 
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applications in materials’ science. To significantly increase the process yield, new efforts 

should be made to optimize levan production in the near future. Nevertheless, the 

physicochemical characteristics of these sugar-based products are crucial to fully validate 

their technological potential. The next effort will deal with the use of this EPS in food 

applications. 
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Caption of Figures 

Figure 1. FTIR spectra of glucose, fructose, and freeze-dried dialyzed sample of EPS 

produced by Paenibacillus sp. #210. 

Figure 2. 
1
H NMR spectrum of freeze-dried purified levan produced by Paenibacillus 

sp.#210. 

Figure 3. 
13

C-NMR and 
13

C DEPT 135 NMR spectra of freeze-dried purified levan produced 

by Paenibacillus sp.#210. 

Figure 4. HSQC spectrum of crude exopolysaccharide produced by Paenibacillus sp.#210. 

Figure 5. Microstructure and surface morphology of Paenibacillus sp. #210 freeze-dried 

levan observed by SEM.  
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Figure 6. Results of thermogravimetric analysis (TGA) and derivative thermogravimetry 

(DTG) of Paenibacillus sp. #210 levan.  

Figure 7. DSC thermogram of Paenibacillus sp. #210 freeze-dried dialyzed levan 

considering an initial heating cycle up to 100 ºC, followed by a cooling cycle to 20 ºC and a 

final reheating cycle to 200 ºC.  

Figure 8. DMA plots of Paenibacillus sp. #210 freeze-dried dialyzed levan (a) storage 

modulus (G’), (b) loss modulus (G’’) and (c) tan δ as functions of temperature.  

Table 1:  Partially methylated alditol acetate derivatives of freeze-dried dialyzed FOS 

produced by Paenibacillus sp. #210. 

Partially methylated alditol acetate  Relative 

proportion (%) 

Type of bond 

1,3,4,6-tetra-O-methyl(2,5-di-O-acetyl)-glucitol 2.85 D-Glcp-(2→ 

1,3,4,6-tetra-O-methyl(2,5-di-O-acetyl)-mannitol 2.22 D-Manp-(2→ 

1,3,4-tri-O-methyl(2,5,6-tri-O-acetyl)-glucitol 51.51 →6)-D-Glcp-(2→ 

1,3,4-tri-O-methyl(2,5,6-tri-O-acetyl)-mannitol 38.27 →6)-D-Manp-(2→ 

2,3,6-tri-O-methyl(1,4,5-tri-O-acetyl)-glucitol 0.53 →4)-D-Glcp-(1→ 

3,4-di-O-methyl(1,2,5,6-tetra-O-acetyl)-glucitol 2.34 →2,6)-D-Glcp-

(1→ 

3,4-di-O-methyl(1,2,5,6-tetra-O-acetyl)-mannitol 2.29 →2,6)-D-Manp-

(1→ 

. 
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