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Abstract 29 

Inulin has interesting physicochemical and functional properties, and therefore a wide range 30 

of applications in the food and medical industries. It has gained great traction due to its 31 

ability to form nanoparticles and its possible application as nanovehicle for drug delivery. 32 

In this work, we demonstrated that the enzymatically-synthesized high molecular weight 33 

(HMW) inulin forms stable spherical nanoparticles with an average diameter of 112 ± 5nm. 34 

The self-assemblage of HMW inulin nanoparticles is carried out during enzymatic 35 

synthesis of the polymer, and become detectable after a certain critical aggregation 36 

concentration (CAC) is reached. Both, the CAC and nanoparticle size are influenced by the 37 

reaction temperature. These nanoparticles are not toxic for peripheral blood mononuclear 38 

cells, at concentrations below 200 µg/mL; no significant prebiotic potential was detected in 39 

cultures of 13 probiotic strains. This work contributes to a better understanding of the 40 

formation of HMW inulin nanoparticles and their biological properties. 41 

 42 

 43 
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Highlights  44 

•HMW inulin enzymatically-synthesized is self-assembled into nanoparticles. 45 

•The assemblage of inulin nanoparticles is carried out during enzymatic synthesis.  46 

•The inulin forms nanoparticles at a critical aggregation concentration (CAC). 47 

•The CAC and nanoparticle size are influenced by the reaction temperature.  48 

•The inulin nanoparticles are not toxic for peripheral blood mononuclear cells.  49 

 50 

 51 

 52 

 53 
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Keywords: Inulin, Polysaccharide nanoparticles, Enzymatic synthesis, Fructan, 60 

Inulosucrase.    61 
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1. Introduction 68 

Fructans are fructose polymers linked by glycosidic bonds which, depending on their 69 

origin, have different types of bonds between their monomers, percentage of branching and 70 

degree of polymerization (DP) (Madrigal & Sangronis, 2007). Depending on their linkage, 71 

fructans are classified as inulin or levan; inulin is a polymer consisting of fructose 72 

molecules linked by β (2 → 1) bonds in the main chain and β (2 → 6) bonds within the 73 

branches; meanwhile, the levan polymer has β (2 → 6) bonds in the main chain and β (2 → 74 

1) branching (Madrigal & Sangronis, 2007; Stephen, Phillips, & Williams, 2006). In 75 

general, fructans produced by plants have a low DP (between 2 and 60 fructose units), 76 

while bacterial fructans attain DP > 103 fructose units (Ebisu, Kato, Kotani, & Misaki, 77 

1975; Wada, Sugatani, Terada, Ohguchi, & Miwa, 2005).  78 

 79 

Bacterial fructans are synthesized by enzymes known as fructosyltransferases (FTFs). 80 

Depending on the polymer, they are classified into: levansucrase (EC 2.4.1.10), the enzyme 81 

producing levan, or inulosucrase (EC 2.4.1.9), the enzyme producing inulin (Chambert & 82 

Gonzy‐Treboul, 1976). The enzymatic synthesis of high molecular weight (HMW) fructans 83 

is carried out through sequential transfers of fructosyl residues from sucrose to an acceptor 84 

molecule that can be sucrose itself, a growing polymer chain (transferase activity) or a 85 

molecule of water (hydrolytic activity) (Chambert & Gonzy‐Treboul, 1976). In terms of the 86 

polymer molecular weight, reaction conditions are known to affect the size of the 87 

synthesized polymer by modulating the enzymatic mechanism (processive or non-88 

processive) (Raga-Carbajal et al., 2016). The DP of these fructans defines its biological and 89 

physicochemical properties, which in turn allow a wide spectrum of biotechnological 90 

applications. 91 
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 92 

Fructans can be used for many applications in the food and pharmaceutical industry. Within 93 

the food industry, they have been classified as functional ingredients and are generally 94 

recognized as safe (GRAS) by the FDA (Handa, Goomer, & Siddhu, 2012). Moreover, 95 

fructans are also classified as prebiotic agents, which are defined as non-digestible 96 

compounds that may be anaerobically fermented by the beneficial microbiota of the host; 97 

these fructans stimulate the bacterial growth that contribute to improve the hosts health 98 

(Roberfroid & Slavin, 2000). Furthermore, fructans have been shown to have an 99 

immunomodulatory effect on the intestine by increasing the levels of immunoglobulins, 100 

interleukins and interferons in peripheral blood mononuclear cells (Watzl, Girrbach, & 101 

Roller, 2005). Within the pharmaceutical industry, inulin has been used as tablet coating 102 

(Hinrichs, Prinsen, & Frijlink, 2001); it has also been used as vehicle for the administration 103 

of drugs through different routes such as oral, respiratory and parenteral routes: 104 

subcutaneously, intramuscularly and intravenously (Amorij et al., 2007).  105 

 106 

Recently, research on the ability of fructans to form nanoparticles has fueled research on a 107 

new application for using them as nanometric drug carriers. Carboxymethylated low 108 

molecular weight inulin has been shown to form nanoparticles for encapsulation of small 109 

organic molecules, or as coating agent (Fares & Salem, 2015; Santiago-Rodríguez et al., 110 

2013; Zhang et al., 2014). Moreover, phtalyl inulin nanoparticles have been reported with 111 

the capacity to stimulate the production of an antimicrobial peptide by Pediococcus 112 

acidilactici bacteria Kim et al., (2018). There are also recent reports regarding the use of 113 

HMW levan in the production of nanoparticles. Sezer, Kazak, Öner & Akbua (2011) used 114 

this fructan (> 1,000 kDa) for the nanoencapsulation of albumin as a model protein. The 115 
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authors demonstrated that the agitation and protein concentration determined the particle 116 

size and encapsulation efficiency, obtaining particles within a size of 200-537 nm. 117 

Nakapong et al. (2013) reported the isolation of an enzyme from Bacillus licheniformis RN-118 

01 able to catalyze the polymerization of fructose; the synthetized fructan was observed to 119 

self-assemble into nanoparticles of approximately 50 nm of diameter (Nakapong, 120 

Pichyangkura, Ito, Iizuka, & Pongsawasdi, 2013). Furthermore, Kim, Bae & Chung (2015) 121 

characterized self-assembled nanoparticles of a HMW levan (>2000 kDa), with an average 122 

size of 129.1 + 32.8 nm; the nanoparticles could be used to encapsulate indocyanine green 123 

for breast cancer diagnosis. Finally, Tabernero A. et al. (2017), obtained nanoparticles of 124 

300-500 nm, generated in water by a self-assembling process of a HMW levan produced by 125 

A. nectaris (Tabernero, González-Garcinuño, Sánchez-Álvarez, Galán, & Martín del Valle, 126 

2017). Despite above-mentioned studies demonstrating the fructan self-assembled 127 

nanostructuration, no report exists regarding a deep analysis of the HMW fructan 128 

nanoparticles production during the enzymatic synthesis of the polymer. Besides, no studies 129 

about HMW inulin nanoparticles production and characterization have been reported.      130 

In this work, we performed an analysis of the production of self-assembling inulin 131 

nanoparticles during the enzymatic synthesis of HMW polymer and the effect of reaction 132 

conditions over the synthesis and the size of fructan nanoparticles using the inulosucrase 133 

from Leuconostoc citreum. In addition, we analyzed the physicochemical and biological 134 

characteristics of these nanoparticles with the future objective of developing a nano-135 

controlled release system for small molecules and biomolecules.  136 

 137 

 138 
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2. Materials and methods 139 

 140 
2.1 Materials 141 

Isopropyl β-D-1-thyogalacto-pyranoside and kanamycin were purchased from Gold 142 

Biotechnology, Inc., St Louis, MO, USA. Complete EDTA-free was from Roche 143 

(Mannheim, Germany) and Bradford reagent was from Bio-Rad (Hercules, CA). Bovine 144 

serum albumin (BSA albumin fraction V) was provided by Sigma Aldrich (St. Louis, MO, 145 

USA). Lymphoprep and RPMI medium were purchased from Invitrogen, Thermo Scientific 146 

(Austin, TX, USA), while L-glutamine was form Gibco Thermo Scientific (Austin, TX, 147 

USA). All other agents used were of analytical grade. 148 

 149 

2.2 Preparation of Escherichia coli cell extracts and purification of IslA4 150 

Escherichia coli BL21 cells transformed with the pET28a-IslA4 gene were grown in Luria 151 

Bertani broth containing 50 µg/mL−1 kanamycin at 37 °C and 120 rpm. The culture was 152 

induced with 0.2 mM isopropyl β-D-1-thyogalacto-pyranoside. Once the cells reached an 153 

optical density of 0.6 (OD600, λ=600 nm) they were incubated at 18 °C for 6 additional 154 

hours. The cells were then harvested by centrifugation (2,500 × g for 10 min) and the 155 

resulting pellet washed twice with a 50 mM phosphate buffer (pH 6.0) containing 1 mM 156 

CaCl2 before being re-suspended in 5 mL of the same buffer containing Complete EDTA 157 

free (one tablet to 50 mL of cell extract), which were added as protease inhibitors, and 158 

sonicated. Cell debris was removed by centrifugation (21,130 × g for 30 min) and the 159 

supernatant containing the enzyme was recovered for further processing. The protein 160 

concentration was determined according to the Bradford method (Bradford, 1976) using 161 

bovine serum albumin (BSA) as standard. The enzyme was purified by Fast Protein Liquid 162 
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Chromatography (FPLC) on an ÄKTA prime (Amersham Biosciences, Uppsala, Sweden) 163 

using a cation exchange CM-Sepharose column (GE Healthcare, Uppsala Sweden). The 164 

elution was performed with a phosphate buffer at pH 6.0 (gradient of 0.1 to 1.0 M). The 165 

eluted fractions were transferred to molecular filters to concentrate (Millipore molecular cut 166 

10,000 Da) and centrifuged for 20 min at 3,700 x g before addition of 100 mM acetate 167 

buffer pH 6 (supplemented with 1 mM CaCl2) to the molecular filters. The purity of IslA4 168 

was verified by SDS-PAGE. 169 

 170 

2.3 Activity assay 171 

Initial reaction rates were measured at 30 °C in 100 mM phosphate buffer (pH 6.0) 172 

containing 1 mM CaCl2 in the presence of 292 mM sucrose. The global activity was 173 

expressed as the reducing sugars released from sucrose using the 3,5-dinitrosalicylic acid 174 

method (DNS) (Miller, 1959). One global activity unit (U) was defined as the amount of 175 

enzyme required to produce 1 µmol of reducing sugars per minute. The specific hydrolysis 176 

and transferase activities were measured by HPLC based on the amounts of fructose and 177 

glucose. The HPLC method used in the current study is described below. 178 

 179 

2.4 Carbohydrate analysis 180 

Carbohydrates were quantified by high-pressure liquid chromatography (HPLC) using a 181 

Waters 600E system controller (Waters Corp. Milford, MA, USA) equipped with a 182 

refractive index detector (Waters 410) using a Prevail Carbohydrate ES column 183 

(250 × 4.6 mm) at 30°C. The HPLC system was run with a mobile phase consisting of a 184 

75:25 (v/v) mixture of acetonitrile and water at a flow rate of 1.0 mL/min−1. The molecular 185 

weight of inulin was determined by Size Exclusion Chromatography (SEC) using a serial 186 
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set of Ultrahydrogel (UG 500 and linear) columns at 30°C with a refractive index detector 187 

(Waters 410). The columns were run with a mobile phase sodium nitrate 100 mM at a flow 188 

rate of 0.8 mL/min. Oligosaccharides were separated and analyzed by high-performance 189 

anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD, 190 

Dionex), using a CarboPac PAD-200 column (250 × 2 mm, Dionex). The following 191 

gradient was used: eluent A at 100% (0 min), 99% (0.5 min), 80% (25 min), 20% (85 min) 192 

and 100% (95 min). Eluent A was 150 mM sodium hydroxide and eluent B was 150 mM 193 

sodium hydroxide in 500 mM sodium acetate. 194 

 195 

2.5 Reductive methylation analysis (reductive cleavage method) 196 

Methylation, reductive cleavage, and acetylation were performed according to established 197 

procedures (Praznik, Löppert & Helmut, 2007; Rolf & Gray, 1984). Well defined [(2-1)-198 

linked β-D-Fruf] linkage-types of inulin from chicory (Orafti, Co; house prepared samples) 199 

and of house-prepared [(2-6)-linked b-D-Fruf] fructan from Pucinellia peisonis were 200 

applied as standards. Gas cromatography identification was performed on Shimadzu GC 201 

2010 with a capillary column (DB 1701; 30 m, 0.25 mm i.d.: 0.25l m film thickness; 202 

Agilent, Co.), helium as carrier gas and FID (flame ionization detection) with the following 203 

temperature program: 80 à135 °C at 10 °C/min, 135 à 155 °C at 2°C/min, 155à200 °C 204 

at 3 °C/min, 200à260 °C at 5 °C/min. The injector and detector temperatures were 230°C 205 

and 270°C respectively. Measurements were performed with a split ratio of 1:5 in triplicate. 206 

The relative amount of each residue and the ratio of β-D-fructose- and α-D-glucose-207 

residues in the molecules were computed as the molar percentages from response-factor 208 
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corrected GC/FID peak areas; the ratio of β-D-fructose and α-D-glucose-residues assumes 209 

one α-D-glucose residue for each molecule (Praznik, Löppert, & Helmut, 2007). 210 

 211 

2.6 Study of nanoparticles formation during enzymatic inulin production 212 

A more stable, truncated version (IslA4) of the IslA enzyme produced by L. citreum CW28 213 

was used as catalyst to study the formation of nanoparticles during the polymer synthesis. 214 

IslA4 lacks the N- and C-terminal regions, does not present auto-proteolysis and retain the 215 

ability to produce inulin of the same molecular weight as the wild-type enzyme (Del Moral, 216 

Olvera, Rodriguez, & Munguia, 2008). The enzymatic reactions were carried out using 0.5 217 

U/mL of IslA4 enzyme and a sucrose concentration of 100 g/L in a 0.1 M sodium acetate 218 

buffer, pH 6.0 supplemented with 1 mM CaCl2 and a temperature of 30°C under constant 219 

stirring. The reaction was stopped by boiling the samples for 5 min to inactivate the 220 

enzyme. All the reactions were allowed to proceed until they reached a sucrose conversion 221 

of approximately 90%. The reaction specificity (i.e., hydrolysis to transferase ratio) was 222 

determined by measuring the amounts of glucose and fructose released during the reaction. 223 

Free glucose (Gf) was derived from hydrolyzed sucrose as well as the sucrose was used as a 224 

fructose donor for the transferring reactions, whereas free fructose (Ff) was derived 225 

exclusively from the hydrolytic activity of the enzyme. The difference between the amounts 226 

of consumed and hydrolyzed sucrose could therefore be used to determine the amount of 227 

fructose used for transfructosylation (Ft) (i.e., transferase activity). 228 

 229 

2.7 Test of the effect of the reaction conditions on the inulin nanoparticle size 230 
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For each reaction a sucrose concentration of 100 g/L and 0.5 U/ml of inulosucrase IslA4 231 

was used in sodium acetate buffer (pH 6.0) supplemented with 1 mM CaCl2 with varying 232 

the concentration of 50, 100 and 200 mM (ionic strength µ of 0.005, 0.1 and 0.2 233 

respectively) at a temperature of 30, 18 and 4 °C under constant stirring. The nanoparticle 234 

size was measured after 24 hours of starting the enzymatic reaction. 235 

 236 

2.8 Determination of the size distribution of nanoparticles 237 

The intensity size (hydrodynamic diameter) distributions of the inulin nanoparticles were 238 

determined by dynamic light scattering (DLS) with non-invasive back scattering on a 239 

Zetasizer NanoZS instrument (Malvern Instruments Ltd., Malvern,UK) equipped with a 4 240 

mW helium/neon red laser (λ = 633 nm) and the detection was at an angle of 173 °. 241 

Measurements were performed at 30, 18 and 4 °C using 50 µl from the enzymatic reaction. 242 

Analyses were performed in three different batches and the results were expressed as a 243 

mean of three measurements. The Zeta-potential was measured by phase analysis light 244 

scattering and mixed laser Doppler velocimetry (M3-PALS) in the same instrument. 245 

Measurements were performed at 30ºC by diluting an aliquot of 50 µL from the enzymatic 246 

reaction in water.  247 

 248 

2.9 Nanoparticle tracking analysis (NTA) 249 

NTA measurements were performed using a NanoSight LM10 instrument (NanoSight, 250 

Amesbury, UK), consisting of a conventional optical microscope, Marlin charged coupled 251 

device (CCD) camera, and a LM10 unit (sample unit) with a laser light source. LM10 is the 252 
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first generation instrument from the NanoSight Company, which in the mean time has 253 

developed devices with additional features and upgraded software. 254 

Following the manufacturer’s instructions, we serially diluted all samples with sterile water 255 

or DPBS to reach a particle concentration suitable for the analysis with NTA (1.0 x 108 to 256 

2.5 x 109 particles/mL). We prepared at least two different sample dilutions for each sample 257 

and analyzed each one twice. The samples were injected into the LM unit (approximately 258 

300 µL) with a 1 mL sterile syringe. The capturing settings (shutter and gain) and analyzing 259 

settings were manually set according to the protocol suggested in the Technical note ”How 260 

to make Concentration Measurements using NanoSight Equipment” (Technical Note, 261 

NanoSight, last updated 17/06/09) and then optimized for a specific virus or the latex 262 

particles. The NanoSight LM10 recorded 60-second sample videos that were then analyzed 263 

with the Nanoparticle Tracking Analysis (NTA) 2.0 Analytical software release version 264 

build 0125. 265 

 266 

2.10 Transmission electron microscopy (TEM) analysis inulin NPs 267 

Five µL were taken from the enzymatic reaction and dropped onto a carbon–copper grid 268 

and air dried for 24 h. The excess sample was then removed with a filter paper and allowed 269 

to float on a drop (5 µL) of 2 % uranyl acetate for 1 min. The excess of uranyl is also 270 

removed with the aid of a filter paper. The grids with the samples tested by the negative 271 

staining method were observed in a transmission electron microscope brand ZEISS model 272 

Libra at an acceleration voltage 120 Kv with Gatan digital camera.  273 

 274 

2.11 Cytotoxicity tests 275 
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The cytotoxicity assay was performed with neutral red assay based on an already published 276 

protocol (Repetto, del Peso, & Zurita, 2008). This method determines the accumulation of 277 

the neutral red dye in the lysosomes of viable cells. Three experiments were performed in 278 

triplicate. Peripheral blood mononuclear cells (PBMC's) were obtained from a pool of 3 279 

samples from clinically healthy women, ranging in age from 28-37 years. Cells were 280 

purified by density gradient with Lymphoprep. 50,000 cells were cultivated in RPMI 281 

medium supplemented with 5 % of fetal bovine serum and 1 % of L-glutamine. Exposure 282 

treatments with inulin polymer were at concentrations of 25, 50, 100, 150 and 200 µg/mL 283 

by 24 h, followed by an incubation for 2 h with neutral red dye (4µg/mL) dissolved in 284 

serum free medium. Cells were washed with 1X phosphate buffer, 1 mL of of elution 285 

solution (EtOH/AcCOOH, 50/1 % v/v) was added, followed by gentle shaking. Aliquots of 286 

the resulting solutions were transferred to 96-well plates and absorbance at 540 nm was 287 

recorded using the microplate spectrophotometer system (Spectra max190-Molecular 288 

Devices).  289 

The percentage of viability was obtained using the following formula: 290 

%Viability = OD treated cells x100 / OD control cells* 291 

A one-way ANOVA test was performed for multiple comparisons with Dunnet's ad hoc test 292 

comparing treatments against the untreated control group using GraphPad Prism 7.01 293 

software. A 24-hour treatment with ethanol was used as a positive cell death control*. 294 

 295 

2.12 Determination of the prebiotic potential 296 

Growth curves of the probiotic strains in the presence of Leuconstoc citreum inulin were 297 

determined by turbidity measurement using Bioscreen C (Oy Growth Curves Ab Ltd, 298 

Helsinki, Finland). With this method, the change of the OD600 value was measured 299 
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indicating bacterial growth. A fresh overnight culture was prepared. The cell amount 300 

required for a starting OD600 of 0.1 was harvested, washed three times in phosphate 301 

buffered saline (PBS) supplemented with 0.5 g/L cysteine hydrochloride, and resuspended 302 

in MRS-medium without sugar. The negative control was incubated without sugar, whereas 303 

the samples were incubated in the presence of 1% sugars, in honeycomb plates at 37 °C for 304 

48 h and the OD600 was measured every hour after mixing for 15 s. The growth curves were 305 

determined 3 times and the results are shown as a mean. 306 

 307 

3. Results and Discussion 308 

 309 

3.1 Nanoparticles presence and physicochemical properties of HMW inulin from 310 

Leuconostoc citreum 311 

Considering the self-assembly in water of HMW levan nanoparticles which is already 312 

reported (Kim,  Bae & Chung, 2015; Nakapong et al., 2013; Tabernero et al., 2017), we 313 

decided to assess nanoparticles presence in enzymatically-synthesized HMW inulin, using 314 

complete cells of Leuconostoc citreum as described by Ortiz-Soto, Olivares-Illana, & 315 

López-Munguía, (2004). The results obtained by dynamic light scattering (DLS) showed 316 

the presence of nanoparticles with a size distribution between 50 nm and 300 nm, a Z-317 

average of the calculated diameter of 112 ± 5 nm and a polydispersity index (PI) of 0.069 ± 318 

0.01 (Table 1). These results confirm the presence of HMW inulin nanoparticles with 319 

similar values to those reported for self-assembled HMW levan nanoparticles, were the Z-320 

average was 129 + 32 nm (Nakapong et al., 2013); the molecular weight of the levan used 321 

in that study was >2000 kDa, similar to the HMW inulin used in the present work (Table 322 

1). Nakapong et al., (2013), reported self-assembled nanoparticles with 50 nm diameter, 323 
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using a 612 kDa molecular weight levan. On the other hand, Tabernero et al., (2017), 324 

obtained self-assembled nanoparticles from a HMW levan (6,000 kDa) with a size ranging 325 

from ~300 to ~500 nm. It is possible that in the case of HMW fructans, a low molecular 326 

weight lead to smaller nanoparticles, compared to high molecular weight generating larger 327 

nanoparticles. This could be also a consequence of the branching and larger hydrodynamic 328 

diameter of HMW polymers (Wolff et al., 2000). 329 

 330 

Table 1. Physicochemical characteristics of HMW inulin produced by Leuconostoc citreum. 331 

Characteristic Value Source 

Molecular weight 90 a 4,400 kDa (Olivares-Illana, et al., 2002; Del Moral et al., 2008) 

Molecular weight average 3,000 kDa (Del Moral et al., 2008)  

Degree of polymerization  18, 500 (Del Moral et al., 2008)  

Hydrodynamic diameter  112 ± 5nm Present work 

Polydispersity index diameter  0.069 ± 0.01 Present work 

Branching percentage 10.03 ± 1 % Present work 

Number of nanoparticles per ml 2.83 ± 0.2 x1012  Present work 

Z Potential  -10 ±1.8 mV Present work 

 332 

Table 1, summarizes the physicochemical properties of HMW inulin obtained using the 333 

inulosucrase from L. citreum CW28, as previously reported and as obtained in this work.  334 

 335 

Polymer identification by NMR was previously reported by Olivares-Illana et al., 2002 and 336 

re-analyzed together with other properties in our workgroup (molecular weight, molecular 337 

weight average, and degree of polymerization) (Del Moral et al., 2008). In order to deepen 338 

the molecular characterization of this polymer, physicochemical properties were 339 
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determined. For instance, the branching percentage was determined by reductive 340 

methylation analysis and GC/FID identification. Considering a molecular weight of 3,000 341 

kDa, it was determined that the HMW inulin from L. citreum contains approximately 342 

~18,519 fructose molecules, of which ~14,730 are linear fructose molecules, ~858 343 

branched fructose, and ~1,899 terminal fructose molecules. According to the relative 344 

amount of terminal fructosyl residues, the inulin of Leuconostoc citreum has a branching 345 

percentage of 10.03%, suggesting that there is a branch every 8 fructose units (Table 2). 346 

This branching percentage is greater than those reported for other HMW inulins; for 347 

example, 20,000 kDa inulin synthesized by a fructosyltransferase of Streptococcus mutans 348 

presents a branching percentage of 6.1%, whereas a mixture of low and high molecular 349 

weight inulin (14.9-5,000 kDa) produced by Aspergillus sydowi IAM 2544 has a branching 350 

percentage of 5.4 % (Wolff et al., 2000). This higher branching percentage could influence 351 

the size and packing density of the nanoparticles, as Wolff et al., (2000) has been shown 352 

before for those inulin nanoparticles. 353 

 354 

Table 2. Percentage (%) and number (n) per molecule of β-D-Fruf and α-D-Glcp residues 355 

obtained by reductive methylation analysis, from HMW inulin produced by Leuconostoc 356 

citreum. 357 

Fraction % Chemical structure 

Terminal Glucose 

 
0.17 

 

Terminal  Fructose α and ß 

 
10.25 

 

O

OMe

MeO

OMe

MeO

O

OMe

MeO OMe

MeO
O

OMe

MeO

OMe

MeO
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Fru-lineal-2,1 α and ß 

 
79.54 

 

Branched-Fructose α and ß 10.03 

 

 358 

Besides branching, other physicochemical characteristic that could influence the glomerular 359 

structure of polymers is the Zeta-potential (Wolff et al., 2000). The Zeta-potential is a value 360 

that represents the electrostatic behavior of colloidal particles in the medium; it is related to 361 

the aggregation tendency of the particles in solution, so it is considered to reflect the 362 

stability of the colloidal system (Sundar, Kundu, & Kundu, 2010). The Zeta-potential value 363 

determination yielded a value of -10 ±1.8 mV, indicating a slight negative charge. This 364 

value is similar to that for inulin nanoparticles that we have reported in a previous study 365 

(Sarkar et al., 2018) and is not far from that found by Carneiro-Da-Cunha, Cerqueira, 366 

Souza, Teixeira, & Vicente, (2011) for galactomannan polymer in solution. This last 367 

polymer is neutral like inulin, whose skeleton is formed by β-D-mannopyranose units 368 

linked by bonds (1→4), also containing α-D-galactopyranose branches joined by bonds 369 

(1→6). The Zeta-potential values obtained for galactomannan nanoparticles, produced by 370 

Caesalpinia pulcherrima and Gleditsia triacanthos, were -5.7 and -4.98 mV respectively 371 

(Carneiro-Da-Cunha et al., 2011).  372 

There are previous reports of formation of chemically modified low molecular weight 373 

inulin nanoparticles, such as inulin-carboxymethylated used to encapsulate magnetic 374 

nanoparticles (iron oxide) and phtalyl inulin nanoparticles (Kim, Bae & Chung, 2015; Kim 375 

et al., 2018). Also, it has been documented the production of nanoparticles modified with 376 
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ibuprofen and the conjugated inulin with curcumin to form nanoparticles and thus achieve 377 

the solubility required for the release of this polyphenol (Fares & Salem, 2015; Santiago-378 

Rodríguez et al., 2013; Zhang et al., 2014). However, in such studies, the Zeta-potential 379 

was not measured directly and was only deduced from electrophoretic mobility of charged 380 

particles under an applied electric field (Bhattacharjee, 2016). Accordingly, if the 381 

nanoparticle is chemically modified with another molecule, it will affect the final Zeta-382 

potential value. Considering that inulin is a neutral polymer, it was not expected to obtain a 383 

Zeta-potential value that reveals the existence of some residual surface charge. Thus it was 384 

suggested that this value could be attributed to the presence of some negatively charged 385 

component attached to the surface of these nanoparticles. The amount of protein present in 386 

the sample was 9.52x10-3 + 0.28 mg/ml, despite being a relatively low amount of protein, it 387 

could be responsible for the slight negative charge yielded. In general, particles whose 388 

Zeta-potential is within the range of +30mV and -30mV are considered to have a tendency 389 

to aggregate (Wongsagonsup, Shobsngob, Oonkhanond, & Varavinit, 2005). Given that, 390 

the Zeta-potential of inulin nanoparticles is within this range, the particles may be unstable. 391 

In order to confirm this, changes in size were monitored for 15 days by DLS. The 392 

hydrodynamic diameter was constant, suggesting that despite the low Zeta-potential value, 393 

the nanoparticles are stable and do not tend to aggregate. 394 

  395 

The quantification of the number of nanoparticles in solution was 2.83 x 1012 396 

nanoparticles/mL (Table 1), these particles were individually visualized and a size 397 

distribution of ~32 to ~232 nm was observed upon analysis of a sample containing 5 g/L of 398 

HMW inulin. Within this distribution, the particle size mode was 84.4 ± 24.5 nm, with a 399 

concentration of 42.61 x 1010 nanoparticles/mL.  400 
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 401 

3.2 Study of inulin nanoparticles formation during enzymatic synthesis. 402 

In order to elucidate whether the inulin nanoparticles are formed during the enzymatic 403 

synthesis, a truncated version of the IslA enzyme produced by L. citreum CW28, IslA4, 404 

was used. IslA4 lacks the N- and C-terminal regions does not present auto-proteolysis, and 405 

retains the ability to produce inulin of the same molecular weight as the wild-type enzyme 406 

(Del Moral, Olvera, Rodriguez & Munguia, 2008). Both, polymer production and particle 407 

size were monitored during the enzymatic reaction by DLS analyses. The reaction was 408 

followed for 36 h, reaching a final nanoparticle size of 97 nm and a final inulin 409 

concentration of 22.91 g/L, as shown in Figure 1A. The appearance of nanoparticles was 410 

detected after 30 min of reaction when produced inulin was 15.17 g/L. The average 411 

hydrodynamic diameter of these nanoparticles was 67.33 nm (Figure 1B). The sudden 412 

appearance of inulin nanoparticles during the polymer synthesis suggests that there might 413 

be an inulin critical aggregation concentration (CAC). It is proposed that the CAC is the 414 

amount of polymer required for the assembly of nanoparticles (Dan, Ghosh, & Moulik, 415 

2009). In the case of HMW inulin we determined a CAC of 15.17 g/L for the assembly of 416 

the nanoparticles under the studied conditions (Figure 1A). The identification of CAC has 417 

already been reported for the self-assembly of low molecular weight inulin nanoparticles 418 

where, the aggregation concentration was 0.072 g/L, generating nanoparticles of 180 nm 419 

(Dan et al., 2009). This concentration is two orders of magnitude lower than the observed in 420 

the present work; this discrepancy is probably due to the difference in size and branching 421 

between the polymers.  422 
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 423 

Figure 1. Kinetics of inulin production (solid line) and evolution of the hydrodynamic 424 

diameter average of inulin nanoparticles (dot-dashed line). Reaction conditions 0.5 U/ml of 425 

IslA4, 100 g/L sucrose at 30°C in 100 mM buffer pH 6. Insert: first 2 h of the reaction. 426 

 427 

In order to determine the morphology of the observed nanoparticles, transmission electron 428 

microscopy (TEM) was performed. Figure 2, shows micrographs of the reaction mixture 429 

after 36 h, corresponding to 95% sucrose conversion and 22.9 g/L inulin. In these 430 

micrographs, spherical particles of various sizes can be observed which are within the size 431 

distribution determined by DLS (Figures 2A and B). Figure 2C shows two isolated 432 

nanoparticles of ~260 and ~280 nm approximately where, in addition to the circular 433 

morphology, a concave structure is observed, thus suggesting that these nanoparticles could 434 

be hollow. However, further analysis by scanning electron microscopy (SEM) imaging and 435 

spectroscopic ellipsometry could corroborate the validity of this hypothesis. Based on these 436 
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results, we can conclude that HMW inulin arranges into self-assembled nanoparticles 437 

during the enzymatic synthesis of the polymer, catalyzed by IslA4. 438 

 439 

 440 

 441 

Figure 2. TEM micrographs of inulin nanoparticles produced during an enzymatic reaction 442 

using IslA 4 (0.5 U/ml, 100 g/L sucrose) after a 36 h-reaction. A) 10k B) 20k C) 40k 443 

 444 

3.3 Effect of reaction conditions on the inulin nanoparticles formation 445 

The influence of physicochemical factors such as temperature and ionic strength on the 446 

formation of polysaccharide nanoparticles has already been reported (Carneiro-Da-Cunha 447 

et al., 2011; Kumar et al., 2015; Li, Jiang, Chen, Yang, & Guan, 2004; Nakapong et al., 448 

2013; Sharma, Madan, & Lin, 2016). Cations can affect the conformational properties of 449 

the nanoparticles since they might interfere with the hydrogen bonds within the structure 450 

(Li et al., 2004). On the other hand, the temperature can affect not only the rheological 451 

behavior of inulin, but also the enzymatic reaction rate that in turn could influence the 452 

nanoparticle formation (Kumar et al., 2015). In order to analyze the effect of the ionic 453 

strength and temperature on the hydrodynamic diameter of the enzymatically synthesized 454 

inulin nanoparticles, we performed the enzymatic reaction using different buffer solution 455 
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concentrations and three temperatures 4, 18 and 30°C. The hydrodynamic diameter average 456 

of the inulin nanoparticles was determined by DLS at 90% sucrose conversion. As depicted 457 

in Figure 3, minimal variation of the particle size was observed when the ionic strength was 458 

modified. This was confirmed when a correlation study between these variables was 459 

performed using the R Studio program. The value obtained for the correlation between the 460 

ionic strength and the particle size was 0.17, demonstrating that there is no significant 461 

correlation for this range of salt concentration.  462 

 463 

 464 

Figure 3. Average hydrodynamic diameter in function of ionic strength and temperature. 465 

Measurements were performed by DLS using 50µl of reactions Reaction conditions: 0.5 466 

U/ml of IslA4, 100 g/L sucrose, buffer pH 6 at 24 hours after starting the enzymatic 467 

reaction.  468 

On the other hand, it was observed that decreasing the temperature resulted in a 469 

nanoparticle size increase. The highest effect was observed between a 30 and 4°C reaction 470 
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in a 0.2 M buffer, obtaining a 32% increase in nanoparticle size. Regarding the correlation 471 

between temperature and particle size, a high negative correlation was observed (-0.88), 472 

which shows that the temperature is a factor with a strong influence on the formation of the 473 

nanoparticles. Considering these results, our focus was only on the temperature effect on 474 

the nanoparticle size. It has been suggested that temperature can affect nucleation and 475 

particle growth (Thanh, Maclean, & Mahiddine, 2014). This growth is usually slower at a 476 

lower temperature, favoring the kinetic stabilization process of the nanoparticles, which 477 

will promote larger and more stable particles. Also, by reducing the temperature the 478 

reaction rate for the enzyme IslA4 decreases and so does the production rate of the polymer 479 

(Del Moral et al., 2008). 480 

 481 

To examine the effect of the temperature at 4ºC on the evolution of the nanoparticles 482 

hydrodynamic diameter, we monitored an enzymatic reaction for 36 h under the same 483 

conditions described above but at greater temperature. As seen in Figure 4A, the sudden 484 

appearance of the nanoparticles also occurs under these conditions; however, the time of 485 

appearance and inulin concentration were different from those at 30 ºC. The nanoparticles 486 

appear at an inulin concentration of 6.78 g/L, 1.5 h after the reaction started and at substrate 487 

conversion of 32 % (Figure 4B). The critical aggregation concentration was 44 % lower 488 

than that recorded at 30 °C, and consequently, also a lower substrate conversion (32 vs 58 489 

%) was required to observe the nanoparticles. This is the first study where the nanoparticle 490 

size and formations are monitored during an enzymatic reaction. 491 

 492 
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 493 
 494 

Figure 4. Kinetics of inulin production (solid line) and evolution of the hydrodynamic 495 

diameter average of inulin particles (dot-dashed line). Reaction conditions: 0.5 U/ml of 496 

IslA4, 100 g/L sucrose at 4°C in 100 mM buffer pH 6. Insert: first 4 h of the reaction.  497 

 498 

Regarding the effect of temperature on the onset of nanoparticle formation, a lower 499 

temperature could favor the nucleation rate thus requiring a lower inulin concentration to 500 

observe the particles. Other factors that could influence the process, such as the molecular 501 

weight of the fructans, are not a determinant in this case.  For instance, an increase in the 502 

molecular weight of the levan synthesized by the B. subtilis levansucrase (SacB) has been 503 

reported as the reaction temperature decreased to 4 °C (Porras-Domínguez, Ávila-504 

Fernández, Miranda-Molina, Rodríguez-Alegría, & Munguía, 2015). However, for IslA4 505 
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the molecular weight of the polymer remains the same whether the reaction takes place at 506 

30 or 4 °C (data not shown). 507 

 508 

The morphology of inulin nanoparticles enzymatically synthesized at 4 °C was analyzed by 509 

TEM. In Figure 5, spherical nanoparticles of 80 to 130 nm are observed (Figure 5A) which 510 

are consistent with data recorded by DLS (Figure 4) and morphologically similar to those 511 

observed in reactions at 30°C (Figure 2). However, large amorphous aggregates can also be 512 

observed as well as fibers with a thickness of about 20 nm (Figure 5B). These results are 513 

similar to those already reported in 2015, were they observed nanoparticles and fibers of 514 

chicory inulin by TEM (Cooper et al., 2015).  515 

 516 

 517 

Figure 5. TEM micrographs of inulin nanoparticles, enzymatically synthesized, at 4°C and 518 

after 73% substrate conversion. A) 20 K, B) 6.3 K. 519 

The presence of these amorphous aggregates together with the increase in the average of 520 

the hydrodynamic diameter of the inulin nanoparticles enzymatically synthesized at 4 °C, 521 
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reinforces the notion that the reaction conditions mainly affect the structuring of the 522 

nanoparticles. The temperature could be directly affecting the molecules of inulin by 523 

reducing their movement, allowing these molecules to arrange in such way that they form 524 

fibers, possibly as intermediates, favoring the existence of larger and stable spherulite-type 525 

particles. This type of morphology consists of several lamellae branching from a central 526 

nucleus, and it could be possible that lamellae are structured by the observed fibers (Cruz 527 

Herrera, 2012). 528 

 529 

3.4 Nanoparticles biological properties  530 

3.4.1 Cytotoxicity   531 

Natural polysaccharides are effective nanocarriers for delivery of active ingredients or 532 

drugs. In this study, no cytotoxicity was observed at concentrations of 50-200 µg/ml, 533 

concerning to negative control (without inulin nanoparticles) and cell viability remained 534 

above 85% in all treatments, while the positive control significantly decreased the viability 535 

percentage as shown in Figure 6. The concentrations analyzed did not generate cytotoxicity, 536 

in addition, polysaccharides such as inulin can stimulate the immune response through the 537 

activation of interleukins and interferon (Vogt et al., 2014). In another study, it was 538 

observed that fructan polymers could protect intestinal epithelial cells against harmful 539 

agents, so their properties like probiotic are preserved Vogt et al., 2013. 540 

Ahmed, Zahran & Emam (2016) analyzed different formulations of nanoparticles based on 541 

polysaccharides and no cytotoxicity was observed. Thus, it is suggested that they are safe in 542 

their administration as a vehicle, due to their versatility and low toxicity have been used as 543 

a vehicle for the release of chemotherapeutic agents (Ahmed, Zahran, & Emam, 2016).   544 

 545 
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  546 

Figure 6. The concentration range was 50 – 200 µg/mL. Viability was decreased in the 547 

concentration of 50 µg/mL (p = 0.04) and 150 µg/mL (p = 0.02) these differences were 548 

significant with respect to the control. Although these data are significant, cell viability 549 

remains above 85%. One-way ANOVA test followed by Dunnet’s multiple comparison test 550 

was applied to compare treatment with controls. Three independent experiments in 551 

triplicate were performed and results are expressed as means ± SDs.  * P values < 0.05 552 

were considered statistically significant.  553 

 554 

3.4.2 Prebiotic potential  555 

Considering the null toxicity of inulin and their ability to reach the intestine virtually intact, 556 

due to their resistance to direct degradation by the host, these HMW inulin nanoparticles 557 

could be ideal as colon site-directed drug carriers, where they could be degraded by the 558 

microbiota. However, there are no reports on the prebiotic potential of a HMW inulin. For 559 

this reason, it was decided to test the growth of 13 different probiotic strains using this type 560 

of inulin nanoparticles as the only source of carbon. Fructose and FOS Orafti (inulin type 561 
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fructooligosaccharides) were used as a positive control whereas cultures without carbon 562 

source were used as negative control. 563 

 564 

Figure 7, shows the maximum optical density (MOD600nm) reached after 48 hours of 565 

culture. For fructose, similar growth was observed for all strains with MOD600nm between 566 

1.53 and 1.68. Regarding FOS Orafti, values of MOD600nm between 1.43 and 1.63 were 567 

registered. In contrast, no growth was observed when using HMW inulin as the only carbon 568 

source, suggesting that this polymer has no prebiotic potential. The prebiotic character of 569 

low molecular weight inulin (DP=36) has been reported before (Baston, Neagu Bonciu & 570 

Bahrim, 2012). However, the high molecular weight of the inulin used in the present work 571 

(DP=18500),  could be the limiting factor for the growth of probiotic strains. 572 
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 573 

Figure 7. Maximum optical density (M.O.D. 600nm) of probiotic strains using fructose, 574 

Orafti FOS, and HMW inulin, as the only carbon source. The M.O.D.600nm was measured 575 

after 48 hours of incubation. 576 

 577 

The results presented in this section demonstrate that the Leuconostoc citreum inulin 578 

nanoparticles synthesized by the enzyme IslA do not show a prebiotic potential by the 579 

strains studied, although a different outcome could be obtained in vivo as, the metabolism 580 
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of fructans in the intestinal tract is a cooperative process between different species 581 

(syntrophism) (Rossi et al., 2005). 582 

 583 

4. Conclusion  584 

In the present study, a deep characterization of the physicochemical properties of HMW 585 

inulin was performed; this particular fructan has a branching percentage of 10.03 ± 1 %, 586 

higher than other reported for HMW inulins. HMW inulin is nanostructured in spherical 587 

particles with a Z-average of the calculated diameter of 112 ± 5 nm and a polydispersity 588 

index of 0.069 ± 0.01. The Zeta-potential of this nanoparticles was -10 ±1.8 mV, our 589 

studies demonstrate that this slightly negative value is due to the presence of protein in the 590 

nanoparticles. Although Zeta-potential value corresponds to particles with a tendency to 591 

aggregate, stability assays demonstrated that inulin nanoparticles are stable at least for 15 592 

days.  593 

 594 

We also demonstrated that self-assembly of HMW inulin nanoparticles is carried out during 595 

enzymatic synthesis of the polymer, observing the existence of a critical aggregation 596 

concentration, which is influenced by the reaction temperature. The lower temperature of 597 

the enzymatic reaction resulted in an increase of the nanoparticle size, reaching an average 598 

hydrodynamic diameter of 131 nm. Under these conditions, other arrangements (fibers) 599 

could be detected. Finally, we demonstrated that these nanoparticles are not toxic for 600 

peripheral blood mononuclear cells, under concentrations as high as 200 µg/mL; besides, 601 

no prebiotic potential was detected in vitro assays using individual probiotic strains. 602 

 603 
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In general, these results will allow us a better comprehension of the fructan nanoparticles 604 

synthesis and factors that affect its synthesis, in order to manipulate the nanoparticle 605 

production for example to regulate its size. The results of the biochemical and 606 

physicochemical characterization suggest the HMW inulin nanoparticles could be used as a 607 

novel drugs delivery system or other molecules of interest. Further work is in progress 608 

regarding the encapsulation of biomolecules by these nanoparticles as well as its uptake by 609 

eukaryotic cells; also immunomodulatory effect analysis of these HMW inulin 610 

nanoparticles are still in progress.  611 

 612 
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