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Abstract: Inulin’s unique and flexible structure, stabilization/protective effects, and organ targeting 
ability make it an excellent drug delivery carrier compared to other biodegradable polysaccharides. 
The three hydroxyl groups attached to each fructose unit serve as an anchor for chemical modifica-
tion. This, in turn, helps in increasing bioavailability, improving cellular uptake, and achieving tar-
geted, sustained, and controlled release of drugs and biomolecules. This review focuses on the var-
ious types of inulin drug delivery systems such as hydrogel, conjugates, nanoparticles, microparti-
cles, micelles, liposomes, complexes, prodrugs, and solid dispersion. The preparation and applica-
tions of the different inulin drug delivery systems are further discussed. This work highlights the 
fact that modification of inulin allows the use of this polymer as multifunctional scaffolds for differ-
ent drug delivery systems. 
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1. Introduction 
The use of natural polysaccharides for controlled drug delivery systems is drawing 

significant attention, as synthetics polymers used for this purpose are associated with 
drawbacks such as instability, expensive chemical modification [1] weak mechanical 
properties, poor receptor targeting properties [2], biodegradation, and excretion [3]. Nat-
ural polysaccharides possess properties that can address the multiple requirements for 
optimal drug delivery systems, including targeting and stealth properties [4]. In contrast 
to synthetic polymers, natural polysaccharides are non-toxic and biodegradable [5]. Inulin 
(INU) is a natural, highly abundant storage fructan polysaccharide that can be harvested 
from different plants such as chicory, dahlia, Jerusalem artichoke [6], vegetables, fruits, 
and grains, including garlic, leeks, bananas, onions, and wheat [7]. Genetically modified 
potatoes are also an important source of inulin [8] and enzymatic production [9]. The 
chemical structure of inulin is made up of linear chains of fructose units with a glucose 
unit linked to the reducing end [10]. The fructose units vary in length from 2–60 units. The 
variation in polydispersity and chain length can be traced to the plant species and time of 
harvesting [11,12]. The physicochemical properties of the polymer depend on the degree 
of polymerization (DP) and the presence of branching in the fructan [11]. Inulin has been 
used in drug delivery as a versatile polymer, and its versatility could be attributed par-
tially to its flexible backbone. The flexibility of the backbone is, in turn, related to the ab-
sence of sugar rings in the polyethylene oxide-based backbone (Figure 1) [12]. In addition, 
the fructan is primarily made up of furanose groups. The molecular structure of inulin 
allows the polymers chain greater freedom to move as well as the ability to reassemble 
into a different range of structures [10,13]. This translates into structural flexibility and 
makes inulin an appealing and versatile material for use in different applications. 
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Figure 1. Inulin structure. 

Another interesting feature of inulin’s structure is the β (2−1) glycosidic bonds that 
halt the polymer from being digested by endogenous enzymes such as other typical car-
bohydrates. Instead, inulin is relatively chemically stable in the gastrointestinal tract (GIT) 
until it reaches the colon, where bacteria in the gut digest it, making it a good source of 
carbon for health-promoting probiotic bacteria [14]. The change in solubility with chain 
length makes inulin suitable for different applications in both the pharmaceutical and 
food industries [13]. For instance, inulin with long chain lengths is insoluble at body tem-
perature, making them useful for particulate delivery systems, while soluble (lower chain 
length) inulin is ideal for kidney and renal function testing [15]. INU is considered a non-
toxic and highly biodegradable polymer. It is commonly used as a food ingredient and 
was given the Generally Recognized As Safe (GRAS) status by the United States Food and 
Drug Administration (FDA) in 2002. INU has also been used extensively in food industries 
as a sugar and fat replacement [15–20], nutritional excipient [21,22], texture modifier 
[15,23,24], and for organoleptic improvement [25]. The glycosidic bonds that humans can-
not digest but that can be broken down by Bifidobacteria in the gut make inulin a suitable 
dietary fiber with prebiotic properties [10,26–31]. Aside from being degraded by inulinase 
that is found only in the colon, this polysaccharide passes straight through the stomach 
and the small intestine intact making it a good candidate for colon targeting. Inulin’s 
membrane stabilization ability is well established and has been used in pharmaceutical 
industries for several purposes, including to stabilize therapeutic proteins [32–36]. Modi-
fied inulin also improve the low dissolution of poorly soluble drugs [37–39], measurement 
of kidney function [40,41], modulate lipid production [42], glycemic control, as dietary 
fiber, prebiotic, treatment of constipation [43–45], vaccine adjuvant [46,47] and in cancer 
treatments [48–50] among others. Modified inulin has also been used for drug delivery 
[51] for targeting the colon [52–54] and pulmonary drug delivery [55]. Previous reviews 
by Barclay et al. [10] and Mensink et al. [13] explored the detailed physicochemical prop-
erties and pharmaceutical applications of inulin. Giri et al. also demonstrated the use of 
inulin derivatives for colon targeting [56]. The review by Jiwani et al. focused more on the 
delivery routes with emphasis on a few inulin deliveries forms [57]. The review by Akram 
et al. was not exhaustive and comprehensive because the review discussed few inulin de-
livery carriers [58]. Another good review from Wan and colleagues focused on inulin 
physiological functions and pharmaceutical uses only [59]. However, there is no detailed 
review focusing on the various types of drug delivery carriers such as liposomes, micelles, 
nanoparticles, microparticles, hydrogels, solid dispersion, and conjugates fabricated from 
the use of modified inulin. It is important to improve drug bioavailability, efficacy, reduce 
drug degradation as well as prevent serious adverse drug reactions. The improvement in 
the delivery of drugs helps minimize toxicities, improve patient compliance, and provide 
opportunities for pharmaceutical companies to market new products. Some of the 
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delivery systems that have been successfully used to address delivery challenges include 
liposomes, micelles, hydrogels, nanoparticles, microparticles, microspheres, prodrugs, 
and solid dispersion. A review of these delivery systems will provide better insight into 
the use of inulin-based materials for researchers working in the area of pharmaceutical sci-
ences. This gap was the reason and motivation behind the development of this inulin drug 
delivery review article. This review highlights the use of INU derivatives as multifunctional 
drug delivery scaffolds and vehicles. This review aims to fill that gap and draw attention to 
the huge potential of inulin as a multifunctional drug delivery scaffold (Figure 2).  

 
Figure 2. Inulin drug delivery carriers. 

2. Inulin Drug Delivery Systems 
The main focus of this review is to provide detailed insight into the various ways that 

modified inulin have been prepared and utilized for drug delivery applications. Inulin’s 
unique properties, such as molecular flexibility, ability to stabilize proteins, and self-as-
sembled structures, ease of chemical modification, and immune modulation, encourage 
researchers and formulation scientists to exploit it as a drug delivery scaffold and bio-
materials. Inulin’s ability to undergo chemical modification has been utilized to increase 
drug delivery to target cells such as cancers and genetic materials. The repeating fructose 
monomer has three hydroxyl groups (two secondary and one primary), which serve as a 
handle or platform to anchor other functional agents. Furthermore, Inulin stabilizes self-
assembled proteins and lipid structures. For instance, it is noted that protein conforma-
tional changes and unfolding can result in loss of biological activity. To address this prob-
lem, there is a need to preserve the conformation by using protein stabilizers while for-
mulating the products, which keeps the products safe during processing and for long-
term storage [60]. One of the strategies commonly used for stabilizing proteins in vaccines 
and other pharmaceutical delivery systems involves adding polysaccharides. The abun-
dant hydroxyl groups present in inulin allow the polysaccharide to replace interactions 
between water and proteins as they dry [61]. Additionally, the flexible molecular structure 
of the polysaccharide and the ability to form glassy polymeric arrangements with high 
glass transition temperatures facilitates adaption to the confirmation of the protein [62,63]. 
The reported mechanism of fructans providing membrane protection during drying in-
cludes inhibition of vesicle fusion and an increase in the lamellar spacing created by the 
polymer inserting deeply in between the layers [64]. Inulin demonstrated superior ability 
to stabilize proteins and lipid-based delivery systems when compared to many other pol-
ysaccharides due to the linear and flexible backbone [65,66]. 
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For more than 60 years, low molecular weight, soluble inulin has been considered as 
the “gold standard” for assessing kidney function because it is predominantly eliminated 
by rapid renal excretion, making it a useful compound for measuring glomerular blood 
filtration rate [43,44]. The exceptional tropism of inulin towards the kidney makes this 
polysaccharide a potential carrier for kidney-targeted drug delivery. In addition to kidney 
targeting, many researchers have demonstrated the excellent colon targeting capacity of 
inulin. Colon targeting of drugs to the colon exploits the presence and variation of the 
bacteria population residing in various segments of the gastrointestinal tract. This is the 
basic concept of using polysaccharides degraded by colonic bacteria as a suitable carrier 
for colon targeting [67]. Inulin is particularly attractive for this purpose because it is not 
digested or absorbed in the upper GIT tract, whereas it is significantly hydrolyzed by in-
ulinases produced by Bifidobacterium in the colon [65,66,68–75]. Inulin with a higher de-
gree of polymerization (DP) is less soluble compared with those with lower DP. The dif-
ference in chain length of inulin can be used to tune solubility, which is then exploited for 
either particulate delivery systems (long-chain give insoluble inulin) or kidney and renal 
function testing (short-chain give soluble inulin). Inulin has been used in different drug 
delivery systems (Figure 2) 

Different drug delivery systems: 
• Hydrogel 
• Micelles 
• Liposomes 
• Prodrugs/Conjugates 
• Inulin complex/chelating  
• Microparticles 
• Nanoparticles 
• Solid dispersion 

2.1. Inulin Hydrogels 
Hydrogel is a three-dimensional (3D) network obtained from hydrophilic polymers 

that can swell and hold a large amount of water or physiological fluid without dissolving 
[76–79]. Hydrogels maintain their structure due to the chemical or physical cross-linking 
of individual polymers. Among the delivery system and carriers available, interest in the 
use of hydrogel as biomaterials is growing rapidly due to their exceptional biocompatibil-
ity, biodegradation, good loading capacity, similarity to normal tissues in terms of physi-
ological activity [80]. The fabrication of hydrogels can be carried out using either natural 
or synthetic polymers. Natural polysaccharides such as inulin, pectin, chitosan, hyalu-
ronic acid, alginate, starch, gelatin, pullulan, dextran, guar gum are examples of polysac-
charides that form hydrogels [81].  

The functional groups present in the polymer structure, particularly the hydrophilic 
group such as hydroxyl, amine, and amide, confer on the hydrogel a good swelling ca-
pacity and ability to absorb water. In particular, the large number of hydroxyl groups in 
inulin provides a functional handle for chemical modification (Figure 1). Based on the 
method of fabrication, hydrogels can be either physically or chemically crosslinked hy-
drogels. The physical cross-linking of hydrogels involves weak forces such as ionic inter-
actions, crystallization, and hydrophobic interactions between water-soluble polymer 
chains. The use of chemicals to crosslink the polymers results in chemical hydrogels [80]. 
Changes in external stimuli such as temperature, pH, or ion changes can provoke some 
form of physical crosslinking in hydrogel systems. However, some of these hydrogels are 
characterized by poor stability and mechanical properties. In contrast, hydrogels fabri-
cated with the use of a crosslinker show remarkably better stability and mechanical prop-
erties. The disadvantage of these chemical crosslinkers is the cytotoxic issues, especially 
to the biological tissues.  
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By tuning some parameters during the hydrogel preparation, the swelling behavior, 
crosslinking density, [82] mesh size, [77] permeability, mechanical strength, and drug re-
lease can be modified to tailor drug delivery to target tissues. By modifying inulin, stable 
hydrogels with desired physicochemical properties can be fabricated for use in drug de-
livery. Different approaches and strategies such as free radical polymerization of aqueous 
solutions of methacrylic anhydride or glycidyl methacrylates modified inulin [66,71,83], 
radical copolymerization,grafting polymerization [84], Michael addition crosslinking [85], 
UV radiation, chemical crosslinkers [86], enzymatic [87] have been reported for fabrication 
of inulin hydrogels. The use of aromatic azo agent bis (methacryloylamino)azobenzene 
(BMAAB) as a crosslinker for methacrylated inulin resulted in a rigid hydrophobic region 
in the inulin hydrogel [72]. Fabrication of smart inulin hydrogels that are responsive to 
environmental stimuli was using a different approach. For instance, addition reaction pH-
sensitive inulin hydrogel was synthesized via chemical crosslinking with thiol-ene conju-
gate addition [54]. Modification of inulin with divinyl sulfone (DV), followed by succinic 
anhydride (SA), before crosslinking the derivative with tri-thiolated reagent resulted in 
the formation of hydrogel with the pH-sensitive property. The succinate groups confer 
pH sensitivity properties on the hydrogel [54]. Another pH-sensitive hydrogel was fabri-
cated by initially modifying inulin with methacrylic anhydride and subsequently with 
succinic anhydride to form methacrylated/succinilated derivative (INU-MA-SA) followed 
by UV radiation to obtain the pH-sensitive hydrogel [88]. The use of radical copolymeri-
zation of modified inulin derivative MA-inulin with acrylic acid (AAc) in phosphate 
buffer solution with (pH 6.5) using both APS and TMEDA as an initiator reagent resulted 
in the formation of pH-responsive hydrogel [89]. Similarly, the condensation reaction be-
tween modified inulin derivative with the carboxyl group (INU–SA) and the hydrazide 
groups of water-soluble poly(amino acid) compound α,β-polyaspartylhydrazide (PAHy) 
with EDC and NHSS as coupling reagent results in pH-sensitive hydrogels [74]. Af-
injuomo and his colleagues [86] fabricated pH-sensitive hydrogels by crosslinking inulin 
with an acidic anhydride-pyromellitic dianhydride (PMDA). They used the crosslinker 
(PMDA) via esterification reaction to synthesize hydrogels with pH sensitivity. The pH-
sensitive hydrogels were useful and particularly important when considering target a spe-
cific area in the GI tract due to variation in pH along the gastrointestinal tract (GIT). While 
bioactive agents can be better protected due to less swelling at low acidic pH until the 
arrival of the hydrogel at the desired site (Colon). The extensive enzymatic degradation 
allows the drug encapsulated in the hydrogel to be released in the colon. Most of the re-
ported pH-sensitive inulin hydrogels utilized both the change in the pH along the GIT as 
well as the presence of inulinase, which is predominantly found in the colon to achieved 
targeted delivery of drugs to the colon via the oral route.  

Afinjuomo et al. also reported the fabrication of novel injectable inulin hydrogels by 
using oxidized inulin and adipic acid dihydrazide as a crosslinker without the use of any 
catalyst or initiator [90]. The hydrogels are formed via Schiff-base reactions between oxi-
dized inulin and adipic acid dihydrazide. In this case, the drug-loaded hydrogel shows 
enhanced in vitro release of 5FU in acidic pH compared to physiological pH. Inulin hy-
drogels are also formed via Michael addition crosslinking reaction between linear inulin 
and another crosslinking agent divinyl sulfone (DVS) in a sodium bis (2-ethylhexyl) sul-
fosuccinate (AOT) inverse microemulsion [91]. It is very clear from the above works that 
different chemical approaches have been devised for inulin hydrogel synthesis. However, 
the use of physical methods such as hydrogen bonding and supra-molecular chemistry 
needs further investigation. Cross-linking using enzymes and chemical synthesis in a wa-
ter-friendly environment are also other possibilities that need attention. The fabrication of 
inulin hydrogels results in new biomaterials, which are subsequently exploited for the 
loading and encapsulation of different drug classes. Different classes of drugs such as 
NSAIDs, hormones, peptides, corticosteroids, anticancer, immunoglobulin G (IgG) [33], 
bovine serum albumin, and lysozyme. Inulin possesses great advantages and unique 
properties, especially for the delivery of drugs to the colon. This has been demonstrated 
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in several drug molecules targeted to the colon. Loading of drugs into inulin hydrogel can 
be performed either by encapsulating the drug during crosslinking of the gel or permitting 
the drug to diffuse into the pores of the hydrogel after the crosslinking procedure [92]. 
Both methods have been reported for the loading of drugs into inulin hydrogel. Nonethe-
less, purification and removal of unreacted chemicals are very challenging with the en-
capsulation approach. The diffusion method involves adding the hydrogel into a drug 
solution and allowing it to swell to equilibrium.  

The in vitro release studies from pH-sensitive inulin hydrogels, under conditions 
mimicking the GIT, formulated for targeted colon delivery, illustrated that inulin could 
effectively protect the drugs from degradation in the upper part of the GIT, particularly 
in the stomach and intestine, and allow the release of the drugs in the colon. The release 
of active drugs from inulin hydrogel is assumed to be complex, and various release mech-
anisms have been proposed. Previous works suggested that three different release mech-
anisms, namely diffusion, swelling, and chemically controlled for the release of active 
drugs from the hydrogel [93]. The diffusion mechanism could be the principal way by 
which active drugs are released, considering the larger hydrogel mesh size compared to 
most small drug molecules (Figure 3). In this case, hydrogel mesh size in the swollen state 
allows diffusion of smaller molecules. Based on this mechanism, a macromolecules pro-
tein and peptide will likely have poor diffusion. In swelling controlled mechanism, the 
inulin hydrogel transit from glass to rubbery state, and the drug diffusion occur at a faster 
rate than swelling of the hydrogel. The slow swelling may be the rate-controlling process 
for drug release. The hydrogel experiences a swelling-driven phase transition from a 
glassy state to a rubbery state. Chemical control releases involve conditions where hydro-
lytic or enzymatic cleavage of the polymer chain or bond controls the release of drugs. 
Most of the inulin hydrogels reported in the literature seem to follow the swelling-con-
trolled release. The driving force for drug release from hydrogel is the influx of solvent 
molecules into the hydrogel. In this case, the diffusion of drugs occurs at a faster rate than 
the swelling of the hydrogel. Two phases are formed during swelling, namely the inner 
glassy phase and the outer rubbery phase. Various parameters such as type of monomer 
[94], the molecular mass of peptide/protein [65,74], polymer concentration, the degree of 
substitution, loading concentration of the proteins [65], polymers swelling, and the electric 
charge can modify the release of drug/peptide from inulin hydrogel. For instance, the re-
lease of glutathione (GSH) and oxytocin (OT) from hydrogel synthesized from inulin 
INU–SA crosslinked with α,β-polyaspartylhydrazide (PAHy) was reported to be in-
versely proportional to the equilibrium swelling [74,95], which was also in agreement 
with reports from Maris et al. [72].  

Factors that influence drug release from the hydrogels include loading procedure, 
degree of substitution, crosslinking density, pH sensitivity, and the type of bond. Van den 
Mooter et al. [65] prepared inulin hydrogel and loaded BSA protein into MA-IN hydrogel 
via two different loading methods (incorporation of proteins during crosslinking and after 
crosslinking). The authors reported that the hydrogel with BSA added during crosslinking 
exhibits a slow release pattern due to physical entrapment of the protein in the hydrogel 
compared with BSA loading via swelling. The swelling method results in protein release 
within one hour, which can be attributed to the inability of larger BSA molecules to diffuse 
to the inner smaller pore and the movement of the drug to the outer surface during drying 
[65]. A higher degree of substitution delays the diffusion of BSA from the hydrogel when 
compared to lower DS (15.4 versus 8.1). Crosslinking density is directly related to the de-
gree of substitution. There will be less swelling with increased cross-linking density. The 
release studies of ibuprofen [75] and diflunisal [88] under conditions mimicking the GIT 
show pH-dependent release attributed to the carboxylic pendant group.  

Hydrogel from methacrylated inulin demonstrated a high swelling rate, which was 
significantly influenced by the degree of substitution, polymer concentration, and media 
ionic strength [70]. The mechanism of water transport in the swollen inulin gel is con-
trolled by both inulin chain relaxation processes and diffusion (anomalous, i.e., diffusion 
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and relaxation controlled) [70]. In this work, the media pH does not influence the swelling 
of non-ionic hydrogel. In contrast, pH-dependent inulin hydrogel formed between (INU–
SA) and α,β-polyaspartylhydrazide (PAHy) exhibited lower swelling in acidic media. 
Due to the presence of ionic groups in the hydrogels, they showed greater swelling in 
water neutral pH compared to acidic pH. The carboxyl acid pendant in the hydrogel net-
work confers and allows a pH-sensitive swelling. The reduced swelling of the gel in acidic 
media reduces the degradation of drugs in the stomach, making them ideal for drug de-
livery to the colon. The author reports protection of the encapsulated drug glutathione 
and oxytocin from the low acidic environment of the stomach [95]. 

The copolymeric compositions and crosslink density are other parameters that deter-
mine the degree of swelling of hydrogels. For example, in the formation of pH-responsive 
inulin hydrogels prepared from acrylic acid (AAc) and methacrylated inulin (MA-inulin) 
via radical copolymerization. The hydrogel demonstrated a sharp increase in swelling 
with an increase in pH from 2.2 to 7.4. At low pH, less swelling is observed due to the 
presence of the carboxylic acid pendant, but with further increase in pH, swelling in-
creases due to the protonation of the carboxylic acid group [89]. Similarly, a pH-respon-
sive hydrogel obtained from methacrylic anhydride modified inulin chains with succinic 
anhydride demonstrated a pH-sensitive swelling behavior due to the presence of the car-
boxylic acid pendant [88]. At low pH (1.0 and 4.0), the swelling ratio was low, but with an 
increase in pH (6.8 or 7.4), the swelling ratio was increased. The pH-responsive hydrogel 
synthesized from using PMDA crosslinker exhibited excellent and high swelling in water 
far higher than those previously reported for inulin pH-responsive [86]. This observation 
is justified by the electrostatic repulsion between the ionic group within the hydrogel net-
work. For hydrogels with an ionic group such as carboxylic acid group/pendant, the ion-
ization of the functional groups and dissociation of the hydrogen molecules within the 
polymer chain with change in pH play a key role in explaining why this hydrogel has 
reduced swelling in acidic media, which makes them ideal for drug delivery to the colon.  

Hydrogel biomaterials must be cleared from the human body after the delivery of 
drug cargo. One pre-requisite for the use of hydrogels in humans is biodegradability. The 
degradation of inulin hydrogels can be controlled and manipulated by different factors, 
including the type and cleavage of the bond in the polymer network as well as how the 
polymers are connected. Inulin is an attractive polymer for colon targeting because of the 
site-specific degradation of the glycosidic linkages of inulin by colonic microflora. Of note, 
it is important to investigate the degradation of modified inulin derivatives used for hy-
drogel formation by subjecting them to inulinase or cecal contents.  

The degradation of the modified inulin (INU-MA-SA) hydrogels after incubation 
with inulinase was investigated using High-Performance Liquid Chromatography 
(HPLC) and Thin-layer chromatography (TLC). The analysis of the result after 24 h 
showed the presence of a fructose spot on the TLC analysis, confirming the excellent bio-
degradation of inulin. About 53.3% of the hydrogel was degraded within a day, indicating 
that the crosslinking and functionalization of the inulin backbone did not prevent degra-
dation of the inulin. In contrast, the radical crosslinking of N,N′-bis(methacry-
loylamino)azobenzene (B(MA)AB), and methacrylated inulin resulted in denser hydro-
phobic azo-inulin making accessibility to the inulinase enzyme very poor and difficult 
[96]. Bacteria strain present in the colon degraded dextran azo gel while inu-azo hydrogel 
showed less degradation. Adequate swelling is important for inulinase hydrolysis and 
degradation. Crosslinking agents can influence both the swelling and degradation behav-
ior of inulin hydrogel. Excellent or sufficient swelling is necessary for the enzyme’s deg-
radation of hydrogel in the colon environment. Detection of fructose monomers as a deg-
radation by-product from hydrogels prepared by Pitarresi et al. [54,97] after incubation 
with colonic enzymes inulinase is another confirmation of the excellent biodegradability 
of inulin hydrogels.  

The degradation rate of inulin hydrogel decreases with an increase in the degree of 
substitution as more sites are required to be cleaved for degradation to occur. Increased 
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crosslinking density of the gel makes them less degradable. It was noted that the amount of 
hydrogel degraded was directly proportional to the enzyme concentration. In general, by us-
ing modified inulin derivative, it is possible to tune or tailor the degradation kinetics of de-
rived gels for colon targeting by using enzymes that are specifically localized in the colon. 

Non-hydrogel Delivery (Beads, Vesicles, Pellets, tablets, and nano-hydrogel) systems 
The use of a non-hydrogel delivery system such as beads and vesicles [98] with inulin 

polymer as the starting material has been reported in the targeting of drugs to the colon. 
López-Molina et al. investigated the use of inulin vesicles obtained by solvent precipita-
tion technique after modifying inulin with cinnamic acid chloride for the colon-specific 
delivery of methotrexate (MTX) [98]. The vesicles were biodegradable by inulinase. The 
release of the anticancer drug MTX was significantly increased after the breakdown of the 
inulin backbone by inulinase in cellular conditions [98]. Fabricated beads using natural 
polysaccharides inulin and alginate were successfully utilized to encapsulate three differ-
ent probiotics strains [99]. The results from this work proved that the synbiotic formula-
tions could prevent the premature release of the probiotics from the upper GIT and only 
permit release in the colon. The work demonstrated the potential of inulin to deliver live 
probiotics to the colon. Similarly, Bahadori and his colleagues [100] successfully synthe-
sized nano-hydrogel loaded with 5-aminosalicylic acid (5-ASA) using negatively charged 
anionic Na-Alg nano-particles and coated with biodegradable quaternized inulin with 5-
ASA encapsulated core-shell structured delivery system. The inulin component enhances 
the stability of the formulation in the upper GIT and only allows the release of 5ASA as 
inulin begins to degrade, resulting in the prolonged release of 5ASA. A new pH-sensitive 
phthalyl inulin (PI) tablet capable of protecting the probiotic bacteria from degradation 
from low gastric acidity (low pH) and only released the probiotics at the site of action was 
also developed [101]. The formulated tablets from phthalyl inulin (PI) show higher swell-
ing in simulated intestinal fluid when compared to simulated gastric fluid. The difference 
in swelling was ascribed to the pH sensitivity of the inulin derivative. The formulated 
tablets with pH-responsive swelling are a promising approach for the oral delivery of 
probiotics. Hufnagel et al. [102] synthesized a novel pellet of inulin using hydrophobic 
and acetylated inulin derivatives. The inulin derivatives were subsequently loaded with 
5-aminosalicylic acid. The pellets release about 80% of 5-aminosalicylic acid within 24 h 
under conditions mimicking the GIT intestinal environment. The developed formulations 
show promising results. The delivery platform can revolutionize the delivery of drugs 
during the treatment of Crohn and ulcerative colitis 

 
Figure 3. Hydrogel releasing of encapsulated drugs. 

  



Pharmaceuticals 2021, 14, 855 9 of 39 
 

 

2.2. Inulin Micelles 
Over the past two decades, the uses of polymeric micelles (PMs) as a versatile nano-

technology-based carrier system for poorly water-soluble drugs have gained tremendous 
attention [103–105]. The encapsulation of drugs with poor water solubility inside the hy-
drophobic core of PMs leads to significant improvement in solubility and bioavailability 
[106]. PMs are self-assembled core-shell nanostructures formed in an aqueous solution 
and consist of a hydrophobic core surrounded by a hydrophilic shell [106]. The accumu-
lation of PMs into pathological tissues such as tumors and infracts with leaky vasculature 
is partly attributed to the small size ranging from 10–100 nm via enhanced permeability 
and retention (EPR) effect [107,108]. Interestingly, the small size of PM allows sterilization 
of micelle by filtration [109]. This system can be used for target drug delivery by modify-
ing the outer surface using a specific ligand [110] (Figures 4 and 5). The type of micelle 
formed can be influenced by the type of intermolecular forces driving the formation of the 
micelle. Based on these, three different categories of PMs have been reported, namely am-
phiphilic micelles, polyion complex micelles, and metal complexation micelles[111]. 
When amphiphilic molecules are exposed to an aqueous medium, there is spontaneous 
self-assembly into supramolecular core/shell structures consisting of a hydrophobic core 
surrounded by a hydrophilic shell. 

 
Figure 4. Polymeric micelle drug delivery concept. 
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Figure 5. Inulin prodrug conjugate self-assembly into prodrug micelles. 

Different shapes of micelles can be synthesized, for instance, shapes such as spheres, 
rods, vesicles, tubules, and lamellae can be formed depending on parameters such as 
length of hydrophobic/hydrophilic blocks and solution conditions [112,113]. Most poly-
meric micelles use polymers such as inulin as the hydrophobic domain. The excellent bi-
ocompatibility, biodegradability, and non-toxic nature of inulin make it an attractive pol-
ymer for the formulation of polymeric micelles. Inulin derivatives such as inulin-α-to-
copherol succinate conjugates (INVITE), an amphiphilic polymer, form nano micelles that 
helps to deliver hydrophobic drugs such as curcumin via intravenous route for anticancer 
use Figure 6 [114]. The delivery of combination drugs such as curcumin and celecoxib 
with poor water solubility was further investigated with the use of INVITE micelles for 
the control of angiogenesis in cancer. 

 
Figure 6. Inulin-D-α-Tocopherol succinate (INVITE) nanomicelles for intravenous administration 
of curcumin. Reproduced with permission [114]. Copyright 2015, American Chemical Society. 

The partial replacement of the hydroxyl anchor on inulin with VITE results in the 
formation of hydrophobized INVITE with the ability to self-assemble into stable nanomicelles 
at low concentration (from 2.4 × 10-3 to 22.3 × 10-3 mM) [106]. The authors reported that the 
inulin micelles improved the solubility of poorly water-soluble and highly hydrophobic 
drugs, including curcumin and celecoxib (CLX) [106]. The release, cellular uptake of curcumin 
into the tumor cell was enhanced by the use of INVITE-based nanomicelles. Micelles can also 
be used for the delivery of different drugs. For instance, Tripodo, G et al. [115] designed mod-
ified inulin functionalized with vitamin E (INVITE) micelles for the efficient delivery of rifam-
picin for the treatment of infections caused by mycobacterium tuberculosis.  
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The modification of micelles surface with ligands can improve cellular uptake and 
increase the accumulation of the micelles in the target site. The potential use of polymeric 
INVITE micelles was further extended by decorating the surface of INVITE with biotin 
(BIO) to form INVITE-BIO micelles. This was then exploited for its long-circulating and 
targeting ability [116]. In addition, compared to INVITE micelles, the INVITE-BIO mi-
celles demonstrated lower toxicity, long-circulating ability (48 h after IV administration), 
and improved drug accumulation in the tumor that over-express biotin through receptor-
mediated endocytosis. In another study, inulin was modified with both hydrophilic chain 
poly-ethylene glycol (PEG) and hydrophobic ceramide to form a self-assembling am-
phiphilic inulin copolymer in water [117]. The micelle was then used to load and deliver 
doxorubicin, prolong blood circulation, and prevent recognition by the reticuloendothe-
lial system due to the PEG component. The ceramide adds a hydrophobic effect and en-
hances antiproliferative signaling inside cells. The doxorubicin-loaded INU-ceramide-
PEG2000 micelles demonstrated superior and preferential cytotoxic activity against can-
cer cells due to the enhanced uptake [117]. Similarly, Muley et al. designed a hydrophobi-
cally modified derivative of inulin (lauryl carbamate derivative of inulin). Inutec SP11 
(INT) is another alternative to using a PEG block polymer in the delivery of paclitaxel via 
a micellar delivery system [118]. The resulting inulin amphiphile self-assembles in an 
aqueous environment with a low CMC of 27.8 μg/mL. The authors reported good hemo-
compatibility, low cytotoxicity, and enhanced antitumor ability in vitro and in vivo [118]. 
The formulation showed superior anticancer efficacy in mouse melanoma cells when com-
pared with cremophor EL1 based Taxol formulation. In contrast to PEG, the INT micelles 
exhibited no production of antibodies or the accelerated blood clearance phenomenon, 
indicating that the INT micelles are safe carriers for IV administration of PTX [118]  

In another study, a novel amphiphilic inulin copolymer INU-ED-RA was synthesized 
by partial functionalization of the inulin hydroxyl group with ethylenediamine (EDA) fol-
lowed by coupling of retinoic acid (RA) to the INU-ED via amide bond using carboiimide 
chemistry [119]. The hydrophobic copolymer self-assembles in an aqueous medium with 
particle size less than 500 nm to form stable micelles. It has been used for the encapsulation 
of corticosteroids such as dexamethasone, triamcinolone, and triamcinolone acetonide 
[119]. The micellar delivery systems when freeze-dried resulted in physical stability for 
about three months and are compatible with ocular cells. In addition, the micelles possess 
mucoadhesive properties and enhanced permeation of the corticosteroid into the corneal 
and epithelial cells. The micelle facilitates effective internalization and uptake into an oc-
ular cell. The drug-loaded micelles efficiently deliver the model drugs in high amounts 
compared to free drug suspension, demonstrating the potential of this novel system as a 
carrier for corticosteroids in the treatment of a degenerative vascular disorder.  

On the other hand, smart lysosome-triggered delivery systems sensitive to pH envi-
ronment that allow smart targeting of drug to tumor environment were synthesized using 
inulin. By using a four-step chemistry reaction, another pH-sensitive system, named INU-
EDA-P, C-Doxo amphiphile was synthesized. Briefly, pentynoic acid was coupled to the 
modified inulin functionalized with amine via an amide bond, followed by attachment of 
the pH-sensitive citraconate pendants by reacting with citraconic anhydride. Lastly, dox 
was attached to the intermediate to form INU-EDA-P, C-Doxo using the ethyl-3-(3dime-
thylaminopropyl) carbodiimide (EDC)-mediated coupling reaction chemistry [120]. The 
final INU-EDA-P, C-Doxo prodrug conjugate self-assembles into prodrug micelles, which 
selectively release the linked DOX payload into the cancer cell cytoplasm. The inulin con-
jugates exhibited selective cytotoxicity against cancer cells. Interestingly, the conjugates 
self-assemble into organized nanosystems at low concentrations (0.33 mg mL-1) due to 
volume difference during trafficking between tissue and cells, which ultimately results in 
the preferential release of DOX into the cancer site [120]. The citraconylamide spacer con-
fers pH sensitivity, which triggers and promotes selective release and accumulation of the 
DOX in the tumor cells compared to normal and healthy cells. The presence of doxorubi-
cin and pentynoic pendants in the conjugates contribute to the π-π structure and 
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hydrophilic/lipophilic balance necessary for self-aggregation [120]. It was recommended 
that this drug delivery concept needs further investigation because of the selective release 
of drug cargo once inside the lysosome via pH-dependent stimuli, making it a potential 
lysosome-triggered delivery system [121]. Chehardoli et al. [122] reported the use of inu-
lin-grafted stearate polymeric micelle-based carriers (In-g-St), fabricated from the reaction 
of stearoyl chloride and inulin for the precise delivery of betamethasone to the damaged 
joints area. The authors highlighted that the smaller micelles from inulin-grafted stearate 
allowed the controlled release of a poorly water-soluble drug such as betamethasone. Mi-
celles formulated from inulin derivative conjugated to the peptide via an ester linkage 
were successfully used for the encapsulation of Ornidazole for colon targeted delivery 
[123]. The amphiphilic inulin derivative was capable of self-assembly in an aqueous envi-
ronment into nanosized biomaterials, which enable the loading and encapsulation of or-
nidazole. In this work, the author reported that the hydrophobic peptide arm supports 
and promote physical crosslinker, which resulted in self-assembly and formation of hy-
drophobic pocket and cores. However, despite the numerous advantages of polymeric 
micelles, there is a need for further research into stability and degradation. 

2.3. Liposomes 
Liposomes are drug delivery vesicles made of lipid that self-associate into bilayers 

with the ability to encapsulate the aqueous interior [124]. Liposomes offer several ad-
vantages, including circumventing the challenges of instability, cellular and tissue uptake 
obstacles, poor bioavailability, and poor in vivo biodistribution of drugs to the target site 
[125–127]. However, the setback to the use of the conventional type of liposomes as a drug 
delivery vehicle in clinical practice includes lack of specificity as well as recognition and 
degradation by the reticuloendothelial system (RES) due to their large particles size in the 
range of 500–5000 nm [128]. Novel approaches such as using smaller particles size (micro 
to nanosized scale) and surface modification with multifunctional carriers have been de-
signed to improve the liposome drug delivery system [129–131]. Attaching targeting lig-
ands to liposomes helped to specifically deliver the drug to target sites [132,133]. Inulin 
has been employed for sheath liposome strategy and as a component of the hydrophilic 
phase of the lamellar structure of liposomes. For instance, inulin has been used as a coat-
ing for liposomes and also for stabilization of labile therapeutic components in liposomes, 
polysomes, and lipoplexes [62–64]. They stabilized liposomes, providing opportunities for 
membrane interaction that results in increase acyl chain mobility and immobilization of 
the lipid head group regions due to their linear and flexible structure. Long-chain inulin 
conjugated to liposomes may give a dual advantage to the formulation (protect the drug 
from a harsh environment and increase the circulation time). Inulin derivative prepared 
by reacting oxidized inulin with ethylenediamine and diethylenetriaminepentaacetic acid 
and the liposomal encapsulation of this derivative with either 67Ga3+ or 111In3+ resulted 
in a stable complex in vivo [134]. The liposome-encapsulated inulin derivatives allowed 
loading and stability of heavy radioactive metal cations (111In3+ or 67Ga3+) for in vivo ad-
ministration. Moreover, the liposomes were utilized for investigating variation in tissue 
distribution among different drug targeting or delivery protocols. The advantage of this 
liposomal system is that it provides a non-invasive method of studying the transport and 
delivery of drugs [134]. Inulin’s unique properties, such as macromolecular size, non-tis-
sue distribution combined with the fact that it is not metabolized and only excreted in the 
urine, make the evaluation of intracellular drug delivery from the liposomal drug delivery 
system possible.  
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2.4. Prodrugs 
The design of polymeric prodrug is another strategy for improving the therapeutic 

application of drugs [135]. Conjugation of drugs to polymer is to improve poor bioavail-
ability low solubility, [136,137], short plasma half-life, and chemical instability of drugs 
[138]. Furthermore, it masks the bitter taste [139,140], reduces systemic metabolism 
[141,142], and minimizes drug resistance [143]. Pharmacokinetic and pharmacodynamic 
properties of drugs such as inadequate blood-brain barrier permeability [144] and lack of 
selectivity at the site of action can be improved using a product [145,146]. The use of inulin 
conjugate is aimed at designing sustained-release formulations by increasing plasma half-
life [147,148], targeting drugs to a specific organ, for instance, colon targeting [149], im-
prove cellular drug uptake via pinocytosis, and reducing toxicity. Inulin therapeutic ben-
efit, blood compatibility, non-toxicity, and biodegradability make it attractive and a suit-
able drug carrier using the prodrug approach (Figure 7).  

 
Figure 7. Diagram showing prodrug concept. 

Modification of inulin by activating the hydroxyl group followed by nucleophilic at-
tack and activation of carboxylic acid via EDC/NHS are two current strategies employed 
in the formation of the inulin prodrug. The two approaches result in esters and Schiff 
bases prodrug, respectively.  
a. Prodrug with an ester linkage 
b. Bioactive Schiff bases Prodrug 

2.4.1. Prodrug with an Ester Linkage 
Drug molecules with carboxyl and hydroxyl functional groups have poor bioavaila-

bility and limited diffusion across the lipid membrane due to ionization of the functional 
group under physiological conditions. The formation of inulin derivatives obtained by 
esterification reaction with other pro-moieties can give derivatives with the desired hy-
drophilicity, lipophilicity, and in vivo properties, as shown in Scheme 1. The rate of ester 
formation during the reaction can be increased by using either an acidic or basic catalyst 
such as 4-(dimethylamino) pyridine [150]. Metronidazole is the first-line drug for the 
treatment of anaerobic bacteria and protozoa infections, including amoebiasis. There is a 
need to target metronidazole to the colon for the treatment of conditions caused by the 
protozoa parasites. The parasite is also associated with complications such as hemorrhage 
and ulceration of the colon [151]. Vermeersun et al. reported the design of metronidazole 
inulin prodrug by succinylation of metronidazole to form metronidazole monosuccinate 
ester followed by coupling with inulin using 1,1′carbonyldiimidazole (CDI) chemistry. 
[152] (Scheme 1). As expected and illustrated in Scheme 1, the use of dimethylamino-pyr-
idine (DMAP), triethylamine (TEA) with the coupling agent CDI improves the yield and 
esterification degree of the reaction. The inulin prodrug showed adequate stability in the 
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acid environment of the upper intestine, but the prodrug was swiftly cleaved to release 
the drug cargo on incubation with the cecal contents suggesting that the enzymatic cleav-
age and degradation of the prodrug is vital for its bioactivation leading to amoebicidal 
action of metronidazole. The author suggests that the systems could serve as colon-tar-
geted delivery systems for metronidazole in the treatment of amoebiasis [152].  

 
Scheme 1. Esterification of metronidazole to form a prodrug. 

Hartzell et al. synthesized an ester-linked conjugate using 5-ASA and inulin to form 
5-fASA-inulin a potential prodrug for colon-specific delivery of both 5-ASA and inulin to 
the gut [149]. The release of 5-fASA from the prodrug was a significant increase in the 
presence of gut bacteria. However, the 5-fASA released was not hydrolyzable to active 
agent 5-ASA by the gut bacteria. The prodrug delays the inulin fermentation in the colon, 
ensuring the beneficial effect of polymer persists for longer in the colon. The non-conver-
sion of 5-fASA to the active agent 5-ASA makes this system unsuitable for the intended 
drug delivery approach. Therefore, it is necessary to investigate an alternative approach 
for the conjugation of 5-ASA to inulin to produce biodegradable inulin derivatives. 

2.4.2. Bioactive Schiff Bases Prodrug 
Amine-containing drugs often ionize under physiological pH, which facilitates faster 

diffusion, high first-pass effect, instability, and off-targeting of drugs into non-tumor sites 
[153,154], making the development of amine prodrug very challenging for formulation 
scientists. Developing a good amine prodrug was one way of overcoming this challenge. 
Schacht et al. [148], for instance, used the inulin prodrug of procainamide to improve its 
half-life and ensure a slow release of procainamide. In this work, the linkage of procaina-
mide to inulin prevented the diffusion of the drugs to all parts of the body and ensured 
cellular uptake via pinocytosis. The conjugation involves oxidation of the hydroxyl group 
of inulin with sodium periodate, which resulted in the formation of dialdehyde followed 
by the coupling of procainamide via formation of the Schiff base and reduction with so-
dium cyanoborohydride. The procainamide moiety linked to the inulin backbone via 
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hydrolytic imine conjugation bond was used to manipulate and tune the release of the 
drug. The in vitro release study showed that the drug was slowly liberated from the pro-
drug, and the rate was influenced by the ionic strength of the media [148]. The low yield 
of the prodrug was a limitation of this approach. The low yield can be attributed to the 
less reactive inulin hemiacetal intermediate from the oxidation process, which tends to 
reduce the effective attack of the intermediate by a nucleophilic agent. The problem of low 
yield was further addressed by using a different coupling method for the attachment of 
procainamide to inulin. In this case, inulin was activated by reacting with epichlorohy-
drin, and the derivative formed 3-chloro-2-hydropropyl was then reacted with procaina-
mide in a neutral medium [147]. The author demonstrated that cellular uptake of the pro-
drug into yolk sac cells occurs via pinocytosis and the uptake process was dependent on 
the type of spacer and drug loading. 

2.5. Inulin Chelating Agents/Complex/Polyplex  
Magnetic resonance imaging (MRI) is one of the fastest and rapidly growing non-

invasive diagnostic techniques that allow good and high-quality imaging of both healthy 
and diseased tissue/organ following the administration of a contrasting agent (CA) [155]. 
Currently, due to the high relaxation efficiency of Gd3+ -based contrasting agent, the vast 
majority of MRI scans are made after administering this CA [156,157]. However, Gd (III) 
toxicity in ionic form [157], long-term accumulation in the bone [158], and interference 
with protein and calcium-binding [159] limit its use for CA. In addition, this problem pre-
vents the direct administration of this paramagnetic metal as contrasting agents (CA) for 
MRI. Hence, a complex is formed by attaching a ligand to Gd to overcome its toxicity. For 
this reason, one of the ways to address this limitation involves the formation of a low molec-
ular weight Gd chelates/complex, formed by attaching ligands such as diethylenetriamine-
penta-acetic acid (DTPA) and 1,4,7,10-tetra(carboxymethyl)-1,4,7,10-tetraazacyclodo-decane 
(DOTA). Unfortunately, the limited relaxivity (TR), rapid clearance, instability, short circula-
tion time, toxicity, and precipitation of low molecular weight complex of Gd3+ limit their ver-
satile application in MRI [157]. There was a significant compromise in the image resolution 
due to rapid elimination, making them unsuitable for angiography imaging. 

As a result, there is a demand for novel contrast agents, which can address the above-
mentioned limitations. According to the relaxation theory, an increase in the rotational 
correlation time can be achieved by linking low molecular-weight Gd3+ chelates to sugar 
polysaccharides, which automatically translate to higher relaxation rates [160,161]. To 
achieve this, inulin polysaccharide has been explored as a platform for the attachment of 
chelates and complexing agents. In addition, macromolecular MR contrasting agents have 
increased the blood retention time and increased relaxivity due to the increased steric hin-
drance that translates into slower molecular tumbling. A lower concentration of agents is 
required for acquiring a satisfactory image during MRI testing because the macromolec-
ular structure permits higher loading of the chelates and metal ions [162]. Compared with 
protein, which can provoke an immunogenic reaction, sugar macromolecular carriers are 
less likely to cause this problem [163].  

Different derivatives and approaches have been used to synthesized inulin macro-
molecular MRI contrast agents. Corsi et al. reported the design of a new inulin conjugate 
(aminopropyl)inulin (API)linked via diethyl squarate to the DO3A ligand (1,4,7,10-
tetraazacyclododecan-1,4,7-triacetic acid) [164]. The high molecular weight (12,000 and 
22,000 Da) of the two synthesized macromolecular conjugates with DS of 0.7 and 1.5, re-
spectively, prevented diffusion into extravascular space and improved the blood circula-
tion time. Inulin flexibility facilitates the formation of a derivative with a higher degree of 
substitution that ensures rigid Gd3+ conjugates, which ultimately contributes to increasing 
rotational-correlation time [165]. The efficacy studies, according to the report by the au-
thors, show that the final complex Gd37[(API-(DO3ASQ) exhibits an increase in relaxivity 
and was also five times more potent than commercial contrasting agents at 20 MHz and 
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37 °C. Furthermore, the high relaxivity (20.3 mm-1 s-1) for this inulin complex gives credi-
bility to its use as a promising contrast agent.  

To increase the rotational correlation time, Lebduskova et al. designed a novel inulin 
conjugate and a Gd (III) chelate by covalently attaching carboxylic-phosphorus acid de-
rivative of diethylenetriamine with inulin [166]. The novel agent formed in this work al-
lowed the replacement of the central carboxylic pendant arm of 1,1,4,7,7-diethylenetri-
aminepentaacetic acid (H5DTPA) with a phosphinic acid functional group to form an in-
termediate, which was then subsequently linked to O-aminopropylinulin. The efficacy of 
the novel macromolecular contrast agent was evaluated at 20 MHz and 37 °C and the 
resulting NMRD profile showed that the inulin derivative was four times more potent 
than the commercially available contrast agents. This is mainly due to an increased rota-
tional correlation time (866 ps at 298 K). The kinetic stability of the novel macromolecules 
was similar to the clinically approved MRI contrasting agent [Gd (DTPA)(H2O)]2−. More-
over, the inulin macromolecular structure allows the attachment of about 24 Gd3+ ions per 
molecule, meaning lower concentration can be used for MRI enhancement. Toxicity will 
also be reduced as a result of using low concentration, which would help to increase MRI 
enhancement. The author reported that the final conjugate molecular weight of about 
23,110 partly contributes to the favorable residence lifetime.  

However, the poor kinetic stability of the previous contrast agents based on inulin 
macromolecules prompted Granato and his co-workers to design a stable Gd3+ complex 
by conjugating modified inulin derivative O-(aminopropyl)inulin with DOTA-NCSA[1 
,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid mono(p-isothiocyanatoanilide)] [167]. 
This Gd–inulin complex displayed superior kinetic stability compared to the conjugates pre-
pared previously using a carboxylic-phosphorus acid derivative of diethylenetriamine [166] 
and API-DO3ASQ conjugates [164]. The relaxivity at 20MHz and 37 °C for these contrasting 
agents was higher than the model compound (21.7 vs 5 s−1 mM−1), and this was attributed to 
reduced molecular tumbling originating from attachment to the inulin carrier. 

The functionalization of the conjugates with targeting moiety improves the specific-
ity of the CA by promoting vascular confinement to compromised tissue only. The rota-
tional correlation times at 37 °C for the GdLx–API conjugate is about 17 times higher com-
pared to GdLx. The authors reported that both GdLx and GdLx–API conjugate did not 
interact with human serum albumin. The high molecular weight of the CA macromolecule 
contributes to an increasing plasma circulation time, making it suitable for cardiovascular 
angiographic imaging. Inulin serves as an excellent carrier due to its flexibility 
[162,164,166,167] that allows the formation of inulin derivatives with high DS. The varia-
ble molecular weight of inulin 1500 and 5000 Da (depending on the degree of polymeri-
zation (10–30) support the formation of the derivative with a high molecular weight mac-
romolecule suitable for use as a contrasting agent. Other properties of inulin, such as low 
viscosity, inertness, and not being metabolized in the blood, make it ideal for CA applica-
tion [167]. The use of different tethers can influence the rotational correlation time of the 
CA. For instance, DO3A ligand, H5DTPA, and DOTA-NCSA when attached to inulin 
have rotational correlation time of 735, 866, and 1460 ps, respectively, at 37 °C, and the 
difference can be attributed to the use of a different tether to the same inulin backbone, 
which ultimately affects the mobility and rigidity of the final product. The excellent bio-
degradability of inulin coupled with its macromolecular size limits plasma clearance and 
promotes vascular confinement to cancer or diseased tissue. This makes inulin complexes 
ideal and more efficient contrast-enhancing agents than low molecular weight complexes. 
Nonetheless, the slow clearance of inulin complexes from the body may result in Gd3+ ions 
accumulation and toxicities [157]. From the studies above, it is clear that Gd- inulin com-
plex is efficient, but there is a need to prove the safety of the Gd- inulin complex to realize 
its full potential in CA application. Short interfering RNAs (siRNAs) have been used in 
silencing the expression of genes that are involved in the progression of diseases such as 
cancer, cardiovascular, neurodegenerative, metabolic diseases, and viral illnesses [168]. 
The effective cellular uptake is obstructed due to their inherent negative charge and poor 
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diffusion across the membrane. In addition, within the endosomes, there is the sequestra-
tion of the gene, which reduced the number of active drugs. Even though cationic poly-
mers such as PEI exhibits high siRNA condensation and transfection ability, their full po-
tential use is limited due to their non-biodegradability and cytotoxicity. All of these points 
further establish that there is a need for an improved delivery system. 

Different strategies have been employed to overcome degradation, cellular uptake, 
and off-target problem. The use of cationic polymer is a very common and effective way 
for gene delivery because the polyplexes formed between the cationic polymer and nu-
cleic acids result in reduced degradation and endosomal escape while improving cellular 
uptake. The use of functionalized and modified inulin represents one approach to over-
come the toxicity obstacle without the need for extensive and multiple-step chemical mod-
ification. Different functional groups such as ethylendiammine (EDA), diethylediamine 
(DETA), spermine (SPM) have been conjugated to the inulin backbone [169]. Polycation 
synthesized by conjugation of inulin with diethylenediamine possesses positive charges 
at physiological pH, which allow its use as a carrier for siRNA [170]. The Inu-DETA co-
polymer can bind and release the siRNA in JHH6 cells with less cytotoxicity. Further mod-
ification of the INU-DETA imparted improved properties in the biomaterial. The intro-
duction of imidazole (IMI) to the already synthesized INU-DETA copolymer results in the 
formation of INU-IMI-DETA, which exhibits pH-dependent response as well as strong 
cationic characteristics [171]. This new derivative demonstrated better cellular uptake due 
to self-aggregation into Inulin Complex Nanoaggregates (ICONs) triggered activated by 
physiological salt concentration and pH elevation [171]. ICON shows a superior ability to 
condense a higher amount of siRNA molecules because the protonation of the imidazole 
group will prevent escape from the endosomal/lysosomal compartment. The functionali-
zation of the INU-IMI-DETA for active targeting are potential strategies that need further 
exploitation for future gene therapy delivery. The search for new biocompatible and safe 
inulin derivatives for gene delivery led to the use of the atom transfer radical polymeriza-
tion (ATRP) approach to graft poly (DMAEMA) onto the inulin backbone [172]. 

The inulin cationic copolymer formed a strong complex with RNA/DNA via electro-
static interaction. The author reported that a low hemolytic rate and high transfection ef-
ficiency highlight that the modified inulin copolymer (DMAEMA)(PDIN) might be an ex-
cellent biocompatible candidate for gene delivery systems. The transfection efficiency of 
this copolymer was three times higher than that of the popular lipofectamine 2000 trans-
fection reagent. The possibility of using modified inulin derivatives for the delivery of 
iron as well as iron supplements in the diet was demonstrated by Pitarresi and his col-
league’s findings [173]. The complex formed between iron, carboxylated, and thiolated 
inulin derivative (INU-SA and INU-SA-Cys) was exploited for the oral delivery of iron. 
The authors reported that the release profile of iron from the copolymer delivery system 
in a condition mimicking the intestinal tract was excellent, and the derivative also demon-
strated good mucoadhesion properties [173]. In addition to the release, the modified inu-
lin was broken down by inulinase despite modification. 

2.6. Microparticles 
Inulin microparticles have been used to deliver drugs, proteins, vaccines antigen, and 

other agents by adsorbing, attaching, or entrapping. Depending on the desired physio-
chemical properties, inulin microparticles can be prepared by either chemical or physical 
methods. The desired particle size and chemical properties of the drug/active agents de-
termine the technique to be used. Inulin biodegradability is important when used as mi-
croparticles because the drug cargo entrapped in the matrix is released when the particle 
degrades. Furthermore, another good reason for using inulin can be attributed to its FDA-
approved status, and the hydroxyl group in the structure provide a chemical handle and 
platform for modification. The degradation rate and drug release can be tuned by varying 
some parameters during the synthesis of inulin microparticles. In addition, the ability of 
inulin particles to be functionalized with targeting ligand makes it an excellent and ideal 
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carrier. Modification of inulin results in derivatives with improved properties without 
changing the fundamental skeleton of the inulin backbone. Inulin microparticles have 
been reported as a carrier and adjuvant for vaccines. For instance, apart from stabilizing 
vaccines, delta inulin microparticles were reported to exhibit potent immunomodulatory 
properties making them suitable adjuvant [174]. Incorporating antigen into inulin micro-
particles resulted in targeted delivery of the antigen to the APC as well as adjuvant effects 
(dual function) [175,176]. By using special incubation conditions, seven different isoforms 
of inulin were fabricated by Silva and co-workers [46], but only the γ-inulin and higher 
isoform, insoluble semicrystalline particulate forms at 37 °C, possessed highly potent im-
munomodulatory properties [46,174]. Inulin semicrystalline particles, especially the delta 
inulin, showed promising results both as adjuvant and delivery systems for the vaccine 
[177]. The image characterization of these semi-crystalline forms of inulin using SEM and 
AFM morphology studies showed that they are regular discoid structures made up of 
piles of lamellar sheets with a diameter of about 1–2 μm, which facilitates their uptake by 
monocytes [177]. This unique size of Delta inulin (γ-inulin) microparticles allows efficient 
internalization by antigen-presenting cells (APCs). In addition, the excellent tropisms of 
these particles towards monocytes and dendritic cells are partly attributed to the surface 
molecular organization of the particles. In contrast, the soluble inulin does not possess 
immunomodulatory properties. 

Another distinctive advantage of γ-inulin (delta inulin) microparticles is the ability 
to stimulate both the humoral and cellular immune responses without activating NFKb 
or inflammatory response [178]. These microparticles share a different mechanism when 
compared to other polysaccharide adjutants. Delta inulin activates the complement via 
the ACP, unlike other polysaccharides such as dextran, mannan, chitin, and glutan, which 
activate NFKb and inflammatory response [179–181]. Delta inulin remains a strong can-
didate for human vaccine adjuvant development because it is highly efficacious, potent, 
safe, and well-tolerated both in human, animal young foals, and pregnant mares [182,183]. 

In recent times, the use of soluble inulin as an adjuvant was reported. However, the 
soluble inulin particles in this work did not demonstrate potent immunomodulatory 
properties similar to the delta inulin polymorph [184]. Water-soluble inulin with particle 
size of 1.5 ± 0.12 μm was exploited as a drug delivery carrier for ovalbumin and as a vac-
cine adjuvant [184]. The ovalbumin-loaded inulin microparticles (SIMs) were synthesized 
by the emulsion–precipitation technique. Characterization of the microparticles by SEM 
shows that the particles are spherical in shape and the average diameter is about 1.5 μm 
promoted the uptake of the antigen into the APC’s. Mice immunized with SIMs show 
significantly higher antibody titers and enhance cellular uptake of ovalbumin antigen by 
APC compared to alum plus ova or ovalbumin alone. The burst release of antigen was 
minimal (20% in less than 30 min) compared to about 50% release in 5 min with inulin 
microparticles encapsulated with BABCH. The microparticles allow the release of ovalbu-
min in a controlled manner, with about 70% of the ovalbumin released over 16 h. Unfor-
tunately, the SIM shows poor Th1 type immune response, and this may require the use of 
agents such as CpG, MPLA, which can help increase the immune response to address this 
limitation. Another strategy used for the fabrication of microparticles was the emul-
sion/solvent evaporation method. Gallovic et al. evaluated the potential of soluble inulin 
microparticles with a diameter greater than 250 nm produced from acetylated inulin by 
emulsion/solvent evaporation method as carrier and vaccine adjuvant for ovalbumin 
(OVA) antigen [185]. 

This work exploited the change in pH along the phagocytic pathway to trigger the 
release of loaded antigen and immunostimulatory hydrolytic by-products from acid-sen-
sitive acetylated inulin microparticles. The result shows that the inulin microparticles 
were able to induce a variable and significant amount of TNF-α production compared to 
unmodified inulin due to the cellular uptake of the Ace-IN microparticles by APC. Fol-
lowing immunization in mice, there was higher antibody production in mice adminis-
tered with ovalbumin encapsulated inulin microparticles compared to pure soluble 
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ovalbumin. This work demonstrated that inulin microparticles can efficiently deliver 
ovalbumin to APC as well as act as an adjuvant. The degradation of the acetylated inulin 
can be tuned and manipulated to the desired parameter. For example, varying the reaction 
time during the synthesis of acetylated inulin (from 20 min, 1 day to 3 days) results in the 
formation of 0.4, 20.4, and 26.7% of cyclic acetal coverages, which provide a chemistry 
platform to tune the degradation of the acetylated inulin. The ability to control the degra-
dation of acetylated inulin allows the control of the immunostimulatory and TNF-α pro-
duction [185]. The large size of this microparticle still allows passive targeting to the APC 

The acid-labile modified inulin makes it pH-sensitive, thereby preventing burst re-
lease until it reaches acidic phagolysosomes of APCs and also, the production of neutral 
degradative by-product gives these derivatives some advantage as a suitable carrier for 
antigen. It is worthwhile to point out that acetylated inulin particles were recently ex-
ploited as both adjuvant and antigen delivery vehicles against infectious disease and can-
cer [186]. The modified acetylated inulin inability to activate cells with TLR-4 antagonists 
and mice lacking TLR signaling support the assumption that they are toll-like receptor-4 
(TLR-4) agonists. The encapsulation of acetylated inulin particles with antigen confers the 
ability to imitate pathogens, further translating into better antigen delivery (about 47 
times more potent) compared to soluble antigen alone. 

It is also possible to use engineered inulin microparticles to target monocytes and 
macrophages, which can be useful in the treatment of inflammatory disorders, tuberculo-
sis, AIDS, and other infectious diseases. Afinjuomo et al. [187,188] used Delta inulin par-
ticles that were engineered via conjugation chemistry to efficiently deliver two different 
antitubercular drugs, namely pyrazinoic acid and isoniazid to host macrophages. They 
showed that the synthesized inulin conjugates could be used for intracellular delivery to 
the tubercle bacilli reservoir (Figure 8). The modified inulin microparticle shows a diam-
eter of about 1–2 μm from the SEM results, which help contributes to the excellent uptake 
and tropism towards monocytes and dendritic cells 

Overall, the result demonstrates that the inulin delivery system can target the mono-
cytes/macrophages harboring the intracellular Mtb pathogens (Figure 8B) [187]. Apart 
from infectious disease, the use of delta inulin was further exploited to deliver and pro-
mote uptake of anticancer drug doxorubicin to the monocytes [189]. This delivery system 
was also utilized to target doxorubicin to the lymphoid organs. The authors demonstrated 
that pH-dependent release for the conjugate as well as cellular uptake 

 
(A) 
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Figure 8. (A) schematic diagram showing monocytes targeted delivery to inflamed and tumor site. 
(B) Isoniazid intracellular targeted delivery to infected monocytes with inulin microparticles. Re-
printed from [187].  

An alternative approach was reported for synthesizing acetylated inulin microparti-
cles. By using the spray drying technique, gallic acid (GA) was encapsulated in modified 
acetylated inulin starch [190]. The impact of acetylation of inulin on the encapsulation 
efficiency and release behavior of gallic acid in water was investigated. The introduction 
of acetyl groups into the starch molecules led to a greater GA encapsulating capacity while 
the same introduction of an acetyl group into inulin resulted in decreased GA encapsula-
tion efficiency. Due to the structural difference between inulin and starch, the acetylation 
of starch results in structural alteration and stronger hydrogen bonding. In contrast, mod-
ification of inulin with acetyl group reduces the water solubility. The in vitro release pro-
file demonstrates that inulin acetate was superior and better than starch acetate as a carrier 
for the delivery of gallic acid. The GA release profile was similar for both unmodified and 
acetyl starch. However, inulin acetate particles release GA at a lower rate compared to 
native unmodified inulin. A change in the physicochemical properties of the new deriva-
tive (decreased hydrophilic, solubility, and swelling ability) of modified inulin might be 
a reason for the change in release rate. 

Another fascinating strategy used in the formation of microsphere from inulin deriv-
atives is the solvent precipitation method. Acetylated and succinylated inulin were syn-
thesized by reacting inulin with both acetic and succinic anhydride. Using solvent precip-
itation method, microsphere of inulin acetate and inulin acetate succinate with both drug 
and no drug were prepared [191]. Cationic compounds such as chlorhexidine and chymo-
trypsin were used as model drugs. The microspheres diameter varies from 0.5 to 4 μm for 
inulin acetate and inulin/chymotrypsin microspheres from 90 to 130 μm for inulin ace-
tate/chlorhexidine microspheres. The in vitro drug release results show that the micro-
spheres allow the extended release of the incorporated drugs. Another feasible approach 
in the formation of microsphere from inulin involves the coacervation technique. Water-
soluble drug E, E-bis (aminobenzylidene) cycloheptanone [(E, E)-BABCH] was encapsu-
lated using inulin and modified inulin acetate as starting material with and without 1,12-
dodecanedicarboxylic acid [192]. The microspheres diameter was about 0.5 to 5 microns 
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and the influence of variable parameters such as drug mass, speed, stirring, and centrifu-
gation time on the encapsulation efficiency of the modified inulin was investigated. The 
in vitro release profile for unmodified inulin and inulin acetate shows burst release of 
about 58–62% within 5 min. However, the microsphere formed with 1,12-dodecanedicar-
boxylic acid reduce the burst release to about 32% within 15 min and allows controlled 
release of the remaining drug over 2.5 days. Inulin microparticles find application in colon 
targeting. Inulin microparticles were prepared from acetylated inulin for colonic delivery 
of indomethacin by electrospraying technique. The acetylation of inulin before micro-
sphere formation improves the formation of inulin microspheres without trading off the 
colon targeting property of inulin [193]. The in vitro release of indomethacin under simu-
lated GI conditions similar to the GIT shows that these microparticles were stable to acid 
degradation of the stomach environment, and about 60% of loaded indomethacin was 
only released in the simulated colonic fluid in the presence of inulinase after 18 h in the 
colonic fluid. The author concludes that indomethacin was release from the drug-loaded 
microparticles due to the degradation of the inulin glycosidic linkage by the inulinase mi-
croflora of the colon. 

2.7. Inulin Nanoparticles 
Nanoparticles can target cancer cells passively via leaky endothelium (EPR) or ac-

tively by binding to specific receptors using ligands on the surface of the nanoparticles 
(Figures 9 and 10) [194]. The size of nanoparticles controls the interaction of the nanopar-
ticles with cells, trafficking as well as internalization. This translates to the delivery effi-
ciency of the system. 

 
Figure 9. Active binding of the ligand attached to the nanocarrier surface to receptors commonly 
overexpressed by the cancer cells. 
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Figure 10. Passive targeting of cancer cells using nanoparticles via leaky endothelium. 

2.7.1. Active Targeting 
Self-Assembling for Active Targeting 

The heterogeneous tumor’s extracellular matrix in cancer cells limits and prevents 
the accumulation of nanoparticles inside cancer cells. To overcome this challenge, Zhang 
et al. [195] developed RGD-peptide conjugated inulin-ibuprofen nanoparticles for the 
smart delivery of epirubicin. The capacity of the modified inulin–ibuprofen conjugate to 
undergo self-assembly into nanoparticles with inulin forming the hydrophilic shell and 
the ibuprofen forming the hydrophobic core was utilized to enhance the active targeting 
of the inulin-based nano-carrier in the delivery of epirubicin (Scheme 2). The chance of 
premature drug release outside the target site can be minimized by attaching targeting 
ligand such as RGD peptide to the surface of the nanoparticles. TEM analysis showed that 
both EPB loaded nanoparticles and RGD conjugated nanoparticles are round with a di-
ameter of about 135 nm and 138 nm, respectively. The in vitro release studies revealed a 
pH-dependent pattern with slow-release at neutral pH 7.4 and significant release of EPB 
at the acidic environment (pH 5.0) of cancer and lysosomes. The conjugation of RGD-pep-
tide to the EPB loaded nanoparticles improves the cellular uptake and cytotoxicity of the 
nanoparticles compared with EPB loaded nanoparticles. The result suggests that this ap-
proach may be useful in the smart delivery of drugs to solid tumors. 
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Scheme 2. Formation of EPB loaded nanoparticles by self-assembly of inulin-ibuprofen [195]. 

The use of folic acid as a ligand can also offer the specific targeting capability for the 
inulin derivative towards tumor cells. This strategy was exploited by Licciardi et al. [196]. 
Modified inulin derivative acted as a coating agent for gold nanoparticles loaded with 
DOX and functionalized with folic acid ligand to achieve targeted and selective delivery 
to MCF7 cancer cells. In this study, Inulin-2-aminoethyl-carbamate (INU-EDA) was con-
jugated with folic acid using 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 
N-hydroxy succinimide (NHS) as coupling agents to form inu-FA derivative. This deriv-
ative was subsequently used to functionalize and coat the surface of 40 nm gold nano-
spheres. The interaction between the amino pendant group in the inulin-FA derivative 
and the gold helped to maintain and stabilize the nanoparticles. The characterization of 
the nanoparticles using DLS and UV showed that DOX was successfully adsorbed onto 
the surface of the gold nanoparticles due to electrostatic interaction and possibly the for-
mation of the gold complex [AuCl(NH2R)] [197]. The authors reported a hydrodynamic 
diameter of 40 nm from the DLS result. This small size improve the targeting behavior 
leading to increased anticancer activity 

This approach of using folate ligand results in increased uptake of nanoparticles by 
MCF7 cell line overexpressing folate compared to folate receptor-deficient cell line such 
as human bronchial epithelial cells via receptor-mediated endocytosis. In addition to the 
cellular uptake, the targeting moiety folic acid ligand enhances the accumulation of the 
nanoparticles into the MCF7 cells. 

2.7.2. Passive Targeting 
Gold Nanoparticles (GNPs) 

To address the aggregation problem that often arises when citrate is used as a cap-
ping ligand [198]. Licciardi and colleagues [196] used inulin derivative (INU-EDA) and 
thiolated polyethyleneglycol (PEG-SH) as a coating agent and pre-stabilizing agent, re-
spectively, for the fabrication of 40 nm gold nanospheres [199]. Characterization of the 
gold nanoparticles using TEM shows no change in particles size or evidence of aggrega-
tion after the modification. In addition, UV, DLS, and zeta potential analysis validate the 
stability of the DOX nanosystem in different media. The HPLC analysis results revealed 
that about 12% of DOX was loaded, and encapsulation efficiency was about 60%. The high 
encapsulation efficiency was attributed to physical interactions of inulin backbone INU-
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EDA and DOX and also to the hydrophobic interactions of DOX with the gold core. Using 
a co-culture cell model it was demonstrated that the nanosystem allowed the selective 
accumulation of the nanoparticles in malignant cancer cells. The authors suggested that 
the use of inulin derivative INU-EDA improved loading of DOX and stabilization of the 
Au@PEG-INU NPs in a buffer for 14 days. Interestingly, the nanosystem allowed slow, 
sustained, and selective release of DOX into cancer cells. Further potential application of 
this system in light-controlled drug release may be feasible because INU-EDA can be used 
for coating different sizes and shapes of gold nanoparticles 

Inulin Based Magnetic Nanoparticles 
SUPERPARAMAGNETIC NANOPARTICLES (SPIONs) 
One major challenge limiting the use of iron-oxide particles is the rapid elimination 

from the blood by the reticuloendothelial system (RES) [200,201]. Modification of the iron 
oxide particle is one of the effective strategies that can be employed to reduce RES clear-
ance. The surface modification of iron oxide particles can improve stability, biocompati-
bility and allow multifunctional use of the particles as a platform for drug delivery [202] 
and imaging agent [203]. The magnetic nanoparticle can be used to address limitations 
such as invasive long-term treatment, treatment failure, tumor resistance, severe adverse 
effects, and non-selective accumulation to target cells [204,205]. SPION based drug deliv-
ery exploits a dual-targeting strategy (leaky structure of tumor vasculature-EPR and mag-
netic targeting to increase targeting efficiency [206]. SPION is superior to other drug de-
livery carriers as it allows imaging and drug delivery simultaneously. In addition, it offers 
better targeting efficiency. However, its use is limited by the formation of acidic by-prod-
ucts, which could result in inflammation and poor biodegradability. Suitable inulin deriv-
atives have been used to overcome the drawbacks above. Inulin biocompatibility and bi-
odegradability make inulin-coated superparamagnetic iron oxide nanoparticles a suitable 
platform for the delivery of drug and imaging agents. In addition, inulin improves stabil-
ity and prolongs the blood circulation of SPION. Scialabba and co-workers synthesized 
amphiphilic inulin derivatives used for coating SPIONs [207]. This derivative, once placed 
in aqueous media, increases the loading of DOX significantly during the self-assembling 
process [207]. Characterization of the IC-SPIONs using SEM and DLS analysis confirmed 
the stability of the modified inulin with measurement of 21 ± 8 mV for zeta potential and 
spherical morphology a diameter of about 50 nm. The hydrophobic interaction between 
the aromatic ring of DOX and the squalenoyl appendage moieties leads to the formation 
of smaller nanoparticles, and this allows the loading of higher DOX (11.6 ± 0.5% (w/w)). In 
addition, the squalenoyl portion adds hydrophobicity to the inulin backbone, which as-
sists in stabilizing the SPION coating via van der Waals forces. The release studies in two 
different media simulating the different human body compartments revealed a slow re-
lease pattern with about 12% of doxorubicin released after two days, irrespective of the 
pH of the media. The nanoparticle size (~55 nm) allowed the efficient uptake and inter-
nalization of the particles into the cytosol compartment area. Compared with free doxo-
rubicin, the inulin-coated SPION showed three-fold anticancer activity under the control 
of an external magnetic field. The inulin coated SPION allow preferential accumulation 
and release of DOX with the external magnetic field (Figure 11) 
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Figure 11. Inulin-based polymer coated SPIONs loaded with DOX. Reproduced with permission 
from [207] Copyright 2014, Elsevier. 

In a similar study, the versatility of inulin derivatives was exploited to obtain carbox-
ymethyl inulin (CMI). It was subsequently used for coating iron oxide for use as a mag-
netic fluid hyperthermia agent [208]. This work involves coating the surface of iron oxide 
particles decorated with amine silane with carboxylmethyl inulin using amide covalent 
linkage. Physicochemical characterization using different techniques such as FTIR, SEM, 
DLS, and SQUID magnetometry analysis showed evidence of new band appearance, hy-
drodynamic diameter 70 ± 10 nm, and polydisperse particles. The inulin coated iron na-
noparticles were not only less toxic to five different cancer cells despite their higher con-
centration of 1.5 mg/mL, but also a significant amount was uptaken by Caco-2 cells. More-
over, the amide attachment of CMI through the APS layer of the iron oxide gives better 
stability to the nanosystem when stored in water and other media. The fact that no change 
in hydrodynamic diameter with change in temperature (25 °C and 60 °C) was observed 
makes this nanosystem a potential magnetic fluid hyperthermia agent. 

Functionalized Superparamagnetic Nanoparticles 
To increase the active targeting capacity of inulin nanoparticles towards specific can-

cers cell that over-express folic acid on the surface, Scialabba et al. developed an am-
phiphilic inulin derivative using folic acid as a ligand, which was subsequently used as a 
coating material for SPIONs [209]. Folic acid is over-expressed in various human cancers 
such as colon, breast, lung, and ovary and prostate cancer. This encourages the engineer-
ing of an efficient drug delivery platform capable of selectively binding to the target cell. 
In this work, a new amphiphilic graft copolymer INU-LA-PEG-FA copolymer, which can 
self-assemble in aqueous media, was synthesized by a reaction that involves two steps. 
First, lipoic acid (LA) was attached to the inulin backbone, followed by conjugation with 
folic acid via PEG spacer by reacting with NH2-PEG-FA. The final copolymer INU-LA-
PEG-FA copolymer was then employed as a coating and stabilizing agent for SPION, and 
the surface is enriched with folic acid to improve the selective targeting of cancer cells. 
The change in the size from 14 to 131 nm as well as a surface charge from ~−30 to −5 Mv 
promote and helped the successful adsorption of the copolymer to the surface of the 
SPION. The cell viability and erythrolysis studies showed that FA-SPIONs were not toxic 
to different cancers cells (HCT116, MCF7). In addition, the in vitro and in vivo MRI exper-
iments revealed that FA-SPIONs were efficient as a contrasting agent for MRI analysis 
combined with superior targeting ability attributed to the surface ligand folic acid. The 
use of PEG spacer prolonged the half-life of the drug delivery system by reducing their 
removal by the reticuloendothelial system. 

Magnetoplexes 
The development of new and tunable RNA and DNA delivery platforms for the treat-

ment of gene-related disorders is drawing attention after the approval of Glybera by the 
European Medicines Agency (EMA) [210]. Nevertheless, low transfection efficiency, un-
loading of the siRNAs to the target site, poor siRNAs uptake, and degradation limit the 
potential use of RNA and DNA by most routes [211,212]. For this reason, the use of non-
viral vectors for the delivery of RNA and DNA is becoming popular due to the low cost 
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of production, safety, less immunotoxicity, and low pathogenicity when compared to the 
viral approaches. Apart from the drug and ligand conjugation, the hydroxyl group of in-
ulin serves as an anchor in the formation of polycations derivative that can easily complex 
with the negatively charged siRNA and DNA. Inulin derivatives have been used in coat-
ing magnetic nanoparticles in the delivery of therapeutic genes. In one approach, inulin 
derivative was used for dual purposes (coating SPION and complexation with siRNA). 
Licciardi et al. enhanced siRNA delivery by developing SPION stabilized with inulin-eth-
ylenediamine derivative obtained by enhanced microwave synthesis (EMS) [213]. The in-
ulin coated SPIONs were less toxic to 16HBE and HCT116 cancer cell lines, and at the 
same time, their transfection efficiency was significantly increased. The cellular uptake 
and accumulation of the siRNA in the cells were also enhanced in the presence of an ex-
ternal magnet [213]. 

Self-Assembled Inulin Nanoparticles 
Zhang and co-workers developed an amphiphilic inulin derivative by the esterifica-

tion reaction between the functional hydroxyl group of inulin and the carboxylic acid 
groups of ibuprofen using carbodiimide chemistry. The inulin was subsequently self-as-
sembled into nanoparticles by the nanoprecipitation method [214]. The amphiphilic inulin 
derivative self-assemble into nanoparticles with a hydrophobic core and hydrophilic 
shells in an aqueous environment. By chemically attaching hydrophobic moiety such as 
ibuprofen to inulin hydrophilic backbone allows the formation of self-assembled nano-
particles (SNP). The authors used a pyrene fluorescence probe to confirm the formation 
of nanoparticles by investigating critical aggregation behavior. The physicochemical char-
acterization of the nanoparticles was conducted using 1H NMR, TEM, and DLS, and it was 
confirmed that ibuprofen was attached to the inulin backbone, with a hydrodynamic di-
ameter of 141 nm for the drug-loaded nanoparticles with spherical shape nanoparticles. 
In a similar study, methylprednisolone was enveloped into the inner hydrophobic core of 
the nanoparticles, and the in vitro release in phosphate buffer solution by dialysis method 
showed a sustained release pattern with about 94.9% of the drug released in 4 days. The 
cell viability studies showed that both empty nanoparticles and drug-loaded methylpred-
nisolone nanoparticles were less toxic to the Rat Schwann cell line RSC-96. It should be 
emphasized that this drug-loaded nanoparticle may be utilized in the smart and targeted 
delivery of drugs such as methylprednisolone for spinal cord injury. 

Nanostructured Carbon-Nanosheets 
The quest for a multifaceted approach to the improvement and treatment of cancer 

was the compelling reason and motivation for the development of a nanosystem with 
RGO-induced hyperthermia and a smart chemotherapy delivery system (Figure 12). Inu-
lin-doxorubicin prodrug conjugate (INU-EDA-P, C-Doxo) with proven pH sensitivity and 
self-assembling properties was functionalized with PEG-biotin using Huisgen cycloaddi-
tion click chemistry [215]. The use of Huisgen cycloaddition click chemistry to functional-
ize inulin prodrug (INU- EDA-P, C) is a classic example of using molecular designs and 
modification reactions to form novel polymeric materials with advanced function. 
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Figure 12. Thermoablation of RGO/CJ-PEGBT treated MCF-7 cells obtained with an 810 nm laser 
fitted at 7 × 10–2 W mm–3: blu nuclei (A), red doxorubicin (B), bright field (C), merging of all fluores-
cence (D); magnification 5×. Reproduced with permission from [215]. Copyright 2015, American 
Chemical Society. 

In this case, the functionalizing of the inulin derivative with biotin allowed preferen-
tial selectivity of the delivery system towards cancer cells. The available alkyne groups in 
the inulin prodrug (INU- EDA-P, C) support conjugation of the prodrug with biotin, 
which is the targeting agent via the PEG spacer arm. The addition of the reduced graphene 
oxide (RGO) and biotinylated Inulin-doxorubicin conjugate results in a Π-Π-staked 
nanosystem with a synergic anticancer effect. The stability, self-assembling formation of 
the stable π-staked system was confirmed using UV, AFM, and DSC analysis. It was easy 
to control the amount of DOX loaded, which is an important factor that can influence the 
efficacy of nanoparticles in vivo by varying the ratio of conjugate/RGO. The biotinylated 
system shows both higher efficacy and potency compared with the non-targeted system, 
which is attributed to preferential and enhanced uptake as well as efficient drug release 
at acidic tumor pH. The application of an 810 nm laser diode cold laser beam resulted not 
only in the release of DOX but also physically burnt/damaged the cells. This was evi-
denced by a decrease in cell viability and blocked cell proliferation. The result demon-
strated the dual ability of this nanosystem to function as a thermoablation agent with a 
hyperthermia-triggered drug release mechanism. This nanosystem could significantly 
broaden the use of inulin nanoparticles in both drug delivery and biomedical fields. 

2.8. Solid Dispersion 
Increasing both the dissolution rate and bioavailability of drugs with poor water sol-

ubility (Biopharmaceutics Classification System class II and IV) remains a challenging task 
for formulation scientists. One way of dealing with this problem involves the use of solid 
dispersions (SDs) (Figure 13). Drugs with low and poor water solubility may be dispersed 
in solid dispersion by using a hydrophilic carrier, which helps to increase the surface area 
of the drug available for dissolution, improved drug wetting, reduce particles sizes of 
drugs and improve the solubility of drugs under physiologically relevant conditions [216]. 
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Figure 13. the formation of solid dispersion and the benefits. 

Hydrophilic carriers such as inulin can be utilized as solid dispersion carriers to im-
prove and enhance the solubility of drugs. The use of inulin solid dispersion technology 
to boost the release and bioavailability of poorly soluble drugs such as nifedipine (218), 
diazepam [217–219], lipophilic drugs [218], (fenofibrate, ritonavir, and efavirenz) cyclo-
sporine A [220], curcumin, irbesartan [221], and itraconazole have been reported. The high 
glass transition temperature of inulin makes it a suitable carrier in solid dispersion for-
mulation because this allows stability of the final formulation. Inulin glassy SD improved 
the stability of labile THC D9-tetrahydrocannabinol [222], diazepam [218,223], and feno-
fibrate [218] due to the high glass transition temperature of inulin. The dissolution of the 
carrier results in faster hydration of the poorly water-soluble drugs. One of the limitations 
with a sugar glass solid dispersion system is low drug release due to crystallization after 
exceeding certain drug load percentages with the use of sugars such as sucrose or treha-
lose [219]. However, compared to other simple sugars such as sucrose or trehalose as a 
carrier for solid dispersion, inulin was a better candidate because it exhibits slower disso-
lution and a higher crystallization threshold [219]. The superiority of inulin over polyvi-
nylpyrrolidone (PVP) as a carrier for solid dispersion for different drugs with poor water 
solubilities such as diazepam, ritonavir, and efavirenz was demonstrated [218]. Inulin lau-
ryl carbamate (Inutec SPI) is a surfactant formed by covalently attaching lipophilic alkyl 
side chains to the hydrophilic inulin backbone. The use of Inutec SPI as SD permits the 
loading of a high amount of drug without crystallization during dissolution. The inulin 
derivative showed superior dissolution behavior and improved stability of the final for-
mulation due to its surface-active nature. The use of Inutec SPI solid dispersion outper-
formed pure itraconazole because solid dispersion carriers of itraconazole yield better re-
sult outcomes [224]. The dissolution behavior, releases, and bioavailability for a class IV 
drug TMC240 (HIV protease inhibitor characterized by poor solubility and permeating 
properties) were significantly improved by using Inutec SP1 solid dispersion technology 
[225]. Apart from Inutec SPI, the use of derivatives with different moieties attached to the 
inulin backbone as solid dispersion for dissolution enhancement is possible. The dissolution 
and bioavailability of irbesartan were increased by using poly (acrylic acid) grafted inulin co-
polymer [221]. The inulin backbone was grafted with hydrophilic moieties, which leads to a 
higher dissolution rate and bioavailability of water-insoluble irbesartan. The incorporation of 
poorly soluble HTC into the inulin solid dispersion matrix not only increases the stability but 
also the bioavailability [226]. The stable dry powder obtained with glassy inulin polymer al-
lowed the development of a more convenient sublingual dosage formulation with immediate 
release within 3 min compared to about half an hour for a tablet. 

There is a high probability of undesired recrystallization with higher drug loading 
with solid dispersion technology, which can be minimized with the addition of surfactant 
[37]. Interestingly, despite the high drug loading, this problem did not arise with solid 
dispersions of diazepam [219] and cyclosporine A [220]. Inulin solid dispersion of cyclo-
sporine A (CSA) prepared by spray freeze-drying surpass formulation with a physical 
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mix of both pure CSA and spray freeze-dried inulin even at higher drug loading [220]. 
The solid dispersion results in the formation of large porous particles deemed suitable for 
the pulmonary route due to deep lung deposition and high emitted dose. The use of inulin 
in the SD increased the specific surface area and wettability of CSA, making it a suitable 
carrier for the design of pulmonary formulation useful for the treatment of lung transplant 
patients. The superior dissolution enhancement properties of inulin as solid dispersion 
can be ascribed to different mechanisms such as the formation of flower-like platelets of 
inulin around the drug [221,227], surface-active nature of the inulin derivative [218] as 
well as higher surface area and improves wetting of drugs agents [220]. Another im-
portant factor that can influence drug dissolution and release of solid dispersion is the 
chain length of inulin used in the formation of the solid dispersion. Drug dissolution from 
solid dispersion may be hindered by using inulin with higher molecular weight. The 
higher molecular weight inulin does not give better solid dispersion because of the slower 
dissolution of the inulin matrix. Lower molecular weight inulin due to the oligomeric na-
ture performed better than higher molecular weight, as demonstrated with solid disper-
sion of tacrolimus with 1.8 kDa and 4 kDa inulin [228]. The smaller chain 1.8 kDa has 
higher solubility in an aqueous environment compared to the longer 4 kDa inulin chain 
[219]. It is possible to use solid inulin dispersion as a suitable carrier for incorporating 
higher rovement in the dissolution and physical stability of formulations. 

The comprehensive summary of the different inulin drug delivery systems is pro-
vided below in Table 1 

Table 1. showing a summary of the different delivery systems, drugs delivered, method of fabrication and key outcomes. 

Delivery System Drug Delivered Method Key Outcomes 

Hydrogels and Beads, Vesicles, 
Pellets, tablets, and nano-hydro-

gel 

NSAIDs, hormones, 
peptides, corticosteroids, anticancer, 
immunoglobulin G (IgG), bovine se-
rum albumin, and lysozyme, MTX, 

5-aminosalicylic acid, probiotics 
strains 

radical polymerization 
radical copolymerization 

Michael addition crosslinking 
UV radiation, 

chemical crosslinkers 
solvent precipitation 

Allow targeted and lo-
calized delivery of 
drugs to the colon 

Micelles 
curcumin and celecoxib 

rifampicin 
doxorubicin 

Self-assembly micelles using modi-
fied inulin 

Amphiphilic micelles 

Delivers high payload 
to cancer cells 

 
Use of biotin can also 

improve targeting 

liposomes Quercetin  Shealth Coating 

Stabilizes liposome 
Coat liposome 

Liposome uptake 
marker 

prodrugs 
Metronidazole 
Procainamide  

5-ASA  

Conjugation chemistry 
ester and Schiff base prodrug 

Improve stability 
Increase plasma half-life 

Complexes/chelating agent 
Gd–inulin complex 
iron supplements 

Chelation and complex formation  
Better contrasting 

agents 

Microparticles 

Vaccine adjuvants 
Isoniazid, pyrazinoic acid 

Doxorubicin 
Gallic acid 

Chlorhexidine 
Indomethacin 

Conjugation chemistry 
coacervation technique 

Spray drying 

Better cellular uptake 
 

Targeted delivery to in-
fected cells  
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Nanoparticles 
Gold nanoparticles 

Supermagnetic nanoparticles 
(SPION) 

Self-assembly 
Nanostructured carbon sheet 

Ibuprofen 
Doxorubicin 

Methylprednisolone 
Modification of inulin via chemistry 

Attaching ligand such 
as RGD, biotin im-

proves cellular uptake 
 
Better targeting to can-

cer cells 

Solid dispersion 

Nifedipine 
Diazepam, fenofibrates 

Ritonavir, itraconazole, curcumin, 
Irbesartan 

Inulin as hydrophilic polymer 

Result in high loading 
without recrystalliza-

tion 
Improve dissolution 
and physical stability 

3. Toxicological/Clinical Studies Performed Related to Inulin or Inulin-Containing 
Products 

There is limited data on clinical trials of drug formulations containing inulin. How-
ever, several reports on the use of inulin microparticles, specifically Advax as vaccine ad-
juvant in different vaccines, indicate that delta inulin was well tolerated and safe [178,183]. 
There is no toxic reaction or concern with the safety profile. The use of these inulin micro-
particles in vaccines tested in humans was found to be safe. This excellent safety profile 
makes it a good and potential candidate for vaccine adjuvant. Recently, inulin micropar-
ticles were utilized as an adjuvant for SARS-CoV-2 vaccine (COVID Vaccine), which is 
currently moving into human clinical trials. 

4. Conclusions and Expert Opinion 
This review highlighted the application of inulin as a drug carrier. Inulin possesses 

good biocompatibility, biodegradability, molecular flexibility, membrane-stabilizing ef-
fect, immune modulation effect, and easy chemical modification due to the hydroxyl 
group. This makes inulin an excellent candidate as a carrier for drug delivery systems and 
biomaterials. The scope of its use can be increased via modification of its chemical struc-
ture. The hydroxyl group serves as an anchor and active site for the modification of inulin. 
This further allows the fabrications of different inulin drug delivery systems such as hy-
drogel, micelles, prodrugs, liposomes, solid dispersion, microparticles, and nanoparticles. 
The exceptional tropism of inulin towards the kidney allows targeted delivery of drugs to 
the kidney. The colon targeted delivery is possible since inulin is only hydrolyzed by in-
ulinases produced by Bifidobacterium in the colon. The hydroxyl group also confers in 
inulin good swelling in water when utilized for fabrication of hydrogels. The microparti-
cles and nanoparticle size range permit efficient uptake by the macrophages and mono-
cytes. By functionalization of the existing inulin derivatives with targeting ligands such 
as biotin, folic acid, and RGD-peptide, the targeting efficiency can be improved. The use 
of solid dispersion constructed with inulin allows the improvement of the solubility and 
bioavailability of drugs with poor water solubility. It is worth mentioning that Inulin’s 
potential application for light-controlled, lysosome-triggered, and pH-targeted delivery 
needs further investigation. 

Author Contributions: The authors contributed to this review. F.A.; writing—original draft prepa-
ration and editing, S.A.; writing—review and editing, S.H.Y.; writing—review and editing, Y.S.; 
writing—review and editing and S.G.; supervision, review, and editing. All authors have read and 
agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: not applicable. 

Informed Consent Statement: not applicable. 

Data Availability Statement: not applicable. 

Acknowledgments: The authors would also like to thank Candace Day for her help with drawing. 



Pharmaceuticals 2021, 14, 855 31 of 39 
 

 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Hines, D.J.; Kaplan, D.L. Poly(lactic-co-glycolic) Acid-Controlled-Release Systems: Experimental and Modeling Insights. Crit. 

Rev. Ther. Drug Carr. Syst. 2013, 30, 257–276, doi:10.1615/critrevtherdrugcarriersyst.2013006475. 
2. Lim, T.Y.; Poh, C.K.; Wang, W. Poly (lactic-co-glycolic acid) as a controlled release delivery device. J. Mater. Sci. Mater. Electron. 

2009, 20, 1669–1675, doi:10.1007/s10856-009-3727-z. 
3. Tardif, H.; Arnold, C.; Hayes, C.; Eagar, K. Establishment of the Australasian Electronic Persistent Pain Outcomes Collaboration. 

Pain Med. 2016, 18, 201–1018, doi:10.1093/pm/pnw201. 
4. Liu, Z.; Jiao, Y.; Wang, Y.; Zhou, C.; Zhang, Z. Polysaccharides-based nanoparticles as drug delivery systems. Adv. Drug Deliv. 

Rev. 2008, 60, 1650–1662, doi:10.1016/j.addr.2008.09.001. 
5. Torres, F.G.; Troncoso, O.P.; Pisani, A.; Gatto, F.; Bardi, G. Natural Polysaccharide Nanomaterials: An Overview of Their Im-

munological Properties. Int. J. Mol. Sci. 2019, 20, 5092. 
6. Kaur, N.; Gupta, A.K. Applications of inulin and oligofructose in health and nutrition. J. Biosci. 2002, 27, 703–714. 
7. Mensink, M.A.; Frijlink, H.W.; Maarschalk, K.V.D.V.; Hinrichs, W.L. Inulin, a flexible oligosaccharide I: Review of its physico-

chemical characteristics. Carbohydr. Polym. 2015, 130, 405–419, doi:10.1016/j.carbpol.2015.05.026. 
8. van Arkel, J.; Sevenier, R.; Hakkert, J.C.; Bouwmeester, H.J.; Koops, A.J.; van der Meer, I.M. Tailor-made fructan synthesis in 

plants: A review. Carbohydr. Polym. 2013, 93, 48–56. 
9. Mutanda, T.; Mokoena, M.P.; Olaniran, A.O.; Wilhelmi, B.; Whiteley, C.G. Microbial enzymatic production and applications of 

short-chain fructooligosaccharides and inulooligosaccharides: Recent advances and current perspectives. J. Ind. Microbiol. Bio-
technol. 2014, 41, 893–906, doi:10.1007/s10295-014-1452-1. 

10. Barclay, T.; Ginic-Markovic, M.; Cooper, P.; Petrovsky, N. Inulin—A versatile polysaccharide with multiple pharmaceutical and 
food chemical uses. J. Excip. Food Chem. 2010, 1, 27–50. 

11. Saengthongpinit, W.; Sajjaanantakul, T. Influence of harvest time and storage temperature on characteristics of inulin from 
Jerusalem artichoke (Helianthus tuberosus L.) tubers. Postharvest Biol. Technol. 2005, 37, 93–100, doi:10.1016/j.post-
harvbio.2005.03.004. 

12. Koch, K.; Andersson, R.; Rydberg, I.; Åman, P. Influence of harvest date on inulin chain length distribution and sugar profile 
for six chicory (Cichorium intybus L) cultivars. J. Sci. Food Agric. 1999, 79, 1503–1506, doi:10.1002/(sici)1097-
0010(199908)79:113.0.co;2-9. 

13. Mensink, M.A.; Frijlink, H.W.; Maarschalk, K.V.D.V.; Hinrichs, W.L. Inulin, a flexible oligosaccharide. II: Review of its pharma-
ceutical applications. Carbohydr. Polym. 2015, 134, 418–428, doi:10.1016/j.carbpol.2015.08.022. 

14. Leyva-Porras, C.; López-Pablos, A.; Alavrez, C.; Perez-Urizar, J.; Saavedra, Z. Physical Properties of Inulin and Technological Ap-
plications. Ramawat, K.G., Mérillon, J.M., Eds.; Springer: New York, NY, USA, 2015; pp. 959–984. 

15. Keenan, D.F.; Resconi, V.C.; Kerry, J.P.; Hamill, R.M. Modelling the influence of inulin as a fat substitute in comminuted meat 
products on their physico-chemical characteristics and eating quality using a mixture design approach. Meat Sci. 2014, 96, 1384–
1394, doi:10.1016/j.meatsci.2013.11.025. 

16. Rodriguez Furlan, L.T.; Padilla, A.P.; Campderros, M.E. Development of reduced fat minced meats using inulin and bovine 
plasma proteins as fat replacers. Meat Sci. 2014, 96, 762–768. 

17. Kocer, D.; Hicsasmaz, Z.; Bayindirli, A.; Katnas, S. Bubble and pore formation of the high-ratio cake formulation with polydex-
trose as a sugar- and fat-replacer. J. Food Eng. 2007, 78, 953–964, doi:10.1016/j.jfoodeng.2005.11.034. 

18. Rodríguez-García, J.; Salvador, A.; Hernando, I. Replacing Fat and Sugar with Inulin in Cakes: Bubble Size Distribution, Phys-
ical and Sensory Properties. Food Bioprocess Technol. 2014, 7, 964–974, doi:10.1007/s11947-013-1066-z. 

19. Mittal, S.; Bajwa, U. Effect of fat and sugar substitution on the quality characteristics of low calorie milk drinks. J. Food Sci. 
Technol. 2011, 49, 704–712, doi:10.1007/s13197-010-0216-9. 

20. Pintor, A.; Severiano-Pérez, P.; Totosaus, A. Optimization of fat-reduced ice cream formulation employing inulin as fat replacer 
via response surface methodology. Food Sci. Technol. Int. 2013, 20, 489–500, doi:10.1177/1082013213493100. 

21. Van Loo, J.; Coussement, P.; De Leenheer, L.; Hoebregs, H.; Smits, G. On the presence of Inulin and Oligofructose as natural in-
gredients in the western diet. Crit. Rev. Food Sci. Nutr. 1995, 35, 525–552. 

22. Coussement, P.A.A. Inulin and Oligofructose: Safe Intakes and Legal Status. J. Nutr. 1999, 129, 1412S–1417S, 
doi:10.1093/jn/129.7.1412s. 

23. Rodriguez Furlan, L.T.; Perez Padilla, A.; Campderros, M.E. Improvement of gluten-free bread properties by the incorporation 
of bovine plasma proteins and different saccharides into the matrix. Food Chem. 2015, 170, 257–264. 

24. Rezaei, R.; Khomeiri, M.; Aalami, M.; Kashaninejad, M. Effect of inulin on the physicochemical properties, flow behavior and 
probiotic survival of frozen yogurt. J. Food Sci. Technol. 2014, 51, 2809–2814, doi:10.1007/s13197-012-0751-7. 

25. Laguna, L.; Primo-Martín, C.; Salvador, A.; Sanz, T. Inulin and Erythritol as Sucrose Replacers in Short-dough Cookies: Sensory, 
Fracture, and Acoustic Properties. J. Food Sci. 2013, 78, S777–S784, doi:10.1111/1750-3841.12119. 

26. Kelly, G. Inulin-type prebiotics—A review: Part 1. Altern. Med. Rev. J. Clin. Ther. 2008, 13, 315–329. 
27. Matusek, A.; Merész, P.; Le, T.K.D.; Örsi, F. Effect of temperature and pH on the degradation of fructo-oligosaccharides. Eur. 

Food Res. Technol. 2009, 228, 355–365, doi:10.1007/s00217-008-0941-8. 



Pharmaceuticals 2021, 14, 855 32 of 39 
 

 

28. Roberfroid, M.B. Introducing inulin-type fructans. Br. J. Nutr. 2005, 93, S13–S25, doi:10.1079/bjn20041350. 
29. Shoaib, M.; Shehzad, A.; Omar, M.; Rakha, A.; Raza, H.; Sharif, H.R.; Shakeel, A.; Ansari, A.; Niazi, S. Inulin: Properties, health 

benefits and food applications. Carbohydr. Polym. 2016, 147, 444–454, doi:10.1016/j.carbpol.2016.04.020. 
30. Chaito, C.; Judprasong, K.; Puwastien, P. Inulin content of fortified food products in Thailand. Food Chem. 2016, 193, 102–105, 

doi:10.1016/j.foodchem.2014.10.140. 
31. Karimi, R.; Azizi, M.H.; Ghasemlou, M.; Vaziri, M. Application of inulin in cheese as prebiotic, fat replacer and texturizer: A 

review. Carbohydr. Polym. 2015, 119, 85–100, doi:10.1016/j.carbpol.2014.11.029. 
32. Grasmeijer, N.; Stankovic, M.; de Waard, H.; Frijlink, H.W.; Hinrichs, W.L.J. Unraveling protein stabilization mechanisms: Vit-

rifica-tion and water replacement in a glass transition temperature controlled system. Biochim. Et Biophys. Acta (BBA) Proteins 
Proteom. 2013, 1834, 763–769. 

33. Haj-Ahmad, R.R.; Elkordy, A.A.; Chaw, C.S.; Moore, A. Compare and contrast the effects of surfactants (Pluronic®F-127 and 
Cremophor®EL) and sugars (β-cyclodextrin and inulin) on properties of spray dried and crystallised lysozyme. Eur. J. Pharm. 
Sci. 2013, 49, 519–534, doi:10.1016/j.ejps.2013.05.004. 

34. Saluja, V.; Amorij, J.-P.; Kapteyn, J.; de Boer, A.; Frijlink, H.; Hinrichs, W. A comparison between spray drying and spray freeze 
drying to produce an influenza subunit vaccine powder for inhalation. J. Control. Release 2010, 144, 127–133, doi:10.1016/j.jcon-
rel.2010.02.025. 

35. Hinrichs, W.; Prinsen, M.; Frijlink, H.W. Inulin glasses for the stabilization of therapeutic proteins. Int. J. Pharm. 2001, 215, 163–
174, doi:10.1016/s0378-5173(00)00677-3. 

36. Wahjudi, M.; Murugappan, S.; van Merkerk, R.; Eissens, A.C.; Visser, M.R.; Hinrichs, W.L.; Quax, W.J. Development of a dry, 
stable and inhalable acyl–homoserine–lactone–acylase powder formulation for the treatment of pulmonary Pseudomonas ae-
ruginosa infections. Eur. J. Pharm. Sci. 2013, 48, 637–643, doi:10.1016/j.ejps.2012.12.015. 

37. Srinarong, P.; Faber, J.; Visser, M.; Hinrichs, W.; Frijlink, H.W. Strongly enhanced dissolution rate of fenofibrate solid dispersion 
tablets by incorporation of superdisintegrants. Eur. J. Pharm. Biopharm. 2009, 73, 154–161, doi:10.1016/j.ejpb.2009.05.006. 

38. Broesder A, Berends JME, Scheepers SM, Nguyen DN, Frijlink HW, Hinrichs WLJ. Ileo-Colon Targeting of the Poorly Water-
Soluble Drug Celecoxib Using a pH-Dependent Coating in Combination with Self-Emulsifying Drug Delivery or Solid 
Dispersion Systems. Pharmaceutics. 2021;13(5):731. 

39. Swarup P, Agrawal GP. Solid Dispersion: A Mechanistic and Realistic Approach on Antihypertensive Drug as a Drug Carrier 
System. ASSAY and Drug Development Technologies. 2021;19(5):282-9.  

40. Traynor, J.; Mactier, R.; Geddes, C.C.; Fox, J.G. How to measure renal function in clinical practice. BMJ 2006, 333, 733–737, 
doi:10.1136/bmj.38975.390370.7c. 

41. Orlando, R.; Floreani, M.; Padrini, R.; Palatini, P. Determination of inulin clearance by bolus intravenous injection in healthy 
subjects and ascitic patients: Equivalence of systemic and renal clearances as glomerular filtration markers. Br. J. Clin. Pharmacol. 
1998, 46, 605–609, doi:10.1046/j.1365-2125.1998.00824.x. 

42. Davidson, M.H.; Maki, K.C. Effects of Dietary Inulin on Serum Lipids. J. Nutr. 1999, 129, 1474S–1477S, doi:10.1093/jn/129.7.1474s. 
43. Hond, E.D.; Geypens, B.; Ghoos, Y. Effect of high performance chicory inulin on constipation. Nutr. Res. 2000, 20, 731–736, 

doi:10.1016/s0271-5317(00)00162-7. 
44. Marteau, P.; Jacobs, H.; Cazaubiel, M.; Signoret, C.; Prevel, J.-M.; Housez, B. Effects of chicory inulin in constipated elderly 

people: A double-blind controlled trial. Int. J. Food Sci. Nutr. 2010, 62, 164–170, doi:10.3109/09637486.2010.527323. 
45. Leenen, C.H.M.; Dieleman, L.A. Inulin and Oligofructose in Chronic Inflammatory Bowel Disease. J. Nutr. 2007, 137, 2572S–

2575S, doi:10.1093/jn/137.11.2572s. 
46. Silva, D.G.; Cooper, P.D.; Petrovsky, N. Inulin-derived adjuvants efficiently promote both Th1 and Th2 immune responses. 

Immunol. Cell Biol. 2004, 82, 611–616, doi:10.1111/j.1440-1711.2004.01290.x. 
47. Cooper, P.D.; Steele, E.J. The adjuvanticity of gamma inulin. Immunol. Cell Biol. 1988, 66, 345–352, doi:10.1038/icb.1988.45. 
48. Korbelik, M.; Cooper, P.D. Potentiation of photodynamic therapy of cancer by complement: The effect of γ-inulin. Br. J. Cancer 

2007, 96, 67–72. 
49. Weir C, Oksa A, Millar J, Alexander M, Kynoch N, Walton-Weitz Z, et al. The Safety of an Adjuvanted Autologous Cancer 

Vaccine Platform in Canine Cancer Patients. Vet Sci. 2018;5(4):87. 
50. Cooper, P.D.; Carter, M. The anti-melanoma activity of inulin in mice. Mol. Immunol. 1986, 23, 903–908, doi:10.1016/0161-

5890(86)90076-3. 
51. De Anda-Flores Y, Carvajal-Millan E, Campa-Mada A, Lizardi-Mendoza J, Rascon-Chu A, Tanori-Cordova J, et al. Polysaccha-

ride-Based Nanoparticles for Colon-Targeted Drug Delivery Systems. Polysaccharides. 2021;2(3):626-47. 
52. Antunes JC, Seabra CL, Domingues JM, Teixeira MO, Nunes C, Costa-Lima SA, et al. Drug Targeting of Inflammatory Bowel 

Diseases by Biomolecules. Nanomaterials. 2021;11(8):2035. 
53. Sun Q, Arif M, Chi Z, Li G, Liu C-G. Macrophages-targeting mannosylated nanoparticles based on inulin for the treatment of 

inflammatory bowel disease (IBD). International Journal of Biological Macromolecules. 2021;169:206-15 
54. Pitarresi, G.; Tripodo, G.; Calabrese, R.; Craparo, E.F.; Licciardi, M.; Giammona, G. Hydrogels for Potential Colon Drug Release 

by Thiol-ene Conjugate Addition of a New Inulin Derivative. Macromol. Biosci. 2008, 8, 891–902, doi:10.1002/mabi.200800043. 
55. Zijlstra, G.S.; Ponsioen, B.J.; Hummel, S.A.; Sanders, N.; Hinrichs, W.L.; de Boer, A.H.; Frijlink, H.W. Formulation and process 

development of (recombinant human) deoxyribonuclease I as a powder for inhalation. Pharm. Dev. Technol. 2009, 14, 358–368. 



Pharmaceuticals 2021, 14, 855 33 of 39 
 

 

56. Giri, S.; Dutta, P.; Giri, T.K. Inulin-based carriers for colon drug targeting. J. Drug Deliv. Sci. Technol. 2021, 64, 102595, 
doi:10.1016/j.jddst.2021.102595. 

57. Imran, S.; Gillis, R.B.; Kok, S.M.; Harding, S.E.; Adams, G.G. Application and use of Inulin as a tool for therapeutic drug delivery. 
Biotechnol. Genet. Eng. Rev. 2012, 28, 33–46, doi:10.5661/bger-28-33. 

58. Akram, W.; Joshi, R.; Garud, N. Inulin: A promising carrier for controlled and targeted drug delivery system. J. Drug Deliv. Ther. 
2019, 9, 437–441, doi:10.22270/jddt.v9i1-s.2398. 

59. Wan, X.; Guo, H.; Liang, Y.; Zhou, C.; Liu, Z.; Li, K.; Niu, F.; Zhai, X.; Wang, L. The physiological functions and pharmaceutical 
applications of inulin: A review. Carbohydr. Polym. 2020, 246, 116589, doi:10.1016/j.carbpol.2020.116589. 

60. Wang, W. Instability, stabilization, and formulation of liquid protein pharmaceuticals. Int. J. Pharm. 1999, 185, 129–188, 
doi:10.1016/s0378-5173(99)00152-0. 

61. Crowe, J.H.; Crowe, L.M.; Carpenter, J.F.; Rudolph, A.; Wistrom, C.A.; Spargo, B.; Anchordoguy, T. Interactions of sugars with 
membranes. Biochim. et Biophys. Acta (BBA) Rev. Biomembr. 1988, 947, 367–384, doi:10.1016/0304-4157(88)90015-9. 

62. Buitink, J.; Leprince, O. Glass formation in plant anhydrobiotes: Survival in the dry state. Cryobiology 2004, 48, 215–528. 
63. Crowe, J.H.; Carpenter, J.F.; Crowe, L.M. The Role of Vitrification in Anhydrobiosis. Annu. Rev. Physiol. 1998, 60, 73–103, 

doi:10.1146/annurev.physiol.60.1.73. 
64. Vereyken, I.J.; Chupin, V.; Islamov, A.; Kuklin, A.; Hincha, D.K.; de Kruijff, B. The Effect of Fructan on the Phospholipid Or-

ganization in the Dry State. Biophys. J. 2003, 85, 3058–3065, doi:10.1016/s0006-3495(03)74724-9. 
65. Van den Mooter, G.; Vervoort, L.; Kinget, R. Characterization of methacrylated inulin hydrogels designed for colon targeting: 

In vitro release of BSA. Pharm. Res. 2003, 20, 303–307. 
66. Hinrichs WL, Sanders NN, De Smedt SC, Demeester J, Frijlink HW. Inulin is a promising cryo- and lyoprotectant for PEGylated 

lipoplexes. J Control Release. 2005;103(2):465-79. 
67. Lopez-Molina, D.; Navarro-Martinez, M.D.; Rojas Melgarejo, F.; Hiner, A.N.; Chazarra, S.; Rodriguez-Lopez, J.N. Molecular 

prop-erties and prebiotic effect of inulin obtained from artichoke (Cynara scolymus L.). Phytochemistry 2005, 66, 1476–1484. 
68. Flamm, G.; Glinsmann, W.; Kritchevsky, D.; Prosky, L.; Roberfroid, M. Inulin and Oligofructose as Dietary Fiber: A Review of 

the Evidence. Crit. Rev. Food Sci. Nutr. 2001, 41, 353–362, doi:10.1080/20014091091841. 
69. Roberfroid, M.; Delzenne, N. Dietary Fructans. Annu. Rev. Nutr. 1998, 18, 117–143, doi:10.1146/annurev.nutr.18.1.117. 
70. Vervoort, L.; Mooter, G.V.D.; Augustijns, P.; Kinget, R. Inulin hydrogels. I. Dynamic and equilibrium swelling properties. Int. 

J. Pharm. 1998, 172, 127–135, doi:10.1016/s0378-5173(98)00200-2. 
71. Vervoort, L.; Vinckier, I.; Moldenaers, P.; Mooter, G.V.D.; Augustijns, P.; Kinget, R. Inulin hydrogels as carriers for colonic drug 

targeting. Rheological characterization of the hydrogel formation and the hydrogel network. J. Pharm. Sci. 1999, 88, 209–214, 
doi:10.1021/js9802796. 

72. Maris, B.; Verheyden, L.; Van Reeth, K.; Samyn, C.; Augustijns, P.; Kinget, R.; Mooter, G.V.D. Synthesis and characterisation of 
inulin-azo hydrogels designed for colon targeting. Int. J. Pharm. 2001, 213, 143–152, doi:10.1016/s0378-5173(00)00654-2. 

73. Zabot GL, Silva EK, Azevedo VM, Meireles MAA. Replacing modified starch by inulin as prebiotic encapsulant matrix of lipo-
philic bioactive compounds. Food Research International. 2016;85:26-35 

74. Mandracchia, D.; Denora, N.; Franco, M.; Pitarresi, G.; Giammona, G.; Trapani, G. New Biodegradable Hydrogels Based on 
Inulin and alpha,beta-Polyaspartylhydrazide Designed for Colonic Drug Delivery: In Vitro Release of Glutathione and Oxyto-
cin. J. Biomater. Sci. Polym. Ed. 2011, 22, 313–328. 

75. Tripodo, G.; Pitarresi, G.; Palumbo, F.S.; Craparo, E.F.; Giammona, G. UV-photocrosslinking of inulin derivatives to produce 
hy-drogels for drug delivery application. Macromol. Biosci. 2005, 5, 1074–1084. 

76. Sharpe, L.A.; Daily, A.M.; Horava, S.D.; Peppas, N.A. Therapeutic applications of hydrogels in oral drug delivery. Expert Opin. 
Drug Deliv. 2014, 11, 901–915, doi:10.1517/17425247.2014.902047. 

77. Peppas, N.A.; Bures, P.; Leobandung, W.; Ichikawa, H. Hydrogels in pharmaceutical formulations. Eur. J. Pharm. Biopharm. 2000, 
50, 27–46. 

78. Caló, E.; Khutoryanskiy, V.V. Biomedical applications of hydrogels: A review of patents and commercial products. Eur. Polym. 
J. 2015, 65, 252–267. 

79. Buwalda, S.J.; Boere, K.W.; Dijkstra, P.J.; Feijen, J.; Vermonden, T.; Hennink, W.E. Hydrogels in a historical perspective: From 
simple networks to smart materials. J. Control. Release 2014, 190, 254–273, doi:10.1016/j.jconrel.2014.03.052. 

80. Tian, B.; Hua, S.; Tian, Y.; Liu, J. Chemical and physical chitosan hydrogels as prospective carriers for drug delivery: A review. 
J. Mater. Chem. B 2020, 8, 10050–10064, doi:10.1039/d0tb01869d. 

81. Hamedi, H.; Moradi, S.; Hudson, S.M.; Tonelli, A.E. Chitosan based hydrogels and their applications for drug delivery in wound 
dressings: A review. Carbohydr. Polym. 2018, 199, 445–460, doi:10.1016/j.carbpol.2018.06.114. 

82. Weber, L.M.; Lopez, C.G.; Anseth, K.S. Effects of PEG hydrogel crosslinking density on protein diffusion and encapsulated islet 
survival and function. J. Biomed. Mater. Res. Part. A 2008, 90, 720–729, doi:10.1002/jbm.a.32134. 

83. Vervoort, L.; Mooter, G.V.D.; Augustijns, P.; Busson, R.; Toppet, S.; Kinget, R. Inulin hydrogels as carriers for colonic drug 
targeting: I. Synthesis and characterization of methacrylated inulin and hydrogel formation. Pharm. Res. 1997, 14, 1730–1737, 
doi:10.1023/a:1012179813102. 

84. Spizzirri UG, Altimari I, Puoci F, Parisi OI, Iemma F, Picci N. Innovative antioxidant thermo-responsive hydrogels by radical 
grafting of catechin on inulin chain. Carbohydrate polymers. 2011;84(1):517-23 



Pharmaceuticals 2021, 14, 855 34 of 39 
 

 

85. Palumbo, F.S.; Fiorica, C.; Di Stefano, M.; Pitarresi, G.; Gulino, A.; Agnello, S.; Giammona, G. In situ forming hydrogels of 
hyaluronic acid and inulin derivatives for cartilage regeneration. Carbohydr. Polym. 2015, 122, 408–416, doi:10.1016/j.car-
bpol.2014.11.002. 

86. Afinjuomo, F.; Barclay, T.; Song, Y.; Parikh, A.; Petrovsky, N.; Garg, S. Synthesis and characterization of a novel inulin hydrogel 
crosslinked with pyromellitic dianhydride. React. Funct. Polym. 2019, 134, 104–111, doi:10.1016/j.reactfunctpolym.2018.10.014. 

87. Ferreira L, Carvalho R, Gil MH, Dordick JS. Enzymatic synthesis of inulin-containing hydrogels. Biomacromolecules. 
2002;3(2):333-41. 

88. Castelli, F.; Sarpietro, M.G.; Micieli, D.; Ottimo, S.; Pitarresi, G.; Tripodo, G.; Carlisi, B.; Giammona, G. Differential scanning 
calorimetry study on drug release from an inulin-based hydrogel and its interaction with a biomembrane model: pH and load-
ing effect. Eur. J. Pharm. Sci. 2008, 35, 76–85, doi:10.1016/j.ejps.2008.06.005. 

89. Chiu, H.-C., Hsu, Y.-H., Lin P-J. Synthesis of pH-sensitive inulin hydrogels and characterization of their swelling properties. J. 
Biomed. Mater. Res. 2002, 61, 146–152. 

90. Afinjuomo, F.; Fouladian, P.; Parikh, A.; Barclay, T.G.; Song, Y.; Garg, S. Preparation and Characterization of Oxidized Inulin 
Hy-drogel for Controlled Drug Delivery. Pharmaceutics 2019, 11, 356. 

91. Sahiner, N.; Sagbas, S.; Yoshida, H.; Lyon, L.A. Synthesis and Properties of Inulin Based Microgels. Colloid Interface Sci. Commun. 
2014, 2, 15–18, doi:10.1016/j.colcom.2014.08.003. 

92. Kim, S.W.; Bae, Y.H.; Okano, T. Hydrogels: Swelling, Drug Loading, and Release. Pharm. Res. 1992, 09, 283–290, 
doi:10.1023/a:1015887213431. 

93. Bhattarai, N.; Gunn, J.; Zhang, M. Chitosan-based hydrogels for controlled, localized drug delivery. Adv. Drug Deliv. Rev. 2010, 
62, 83–99, doi:10.1016/j.addr.2009.07.019. 

94. Wang J, Zhao X, Zhou C, Wang C, Zheng Y, Ye K, et al. Effects of gellan gum and inulin on mixed-gel properties and molecular 
structure of gelatin. Food Science & Nutrition. 2021;9(3):1336-46. 

95. Martinez AW, Caves JM, Ravi S, Li W, Chaikof EL. Effects of crosslinking on the mechanical properties, drug release and cyto-
compatibility of protein polymers. Acta biomaterialia. 2014;10(1):26-33. 

96. Stubbe, B.; Maris, B.; Mooter, G.V.D.; De Smedt, S.C.; Demeester, J. The in vitro evaluation of ‘azo containing polysaccharide 
gels’ for colon delivery. J. Control. Release 2001, 75, 103–114, doi:10.1016/s0168-3659(01)00367-4. 

97. Pitarresi, G.; Triolo, D.; Giorgi, M.; Fiorica, C.; Calascibetta, F.; Giammona, G. Inulin-Based Hydrogel for Oral Delivery of 
Flutamide: Preparation, Characterization, and in vivo Release Studies. Macromol. Biosci. 2012, 12, 770–778, 
doi:10.1002/mabi.201200003. 

98. López-Molina, D.; Chazarra, S.; How, C.W.; Pruidze, N.; Navarro-Perán, E.; Garcia-Canovas, F.; Garcia-Ruiz, P.A.; Rojas-Mel-
garejo, F.; Rodríguez-López, J.N. Cinnamate of inulin as a vehicle for delivery of colonic drugs. Int. J. Pharm. 2015, 479, 96–102, 
doi:10.1016/j.ijpharm.2014.12.064. 

99. Atia, A.; Gomaa, A.; Fernandez, B.; Subirade, M.; Fliss, I. Study and Understanding Behavior of Alginate-Inulin Synbiotics Beads 
for Protection and Delivery of Antimicrobial-Producing Probiotics in Colonic Simulated Conditions. Probiotics Antimicrob. Pro-
teins 2018, 10, 157–167, doi:10.1007/s12602-017-9355-x. 

100. Bahadori, F.; Akinan, B.S.; Akyıl, S.; Eroğlu, M.S. Synthesis and engineering of sodium alginate/inulin core-shell nano-hydrogels 
for controlled-release oral delivery of 5-ASA. Org. Commun. 2019, 12, 132–142, doi:10.25135/acg.oc.63.19.07.1336. 

101. Kim, W.S.; Cho, C.S.; Hong, L.; Han, G.G.; Kil, B.J.; Kang, S.K.; Kim, D.D.; Choi, Y.J.; Huh, C.S. Oral Delivery of Probiotics Using 
pH-Sensitive Phthalyl Inulin Tablets. J. Microbiol. Biotechn. 2019, 29, 200–208. 

102. Hufnagel, B.; Muellner, V.; Hlatky, K.; Tallian, C.; Vielnascher, R.; Guebitz, G.M.; Wirth, M.; Gabor, F. Chemically modified 
inulin for intestinal drug delivery—A new dual bioactivity concept for inflammatory bowel disease treatment. Carbohydr. Polym. 
2021, 252, 117091, doi:10.1016/j.carbpol.2020.117091. 

103. Cho, H.; Lai, T.C.; Tomoda, K.; Kwon, G.S. Polymeric Micelles for Multi-Drug Delivery in Cancer. AAPS PharmSciTech 2014, 16, 
10–20, doi:10.1208/s12249-014-0251-3. 

104. Jones, M.-C.; Leroux, J.-C. Polymeric micelles—A new generation of colloidal drug carriers. Eur. J. Pharm. Biopharm. 1999, 48, 
101–111, doi:10.1016/s0939-6411(99)00039-9. 

105. Lukyanov, A.N.; Torchilin, V.P. Micelles from lipid derivatives of water-soluble polymers as delivery systems for poorly soluble 
drugs. Adv. Drug Deliv. Rev. 2004, 56, 1273–1289, doi:10.1016/j.addr.2003.12.004. 

106. Mandracchia, D.; Tripodo, G.; Trapani, A.; Ruggieri, S.; Annese, T.; Chlapanidas, T.; Trapani, G.; Ribatti, D. Inulin based micelles 
loaded with curcumin or celecoxib with effective anti-angiogenic activity. Eur. J. Pharm. Sci. 2016, 93, 141–146, 
doi:10.1016/j.ejps.2016.08.027. 

107. Jain, R.K. Delivery of molecular and cellular medicine to solid tumors. Adv. Drug Deliv. Rev. 1997, 26, 71–90, doi:10.1016/s0169-
409x(97)00027-6. 

108. Torchilin, V.P. Structure and design of polymeric surfactant-based drug delivery systems. J. Control. Release 2001, 73, 137–172, 
doi:10.1016/s0168-3659(01)00299-1. 

109. Mu, L.; Elbayoumi, T.; Torchilin, V. Mixed micelles made of poly(ethylene glycol)–phosphatidylethanolamine conjugate and d-
α-tocopheryl polyethylene glycol 1000 succinate as pharmaceutical nanocarriers for camptothecin. Int. J. Pharm. 2005, 306, 142–
149, doi:10.1016/j.ijpharm.2005.08.026. 

110. Shahin M, Ahmed S, Kaur K, Lavasanifar A. Decoration of polymeric micelles with cancer-specific peptide ligands for active 
targeting of paclitaxel. Biomaterials. 2011;32(22):5123-33. 



Pharmaceuticals 2021, 14, 855 35 of 39 
 

 

111. Gaucher, G.; Dufresne, M.-H.; Sant, V.; Kang, N.; Maysinger, D.; Leroux, J.-C. Block copolymer micelles: Preparation, charac-
terization and application in drug delivery. J. Control. Release 2005, 109, 169–188, doi:10.1016/j.jconrel.2005.09.034. 

112. Yu, Y.; Zhang, L.; Eisenberg, A. Morphogenic Effect of Solvent on Crew-Cut Aggregates of Apmphiphilic Diblock Copolymers. 
Macromolecules 1998, 31, 1144–1154, doi:10.1021/ma971254g. 

113. Choucair, A.; Eisenberg, A. Control of amphiphilic block copolymer morphologies using solution conditions. Eur. Phys. J. E 
2003, 10, 37–44, doi:10.1140/epje/e2003-00002-5. 

114. Tripodo, G.; Pasut, G.; Trapani, A.; Mero, A.; Lasorsa, F.M.; Chlapanidas, T.; Trapani, G.; Mandracchia, D. Inulin-d-α-Tocoph-
erol Succinate (INVITE) Na-nomicelles as a Platform for Effective Intravenous Administration of Curcumin. Biomacromolecules 
2015, 16, 550–557. 

115. Tripodo, G.; Perteghella, S.; Grisoli, P.; Trapani, A.; Torre, M.L.; Mandracchia, D. Drug delivery of rifampicin by natural micelles 
based on inulin: Physicochemical properties, antibacterial activity and human macrophages uptake. Eur. J. Pharm. Biopharm. 
2019, 136, 250–258, doi:10.1016/j.ejpb.2019.01.022. 

116. Mandracchia, D.; Rosato, A.; Trapani, A.; Chlapanidas, T.; Montagner, I.M.; Perteghella, S.; Di Franco, C.; Torre, M.L.; Trapani, 
G.; Tripodo, G. Design, synthesis and evaluation of biotin decorated inulin-based polymeric micelles as long-circulating 
nanocarriers for targeted drug delivery. Nanomed. Nanotechnol. Biol. Med. 2017, 13, 1245–1254, doi:10.1016/j.nano.2017.01.001. 

117. Licciardi, M.; Scialabba, C.; Sardo, C.; Cavallaro, G.; Giammona, G. Amphiphilic inulin graft co-polymers as self-assembling 
micelles for doxorubicin delivery. J. Mater. Chem. B 2014, 2, 4262–4271, doi:10.1039/c4tb00235k. 

118. Muley, P.; Kumar, S.; El Kourati, F.; Kesharwani, S.S.; Tummala, H. Hydrophobically modified inulin as an amphiphilic car-
bohy-drate polymer for micellar delivery of paclitaxel for intravenous route. Int. J. Pharm. 2016, 500, 32–41. 

119. Di Prima, G.; Saladino, S.; Bongiovì, F.; Adamo, G.; Ghersi, G.; Pitarresi, G.; Giammona, G. Novel inulin-based mucoadhesive 
micelles loaded with corticosteroids as potential transcorneal permeation enhancers. Eur. J. Pharm. Biopharm. 2017, 117, 385–399. 

120. Mauro, N.; Campora, S.; Scialabba, C.; Adamo, G.; Licciardi, M.; Ghersi, G.; Giammona, G. Self-organized environment-sensi-
tive inu-lin-doxorubicin conjugate with a selective cytotoxic effect towards cancer cells. Rsc. Adv. 2015, 5, 32421–32430. 

121. Giammona, G.; Mauro, N.; Scialabba, C. Inulin for Cancer Therapy: Present and Perspectives. Int. J. Pharma Res. Rev. 2016, 5, 
63–69. 

122. Chehardoli, G.; Norouzian, P.; Firozian, F. Inulin-Grafted Stearate (In-g-St) as the Effective Self-Assembling Polymeric Micelle: 
Synthesis and Evaluation for the Delivery of Betamethasone. J. Nanomater. 2020, 2020, 1–8, doi:10.1155/2020/6579538. 

123. Shivhare, K.; Garg, C.; Priyam, A.; Gupta, A.; Sharma, A.K.; Kumar, P. Enzyme sensitive smart inulin-dehydropeptide conjugate 
self-assembles into nanostructures useful for targeted delivery of ornidazole. Int. J. Biol. Macromol. 2018, 106, 775–783, 
doi:10.1016/j.ijbiomac.2017.08.071. 

124. Monteiro, N.; Martins, A.; Reis, R.L.; Neves, N.M. Liposomes in tissue engineering and regenerative medicine. J. R. Soc. Interface 
2014, 11, 20140459, doi:10.1098/rsif.2014.0459. 

125. Koning, G.A.; Storm, G. Targeted drug delivery systems for the intracellular delivery of macromolecular drugs. Drug Discov. 
Today 2003, 8, 482–483, doi:10.1016/s1359-6446(03)02699-0. 

126. Metselaar, J.M.; Storm, G. Liposomes in the treatment of inflammatory disorders. Expert Opin. Drug Deliv. 2005, 2, 465–476, 
doi:10.1517/17425247.2.3.465. 

127. Sercombe, L.; Veerati, T.; Moheimani, F.; Wu, S.; Sood, A.K.; Hua, S. Advances and Challenges of Liposome Assisted Drug 
Delivery. Front. Pharmacol. 2015, 6, 286, doi:10.3389/fphar.2015.00286. 

128. Mufamadi, M.S.; Pillay, V.; Choonara, Y.E.; Du Toit, L.C.; Modi, G.; Naidoo, D.; Ndesendo, V.M.K. A Review on Composite 
Liposomal Technologies for Specialized Drug Delivery. J. Drug Deliv. 2011, 2011, 1–19, doi:10.1155/2011/939851. 

129. Hua, S.; Wu, S.Y. The use of lipid-based nanocarriers for targeted pain therapies. Front. Pharmacol. 2013, 4, 143. 
130. Sapra, P.; Allen, T. Ligand-targeted liposomal anticancer drugs. Prog. Lipid Res. 2003, 42, 439–462, doi:10.1016/s0163-

7827(03)00032-8. 
131. Kundu, S.K.; Sharma, A.R.; Lee, S.-S.; Sharma, G.; Doss, C.G.P.; Yagihara, S.; Kim, D.-Y.; Nam, J.-S.; Chakraborty, C. Recent 

Trends of Polymer Mediated Liposomal Gene Delivery System. BioMed Res. Int. 2014, 2014, 1–15, doi:10.1155/2014/934605. 
132. Nobs, L.; Buchegger, F.; Gurny, R.; Allemann, E. Current methods for attaching targeting ligands to liposomes and nano-parti-

cles. J. Pharm. Sci. 2004, 93, 1980–1992. 
133. Zylberberg, C.; Gaskill, K.; Pasley, S.; Matosevic, S. Engineering liposomal nanoparticles for targeted gene therapy. Gene. Ther. 

2017, 24, 441–452, doi:10.1038/gt.2017.41. 
134. Essien, H.; Lai, J.Y.; Hwang, K.J. Synthesis of diethylenetriaminepentaacetic acid conjugated inulin and utility for cellular uptake 

of liposomes. J. Med. Chem. 1988, 31, 898–901, doi:10.1021/jm00400a002. 
135. Rautio, J.; Kumpulainen, H.; Heimbach, T.; Oliyai, R.; Oh, D.; Järvinen, T.; Savolainen, J. Prodrugs: Design and clinical applica-

tions. Nat. Rev. Drug Discov. 2008, 7, 255–270, doi:10.1038/nrd2468. 
136. Stella, V.J.; Nti-Addae, K.W. Prodrug strategies to overcome poor water solubility. Adv. Drug Deliv. Rev. 2007, 59, 677–694, 

doi:10.1016/j.addr.2007.05.013. 
137. Muller, C.E. Prodrug approaches for enhancing the bioavailability of drugs with low solubility. Chem. Biodivers. 2009, 6, 2071–

2083. 
138. Peterson, L.W.; E. McKenna, C. Prodrug approaches to improving the oral absorption of antiviral nucleotide analogues. Expert 

Opin. Drug Deliv. 2009, 6, 405–420, doi:10.1517/17425240902824808. 



Pharmaceuticals 2021, 14, 855 36 of 39 
 

 

139. Karaman, R. Prodrugs for masking bitter taste of antibacterial drugs—a computational approach. J. Mol. Model. 2013, 19, 2399–
2412, doi:10.1007/s00894-013-1780-5. 

140. Shin, S.C.; Choi, J.S. Enhanced bioavailability of atenolol by transdermal administration of the ethylene-vinyl acetate matrix in 
rabbits. Eur. J. Pharm. Biopharm. 2003, 56, 439–443, doi:10.1016/s0939-6411(03)00133-4. 

141. D’Souza, M.; Venkataramanan, R.; D’Mello, A.; Niphadkar, P. An alternative prodrug approach for reducing presystemic me-
tabolism of drugs. Int. J. Pharm. 1986, 31, 165–167, doi:10.1016/0378-5173(86)90227-9. 

142. Aungst, B.J.; Matz, N. Prodrugs to Reduce Presystemic Metabolism. In Solvent Systems and Their Selection in Pharmaceutics and 
Biopharmaceutics, Augustijns, J., Brewste, M.E. Eds.; Amsterdam, The Netherlands, 2007, 339–355. 

143. Min, Y.; Mao, C.; Chen, S.; Ma, G.; Wang, J.; Liu, Y. Combating the Drug Resistance of Cisplatin Using a Platinum Prodrug 
Based Delivery System. Angew. Chem. Int. Ed. 2012, 51, 6742–6747, doi:10.1002/anie.201201562. 

144. Placzek, A.T.; Ferrara, S.J.; Hartley, M.D.; Sanford-Crane, H.S.; Meinig, J.M.; Scanlan, T.S. Sobetirome prodrug esters with en-
hanced blood-brain barrier permeability. Bioorganic Med. Chem. 2016, 24, 5842–5854. 

145. Rautio, J.; Laine, K.; Gynther, M.; Savolainen, J. Prodrug Approaches for CNS Delivery. AAPS J. 2008, 10, 92–102, 
doi:10.1208/s12248-008-9009-8. 

146. Giang, I.; Boland, E.L.; Poon, G.M.K. Prodrug Applications for Targeted Cancer Therapy. AAPS J. 2014, 16, 899–913, 
doi:10.1208/s12248-014-9638-z. 

147. Remon, J.; Duncan, R.; Schacht, E. Polymer-drug combinations: Pinocytic uptake of modified polysaccharides containing pro-
cainamide moieties by rat visceral yolk sacs cultured -itin vitro. J. Control. Release 1984, 1, 47–56, doi:10.1016/0168-3659(84)90020-
8. 

148. Schacht, E.; Buys, L.; Vermeersch, J.; Remon, J.P. Polymer-drug combinations: Synthesis and characterization of modified pol-
ysaccharides containing procainamide moieties. J. Control. Release 1984, 1, 33–46, doi:10.1016/0168-3659(84)90019-1. 

149. Hartzell, A.L.; Maldonado-Gómez, M.X.; Yang, J.; Hutkins, R.W.; Rose, D.J. In vitro digestion and fermentation of 5-formyl-
aminosailcylate-inulin: A potential prodrug of 5-aminosalicylic acid. Bioact. Carbohydr. Diet. Fibre 2013, 2, 8–14, 
doi:10.1016/j.bcdf.2013.08.001. 

150. Stevens, C.V.; Meriggi, A.; Booten, K. Chemical Modification of Inulin, a Valuable Renewable Resource, and Its Industrial Ap-
plications. Biomacromolecules 2001, 2, 1–16, doi:10.1021/bm005642t. 

151. Mura, C.; Valenti, D.; Floris, C.; Sanna, R.; De Luca, M.A.; Fadda, A.M.; Loy, G. Metronidazole prodrugs: Synthesis, physico-
chemical properties, stability, and ex vivo release studies. Eur. J. Med. Chem. 2011, 46, 4142–4150. 

152. Vermeersch, J.; Vandoorne, F.; Permentier, D.; Schacht, E. Macromolecular Prodrugs of Metronidazole. Esterification of Hy-
droxyl Containing Polymers With Metronidazole Monosuccinate. Bull. Des. Sociétés Chim. Belg. 2010, 94, 591–596, 
doi:10.1002/bscb.19850940807. 

153. Wang, W.; Jiang, J.; Ballard, E.C.; Wang, B. Prodrug approaches to the improved delivery of peptide drugs. Curr. Pharm. Des. 
1999, 5, 265–287. 

154. Simplício, A.L.; Clancy, J.M.; Gilmer, J.F. Prodrugs for Amines. Molecules 2008, 13, 519–547, doi:10.3390/molecules13030519. 
155. Barsanti, C.; Lenzarini, F.; Kusmic, C. Diagnostic and prognostic utility of non-invasive imaging in diabetes management. World, 

J. Diabetes 2015, 6, 792–806, doi:10.4239/wjd.v6.i6.792. 
156. Caravan, P.; Ellison, J.J.; McMurry, T.J.; Lauffer, R.B. Gadolinium(III) Chelates as MRI Contrast Agents: Structure, Dynamics, 

and Applications. Chem. Rev. 1999, 99, 2293–2352, doi:10.1021/cr980440x. 
157. Mohs, A.M.; Lu, Z.R. Gadolinium(III)-based blood-pool contrast agents for magnetic resonance imaging: Status and clinical po-

tential. Expert Opin Drug Deliv. 2007, 4, 149–164. 
158. Weinmann, H.J.; Brasch, R.C.; Press, W.R.; Wesbey, G.E. Characteristics of gadolinium-DTPA complex: A potential NMR con-

trast agent. Am. J. Roentgenol. 1984, 142, 619–624, doi:10.2214/ajr.142.3.619. 
159. Biagi, B.A.; Enyeart, J.J. Gadolinium blocks low- and high-threshold calcium currents in pituitary cells. Am. J. Physiol. Physiol. 

1990, 259, C515–C520, doi:10.1152/ajpcell.1990.259.3.c515. 
160. Aime, S.; Botta, M.; Fasano, M.; Terreno, E. Lanthanide(III) chelates for NMR biomedical applications. Chem. Soc. Rev. 1998, 27, 

19–29, doi:10.1039/a827019z. 
161. Peters, J.; Huskens, J.; Raber, D. Lanthanide induced shifts and relaxation rate enhancements. Prog. Nucl. Magn. Reson. Spectrosc. 

1996, 28, 283–350, doi:10.1016/0079-6565(95)01026-2. 
162. Huang, C.-H.; Tsourkas, A. Gd-based macromolecules and nanoparticles as magnetic resonance contrast agents for mo-lecular 

imaging. Curr. Top. Med. Chem. 2013, 13, 411–421. 
163. Baxter, A.B.; Lazarus, S.C.; Brasch, R.C. In Vitro Histamine Release Induced by Magnetic Resonance Imaging and Iodinated 

Contrast Media. Investig. Radiol. 1993, 28, 308–312, doi:10.1097/00004424-199304000-00009. 
164. Corsi, D.M.; Elst, L.V.; Muller, R.N.; van Bekkum, H.; Peters, J.A. Inulin as a carrier for contrast agents in magnetic resonance 

imaging. Chemistry 2001, 7, 64–71. 
165. Rebizak, R.; Schaefer, M.; Dellacherie, É. Macromolecular contrast agents for magnetic resonance imaging: Influence of polymer 

content in ligand on the paramagnetic properties. Eur. J. Pharm. Sci. 1999, 7, 243–248, doi:10.1016/s0928-0987(98)00027-x. 
166. Lebduskova, P.; Kotek, J.; Hermann, P.; Vander, E.L.; Muller, R.N.; Lukes, I.; Peters, J.A. A gadolinium(III) complex of a carbox-

ylic-phosphorus acid derivative of diethylenetriamine covalently bound to inulin, a potential macromolecular MRI contrast 
agent. Bioconjugate Chem. 2004, 15, 881–889. 



Pharmaceuticals 2021, 14, 855 37 of 39 
 

 

167. Granato, L.; Laurent, S.; Elst, L.V.; Djanashvili, K.; Peters, J.A.; Muller, R.N. The Gd3+ complex of 1,4,7,10-tetraazacyclododec-
ane-1,4,7,10-tetraacetic acid mono(p-isothiocyanatoanilide) conjugated to inulin: A potential stable macromolecular contrast 
agent for MRI. Contrast Media Mol. Imaging 2011, 6, 482–491, doi:10.1002/cmmi.448. 

168. Sioud, M. Promises and Challenges in Developing RNAi as a Research Tool and Therapy. Pept. Microarrays 2011, 703, 173–187, 
doi:10.1007/978-1-59745-248-9_12. 

169. Cavallaro, G.; Sardo, C.; Scialabba, C.; Licciardi, M.; Giammona, G.; Lamberti, G. Smart inulin-based polycationic nanodevices 
for siRNA delivery. Curr. Drug Deliv. 2016, 13, 1, doi:10.2174/1567201813666160811145855. 

170. Sardo, C.; Farra, R.; Licciardi, M.; Dapas, B.; Scialabba, C.; Giammona, G.; Grassi, M.; Grassi, G.; Cavallaro, G. Development of 
a simple, biocompatible and cost-effective Inulin-Diethylenetriamine based siRNA delivery system. Eur. J. Pharm. Sci. 2015, 75, 
60–71, doi:10.1016/j.ejps.2015.03.021. 

171. Sardo, C.; Craparo, E.F.; Porsio, B.; Giammona, G.; Cavallaro, G. Improvements in Rational Design Strategies of Inulin De-
rivative Polycation for siRNA Delivery. Biomacromolecules 2016, 17, 2352. 

172. Wang, J.; Fu, X.; Bao, Y. Cationization of Inulin via Atom Transfer Radical Polymerization for Gene Delivery. Chem. J. Chin. 
Univ. 2014, 35, 2124–2130. 

173. Pitarresi, G.; Tripodo, G.; Cavallaro, G.; Palumbo, F.S.; Giammona, G. Inulin–iron complexes: A potential treatment of iron 
deficiency anaemia. Eur. J. Pharm. Biopharm. 2008, 68, 267–276, doi:10.1016/j.ejpb.2007.05.006. 

174. Cooper, P.D.; Barclay, T.; Ginic-Markovic, M.; Petrovsky, N. The polysaccharide inulin is characterized by an extensive series 
of periodic isoforms with varying biological actions. Glycobiology 2013, 23, 1164–1174, doi:10.1093/glycob/cwt053. 

175. Dolter, K.E.; Evans, C.F.; Ellefsen, B.; Song, J.; Boente-Carrera, M.; Vittorino, R.; Rosenberg, T.J.; Hannaman, D.; Vasan, S. Im-
munogenicity, safety, biodistribution and persistence of ADVAX, a prophylactic DNA vaccine for HIV-1, delivered by in vivo 
electroporation. Vaccine 2011, 29, 795–803, doi:10.1016/j.vaccine.2010.11.011. 

176. Honda-Okubo, Y.; Saade, F.; Petrovsky, N. Advax, a polysaccharide adjuvant derived from delta inulin, provides im-proved 
influenza vaccine protection through broad-based enhancement of adaptive immune responses. Vaccine 2012, 30, 5373–5381. 

177. Cooper, P.D.; Petrovsky, N. Delta inulin: A novel, immunologically active, stable packing structure comprising beta-D-[2 -> 1] 
poly(fructo-furanosyl) alpha-D-glucose polymers. Glycobiology 2011, 21, 595–606. 

178. Petrovsky, N.; Cooper, P.D. Advax™, a novel microcrystalline polysaccharide particle engineered from delta inulin, provides 
robust adjuvant potency together with tolerability and safety. Vaccine 2015, 33, 5920–5926, doi:10.1016/j.vaccine.2015.09.030. 

179. Petrovsky, N.; Cooper, P.D. Carbohydrate-based immune adjuvants. Expert Rev. Vaccines 2011, 10, 523–537, 
doi:10.1586/erv.11.30. 

180. Nishiyama, A.; Tsuji, S.; Yamashita, M.; Henriksen, R.A.; Myrvik, Q.N.; Shibata, Y. Phagocytosis of N-acetyl-d-glucosamine 
particles, a Th1 adjuvant, by RAW 264.7 cells results in MAPK activation and TNF-α, but not IL-10, production. Cell. Immunol. 
2006, 239, 103–112, doi:10.1016/j.cellimm.2006.04.003. 

181. Huang, H.; Ostroff, G.R.; Lee, C.K.; Wang, J.P.; Specht, C.A.; Levitz, S.M. Distinct patterns of dendritic cell cytokine release 
stimulated by fungal beta-glucans and toll-like receptor agonists. Infect. Immun. 2009, 77, 1774–1781. 

182. Bielefeldt-Ohmann, H.; Prow, A.N.; Wang, W.; Tan, C.S.; Coyle, M.; Douma, A.; Hobson-Peters, J.; Kidd, L.; Hall, A.R.; Petrov-
sky, N. Safety and immunogenicity of a delta inulin-adjuvanted inactivated Japanese encephalitis virus vaccine in pregnant 
mares and foals. Veter.-Res. 2014, 45, 130, doi:10.1186/s13567-014-0130-7. 

183. Gordon, D.L.; Sajkov, D.; Woodman, R.J.; Honda-Okubo, Y.; Cox, M.M.; Heinzel, S.; Petrovsky, N. Randomized clinical trial of 
immu-nogenicity and safety of a recombinant H1N1/2009 pandemic influenza vaccine containing Advax polysaccharide adju-
vant. Vaccine 2012, 30, 5407–5416. 

184. Kumar, S.; Tummala, H. Development of Soluble Inulin Microparticles as a Potent and Safe Vaccine Adjuvant and Delivery 
System. Mol. Pharm. 2013, 10, 1845–1853, doi:10.1021/mp3006374. 

185. Gallovic, M.D.; Montjoy, D.G.; Collier, M.A.; Do, C.; Wyslouzil, B.E.; Bachelder, E.M.; Ainslie, K.M. Chemically modified inulin 
micro-particles serving dual function as a protein antigen delivery vehicle and immunostimulatory adjuvant. Biomater. Sci. 2016, 
4, 483–493. 

186. Kumar, S.; Kesharwani, S.S.; Kuppast, B.; Rajput, M.; Bakkari, M.A.; Tummala, H. Discovery of inulin acetate as a novel im-
mune-active polymer and vaccine adjuvant: Synthesis, material characterization, and biological evaluation as a toll-like recep-
tor-4 agonist. J. Mater. Chem. B 2016, 4, 7950–7960, doi:10.1039/c6tb02181f. 

187. Afinjuomo, F.; Barclay, T.G.; Parikh, A.; Chung, R.; Song, Y.M.; Nagalingam, G.; Triccas, J.; Wang, L.; Liu, L.; Hayball, J.D.; et 
al. Synthesis and Characterization of pH-Sensitive Inulin Conjugate of Isoniazid for Monocyte-Targeted Delivery. Pharmaceutics 
2019, 11, 555. 

188. Afinjuomo, F.; Barclay, T.G.; Parikh, A.; Song, Y.; Chung, R.; Wang, L.; Liu, L.; Hayball, J.D.; Petrovsky, N.; Garg, S. Design and 
Characterization of Inulin Con-jugate for Improved Intracellular and Targeted Delivery of Pyrazinoic Acid to Monocytes. Phar-
maceutics 2019, 11, 243. 

189. Wang, L.; Song, Y.; Parikh, A.; Joyce, P.; Chung, R.; Liu, L.; Afinjuomo, F.; Hayball, J.D.; Petrovsky, N.; Barclay, T.G.; et al. 
Doxorubicin-Loaded Delta Inulin Conjugates for Controlled and Targeted Drug Delivery: Development, Characterization, and 
In Vitro Evaluation. Pharmaceutics 2019, 11, 581, doi:10.3390/pharmaceutics11110581. 

190. Robert, P.; García, P.; Reyes, N.; Chávez, J.; Santos, J. Acetylated starch and inulin as encapsulating agents of gallic acid and 
their release behaviour in a hydrophilic system. Food Chem. 2012, 134, 1–8, doi:10.1016/j.foodchem.2012.02.019. 



Pharmaceuticals 2021, 14, 855 38 of 39 
 

 

191. Wu, X.Y.; Lee, P.I. Preparation and characterization of inulin ester microspheres as drug carriers. J. Appl. Polym. Sci. 2000, 77, 
833–840. 

192. Poulain, N.; Dez, I.; Perrio, C.; Lasne, M.-C.; Prud’Homme, M.-P.; Nakache, E. Microspheres based on inulin for the controlled 
release of serine protease inhibitors: Preparation, characterization and in vitro release. J. Control. Release 2003, 92, 27–38, 
doi:10.1016/s0168-3659(03)00251-7. 

193. Jain, A.K.; Sood, V.; Bora, M.; Vasita, R.; Katti, D.S. Electrosprayed inulin microparticles for microbiota triggered targeting of 
colon. Carbohydr. Polym. 2014, 112, 225–234, doi:10.1016/j.carbpol.2014.05.087. 

194. Samuli, H.; Catherine, P.; Jean-Pierre, B. Passive and Active Tumour Targeting with Nanocarriers. Curr. Drug Dis. Cover. Technol. 
2011, 8, 188–196. 

195. Zhang, L.; Li, G.; Gao, M.; Liu, X.; Ji, B.; Hua, R.; Zhou, Y.; Yang, Y. RGD-peptide conjugated inulin-ibuprofen nanoparticles for 
targeted delivery of Epirubicin. Colloids Surf. B: Biointerfaces 2016, 144, 81–89, doi:10.1016/j.colsurfb.2016.03.077. 

196. Licciardi, M.; Volsi, A.L.; Mauro, N.; Scialabba, C.; Cavallaro, G.; Giammona, G. Preparation and Characterization of Inulin 
Coated Gold Nanoparticles for Selective Delivery of Doxorubicin to Breast Cancer Cells. J. Nanomater. 2016, 2016, 1–12, 
doi:10.1155/2016/2078315. 

197. Kumar, A.; Mandal, S.; Selvakannan, P.R.; Pasricha, R.; Mandale, A.B.; Sastry, M. Investigation into the Interaction between 
Surface-Bound Alkylamines and Gold Nanoparticles. Langmuir 2003, 19, 6277–6282, doi:10.1021/la034209c. 

198. Polte, J.; Ahner, T.T.; Delissen, F.; Sokolov, S.; Emmerling, F.; Thünemann, A.F.; Kraehnert, R. Mechanism of Gold Nanoparticle 
Formation in the Classical Citrate Synthesis Method Derived from Coupled In Situ XANES and SAXS Evaluation. J. Am. Chem. 
Soc. 2010, 132, 1296–1301, doi:10.1021/ja906506j. 

199. Volsi, A.L.; De Aberasturi, D.J.; Henriksen-Lacey, M.; Giammona, G.; Licciardi, M.; Liz-Marzán, L.M. Inulin coated plasmonic 
gold nanoparticles as a tumor-selective tool for cancer therapy. J. Mater. Chem. B 2016, 4, 1150–1155, doi:10.1039/c5tb01810b. 

200. Liu, L.; Hitchens, T.K.; Ye, Q.; Wu, Y.; Barbe, B.; Prior, D.E.; Li, W.F.; Yeh, F.-C.; Foley, L.M.; Bain, D.J.; et al. Decreased reticu-
loendothelial system clearance and increased blood half-life and immune cell labeling for nano- and micron-sized superpara-
magnetic iron-oxide particles upon pre-treatment with Intralipid. Biochim. et Biophys. Acta (BBA) Gen. Subj. 2013, 1830, 3447–
3453, doi:10.1016/j.bbagen.2013.01.021. 

201. Chouly, C.; Pouliquen, D.; Lucet, I.; Jeune, J.J.; Jallet, P. Development of superparamagnetic nanoparticles for MRI: Effect of 
particle size, charge and surface nature on biodistribution. J. Microencapsul. 1996, 13, 245–255, doi:10.3109/02652049609026013. 

202. Durán, J.; Arias, J.L.; Gallardo, V.; Delgado, A. Magnetic Colloids as Drug Vehicles. J. Pharm. Sci. 2008, 97, 2948–2983, 
doi:10.1002/jps.21249. 

203. Corot, C.; Robert, P.; Idée, J.-M.; Port, M. Recent advances in iron oxide nanocrystal technology for medical imaging. Adv. Drug 
Deliv. Rev. 2006, 58, 1471–1504, doi:10.1016/j.addr.2006.09.013. 

204. Kawasaki, E.S.; Player, A. Nanotechnology, nanomedicine, and the development of new, effective therapies for cancer. Nano-
med. Nanotechnol. Biol. Med. 2005, 1, 101–109, doi:10.1016/j.nano.2005.03.002. 

205. Liang, X.-J.; Chen, C.; Zhao, Y.; Wang, P.C. Circumventing Tumor Resistance to Chemotherapy by Nanotechnology. CRISPR 
Cas Methods 2010, 596, 467–488. 

206. Laurent, S.; Saei, A.; Behzadi, S.; Panahifar, A.; Mahmoudi, M. Superparamagnetic iron oxide nanoparticles for delivery of 
therapeutic agents: Opportunities and challenges. Expert Opin. Drug Deliv. 2014, 11, 1449–1470, 
doi:10.1517/17425247.2014.924501. 

207. Scialabba, C.; Licciardi, M.; Mauro, N.; Rocco, F.; Ceruti, M.; Giammona, G. Inulin-based polymer coated SPIONs as potential 
drug delivery systems for targeted cancer therapy. Eur. J. Pharm. Biopharm. 2014, 88, 695–705, doi:10.1016/j.ejpb.2014.09.008. 

208. Santiago-Rodríguez, L.; Lafontaine, M.M.; Castro, C.; Méndez-Vega, J.; Latorre-Esteves, M.; Juan, E.J.; Mora, E.; Torres-Lugo, 
M.; Rinaldi, C. Synthesis, stability, cellular uptake, and blood circulation time of carboxymethyl-inulin coated magnetic nano-
particles. J. Mater. Chem. B 2013, 1, 2807–2817, doi:10.1039/c3tb20256a. 

209. Scialabba, C.; Puleio, R.; Peddis, D.; Varvaro, G.; Calandra, P.; Cassata, G.; Cicero, L.; Licciardi, M.; Giammona, G. Folate tar-
geted coated SPIONs as efficient tool for MRI. Nano Res. 2017, 10, 3212–3227, doi:10.1007/s12274-017-1540-4. 

210. Riley, M.K.; Vermerris, W. Recent Advances in Nanomaterials for Gene Delivery—A Review. Nanomaterials 2017, 7, 94, 
doi:10.3390/nano7050094. 

211. Ramamoorth, M.; Narvekar, A. Non Viral Vectors in Gene Therapy- An Overview. J. Clin. Diagn. Res. JCDR 2015, 9, GE01–GE6. 
212. Lam, J.K.W.; Chow, M.Y.T.; Zhang, Y.; Leung, S.W.S. siRNA Versus miRNA as Therapeutics for Gene Silencing. Mol. Ther. 

Nucleic Acids 2015, 4, e252, doi:10.1038/mtna.2015.23. 
213. Licciardi, M.; Volsi, A.L.; Sardo, C.; Mauro, N.; Cavallaro, G.; Giammona, G. Inulin-Ethylenediamine Coated SPIONs Magne-

toplexes: A Promising Tool for Improving siRNA Delivery. Pharm. Res. 2015, 32, 3674–3687, doi:10.1007/s11095-015-1726-y. 
214. Zhang, L.; Li, Y.; Wang, C.; Li, G.; Zhao, Y.; Yang, Y. Synthesis of methylprednisolone loaded ibuprofen modified inulin based 

nanoparticles and their application for drug delivery. Mater. Sci. Eng. C 2014, 42, 111–115, doi:10.1016/j.msec.2014.05.025. 
215. Mauro, N.; Scialabba, C.; Cavallaro, G.; Licciardi, M.; Giammona, G. Biotin-Containing Reduced Graphene Oxide-Based 

Nanosystem as a Multieffect Anticancer Agent: Combining Hyperthermia with Targeted Chemotherapy. Biomacromolecules 
2015, 16, 2766–2775, doi:10.1021/acs.biomac.5b00705. 

216. Leuner, C.; Dressman, J. Improving drug solubility for oral delivery using solid dispersions. Eur. J. Pharm. Biopharm. 2000, 50, 
47–60. 



Pharmaceuticals 2021, 14, 855 39 of 39 
 

 

217. Srinarong, P.; Kouwen, S.; Visser, M.R.; Hinrichs, W.; Frijlink, H.W. Effect of drug-carrier interaction on the dissolution behavior 
of solid dispersion tablets. Pharm. Dev. Technol. 2009, 15, 460–468, doi:10.3109/10837450903286529. 

218. Srinarong, P.; Hamalainen, S.; Visser, MR.; Hinrichs, W.L.; Ketolainen, J.; Frijlink, H.W. Surface-active derivative of inulin 
(Inutec(R) SP1) is a superior carrier for solid dispersions with a high drug load. J. Pharm Sci. 2011, 100, 2333–2342. 

219. van Drooge, D.J.; Hinrichs, W.L.; Frijlink, H.W. Anomalous dissolution behaviour of tablets prepared from sugar glass-based 
solid dispersions. J. Control. Release 2004, 97, 441–452. 

220. Zijlstra, G.S.; Rijkeboer, M.; Jan van Drooge, D.; Sutter, M.; Jiskoot, W.; van de Weert, M.; Hinrichs, W.L.; Frijlink, H.W. Char-
acterization of a cyclo-sporine solid dispersion for inhalation. AAPS J. 2007, 9, E190–E199. 

221. Fares, M.M.; Salem, M.t.S.; Khanfar, M. Inulin and poly(acrylic acid) grafted inulin for dissolution enhancement and pre-limi-
nary controlled release of poorly water-soluble Irbesartan drug. Int. J. Pharm. 2011, 410, 206–211. 

222. van Drooge, D.-J.; Hinrichs, W.L.J.; Dickhoff, B.H.J.; Elli, M.N.A.; Visser, M.R.; Zijlstra, G.S.; Frijlink, H.W. Spray freeze drying 
to produce a stable Δ9-tetrahydrocannabinol containing inulin-based solid dispersion powder suitable for inhalation. Eur. J. 
Pharm. Sci. 2005, 26, 231–240. 

223. Fares, M.M.; Salem, M.t.S. Dissolution enhancement of curcumin via curcumin–prebiotic inulin nanoparticles. Drug Dev. Ind. 
Pharm. 2015, 41, 1785–1492. 

224. Van den Mooter, G.; Weuts, I.; De Ridder, T.; Blaton, N. Evaluation of Inutec SP1 as a new carrier in the formulation of solid 
dispersions for poorly soluble drugs. Int. J. Pharm. 2006, 316, 1–6. 

225. Visser, M.R.; Baert, L.; Klooster, G.V.T.; Schueller, L.; Geldof, M.; Vanwelkenhuysen, I.; De Kock, H.; De Meyer, S.; Frijlink, 
H.W.; Rosier, J.; et al. Inulin solid dispersion technology to improve the absorption of the BCS Class IV drug TMC. Eur. J. Pharm. 
Biopharm. 2010, 74, 233–238, doi:10.1016/j.ejpb.2009.10.004. 

226. van Drooge, D.J.; Hinrichs, W.L.J.; Wegman, K.A.M.; Visser, M.R.; Eissens, A.C.; Frijlink, H.W. Solid dispersions based on inulin 
for the stabilisation and formulation of Δ9-tetrahydrocannabinol. Eur. J. Pharm. Sci. 2004, 21, 511–518. 

227. Kiumarsi M, Majchrzak D, Jäger H, Song J, Lieleg O, Shahbazi M. Comparative study of instrumental properties and sensory 
profiling of low-calorie chocolate containing hydrophobically modified inulin. Part II: Proton mobility, topological, tribological 
and dynamic sensory properties. Food Hydrocolloids. 2021;110:106144 

228. Srinarong, P.; Pham, B.T.; Holen, M.; Van Der Plas, A.; Schellekens, R.C.; Hinrichs, W.L.; Frijlink, H.W. Preparation and physi-
cochemical evaluation of a new tacrolimus tablet formulation for sublingual administration. Drug Dev. Ind. Pharm. 2011, 38, 
490–500, doi:10.3109/03639045.2011.613075. 

 


	1. Introduction
	2. Inulin Drug Delivery Systems
	2.1. Inulin Hydrogels
	2.2. Inulin Micelles
	2.3. Liposomes
	2.4. Prodrugs
	2.4.1. Prodrug with an Ester Linkage
	2.4.2. Bioactive Schiff Bases Prodrug

	2.5. Inulin Chelating Agents/Complex/Polyplex
	2.6. Microparticles
	2.7. Inulin Nanoparticles
	2.7.1. Active Targeting
	Self-Assembling for Active Targeting

	2.7.2. Passive Targeting
	Gold Nanoparticles (GNPs)
	Inulin Based Magnetic Nanoparticles
	Functionalized Superparamagnetic Nanoparticles
	Magnetoplexes
	Self-Assembled Inulin Nanoparticles
	Nanostructured Carbon-Nanosheets


	2.8. Solid Dispersion

	3. Toxicological/Clinical Studies Performed Related to Inulin or Inulin-Containing Products
	4. Conclusions and Expert Opinion
	References

