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Succinoglycan is a type of bacterial anionic exopolysaccharide produced from Rhizobium, Agrobacterium, and

other soil bacteria. The exact structure of succinoglycan depends in part on the type of bacterial strain, and the

final production yield also depends on the medium composition, culture conditions, and genotype of each strain.

Various bacterial polysaccharides, such as cellulose, xanthan, gellan, and pullulan, that can be mass-produced for

biotechnology are being actively studied.
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1. Conformational Analysis

The structure of succinoglycans was examined using the X-ray diffraction (XRD) technique. The results of XRD

patterns of the succinoglycans produced by wild type strain,  Rhizobium radiobacter ATCC 19358 (SG-A), and

mutant strain (SG-N) were analyzed. The diffraction patterns for SG-A and SG-N showed broad peaks in the range

of 2θ = 20–22. The crystallinities were calculated by integration XRD pattern of SG-A and SG-N. The crystallinity of

SG-A and SG-N was 21.96% and 16.09%, respectively. On the other hand, the succinoglycan from Sinorhizobium

meliloti  1021 strain displayed a broad peak at 2θ = 18.7. Because of poor crystallinity, agarose/succinoglycan

hydrogels (AG/SG) showed lower and shifted diffraction peaks at angles of 17.5, 17.4, and 18.0 on the 2θ scale

compared to pure agarose . In addition, succinoglycan metallohydrogel using trivalent chromium (Cr ) was

verified via XRD measurements . When the concentration of Cr  was increased from 6.6 mM to 52.8 mM, the

crystallinity decreased. This is because succinoglycan changed from a crystalline state to an amorphous state,

indicating that intermolecular hydrogen bonding between the hydroxyl/carboxyl group and the metal cation of

succinoglycan occurred in the metal hydrogen gel. The results indicated that the addition of Cr   changed the

intrinsic crystallinity of succinoglycan and produced another regular molecular arrangement.

The circular dichroism (CD) spectrum of polysaccharides was used as a tool to suggest the indicator of a

secondary structure . In the case of native succinoglycan, a characteristic spectrum with a negative band

centered at approximately 200 nm was observed. This band corresponded to the n → π* transition by the carboxyl

and carboxylates of pyruvate and succinate. Succinoglycan has a backbone with regular side groups formed by

four-O-linked glycopyranose residues, wherein the backbone contains two consecutive β-(1,6) glycosidic bonds,

one of which is connects the side chain to the main chain. This linkage can give flexibility to the lateral arms of

succinoglycans. The fixed charge of pyruvate and succinate attached to this side chain enhance it, and the

uncharged backbone is reinforced by the entangled residues of glycofuranose and galtopyranose, creating a

regular helix structure . Due to the spatial demands of charged bulky side chains, succinoglycans are likely
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single helices with partial lateral aggregation. Coordination of ferric cations (Fe ) with succinoglycan forms a

hydrogel. Conformation of Fe -coordinated succinoglycan (Fe -SG) hydrogels were investigated by CD

spectropolarimetry. As Fe  was added to succinoglycan, the n → π* negative transition band due to the carboxyl

and carboxylate of succinoglycan weakened. This decrease in the intensity of transition may have been due to the

Fe  complexation of succinoglycan by the binding of Fe   to the carboxyl groups responsible for the transition.

Contrarily, the CD spectra of Fe -SG showed sharp both positive bands at ~195 and 202–208 nm, and sharp

negative bands at ~198 nm. The appearance of these new bands could be attributed to the charge transfer

interactions between Fe  cations and the carboxyl group.

The conformation of succinoglycan macromolecules using atomic force microscopy (AFM) was determined and the

obtained data were compared to the measurements obtained in solution . Individual chains and dimers were

found in succinoglycan precipitated from pure water, whereas only individual chains were found in 0.01 M KCl. At

0.5 M KCl, succinoglycan formed a gel-like structure on the mica surface . Analysis of persistence lengths from

the AFM images indicated that succinoglycan became more rigid with increasing ionic strength. Flexible chains

corresponding to disordered conformations were observed in water, whereas single-helix chains were imaged at

0.01 M KCl.

2. Thermal Analysis

The thermogram (TGA) of succinoglycan showed two-stage weight loss . The initial weight loss accounts for the

loss of absorbed water molecules attached to the carboxyl groups present in the succinoglycan. The first phase in

weight loss is due to the high carboxyl group content, which explains the excellent water affinity and water retention

capacity of succinoglycan . The second phase in polysaccharide degradation involves the degradation of

thermally stable structures formed by crosslinking and strong bonds of succinoglycans. The TGA and differential

thermogravimetry (DTG) of succinoglycan obtained under a nitrogen atmosphere with heating rate of 10 °C/min

shows a mass loss of about 8.05% at 95 °C in Figure 1a. In the second phase, succinoglycan exhibited a mass

loss of 60.64% in the range of 246–370 °C. Succinoglycan solution (1–2%) has non-Newtonian shear-thinning fluid

behavior under 25–55 °C. With increasing solution concentrations, viscosity and pseudoplasticity proportionally

increase while a temperature increase is inversely proportional to viscosity and pseudoplasticity.
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Figure 1.  Comparison of the thermal analysis for succinoglycan with different Cr   concentrations: (a)

thermogravimetric analysis (TGA) and (b) differential scanning calorimetry (DSC). (c) Viscosity change during the

first heating cycle of 1 wt.% solution of succinoglycan. Copyright © 2022 by the authors. Licensed MDPI, Basel,

Switzerland.

A typical differential scanning calorimetry (DSC) thermogram of a succinoglycan solution is representatively

described. The endothermic peak of DSC is generally due to the breakdown of hydrogen bonds and loss of

hydroxyl groups when the sample is heated. Thus, the appearance of the endothermic peak is due to the disorder

of the structure . The melting temperature (T ) typically refers to the transition of the material from a crystalline

state to an amorphous state, so the transition temperature corresponds to the melting temperature T . As shown

in Figure 1b,c, the T  of succinoglycan is observed as 92.17 °C and the viscosity of succinoglycan decreased

rapidly at temperatures above 60 °C. During heating, hydrogen bonds break and the double helix changes its

structure, causing the fusion of aggregates and disruption of the network . Thermal properties obtained by DSC

support the view that succinoglycans are double helix at 25 °C and semi-flexible in their structural arrangement by

melting into single strands above 65 °C.

3. Rheological Properties

Succinoglycan may have different chemical substituent ratios (pyruvyl, succinyl, acetyl groups) and molecular

weight (M ) depending on the type of strain and the culture conditions for each strain. Rheological properties, such

as viscosity and storage/loss modulus, of succinoglycan can be adjusted depending on the measurement
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conditions (concentration, temperature, pH, etc.). High viscosity in aqueous solution is one of the main

characteristics of this water-soluble polymer . It exhibits an order-disorder transition at a characteristic

temperature which depends on the ionic strength, counterion, and polymer concentration .

Succinoglycan has been compared to xanthan, a bacterial polysaccharide with a different molecular weight .

Although their rheological properties show many similarities, the expansion of the ordered conformation of

succinoglycan is greater than that of xanthan . The main differences in the behavior of the two polymers can

be found in the structural transitions and the rheology of solutions at temperatures above T . Succinoglycan

exhibits more abrupt and temperature-dependent conformational transitions, is a more randomly coiling molecule

than xanthan above the T , and slowly loses stiffness as it passes through the T . In addition, rheological behavior

of a succinoglycan was reported in dilute and semi-dilute solutions as a function of the shear rate, temperature,

ionic strength, counterion, succinate content, and conformational structure. Viscosity dependence as a function of

molecular weight and lacking succinate substituents was compared with that of the native polymer xanthan.

Several studies on the rheological effect on the difference in functional group and molecular weight of

succinoglycan isolated from genetically modified strains have been conducted. The rheological effect of the

selective removal of acetyl or succinyl substituents on the function of succinoglycan isolated in genetically

modified Rhizobium meliloti 1021 was studied . Removal of the acetyl substituent led to a decrease in

the order-disorder transition temperature, whereas removal of the succinyl group led to an increase .

Consequently, it was found that removal of the succinyl group dramatically improved the pseudoplasticity of

aqueous succinoglycan and increased the cooperativity of the order-disorder transition exhibited by

polysaccharides . Recently, a high yield of succinoglycan was obtained from the mutant

strain Rhizobium radiobacter ATCC 19358 by NTG mutagenesis. Succinoglycan from the wild-type strain (SG-A)

has two molecular weights of 1.55 × 10  Da and 1.26 × 10  Da depending on the culture conditions. On the other

hand, the mutant succinoglycan (SG-N) was a homogeneous polysaccharide and had a molecular weight of 1.01 ×

10  Da. Dynamic frequency sweep tests of SG-A and SG-N showed that the G′ and G″ curves crossed over at 65

°C, indicating a thermal-induced order-disordered transition conformation. From the results for the effect of

concentration (2.5–15%) and temperature (25–75 °C) on the apparent viscosity of SG-A and SG-N, succinoglycan

solution exhibited non-Newtonian and shear thinning behavior.

Afterwards, in order to increase the production yield of succinoglycan, a study was conducted using a sucrose-

based carbon source in Rhizobium radiobactor (Agrobacterium tumefaciens) strain, and the physical properties of

the thus-produced succinoglycan were studied. To investigate possible succinoglycan degradation at elevated

temperatures, succinoglycan was dissolved in water at a concentration of 4 g/L and heated in the range of 25 to 90

°C for 5 h. The chemical identity and molecular integrity of the polymers were then confirmed by NMR analysis,

rheological measurements, and M   measurements . Other studies have reported the structural and

rheological studies of succinoglycan prepared by fermentation of sucrose or date syrup under various conditions at

concentrations (0.5, 1.0, 1.5, and 2.0% w/w), temperature (5, 25 and 40 °C), and pH (2.5, 4.0, 7.0, and 10.0). The

results exhibited that shear thinning (pseudoplasticity) behavior and the viscosity of succinoglycan of date syrup

medium was higher than that of sucrose medium at all tested concentrations. Succinoglycan solution (0.1–
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1.0%, w/v) also exhibited non-Newtonian and shear thinning behavior at shear rates that ranged from 0.01 s  to

1000 s . A weak gel with a concentration of 0.75% was obtained at room temperature (25 °C). The changes in the

storage (G′) and loss (G″) modulus during the heating and cooling cycles indicated that succinoglycan can form a

thermo-reversible gel. On the other hand, succinoglycan produced from sucrose (EPS-S) showed lower levels of

succinylation and acetylation compared to succinoglycan produced from molasses (EPS-M). According to the TGA

thermogram, not only was the melting temperature (T ) of EPS-M much higher than that of EPS-S, but EPS-M was

more thermally stable than EPS-S. In addition, the succinoglycan showed non-Newtonian and shear-thinning

behavior, and the viscosity of EPS-M was higher than that of EPS-S. Production of the succinoglycan using the

sugar cane molasses, sucrose, glucose, and lactose as carbon source was analyzed. The molecular weights of

succinoglycan from lactose and sugar cane molasses were 2.734 × 10  g/mol and 2.326 × 10  g/mol, respectively.

Rheological analysis of the succinoglycan at concentration (0.5–2.0%), temperature (5–75 °C), and pH (2.5–10.0)

revealed non-Newtonian and shear thinning behavior.

Succinoglycan has been studied with the aim of developing a mucoadhesive agent. The investigation of the

mucoadhesive properties of a series of polymers and their association was carried out by a rheological synergistic

approach. The combination of succinoglycan or xanthan with guar hydroxypropyl trimonium chloride and lambda

carrageenan is characterized by the highest mucosal adhesion. The mucosal adhesion of succinoglycan was

adequate through various approaches, such as rheological synergy, tensile, and washout tests.

In addition, the effect of different extraction methods on production, rheological, and structural properties of

succinoglycan were investigated . Eleven different chemical and physical methods were tested for the extraction

of succinoglycans from  Rhizobium radiobacter  CAS. Comparing the succinoglycan yields of all methods, the

acetone method (3014 mg/L) proved the highest, followed by the cetyl-trimethyl-ammonium-bromide (CTAB 2939

mg/L) and vacuum evaporation (2804 mg/L) methods. Comparing the rheological properties of succinoglycan,

succinoglycan recovered by acetone and CTAB method with a shear rate of 50 s  showed a tendency to make the

solution highly viscous with viscosities of 150 and 146 mPa·s, respectively. The results showed that the

physicochemical method for EPS extraction had a significant effect on the physical properties.

Recently, it was investigated whether hydrogels could be formed by mixing aqueous solutions of various metal

ions, such as K , Na , Ca , Mg , Cu , Zn , Al , Fe , and Cr , with an aqueous succinoglycan solution. As

shown in  Figure 2a,b, physical gel formation occurred only when Cr   and Fe   solutions were added to the

aqueous succinoglycan solution, and this was confirmed by measuring the difference between the storage modulus

(G′) and the loss modulus (G″) through a rheological experiment. In addition, Figure 2c shows the results of the

reverse vial test for each mixed solution corresponding to a different metal ion. Except for Fe  and Cr , most metal

ions did not induce physical gels. These results suggest that an appropriate amount of trivalent metal ion can

coordinate effectively with the carboxyl group of succinoglycan, resulting in a denser and harder hydrogel network.
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Figure 2.  (a) Frequency sweep test of succinoglycan (1 wt.%), (b) Frequency sweep of aqueous succinoglycan

solution containing metal ions Fe   and Cr , and (c) Gelling performance of succinoglycan with respect to the

addition of various metal ions: Inverted vial test after mixing various metal ion solutions (0.25 M) with aqueous

succinoglycan solution (2 wt.%). Copyright © 2022 by the authors. Licensed MDPI, Basel, Switzerland.
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