Pre prints.org

Review Not peer-reviewed version

Unveiling the Health Benefits of Inulin: A
Dietary Fiber Worth Embracing

Ward Maaloul, Vincent Lequart , Manef Abderrabba , Patrick Martin , Iness Jabri i

Posted Date: 22 December 2025
doi: 10.20944/preprints202512.1824 v1

Keywords: inulin; dietary fiber; extraction; functional properties; prebiotic; fat replacer; chemical
modification; acetylated inulin; sustainability

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/1835935
https://sciprofiles.com/profile/2231825
https://sciprofiles.com/profile/1105371
https://sciprofiles.com/profile/4977399
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 December 2025 d0i:10.20944/preprints202512.1824.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Review

Unveiling the Health Benefits of Inulin: A Dietary
Fiber Worth Embracing

Ward Maaloul 1, Vincent Lequart 2, Manef Abderrabba !, Patrick Martin 2 and Iness Jabri »*

1 University of Carthage: Laboratory of Materials, Molecules and Applications (LMMA, LR11ES22), IPEST,
Tunisia
2 Unité Transformations & Agroresources (UTA, ULR7519), Université d’Artois, Béthune, France

* Correspondence: ines.jabri@esiat.ucar.tn

Abstract

This review explores inulin as a versatile dietary fiber, covering its extraction, characterization,
functional properties, applications, chemical modifications and sustainability. It first presents
conventional and emerging extraction methods, including hot water, microwave and ultrasound-
assisted extraction, enzymatic processes and pulsed electric fields, together with purification by ion-
exchange resins and membrane filtration, and analytical techniques (FTIR, HPLC, TLC) used to
identify and quantify inulin. The influence of degree of polymerization and molecular weight
distribution on solubility, rheology, thermal stability and sweetness is then discussed, highlighting
inulin’s role as a fat and sugar replacer in complex food matrices. The manuscript reviews
applications in food, pharmaceutical, agricultural and cosmetic fields, focusing on prebiotic effects,
texture modulation, drug delivery and biostimulant potential. Significant attention is given to
chemically modified inulins (butyrate, acetyl, carboxymethyl, and other functionality derivatives)
that provide enhanced stability, bioactivity, encapsulation efficiency, and sensory characteristics.
Finally, the review examines economic, environmental, and social aspects, focusing on the
valorization of chicory and artichoke by-products and positions inulin as a key ingredient for the
developed of healthier and more sustainable products.

Keywords: inulin; dietary fiber; extraction; functional properties; prebiotic; fat replacer; chemical
modification; acetylated inulin; sustainability

1. Introduction

Inulin, a polysaccharide presented in numerous plants, is attracting a growing interest owing to
its nutritional properties and beneficial health effects. This soluble dietary fiber belongs to the fructan
class and consists of fructose chains with a 3 (2-1) linkage [1].
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Figure 1. Inulin structure.
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Inulin, a reserve carbohydrate in plants, is typically found with a degree of polymerization (DP)
between 2 and 60, with an average DP (DPa) of 10 to 15 in chicory, and even less for inulin with a DP
<10, often referred to as short-chain or low molecular weight inulin [2]. Inulin is found in abundance
in more than 36,000 plant species worldwide, including various dicotyledonous families such as
Asteraceae, Platycodonaceae, and Gentianaceae, as well as monocotyledons such as Liliaceae and
Gramineae. Inulin is found in artichokes (Cynara cardunculus L. subsp. scolymus L. Hayek, formerly
Cynara scolymus L.), chicory (Cichorium intybus L.), Jerusalem artichokes (Helianthus tuberosus L.),
and elecampane (Inula helenium) [3]. Chicory and Jerusalem artichoke are the principal sources of
inulin. Chicory roots have a typical content of 40%, while Jerusalem artichoke tubers contain about
18%. Furthermore, research has suggested that inulin is found not only in plants, but also in algae,
fungi, and bacteria. It's noteworthy that different sources of inulin exhibit diverse functional
properties [4]. The length of the artichoke cultivation cycle, which adversely affects yields and head
quality, has prompted artichoke producers to explore the development of new cultivars grown from
semen for annual plant crops. At the end of the harvest period, artichoke roots represent valuable
agricultural residue, despite the fact that adventitious roots contain significant amounts of inulin.
Consequently, the recovery of inulin could be a viable utilization of this waste [5].
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The inulin content in the artichoke core became from 2 to 10 g/100 g dry weight, with a wide
polydispersity ranging from 2 to 250 DP. Processing artichoke into various parts currently generates
a significant amount of waste, with up to 77% by mass of the entire artichoke being discarded by the
food industry. So artichoke by-products from the canning industry are reported to contain 10 g/100
g dry weight of inulin. Despite this, the majority of commercially available inulin is sourced from
chicory roots, which represent the primary crop utilized for its industrial production. Chicory roots
typically contain an inulin content ranging from 42 g to 76 g/100 g dry weight [6]. As obesity-related
illnesses become more prevalent, the food industry faces mounting pressure from governmental
bodies and public health agencies to reformulate food products, aiming to reduce both fat and sugar
content in order to address the burden of disease. Both fat and sugar are crucial in determining
physical, chemical, and ultimately, sensory properties of numerous consumer-favorite food items.

Consequently, manufacturers must seek viable alternatives to fat and sugar that maintain the
desired rheological and sensory characteristics of the final food product. However, since inulin
bioactivity is intricately tied to its extraction method, and given that inulin, a water-soluble dietary
fiber, offers various health benefits such as blood sugar regulation, obesity mitigation, and
cardiovascular disease prevention, hot water extraction remains the conventional method due to its
simplicity and minimal equipment requirements.

2. Inulin Extraction via Different Biotechnological Process
2.1. Extraction:

2.1.1. Hot Water Extraction

The extraction of inulin from sources such as chicory roots or artichokes usually involves the use
of hot water at high temperatures. For example, Saggan et al. [7] conducted the extraction of chicory
roots from 2-gram samples, adding water according to a predetermined ratio. The authors optimized
the process by varying key parameters, testing temperatures between 60 and 90 °C, extraction times
between 30 and 90 minutes, and solvent/raw material ratios between 10:1 and 30:1. After extraction
in a hot water bath, the extracted material was filtered and centrifuged to separate the supernatant
[7]. Similarly, the method described by Maria Castellino et al. [5] consists of mixing 10 grams of
ground artichoke roots with 60 ml of water at a pH of 6.8, followed by extraction at 80 °C for 2 hours.
The resulting extract is then filtered and precipitated [5].

These methods frequently require further steps, such as oven drying, reducing the inulin yield
from fresh roots. While about 80% to 90% of soluble sugars could be extracted in 15 minutes at a
temperature between 80 °C and 90 °C, temperatures near boiling point could result in undesirable
co-extractions and hydrolysis of inulin. Over-extraction can also lead to inulin hydrolysis, which
reduces yield [7]. Temperature, duration, and liquid/solid ratio have a significant impact on inulin
extraction. While raising the temperature improves yield, excessive temperatures can degradate the
inulin; the optimal range identified is between 70 °C and 80 °C. Similarly, longer extraction times
initially increase yield but can lead to hydrolysis over time. It is therefore best not to exceed 75
minutes, with 60 minutes considered the optimal duration. Lower liquid/solid ratios result in higher
inulin content due to better solubility, but excessive use of water can reduce efficiency; the optimized
ratio reported by Xia Zhang et al. [8] is 1:4. Overall, optimizing extraction parameters such as
temperature, duration, and liquid/solid ratio is crucial to maximize inulin yield while ensuring
efficiency and minimizing costs [8].

2.1.2. Microwaves Assisted Extraction

The extraction of inulin from Jerusalem artichoke tubers using microwave-assisted extraction
(MAE) was investigated in 2020 by Aalabadi and Abood [9], following the methodological
framework established by Saengkanuk et al. [10]. At first, the experiments were done at 700 W for 5
minutes with a 1:30 (w/v) ratio. Then, the power was reduced to 450 W and 350 W, upping the
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exposure times to 8 and 14 minutes, respectively. After that, a microwave power of 450 W was used,
keeping the same mixing ratio and prolonging the extraction time to 8 minutes. Finally, a microwave
power of 350 W was utilized, with a similar mixing ratio and an extraction time increased to 14
minutes. This study showed significant differences in inulin yield and extraction performance.
According to Alaabadi and Abood [9], the highest inulin yields were obtained at 700 W for 5 minutes
(39.61%) and at 450 W for 14 minutes (36.38%).

These results are comparable to those reported by Ruo-ling et al. [11], who observed extraction
efficiency above 700 W compared to lower power levels. In addition, Gaafar et al. [12] reported
optimal efficiency in conventional thermal reflux conditions, highlighting the effectiveness of high
temperatures in increasing extraction yield [12]. Overall, optimization of extraction parameters such
as microwave power, extraction time, and solid-to-liquid ratio is key to maximizing inulin yield and
extraction efficiency while minimizing energy consumption and costs [9].

2.1.3. Ultrasound-Assisted Extraction

Ultrasound-assisted extraction (UAE) has grown in popularity in the food industry due to its
ability to enhance extraction efficiency through a variety of ultrasonic effects. Compared to traditional
HWE, UAE offers greater efficiency, faster processing, and operates at lower temperatures. A recent
study on the extraction of inulin from elecampane roots identified the optimal conditions for UAE.
These included a raw material particle size between 0.5 and 1.0 mm, an extraction temperature of 80
°C, an extraction rate of 3, an ultrasonic frequency of 35 kHz, and a liquid-to-solid ratio of 1 g:15 ml.
This optimized approach significantly increased the yield to 20.63 + 0.36% and reduced the extraction
time to 6-7 hours. Additional research has explored the effect of factors such as temperature,
ultrasonic amplitude, and time on extraction efficiency. Increases in ultrasonic amplitude and time
enhanced the efficiency of inulin extraction from burdock root without any significant changes in
temperature. For the ultrasound-assisted extraction of inulin from Jerusalem artichokes, optimal
conditions involved an extraction time of 20 minutes, a solid-to-liquid ratio of 1 g: 25 mL and a pH of
7. However, direct exposition to ultrasonic waves can deteriorate inulin molecules. In this situation,
the indirect method may be preferred to obtain intact inulin, as direct exposure could produce low
molecular weight by-products [1].

Ultrasound probe

Cavitation bubbles Cell disruption

Inulin release

Cell wall

oyl - | x¢©‘f®\‘f’
matrix s ( *

Step 1 Step 2 Step 3

Figure 3. Ultrasound-assisted extraction.

2.1.4. Enzymatic Extraction

Enzymatic extraction (EME) is an extraction method that doesn’t require high energy levels.
EME efficiently increases inulin yield and reducing extraction time. A buffer-enzyme combination of
protease and hemicellulase was applied to extract both pectin and inulin from Cynara cardunculus
materials. The optimal conditions for extracting inulin from Jerusalem artichoke waste using pectin
were optimized with a response surface methodology. The optimal conditions were as follows: pH
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4.5, extraction temperature of 50 °C, enzyme-substrate ratio of 7.5 U/1 g, for an extraction time of 2
hours. The inulin yield achieved by this extraction method was 35.30% =+ 0.85%. EME offers
advantages such as easy handling, soft conditions, high efficiency, specificity, and no introduction of
impurities compared to the standard immersion methodology, making it a potentially promising
technique for inulin extraction [12]. In addition, the extraction of sugars from roots is essential,
especially for inulin and fructose, which are of major importance. Enzymatic hydrolysis of inulin is a
standard method, which includes the use of exo- and endo-inulinase enzymes.

Exo-inulinase breaks down molecules at the ends of the chain, while endo-inulinase affects
internal bonds. Optimal temperatures for different inulinase strains range from 30 °C to 60 °C.
However, enzymatic hydrolysis has the disadvantage of prolonged reaction times, which may be
problematic in the context of biorefinery processes, in addition to its high cost [2].
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Figure 4. Inulin structure after enzymatic hydrolysis.

2.1.5. Pulsed Electric Field Extraction

Extraction using the pulsed electric field (PEF) method is based on the principle of placing the
sample or material between two electrodes. A rupture in the cell membranes is induced when
exposed to an adequate external electric field, with better extraction recorded during short high-
intensity pulses [13]. The electric field must exceed the cell’s electrical endurance limit to cause
membrane deterioration. This deterioration depends on the field intensity; if the field is of low
intensity, the damage can be reversible. After membrane deterioration, the cell’s internal ingredients
can be directly extracted by the solvent. This technique is characterized by a non-thermal extraction
process for selective extraction, requiring less time and operating under environmentally friendly
conditions [14]. Additionally, polyphenol extraction from grape skin was enhanced by five electrical
pulses per second at levels of 30 to 60 kV [15].

Researchers demonstrated that applying pulsed electric fields was necessary to extract certain
polyphenols from grape marc and skin, which was not possible with other treatments. Results
showed that longer pulses were more effective, with maximum recovery achieved at specific pulse
strengths. Moreover, pulsed electric fields have been used to extract phenolics from various sources
such as apple pomace, sorghum flour, european blueberries, and rapeseed stems and leaves. Finally,
pulsed electric field application has been successfully used in large-scale production facilities for
processing large quantities of red and white grapes, demonstrating its industrial-scale efficiency [16].
For example, PEF electroporation associated with the effect of ohmic heating as a pretreatment for
the extraction of inulin from chicory roots.

Their results showed that ohmic heating at a high temperature (55 °C) coupled with high-
intensity electroporation (800 V/cm) damaged chicory tissue more than ohmic heating at a low
temperature (30 °C) with the similar PEF intensity. The diffusivity of solutes D for the various PEF
treatments at constant temperature (30 °C) was similar for equal Z values. Tissues preheated to 50 °C
and 70 °C exhibited minimal cell lysis without electroporation [17].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Inulin Pulsed Electric Field extraction.
2.2. Characterizations:

2.2.1. FTIR Analysis

Fourier transform infrared spectroscopy (FTIR), commonly associated with the ATR accessory,
is a basic non-destructive technique for the structural characterization of inulin in samples and
extracts. It provides confirmation of the presence of inulin-type fructans by detection of the
characteristic absorption peak at 935 cm~-1, which is specific to the (3-2(1)-glycosidic bond. The FTIR
technique was utilized to analyze the chemical composition and structural characteristics of inulin
extracts obtained from various samples. The FTIR spectra exhibited two typical bands at 3260 cm™
(O-Hbond) and 2926 cm™ (C-H bond), as well as bands at 1200-970 cm™! for C-C and C-O stretching,
and bands typical of inulin at 935 cm™ and 1075-1100 cm™. Jerusalem artichoke showed the highest
content of inulin and FOS, followed by chicory root, with artichokes having less inulin, as shown by
the band at 935 cm™ [6].

In the research by Nadezhda et al. [18], after inulin esterification with acetic anhydride using the
MAE method, FTIR spectroscopy confirmed the presence of acetyl residues in chicory inulin.
Esterification reduced -OH group vibrations, indicating acetyl substitution and new bands appeared
at 1749, 1373 and 1236 cm™ for C=0, C-H and C-O vibrations, respectively. The presence of (3-D-
fructose residues with glycoside bonds was indicated by bands at 817 cm™. Overall, FTIR analysis
verified successful inulin acetylation [18]. And finally according to Maria et al. [5], the FTIR analysis
of the extracts revealed spectra similar to standard inulin from chicory and other sources. Fructans
have a distinct band at 1050 cm, while inulin shows two shoulders at 940 and 1130 cml. Common
carbohydrate bands are seen in the 3000-2700 cm range. Additional bands at 1640, 835 and 770 cm-!
were noted. Extracts from artichoke inulin showed similar features. No significant differences were
observed among accessions. Sonicated extracts had a less intense 1050 cm* band, possibly due to the
extracting of other polymers or to chemical modifications [5].

2.2.2. HPLC Analysis

The HPLC method enabled precise identification and quantification of inulin and various low-
molecular-weight carbohydrates (LMWC) in plant extracts. The extracts obtained under optimal
conditions were analyzed using HPLC and FTIR spectroscopy. All sample extracts exhibited a similar
profile of low molecular weight carbohydrates, including inulin and fructooligosaccharides (FOS),
but their concentrations varied. Chicory and Jerusalem artichoke had the highest inulin content
(approximately 54 g/100 g dw), whereas the artichoke by-product (0.7 g/100 g dw) and core (1.71
g/100 g dw) had the lowest. Furthermore, chicory and Jerusalem artichoke also showed higher FOS
content (5.4-14.3 g/100 g dw) compared to globe artichoke samples (1.3-1.6 g/100 g dw). It has been
established that chicory root and Jerusalem artichoke tuber contain natural fructooligosaccharides
(FOS) with a degree of polymerisation (DP) of up to 7, and inulin chains reaching about 60 units.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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All samples contained sucrose, glucose, and fructose (5.7-9.3 g/100 g dw); in artichoke
inflorescence samples, glucose was the dominant sugar, whereas sucrose was identified as the
predominant carbohydrate in Jerusalem artichoke tubers and chicory roots, which are considered as
storage organs. The total LMWC content ranged between 65.4 g/100 g dw in chicory and 78.2 g/100 g
dw in Jerusalem artichoke, with globe artichoke samples having. The total LMWC content was found
to be significantly lower in both samples, reaching 9 g and 12.5 g per 100 g dw. The inulin + FOS
content ranged from 64% to 76% in chicory roots and Jerusalem artichoke tubers, significantly higher
than in artichoke samples. These differences in LMWC content were expected, as roots and tubers
are storage organs of plants, while inflorescence carbohydrates are metabolized into simple sugars,
as seen in globe artichoke [6]. RP-HPLC analysis of the purified inulin, compared with that of native
chicory inulin, showed a distinct chromatographic pattern with clearly separated peaks [9]. The first
monomer peak observed was fructose, followed by a glucose peak, sucrose (disaccharide), and then
FOS peaks, such as kestose and nystose. The degree of polymerization (DP) of inulin ranged from 2
to 35 units, consistent with previous studies.

The retention time of inulin units increased with higher DP, with each peak in the chromatogram
representing an inulin moiety containing more fructose than the previous peak. The FOS had a DP
ranging from 2 to 10 units and began to appear after the sucrose unit. The FOS content in inulin
extracted from JAT powder was found to be 16%, indicating a high FOS content in JAT powder. These
results were similar to those of earlier studies that showed FOS content in JAT inulin. The amount of
reducing sugars in the purified inulin was 3.22%, while the rest of the carbohydrates represented
pure inulin with a DP higher than 10 units [9].

2.2.3. Qualitative Analysis of Inulin Using Thin Layer Chromatography

Thin-layer chromatography (TLC) is an essentially qualitative method for identification of
inulin and FOS, allowing separation and observation of polydisperse carbohydrate units based on
their DP.

In the study by Alabadi and Abood [9], we can also observe that TLC analysis of inulin extracted
from JAT powder revealed a polydisperse carbohydrate with a DP ranging from 3 to 9 units; a higher
DP resulted in a lower retention factor (RF). The results of the TLC analysis were consistently with
the RP-HPLC analysis in terms of the separation of inulin units. It was noticed that the inulin
extracted from JAT powder, containing FOS, was appearing as distinct spots on the TLC plate. These
spots overlapped progressively as the molecular weight increased, leading to immobilization with
the mobile phase [9].

2.3. Purification of Solutions

2.3.1. Resin Exchange of Ion

Inulin extract, which is rich in impurities and brown in color, needs to be desalinated and
decolorized to attain high purity. Ion exchange resin, which is used in various industries, adsorbs
ions based on its properties. By mixing different resins, you can achieve the pH needed for industrial
production. Inulin’s sensitive reaction to acidic and basic conditions means you have to connect the
resins in series to make sure the desalting and decolorization really work.

The purification process for inulin extracted from JA starts with rinsing the ion exchange resin
using demineralized water to eliminate any residual impurities [8]. In order to maintain the integrity
of inulin and to comply for food standards, the extract produced after desalination must have a
neutral pH, which will prevent any degradation of the molecule. To achieve this, the process uses a
series combination of resins with strong basic, strong acidic and weak basic properties, allowing the
final solution to reach neutrality. Several resin combinations were tested for their effectiveness in
desalination and decolorization, evaluated by measuring absorbance at wavelengths of 420 and 720
nm (for the decolorization rate) and conductivity (for salinity reduction).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The results indicate that an optimal combination considerably reduces conductivity (from 7310
to 675 uS/cm) and salinity (from 0.39% to 0.03%). Above a treatment volume of 1600 ml of solution,
resin saturation leads to a gradual increase in conductivity and salinity levels, limiting the system’s
ability to approximately four times the volume of resin used [8].

2.3.2. Purification of Inulin by Membrane Filtration Method

Membrane filtration is a widely recognized technique for the purification of inulin due to its
ability to separate impurities while maintaining the bioactive properties of the polysaccharide. This
method provides an effective alternative to conventional purification techniques, combining high
selectivity with ease of operation and scalability. The purification of inulin and FOS from chicory
roots using membrane filtration technology according to Sagcan et al. [7].

This technique employs ultrafiltration membranes with pore sizes of 1, 5, and 10 kDa, enabling
effective removal of high molecular weight sugars, proteins, and impurities. The membrane filtration
system was manually operate using high-purity nitrogen gas with continuous stirring to prevent
membrane fouling and maintain filtration efficiency. The conditions of the process included a
pressure of 2 bar and a stirring speed of 400 rpm. Quantitative analysis of the inulin and FOS contents
was performing by HPLC with a refractive index detector, which confirmed purities of about 90% for
inulin and 76% for FOS [7].

This membrane filtration method has some cool perks, like high productivity, cheaper operating
costs, and higher product quality, which makes it a great alternative to traditional chromatography
purification methods in the pharmaceutical and food industries [7].

3. Inulin Properties

3.1. Solubility

The solubility of inulin is directly related to its DP: as the DP increases, the solubility of inulin
decreases, hence short-chain inulin is highly soluble. Additionally, solubility is temperature-
dependent, decreasing as temperature decreases. Therefore, temperature is the primary factor
influencing solubility [19,20]. The solubility of inulin in water is influenced by its polydispersity. The
solubility of inulin in water depends on the temperature and quantity of inulin in the sample.
Increasing the quantity of inulin increases solubility due to the broad distribution of inulin molecules.
Low molecular weight molecules dissolve first, followed by larger molecules until saturation.

The study found that at 25 °C, almost 90% of inulin is dissolved, with maximum solubility
reached at temperatures slightly above 60 °C. A reference curve was generated to determine the
concentration of dissolved inulin. The data suggests that The solubility of inulin rises as the sample
preparation temperature rises [21].

3.2. Rheological Properties

Inulin is recognized for its thickening and gelling abilities in aqueous solutions. Its gelling
behavior and rheological properties have been thoroughly investigated by Steffen et al. [21] and Xu
and Kenar [22], who have demonstrated that these characteristics are highly dependent on inulin
concentration, temperature, and preparation conditions, which makes inulin a valuable functional
ingredient in food and pharmaceutical applications [21,22]. Current research has examined the
rheological behavior of inulin by determining the G and G’* parameters at different concentrations.
G” (storage modulus) is a measure of the material’s stiffness. It is applied to characterize the stiffness
of inulin gels at various frequencies and concentrations, indicating the material’s capacity to retain
mechanical energy as elastic work. Conversely, G (loss modulus) measures the viscosity of the
material, indicating its capacity to dissipate mechanical energy in the form of heat. Solutions with an
inulin concentration of less than 25% weight do not form gels.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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However, from 27.5% by weight and up to 40% by weight, inulin solutions form gels, and the
rheological properties (G” and G”) of the gels increase with higher inulin concentrations, as shown
by the results reported in the article. Deformation sweep tests showed that inulin gels have a very
low linear range, less than 0.1%, which suggests that these gels are weak and can be easily affected
by forces or disturbances. The viscoelastic property of the gels was evaluated using conventional
methods involving a mechanical rheometer and dynamic light scattering (DLS) spectroscopy.

The results demonstrated that inulin gels are made up of three-dimensional networks physically
bonded by interactions and chain entanglements, which lines up with the results of stress relaxation
tests. These properties indicate that inulin gels hold up to external forces at really high frequencies
and are good at dealing with disturbances, even though they’re fragile and prone to major
deformations [22]. It has been demonstrated that the hardness of inulin gels is dependent on both the
preparation temperature and the size of the primary particles. The results indicating that the fracture
behavior of the gels is affected by the preparation temperature, with the hardness decreasing as the
temperature increasing.

Moreover, a high shear rate during preparation favors an increase in gel hardness. For instance,
a shear rate of 7000 rpm produces harder gels compared to 600 rpm, while maintaining the overall
trend of decreasing hardness with rising temperature. Above 60 °C, the solubility of inulin increases
to the point where over 20% dissolves, preventing the formation of a coherent gel upon cooling [21].

3.3. Reaction to Heat Treatment

Inulin-type fructans (ITF) and, to a lesser extent, short-chain fructooligosaccharides (scFOS) are
widely used as functional ingredients in many food products, including bread, biscuits and cakes.
However, depending on the manufacturing processes used, these ingredients may undergo thermal
degradation. Although the thermal stability of ITF has been studied, comparing results between
different studies is often challenging due to several confounding factors. When inulin is directly
exposed to thermal treatment at temperatures ranging from 135 to 195 °C for durations of 5 to 60
minutes, the most critical conditions for ITF degradation appear to occur at 165 °C for 30 minutes and
195 °C for 15 minutes [23]. ITF has been found to remain functionally stable when heated in solution
at 85 °C for up to 6 h under neutral pH conditions [24].

However, none of these studies reflect the matrices of a more complex food product approach.

3.4. Sweetening Power

Since inulin provides approximately 30 to 50% of the sweetness of sucrose and, above all, has a
low caloric value (1 to 2 kcal/g), it may be used as a substitutive or in combinations with other
sweeteners such as aspartame and acesulfame in various food products [25]. It has already been
demonstrated that adding inulin to baked foods not only replaces sugar, but also increases fiber levels
and improves rheological qualities [26]. The relatively low sweetness intensity of inulin restricts its
application as a direct sugar replacer. To overcome this limitation, various strategies have been
investigated. Enzymatic hydrolysis, for example, enables the conversion of inulin into FOS with
higher sweetness levels while preserving its prebiotic properties, although production costs and
enzyme stability may present challenges [27].

There are few studies specifically addressing the sweetness potential of inulin, although it is
frequently used as a sugar replacer in various formulations. Oligofructose-type inulin and inulin in
general have some big nutritional benefits as sugar replaceers. They’re low in calories, with just 1 to
1.5 kcal/g (versus 4 kcal/g for sucrose), don’t raise blood sugar levels, and don’t cause insulin
secretion, which means they’re good for people with diabetes. In addition, they support the growth
of beneficial bifidobacteria due to their prebiotic effect and enhance the dietary fiber content of foods
without negatively impacting their taste.

These qualities make oligofructose a functional ingredient of choice for developing products that
are high in fiber and low in sugar and calories, while keeping their nutritional value and sensory
qualities [25] [27,28]. An alternative approach is to combine inulin in synergy with intense sweeteners
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such as stevia or sucralose, which can reduce calorie intake while enhancing texture and taste,
although the synergistic interaction between these ingredients may necessitate adjustments. Laura
Furlan et al. [29] investigated the combining effects of stevia and sucralose with inulin as double
substitutes for sugar and fat in low-sugar, low-fat dairy desserts, prove the feasibility of this
formulation approach.

Their results indicated that incorporating 2.5% (w/v) inulin together with an equal blend of
stevia and sucralose (505t50Su2.51) significantly reduced syneresis and enhanced product stability
during 20 days of storage. This formulation also exhibited higher consistency, confirming the
functional role of inulin as both a fat and sugar replacer, and achieved greater sensory acceptance
than the commercial reduced-fat, reduced-sugar counterpart. Sensory testing revealed no differences
compared to the reference product in terms of flavor, color, or aroma, although texture was rated
more favorably in the inulin-enriched formulation [29].

4. Inulin Application, Its Biological and Physical Effects

4.1. Application in Food Industry

Nowadays, there is growing demand for inulin due to its wide use in food fortification and the
produce of beverages, diet supplements, animal feed, and pharmaceuticals [30]. There’s growing
interest in inulin as a food ingredient because of its positive effects on human health, which are mostly
related to its degree of polymerization and its branching [31].

Inulin is currently widely used in the food industry: it acts as a low-calorie sweetener, a fat
replacer in dairy products, a non-digestible fiber, and a prebiotic [32-34]. In addition In addition to
its nutritional benefits, inulin can be utilized as a rheological modifier in food preparation due to its
high water retention capacity, white color, and characteristic powder resembling flour or starch, as
well as its excellent gelatinous consistency characteristic [35,36].

4.1.1. Organoleptic and Rheological Aspects

Highly polymerized inulin can be used in food products to improve organoleptic and
rheological characteristics, including the stability of foams and emulsions. In addition, it has been
highlighted that inulin obtained from Jerusalem artichoke can be utilized as a bioactive ingredient in
dairy products (yogurts and cheeses), bakery products (cakes, cookies, and bread), sausages, and
beverages [37-39]. The quality of composite gels made from proteins and polysaccharides plays a
crucial role in their practical use in the food industry.

The textural properties of protein-gluten gels containing inulin were investigated under thermal
processing conditions, using different concentrations of L-, M-, and H-type inulin. As the inulin
content rises, the hardness of the gels decreases, with higher molecular weight inulins yielding softer
gels at a constant inulin content. Hardness is affected by various interactions, like ionic and disulfide
bonds, that impact the gelation process. A decrease in gel hardness indicates changes in the
interactions within the mixture due to the changing properties of the inulin. The presence of inulin
leads to lower gluten density and disrupts the formation of the gluten network, affecting the cohesion
of protein-inulin gels. Adding M or H-type inulin instead of L-type inulin reduces chewiness,
requiring less force to chew, potentially improving mouthfeel. The increase in inulin content
correlates with trends in chewiness and hardness, consistent with previous studies. The recovery of
protein-inulin gel decreases with increasing inulin content, reaching a minimum at 40% added inulin.
H-type inulin causes more significant textural damage to the gluten gel properties compared to L-
and M-type inulin, affecting hardness, cohesion, and recovery. Inulin having a higher degree of
polymerization has a stronger impact on the gluten protein structure, significantly weakening the
gluten gel, especially with high concentrations or large molecular weight inulin, resulting in a softer
heat-induced inulin-gluten gel [40].
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4.1.2. Inulin Heat Treatment in Bakery Products

Thermal treatment of inulin conducted by Whelan et al. [41], the fructan content of several
supermarket breads as well as white bread vs white toast was discussed. The authors demonstrated,
after correction for moisture loss, that white toast had a slightly lower fructan content compared to
its white bread counterpart (0.28 g vs. 0.33 g per slice). However, although these results suggest a
slight loss of fructans due to toasting, it can be said that the amount lost 0.05 g is negligible and has
no significant functional effect [41]. The Maillard reaction also occurs in the baking process, resulting
in the formation of brown pigments in baked products. The Maillard reactions ia a non-enzymatic
browning reactions involving the amino group of amino acids and the carbonyl group of reducing
sugars [42].

ITF is a mixture of reducing and non-reducing oligosaccharides, making it susceptible to
participating in the Maillard reaction [34]. Several studies have discussed the impact of baking
processes on bakery and pastry products. The focus of these studies is that the addition of ITF to these
products alters the color of the final product through browning. For example, in the study by Poinot
et al. [43], it was found that bread containing 5% ITF darkened 3 minutes faster than bread containing
0% and 3% ITF. This suggests that reducing ITF participates in the Maillard reaction, thereby
accelerating the cooking rate. However, given that most bakery products are baked for a relatively
short duration and that the core temperature of the product generally does not exceed 100 °C, the
rate of ITF involved in the Maillard reaction is likely to be minimal [43].

4.1.3. Inulin Effect on Sensory Quality and His Acceptability

The sensory quality of inulin was evaluated in two tofu varieties, Balkan and Lana. Their
comparison between tofu with and without inulin revealed that the addition of this ingredient
enhances the sensory quality of the food, and that the higher the amount of inulin, the better the
sensory quality of the final product. Inulin-enriched Balkan-type tofu exhibited the best flavor, odor
and color, while the Lana variety stood out for its texture and sectional appearance. Sensory analysis
showed that Balkan tofu achieved the highest average score in terms of sensory quality following the
addition of inulin at a concentration of 25 g/L. The addition of inulin had a significant impact on the
flavor and oral texture of tofu, a moderate impact on odor and a low impact on color. Thus, the
incorporation of inulin into tofu, without the lipoxygenase enzyme, played a significant role in
enhancing the sensory attributes of quality [44].

4.1.4. Texture

Krystyjan et al [45] emphasized that adding 10% inulin could cause viscoelastic changes in pasta
[45]. Haijian et al. [46evaluated the degree of starch recrystallization during the cooling process of
starch paste, particularly the level of crystallization and rearrangement of amylose molecules.
evaluated the degree of starch recrystallization during the cooling process of starch paste, particularly
the level of crystallization and rearrangement of amylose molecules. This phenomenon could be
related to the presence of small sugars in inulin, which positively influence the inhibition of starch
retrogradation or the formation of a layer around starch particles, limiting the rearrangement of the
amylose molecular structure in the paste [46]. According to Luo et al. [47], Starch deterioration
depends on the degree of recrystallization of amylopectin. The study shows that retrogradation
enthalpy values decrease with the addition of inulin, probably due to the presence of mainly low
molecular weight sugars, such as fructose, sucrose, and trehalose, that can delay starch retrogradation
and recrystallization [47].

4.1.5. Quality of a Product

Inulin was also included in candies to qualify them as “high fiber” products for dysphagia
prevention. The fortified products offered greater firmness, flexibility, consistency, and binding than
any hydrocolloid used, as shown by the back extrusion test [48]. According to some studies, fortifying

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1824.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 December 2025 d0i:10.20944/preprints202512.1824.v1

12 of 26

durum wheat flour with inulin can prolong stability time and quality and decrease water absorption
and bread volume. Inulin could potentially reduce bread baking time without any effect on quality
[43]. The addition of inulin to the biscuit dough has been demonstrated to enhance the quality and
shelf life of the biscuits. [49]. Biscuits enriched with Jerusalem artichoke powder, a natural source of
inulin, demonstrated high consumer acceptability while providing lower energy content compared
to conventional wheat flour biscuits [50]. Meat, an important part of the human diet, is high in fat
and protein. To make it more healthy, some functional ingredients, like indigestible polysaccharides,
are added., can be added in meat products such as burgers [51,52], sausages [53-60], ham [61], patties
[62] and minced meat [63].

The inulin contained in meat products helps retain water, reduce cooking losses, and maintain
tenderness. One of the factors that reduce the shelving life and quality of meat is lipid rancidity,
caused by high levels of unsaturated fatty acids and oxidizing compounds present in meat. Meat
processing also speeds up the oxidation of lipids by liberating membrane phospholipids. This
problem can be mitigated by the addition of indigestible antioxidant polysaccharides, complex
polysaccharide fragments linked by a {3-1,4-glycosidic linkage that cannot be digested by humans,
such as lignocellulose (cellulose, hemicellulose, lignin, and pectin), dietary fiber (gum, resistant
starch, agar), and inulin[64].

4.1.6. Effect of Inulin on the Heat Treatment of Infant Milk Formula

Inulin, when combined with milk proteins, specifically whey proteins, has a significant effect on
the denaturation temperature (Td) of whey proteins (WP). The addition of casein and inulin in the
formulation of infant milk formula (IMF) does not affect the Td of WP, but inulin significantly
increases the Td of non-heated formulas. After thermal treatment, the Td of WP and WP-INUL
combinations (containing inulin) increases only from 75 °C, whereas the Td of WP-CAS and WP-
CAS-INUL combinations (with casein and inulin) increases from 70 °C and 75 °C, respectively. This
indicates that inulin alone shifts the Td of WP to higher temperatures, thereby delaying their thermal
denaturation. In the presence of casein, the effect of inulin is even more pronounced, increasing the
Td from 70 °C. Thus, inulin has a protective effect on WP against thermal denaturation by increasing
their denaturation temperature, especially when combined with casein. This effect is likely due to
interactions between inulin, casein, and WP that stabilize the protein structure and delay their
denaturation [65].

4.2. Biostimulants for Agriculture

Coating zinc oxide nanoparticles with inulin has been shown to enhance their efficiency. This
method has demonstrated positive effects on the stimulation of bean seedling growth, including a
considerable accumulation of zinc in the leaves, showing the potential of inulin-coated zinc oxide
(ZnO) nanoparticles to serve as biostimulants for agriculture.

The study compares two methods of synthesis—a two-step process and a single-step gel-type
process —highlighting significantly different sample morphology and electronic characteristics. The
study is focused on characterizing the samples, especially their phase, morphology, and coating level,
with different techniques such as X-ray diffraction and infrared spectroscopy. Initial bioactivity tests
on fava bean seedlings demonstrated growth stimulation and zinc accumulation in the leaves,
showing how effective the coated nanoparticles are. The two-step method shows the most promise
for creating effective ZnO nanoparticles coated with inulin for use as biostimulants, owing to the
optimized properties of size, morphology, and the degree of coating.

Inulin has a crucial role by acting as a mimetic agent that aids the absorption and transfer of
nanoparticles in the plant, helping their distribution and increasing their efficiency in the
biostimulation process. Additionally, the inulin coating protects the zinc oxide nanoparticles from
degradation, thereby increasing their bioavailability within the plant. Inulin also facilitates the
significant migration of the metal to the leaves after being absorbed by the roots, while continuously
offering protection against nanoparticle degradation [66].
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4.3. Pharmaceutic Industry

4.3.1. Inulin in Drug Delivery System

The application of natural materials for drug delivery offers a number of advantages over
artificial materials. Natural polysaccharides are used for the controllable delivery of bioactive
substances. They overcome various disadvantages associated with synthesised polymers, such as
biodegradation, high cost of chemical modifications, poor receptor targeting abilities, instability,
weak mechanical properties, and excretion. Natural polysaccharides have properties that meet many
of the requirements of optimal drug delivery systems, including stealth and targeting abilities [67].

Inulin has distinctive and adaptable structural properties, providing protective and stabilizing
effects, and possesses effective organ targeting capabilities, making it a remarkable biomaterial for
drug delivery in comparison to other biodegradable polysaccharides. Inulin has a flexible backbone,
unlike other polysaccharides, due to the absence of a carbohydrate ring. Coupled with its relatively
high glass transition temperature (Tg), this property makes inulin an effective stabilizer for proteins
under dry conditions, making it suitable for use in the food and pharmaceutical industries. In plus,
thanks to its linear and flexible structure, inulin has an awesome ability to stabilize proteins and lipid-
based delivery systems relative to many other polysaccharides. Its capacity to form a gel sensitive to
the degree of polymerization and its viscoelastic nature make it a good choice for developing delivery
systems, such as gels.

Inulin has been investigated for targeted drug delivery to the colon due to its ability to endure
the acidic environment of the stomach, which is advantageous for any biomaterial or delivery system
built from these biomaterials intended for use in delivering drugs to the colon, where they can be
efficiently absorbed by the intestinal epithelium into the bloodstream. The various drug delivery
systems have been explored in order to administer different drugs that utilize the potency of inulin
in the therapy of several diseases. Numerous research groups have also focused on the potential and
achievable chemical modification of inulin to produce advanced formulations, which have opened
up novel and promising avenues for the treatment of various diseases, including ulcerative colitis,
Morbus Crohn [68].

4.3.2. Anti-Inflammatory Effect: Insights from Advanced Omics Approaches

The use of two advanced omics approaches allowed for a better understanding of the molecular
effects of inulin on the regulation of inflammatory activity, as suggested by previous in vitro and in
vivo studies. The results showed that inulin has two main effects contributing to its anti-inflammatory
properties. First, the reduction of NF-«kB levels: inulin decreases the levels of NF-kB, a key
transcription factor in inflammation, thereby reducing the expression of pro-inflammatory genes
such as COX2 and, consequently, inflammatory prostaglandins. Second, the stimulation of Hmox1
transcription: inulin also stimulates the transcription of Hmox1, an antioxidant defense protein, via
the Nrf2 pathway. These mechanisms of action on the NF-kB and Nrf2 pathways explain the overall
decrease in the expression of genes coding for inflammatory cytokines and chemokines observed in
the transcriptomic analysis, resulting in a global anti-inflammatory effect of inulin. The study of
bioactive molecules and their impact on the human body is a complex and constantly evolving field.
Consequently, further research on inulin is necessary, and it would be helpful to study its anti-
inflammatory effects locally in the intestinal epithelium [69].

4.4. Application in Cosmetic Industry

In the cosmetic industry, inulin is regarded an antimicrobial agent that confers a a protective
effect on the skin and mucous membranes thanks to its probiotic nature. Inulin is used in the cosmetic
industry as a stabilizing agent. Plant sources have antioxidant properties and are used in cosmetic
formulations for their ability to protect against cell damage caused by free radicals that damage skin
cells. Probiotics including inulin are widely used in the cosmetic industry, as highlighted by Jiaxin
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Dou et al. [70]. This study summarized the results of trials on the use of probiotics in lotions,
conducted in vivo, ex vivo, and in vitro. These lotions are commonly incorporated into anti-aging
creams for their ability to prevent the deterioration of epidermal cells and to hydrate the skin.
Additionally, probiotics have demonstrated their effectiveness in skin lightening by inhibiting
melanin production by epidermal cells exposed to prolonged UV rays [70].

4.4.1. Use of Inulin in Gel Formulation

Plant substances are a rich source of primary and secondary metabolites. Many of these
compounds have antioxidant qualities and are used both as inactive ingredients and active agents in
cosmetic preparations. In addition, these components play a significant role in the prevention of cell
damage caused by free radicals. Reactive oxygen species can induce oxidative stress, causing
disturbances in cell metabolism and membrane lipid peroxidation. Free radicals also damage amino
acids and proteins, altering their chemical structure and damaging mitochondrial DNA, as well as
degrading elastin, or structural changes in collagen. As a result, the changed proteins become less
active and build up in cells, accelerating their aging. Free radicals also impact carbohydrates, notably
by depolymerizing hyaluronic acid, a key component for keeping skin hydrated [71].

4.4.2. Antioxidant Activity

Plant-based antioxidant compounds are super important for protecting cells against oxidative
damage, particularly in the skin. Adding them to cosmetics is a great way to fight against premature
skin aging due to oxidative stress. Cosmetics with plant-based antioxidants have a lot of advantages
over those with synthetic ingredients. First, these natural compounds are more readily absorbed by
the skin and pose less of a risk of causing allergic reactions or skin sensitization. In addition, they
inhibit the oxidation process of other substances used in cosmetic formulations, which also extends
the stability of the product. Inulin, which is the most common polysaccharide in chicory and
Jerusalem artichoke, has the ability to neutralize certain reactive oxygen species, such as superoxide
anion, hydroxyl radical, and hydrogen peroxide. The analysis was based on the resazurin test, a rapid
and sensitive technique for measuring cell proliferation and in vitro cytotoxicity.

The resazurin dye changes color from blue to red in reaction to reduction by living cells present
in the culture medium. The tests were performed with concentrations ranging from 1 to 5 mg/mL.
The greatest decrease compared to the control sample was observed with inulin obtained from
chicory at a concentration of 2.5 mg/mL. These studies suggest that a concentration of 5 mg/mL of
inulin in a cosmetic formulation should not irritate the skin and could promote fibroblast
proliferation. In the second part of this study, shower gel formulas were tested with the addition of
inulin to evaluate their potential for skin irritation. The risk of skin irritation is a major drawback of
body wash cosmetics due to the presence of surfactants, which can interact with the skin’s surface
proteins, denature them and ultimately wash them away. The inulin-enriched gels were subjected to
skin interaction tests (zein test) to evaluate their potential for irritation, allergy and sensitization (by
patch test). The results showed that the addition of inulin to shower gel formulations significantly
reduces their potential for skin irritation. Compared to the baseline sample without inulin (zein value
of approximately 300 mgN/100 mL), gels containing inulin have a skin irritation potential reduced
by about 40%. However, the study did not show a significant influence of inulin concentration or
plant origin type on skin irritation potential [71].

5. Modification of Inulin

5.1. Inulin Butyrate Ester

Several polysaccharides with complex structures have been chemically modified to enhance
their intrinsic biological functions. These modifications include the alteration of groups such as
hydroxyl, carboxyl, and amino by introducing new groups like sulfuric acid, alkyl and
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carboxymethyl. Modified inulin is widely used in various industries due to its numerous improved
properties. According to Zhu et al. [72], inulin was esterified using pyridine to dissolve it in a round-
bottom flask placed in an oil bath. Esterification was achieved through the gradual addition of butyric
anhydride until the complete dissolution of inulin, with constant agitation throughout. This was
followed by a 24-hour reaction period. After a 24-hour reaction at controlled temperature, the
mixture was first extracted twice, first with 100 mL of water, then with 200 mL of dichloromethane.
Next, saturated solutions of sodium chloride and sodium bicarbonate were utilized to wash the
organic phase, eliminating excess pyridine and any residual anhydride. Finally, the product was
concentrated by rotary evaporation and the inulin butyrate ester (IBE) was obtained using a vacuum
pump. The obtained IBE was analyzed by FTIR spectroscopy. The analyses showed that the spectra
of inulin had peaks at 3394, 2927, 1423, and 1033 cm-1, indicating hydroxyl and C—H stretching
vibrations. After reacting with butyric anhydride, new peaks at 1743 and 1253 cm-1 appeared,
indicating ester carbonyl (C=0) and acetyl (—COCH:CH2CHs) groups. Peaks at 2965, 2881, 2742, and
2672 c¢m-1 indicated the addition of propyl groups (—CH2CH2CHs). 1H NMR confirmed the
connection with butyric anhydride, validating the conversion to butylated inulin and the successful
creation of IBE. Different factors can influence the DS, such as the molar ratio of butyric anhydride to
inulin.

Experiments conducted with butyric anhydride/inulin ratios from 1.5:1 to 4:1 at a constant
temperature of 60 °C, an inulin concentration of 25% and a reaction time of 24 h showed that the DS
increased with the ratio, reaching a maximum of 1.94 with a ratio of 1:3,5. However, further increases
in the ratio led to more by-products and purification difficulties. A ratio of 4:1 was chosen as optimal
for other experiments using response surface methodology (RSM). Inulin concentration also affects
the DS of IBE. Experiments with inulin concentrations from 15% to 35% showed that DS increased
up to 25% but decreased beyond that due to increased viscosity inhibiting substitution. The DS of IBE
was also studied at different temperatures (20-70 °C) with a ratio of 4:1 butyric anhydride/inulin, an
inulin concentration of 25%, and a reaction time of 24 h. DS increased up to 40 °C but then decreased
due to side reactions. The antioxidant activity of inulin butyrate ester (IBE) was compared to that of
native inulin, showing that while inulin has a low capacity to scavenge superoxide anions, IBE’s
scavenging ability increases with concentration, especially at 3.2 mg/mL, indicating enhanced
superoxide capture due to butyrylation. For highly reactive hydroxyl radicals, inulin’s scavenging
remains stable, but IBE’s capacity improves with concentration, peaking at 1.6 mg/mL, surpassing
inulin’s effectiveness at higher doses.
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Figure 6. Esterification by butyric anhydride.
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Additionally, during in vitro fermentation, IBE initially produced fewer short-chain fatty acids
(SCFAs) than inulin, but after 48 hours, IBE generated higher overall SCFA levels, including increased
proportions of propionate and butyrate. These SCFAs, resulting from gut microbial fermentation of
dietary fibers, benefit health, and IBE’s structure allows it to act as a carrier, releasing butyrate
specifically in the colon, thus potentially enhancing total SCFA production and the butyrate ratio [72].

5.2. Inulin Acetylation and the Use in Prodrugs

Use of inulin in the manufacture of prodrugs, whether by esterification of bonds or by formation
of Schiff bases with bioactive substances. Certain drug molecules containing carboxyl and hydroxyl
groups have low bioavailability and diffusion are limited through lipid membranes due to the
ionization of these functional groups in a physiological condition. The formation of inulin derivates
by esterification with other groups can generate molecules with the desired hydrophilic, lipophilic,
and in vivo characteristics. esterification with other groups can produce compounds with the desired
properties of hydrophilicity, lipophilicity, and in vivo activity. Researchers created a drug based on
inulin and metronidazole by combining them through a chemical reaction (1,10 carbonyldiimidazole
(CDI)). Catalysts were used to improve this reaction. This inulin-based drug performed well in the
stomach but quickly decomposed in the intestine to release metronidazole. This decomposition is
important to activate metronidazole and its effect against amoebas. The second type is a prodrug
based on Schiff bases with bioactive substances.

Drugs containing amines tend to ionize at physiological pH, which can lead to accelerated
diffusion, a higher first-pass effect, instability, and off-target delivery to non-tumor sites. This makes
the advancement of amino acid prodrugs very problematic for formulation researchers. To overcome
this challenge, researchers developed a method involving the binding of procainamide to inulin to
prevent its diffusion throughout the body and ensure its cellular absorption via pinocytosis. In vitro
release studies showed that the drug was slowly released from the prodrug and that the rate of release
was affected by the medium ionic strength. One of the problems faced was the low prodrug yield,
which was attributed to a slower-reacting inulin hemiacetal intermediate. formed during the
oxidation process. To address this issue, a different coupling method was used, activating inulin with
epichlorohydrin before coupling it to procainamide in a neutral medium. [73].

5.3. Inulin Acetate

The esterification of inulin from various sources was carried out to obtain inulin acetate (InAC)
with different degrees of acetylation, notably 2.5 and 3.0. This method offers several advantages,
including a significant reduction in acetylation time and the elimination of the use of DMF (N,N-
dimethylformamide) as a solvent for esterification. Therefore, inulin esterification was performed
using microwaves with acetic anhydride and in the presence of anhydrous sodium acetate. INnAC was
tested against certain microorganisms and exhibited inhibitory activity against various
microorganisms.

For example, at a concentration of 1 mg/mL, InAC showed an effect against Listeria
monocytogenes and Staphylococcus aureus, comparable to that of the antibiotic Biseptol. However,
it had no effect on Bacillus subtilis, Salmonella Typhi, yeasts, and fungi. Inulin acetate derived from
short-chain inulin (DP<9) inhibited Beauveria bassiana at a concentration of 5 mg/ml, while that
derived from long-chain inulin (DP>22) had no effect on Beauveria bassiana. Inulin acetate with a
degree of acetylation of 3.0 exhibited the highest level of inhibition of microbial activity,
demonstrating antimicrobial effects against Candida albicans, Escherichia coli, and Aspergillus niger at a
concentration of 1 mg/ml. A high concentration of inulin acetate, 50 mg/ml, inhibited the proliferation
of microorganisms such as Bacillus cereus, Escherichia coli, Salmonella abony, Candida albicans, and
Penicillium spp. Thus, inulin acetate may be proposed as a solution in the formulation of disinfectants
or fungicides as an ecological and biodegradable solution [74].
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5.4. Chemical Functionalization of Inulin by Small Molecular Weight Molecules

Inulin can be modified through various chemical treatments for use in the pharmaceutical
industry, as explored in the review article by Giuseppe Tripodo and Delia Mandracchia [75]. This
article reviewed numerous studies and experiments on inulin modification, including the chemical
functionalization of inulin by small molecular weight molecules. The derivatization of inulin (INU)
with small molecules such as acetyl groups significantly modifies the physicochemical properties of
the final product, depending on the substituent and its degree of substitution (DS). The reaction
generally occurs on the primary hydroxyl group (C6) of fructose. Researchers have synthesized an
INU prodrug with 5-aminosalicylic acid (5-ASA) protected by a formyl group. The INU-5-ASA
derivative is not digested but fermented by intestinal bifidobacteria. Ibuprofen has also been
conjugated to INU by esterification, forming micelles capable of loading the drug
methylprednisolone. Other acetylated or methylated derivatives have been obtained with a high DS,
making INU insoluble in water. Despite these modifications, INU remains poorly degraded by
inulinase and bifidobacteria. Solubility depends on the DS of acetyl groups, while succinyl groups
increase aqueous solubility. INU has also been carboxymethylated to obtain a polyanion usable as a
dispersing agent. Cationic polyamine derivatives have been synthesized for gene delivery by
complexing nucleic acids [75].

6. Sustainability

6.1. Economical

The economic analysis of inulin production from chicory in the H2020 CHIC project highlights
the significant positive impact that new plant breeding technologies (NPBTs) can have on the value
chain. The study shows that improved chicory variants with a higher inulin content, 19% compared
to the conventional 17%, enable higher production yields and consequently greater economic output.
The global market for inulin is sizeable, with over 200 kilotons produced annually and a market value
close to one billion US dollars [77]. Key exporters include Belgium, Chile and the Netherlands, which
together account for 99% of export volume [77]. Socio-economic assessments using multi-regional
input-output (MRIO) analysis reveal that NPBT-based inulin production increases the total value
added to the economy by over 40 million euros in multiproduct scenarios including health-beneficial
terpenes and by around 5 million euros in improved inulin-only scenarios, relative to reference
processes.

This translates to direct value added making up half of total production output in NPBT
scenarios, compared to only a third in the conventional process. The value-added effects largely
accrue in the Netherlands and across the European Union, boosting regional economic activity, job
creation (up to nearly 1,000 jobs in the multiproduct case) and competitiveness. In addition, the
multiplier effect for NPBT inulin and terpene production is substantial, with 2.4 euros of value added
generated per euro spent by the end consumer, demonstrating strong indirect and induced economic
benefits. Environmental benefits accompany these economic gains, with NPBT scenarios showing
lower greenhouse gas emissions and energy demand. Overall, the incorporation of innovations in
chicory breeding significantly improves the economic viability and sustainability of the inulin supply
chain in Europe [76]. In the technical-economic analysis focusing on the valorization of chicory pulp
as an industrially valuable by-product of inulin extraction, biomass valorization may be economically
attractive, significantly improving the utility value of residues.

The primary costs in this sector are linked to capital invests and labor expenses, with significant
potential for optimizing through increasing production capacity. However, the profitability is highly
influenced by the market prices achieved for the bioactive extracts that are produced. In the cosmetics
sector, as an example, natural bioactive extracts deriving from chicory are regarded as substitutes for
synthetic preservation agents, and their prices can be significantly more expensive than traditional
preservation agents, thus opening up significant economic opportunities for the valorization of
chicory biomass [77].
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6.2. Environmental

Agricultural processing generates substantial waste residues that present significant disposal
challenges and adverse environmental consequences. To address these sustainability issues, research
initiatives are working hard to develop ways to make the most of byproducts from processing plants
rich in inulin, like agave, chicory, coffee, and sugarcane. The biological conversion of these residual
waste streams, such as agave leaves, chicory root waste, wheat bran, coffee pulp, sugarcane bagasse,
and apple pomace, into value-added products is a key area of research [78-83].

Jerusalem artichoke is an alternative source of inulin, with tubers that contain 14-19% inulin on
a dry weight basis [84]. This perennial crop provides numerous environmental benefits for ecosystem
protection and degraded land restoration [85]. The species shows rapid biomass accumulation
combined with minimal agronomic input requirements, such as the reduced use of pesticides,
fertilizers, and irrigation water [86].

The environmental assessment of inulin produced from chicory has significant implications for
the sustainability of food systems in Europe. Based on a comprehensive life cycle assessment (LCA)
of the whole value chain, the conventional production of inulin from chicory generates greenhouse
gas (GHG) emissions of 1.46 to 1.62 t CO; eq. per ton of inulin generated, with a cumulated primary
energy demand of 7.16 to 7.91 MWh/t. The implementatation of new plant breeding technologies
(NPBT) for developing chicory varieties with increased inulin content (19% instead of 17%) presents
substantial environmental advantages. In particular, the enhanced inulin production process reduces
GHG emissions by around 11% while a multi-product process yielding both inulin and health-
promoting terpenes can achieve a reduction of around 14% versus the baseline scenario.

An important conclusion of the detailed environmental assessment is that the processing stage
is the primary source of environmental impacts, representing 77 to 80% of total GHG emissions and
81 to 84% of primary energy consumption, whereas transportation accounts for only a marginal
contribution, with 9 to 10% of total emissions. The electricity mix in the processing phase appears to
be the major source of emissions, representing approximately 59% of GHG emissions in the improved
inulin production process. This identification points to a significant opportunity for reducing
environmental impacts: the shift to a renewable electricity mix could decrease GHG emissions by 47
to 53% and reduce the primary energy demand by 22 to 26%. Such a transition is entirely consistent
with Europe’s commitment to climate-neutral food production, as set out in the European Green Deal
and the Farm to Fork Strategy, makes chicory-based inulin a viable pathway to achieving
sustainability objectives within the European food system [76].

6.3. Sociological

The study done by Camille Amadieu et al. [87] demonstrated that inulin supplementation in
patients with alcohol use disorder (AUD) undergoing withdrawal had a positive impact on the
compositional diversity of the gut microbiota and on certain sociability aspects, without impacting
gastrointestinal symptoms. This pilot study examined the effects of inulin supplementation over a
three-week period in 50 patients with AUD who were hospitalized for alcohol dependence. Patients
were assigned randomly to two groups: one group consumed 16 g/day of inulin, while the other
group consumed a placebo. Questionnaires were used to assess gastrointestinal symptoms,
depression, anxiety, craving, and sociability. The results showed that inulin supplementation
improved certain aspects of sociability in AUD patients, notably by increasing social motivation and
interest in social interactions.

This positive effect on sociability could be linked to changes observed in the gut microbiota,
which can influence brain function and behavior through the gut-brain axis. Inulin supplementation
showed a significant increase in sociability scores for moderately pleasant social activities from the
beginning to the end of the study in the inulin group, unlike the placebo group where the score
remained stable. No significant effect of inulin was observed on sociability scores for very pleasant
or less pleasant social activities. Furthermore, a significant positive correlation was found between
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the increase in Bifidobacterium in the gut microbiota and the improvement in sociability scores in the
inulin group.

This suggests that the specific changes induced by inulin in the composition of the gut
microbiota, particularly the increase in Bifidobacterium, could be related to the observed positive effect
on certain aspects of sociability. This beneficial effect of inulin on sociability is particularly interesting
as it could facilitate the social reintegration of AUD patients undergoing withdrawal, a crucial aspect
of their care [87]. The work of Maria Hingsamer et al [76], aforementioned in Section V.1, describes
the sociological impact of inulin. The production of inulin from new NPBT (New Plant Breeding
Techniques) variants of chicory has significant positive socio-economic effects. It creates more jobs
than the current process based on conventional chicory, generating nearly 1,000 jobs in the multi-
product production scenario (inulin and terpenes), compared to only 652 jobs in the reference
scenario. These jobs are created mainly in sectors upstream and downstream of inulin production,
like agriculture, the food industry, chemicals, and business services. The extra value generated by the
multi-product process is also more than $40 million higher than the baseline process, reaching $41
million. Around 70% of this added value is generated in the Netherlands and more than 80% at
European level, which highlights the significant regional economic benefits of this new industry.
From a policy perspective, these findings demonstrate that NPBT-based value chains have the
potency to enhance the EU’s competitive position and reduce its external dependency. Their
incorporation into regional and European food strategies may therefore yield socio-economic benefits
[76].

7. Conclusions

In conclusion, inulin is a polyvalent polysaccharide with a variety of properties, applications,
and modification capabilities, which makes it a valuable ingredient in a range of industrial sectors.
As a soluble dietary fiber of the fructan family, inulin is composed of fructose chains linked by 3-(2-
1) bonds, with a degree of polymerization (DP) usually between 2 and 60. This structural variety
confers unique functional properties on inulin, such as solubility, emulsification, and gelation, that
are essential for its application in the food industry. Inulin can be extracted by several methods, such
as hot water extraction, microwave-assisted extraction, ultrasonic-assisted extraction, enzymatic
extraction, and pulsed electric field (PEF) methods. Each method has its propres advantages and
disadvantages in terms of accuracy, yield, and environmental impact. For example, while hot
extraction is a simple and widely used method, MAE and UAE methods have proved to be more
efficient and faster. Enzymatic methods offer great specificity and work under mild conditions, but
can be more expensive. Optimizing these extraction processes is crucial to maximize yield while
minimizing energy consumption and costs. Inulin is known for its health benefits, in particularly for
promoting gut health by acting as a prebiotic. It supports the growth of beneficial gut bacteria, that
can help improve digestive health and strengthen the immune system. In addition, inulin is known
to help regulate blood sugar levels and support weight management by increasing feelings of
fullness. With the global rise in obesity and associated health problems, the demand for functional
ingredients such as inulin has gone up, pushing food manufacturers to reformulate their products by
reducing fat and sugar levels while keeping the good sensory characteristics.

Inulin can therefore be modified to enhance its functional properties or give it new
functionalities. Techniques like esterification can be applied to produce derivatives such as inulin
butyrate or inulin acetate, which can potentially offer better solubility and modified rheological
properties. These modifications extend the applications of inulin to sectors other than conventional
food products, such as pharmaceuticals and cosmetics. Sustainability is becoming increasingly
important in inulin production. Utilizing agricultural by-products, such as chicory or artichoke
residues, can reduce waste and serve as a valuable source of functional ingredients, particularly
inulin.

This not only supports environmental sustainability but also provides economic benefits
through the creation of new sources of income for farmers and producers. In summary, the various
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properties of inulin make it a key ingredient in a wide range of sectors, notably in food technology,
where health considerations are becoming increasingly important. As research keeps uncovering new
uses and benefits, and extraction and modification methods keep getting more advanced, inulin’s
important role is expected to grow. In addition, the recent focus on sustainable practices will drive
inulin to be a key part of meeting both consumer demands and environmental challenges facing the
food industry.
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Abbreviations

The following abbreviations are used in this manuscript:

AUD Alcohol Use Disorder

ATR Attenuated Total Reflectance

CDI 1,1’-Carbonyldiimidazole

DP Degree of Polymerization

DPa Average Degree of Polymerization
DMF N,N-Dimethylformamide

DS Degree of Substitution

DWS Dynamic Light Scattering Spectroscopy
EME Enzymatic Extraction

FOS Fructooligosaccharides

FTIR Fourier Transform Infrared Spectroscopy
GHG Greenhouse Gas

G’ Storage Modulus

G” Loss Modulus

HPLC High-Performance Liquid Chromatography
HWE Hot Water Extraction

IBE Inulin Butyrate Ester

IMF Infant Milk Formula

InAC Inulin Acetate

INU Inulin

ITF Inulin-Type Fructans

IBE Inulin Butyrate Ester

IMF Infant Milk Formula
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InAC Inulin Acetate

INU Inulin

ITF Inulin-Type Fructans

JAT Jerusalem Artichoke Tuber
LCA Life Cycle Assessment

LMWC Low-Molecular-Weight Carbohydrates
MAE Microwave-Assisted Extraction

MRIO Multi-Regional Input-Output

NF-xB Nuclear Factor Kappa B

NPBT New Plant Breeding Technologies

Nrf2 Nuclear Factor Erythroid 2-Related Factor 2
PEF Pulsed Electric Field
RF Retention Factor

RP-HPLC Reversed-Phase High-Performance Liquid Chromatography
RSM Response Surface Methodology

scFOS Short-Chain Fructooligosaccharides

SCFA Short-Chain Fatty Acids

Td Denaturation Temperature

Tg Glass Transition Temperature
TLC Thin Layer Chromatography
UAE Ultrasound-Assisted Extraction
WP Whey Proteins

ZnO Zinc Oxide

5-ASA 5-Aminosalicylic Acid
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