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A B S T R A C T

The aim of this study was to achieve an efficient, cost effective and food compatible solubilization of antioxidants 
by combining two solubilization mechanisms. For this purpose, a complexing agent (polysaccharide molecules) 
and a small molecule (short organic acids) were combined. Solubilization experiments of rutin and quercetin 
(two hydrophobic polyphenols) were performed using maltodextrins, cyclodextrins, citric acid and malic acid. 
We were able to show that maltodextrins at high concentrations are able to solubilize the polyphenols in a similar 
way to cyclodextrin and thus represent inexpensive and readily available alternatives. Due to their salting-out 
character we assume a solubilization mechanism via specific interactions, probably complexation. Adding cit
ric or malic acids to maltodextrin solution further increased solubility via additive effects, though the low pH and 
the salting-out effects of their salts limit practical applications.

1. Introduction

Polyphenols are plant-derived compounds well-known for their 
antioxidant, anti-inflammatory, and anticancer properties, making them 
a focal point of nutritional and pharmaceutical research. [1–3] These 
effects are largely attributed to their ability to neutralize free radicals, 
thus protecting cells from oxidative damage. [1,2] Additionally, poly
phenols have been shown to modulate various signaling pathways and 
to modulate the immune response, contributing to their anticancer ef
fects by inhibiting the proliferation of cancer cells and promoting 
apoptosis. [3,4] Due to these properties, polyphenols are increasingly 
incorporated into dietary supplements and functional foods aimed at 
promoting health and preventing chronic diseases. [2]

However, their application is limited by their low water solubility, 
severely affecting their bioavailability, [5–7] their instability against 
light and oxidation [8] as well as their unpleasant bitter taste, which is 
problematic for food formulations. [5]

Various additives and chemical functionalizations have been devised 
to improve the solubility of polyphenols in order to enhance their 
therapeutic potential. [9] However, all these approaches still bear 

disadvantages. For example, the use of surfactants, and of many 
hydrotropes and solvents is often highly restricted due to their toxicity, 
environmental footprint, taste, cost or negative impact on the total 
formulation. Thus, overcoming the solubility issues in aqueous envi
ronments remains a critical area of research to fully exploit the benefits 
of polyphenols. [10]

Among the most suitable solubilizing agents are cyclodextrins, which 
are already used in a multitude of pharmaceutical formulations. Besides 
solubilization, they can enhance stability and bioavailability of bioac
tive compounds, inhibit loss of drug molecules and mask their bitter 
flavor. [11,12]

CD are cyclic oligosaccharides of six, seven or eight α-1,4-glucose 
units (named α, β, and γ CD, respectively) and possess an overall cone- 
like structure, with the alcohol groups forming a hydrophilic shell, 
while the internal cavity is hydrophobic. [13] Herein, hydrophobic 
molecules with the correct size and chemical structure can be complexed 
without the formation of covalent bonds. [11,14]

α, β, and γ CD are approved food additives. [16] However, β-CD can 
only be used in small amounts for practical reasons: In ordinary β-CD, 
the outer hydroxy groups are oriented in such a way that they form 

* Corresponding author.
E-mail address: werner.kunz@chemie.uni-regensburg.de (W. Kunz). 
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intramolecular hydrogen bonds, drastically reducing its water solubility. 
[17] This problem can be solved by grafting functional groups to the OH 
groups so that hydrogen bond cannot form and the CD cannot crystal
lize. [17] The most commonly used and best studied [18] derivative is 
hydroxy-propyl-β-cyclodextrin (HP-β-CD). Although it is one of the least 
toxic β-CD derivatives and is used in pharmaceuticals like eye drops, oral 
and intravenous solutions, [11] it should not be consumed in large 
quantities, as it can cause diarrhea and softening of the stool if ingested 
in excess of 16 g per day. [18,19] Hence, while β-CD is a food additive (E 
459), [20] HP-β-CD is not approved as food additive, neither in Europe 
nor in the US. [21] This raises the question: are there structurally similar 
compounds that can serve a similar function, but allow for more flexible 
formulations.

The source material of CDs, starch itself forms remarkable secondary 
structures with hydrophilic shells and hydrophobic core. [22,23] 

Notably, one of the polymers forming starch, amylose, has the ability to 
encapsulate a small solute in its cavity in a single helix that is a bit 
smaller than CDś. [22]. Common encapsulated solutes are the well- 
known polyiodide ions, as well as monoacyl lipids and some alcohols. 
[23,24]

The simple fact that starch is only minimally soluble in water if not 
heated above 60 ◦C is a barrier to its use in aqueous solutions. [22] This 
problem can be overcome by partial hydrolysis into shorter oligosac
charide fragments. The resulting so-called maltodextrins possess char
acteristics of both starch, such as lack of sweetness, and glucose, such as 
solubility in cold water. [25,26]

As common food additives, they perform a variety of functions in 
modern foods: they modulate texture, act as anti-caking and anti- 
crystallization agents, replace fat in low-fat products by providing a 
similar mouthfeel, and can extend shelf life and carry flavors and 

Fig. 1. Structure of the molecules used in this study: a) General structure of a maltodextrin, b) CD, c) Citric acid, d) Malic acid, e) Rutin, f) Quercetin, g) DPnP 
(dipropylenglycol n-propylether).
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fragrances. [25–27] Maltodextrins are less expensive than comparable 
hydrocolloids and their solutions in water have a barely noticeable 
texture and taste. [28]

Just like starch, maltodextrin contains mainly α-1,4, but also α-1,6 
glycosidic bonds, stemming from the hydrolysis of amylopectin. [26,27] 
The ratio of these links is dependent on the type of starch that has been 
hydrolyzed. [26,27]

The fact that the shortest possible α-1,4 connected polyglucan – 
maltose -already has the same bond angles as those found in the amylose 
helix, [22] can be taken as evidence that maltodextrin has a helical 
structure, regardless of their chain length. However, its use as direct 
molecular encapsulation agent has rarely been investigated.

To address these issues and enhance our understanding of poly
phenol formulation, particularly in food-grade media, this study is 
concerned with the investigation of the use of maltodextrins and short- 
chain organic acids, both individually and in combination, as well as the 
influence of pH. Our research was inspired by a recent patent in the field. 
[29] Herein, a so-called SUPRANADES (supramolecular natural deep 
eutectic solvent) was described as a combination of maltodextrin and 
concentrated lemon juice, containing both citric acid and malic acid, 
that serves as green solvent. We aim to rationalize this concept.

Maltodextrins offer advantages such as high water solubility and 
lower cost compared to the more established CDs, [27] and they often 
have fewer regulatory restrictions. However, to our knowledge, no study 
has reported encapsulation constants for maltodextrins, and these may 
be lower than for CDs.

In this study, various maltodextrins, CDs, and two organic acids 
(citric acid and malic acid, just as in the patent [29]) were used to 
complex and solubilize the polyphenols rutin and quercetin. Rutin was 
chosen because it is a glucoside of quercetin (Fig. 1) and therefore might 
need diverging solubilization mechanisms due to size and polarity.

2. Chemicals and methods

2.1. Chemicals

Maltodextrin DE 13.0–17.0 and DE 4.0–7.0 were purchased from 
Sigma-Aldrich (Munich, Germany). Maltodextrins Glucidex 12, 21D, 29 
and IT 47 were a gift from Roquette Frères (Lestrem, France). α-CD, HP- 
β-CD and γ-CD sold under the trade names CAVAMAX® W6, CAVASOL® 
W7 HP and CAVAMAX® W8 PHARMA GAMMADEX are a gift from 
Wacker Chemie AG (Burghausen, Germany). D-(+)-glucose anhydrous 
(purity = 99 %) was purchased from Alfa Aesar (Karlsruhe, Germany). L- 
(− )-malic acid (purity >99.0 %) and citric acid (purity ≥99.5 % Ph. Eu.) 
were purchased from TCI (Eschborn, Germany) and Roth (Karlsruhe, 
Germany), respectively. Disodium DL-malate (purity 98–101 %) and 
trisodium citrate for analysis, di-hydrate, were purchased from Sigma 
-Aldrich (Oakville, Canada). DPnP, mixture of isomers (purity ≥98.5 %) 
was purchased from Sigma-Aldrich (Munich, Germany). Rutin hydrate 
(purity ≥ to 94 %, HPLC) and quercetin (purity >95 %, HPLC) were 
purchased from Sigma-Aldrich (Munich, Germany) and TCI (Eschborn, 
Germany), respectively. The water in use was deionized Millipore water 
(18 MΩ⋅cm) from a Millipore purification system from Merck Millipore 
(Billerica, MA USA). Monosodium citrate, disodium citrate in solution 
were prepared by mixing appropriate amounts of citric acid and triso
dium citrate. Monosodium malate in solution was prepared in the same 
manner by mixing appropriate amounts of malic acid and disodium 
malate.

2.1.1. Sample preparations
Solutions with concentrations over the whole solubility range of 

citric acid and malic acid and/or their respective sodium salts, with or 
without an additional 15 wt% maltodextrin DE 13.0–17.0, as well as 
solutions with maltodextrins of different dextrose equivalents and 
different CDs were saturated with an excess of a solute and left to stir 
overnight at room temperature. The success of the solubilization was 

then evaluated by UV vis absorbance measurements after centrifugation 
and filtration with a syringe filter at room temperature of the former 
prepared samples. The used centrifuge is a Sigma 3–18 KS (Osterode am 
Harz, Germany) at a speed of 14,000 rpm for 10 min. The brand of the 
used filters is AVANTOR ® hydrophobic PTFE 13 mm, 0.45 μm (VWR 
international LLC, United States).

2.1.2. UV–visible spectroscopy
Absorbance spectra were recorded from 300 nm to 500 nm using a 

Perkin Elmer UV/vis Spectrophotometer Lambda 19 (Rodgau, Germany) 
also at room temperature. A small quantity of the sample was weighed 
and diluted with water to achieve a concentration suitable for analysis 
by the photometer. The initial optical density of the sample before 
dilution was then calculated by multiplying the recorded values by the 
dilution factor and converted to the solubilized concentration of the 
polyphenol using the extinction coefficient derived from the calibration 
curves (see below). The solubilized concentration was then plotted 
against the weight fraction of the solubilizing additive.

2.1.3. UV–visible calibration curves
A defined amount of rutin or quercetin was dissolved in 100 mL 

Millipore water to prepare a stock solution. Separate stock solutions 
were prepared at pH 8 by adding a small amount of sodium hydroxide 
solution. The stock solution of quercetin at pH 7 also contained 5 % HP- 
β-CD because the solubility of quercetin in water is too low for a cali
bration curve. In each case, at least six dilutions of these stock solutions 
were made with Millipore water to obtain an absorbance of up to 1 a.u. 
The concentration of the dilutions was plotted against their absorbance, 
and the slope of the resulting linear curve was interpreted as the 
extinction coefficient, taking into account the path length of 1 cm.

2.1.4. Salting-out/in behavior determination
The utilized system was a combination of water and DPnP, exhibiting 

a low-temperature phase separation at approximately 14 ◦C. [30] A 
mixture of 3 g of a 45/55 weight ratio mixture of water and DPnP was 
introduced into a 10 mL glass tube with a specified amount of an ad
ditive. A magnetic stirring bar was then introduced, and the tube was 
subsequently sealed with a Teflon cap. At room temperature, the system 
displayed biphasic behavior and was driven to an emulsion through 
agitation. Subsequently, the biphasic system was cooled in an ice bath 
maintained at a temperature of 0 ◦C until the samples exhibited a 
monophasic appearance and consistency, akin to that of water. Subse
quently, the temperature of the bath was gradually elevated via the use 
of a heating stirring plate, with the temperature monitored using a 
digital thermometer. The emergence of a new phase transition was 
identified through visual observation. The temperature at which a milky 
emulsion began to form was noted. The phase transition was reversible 
by cooling the bath again below the phase transition temperature by the 
addition of ice. Subsequently, temperature phase transition curves as a 
function of additive concentration were established. A curve with a 
positive slope and a negative one, respectively, corresponds to the effect 
of salting-in and salting-out additives.

3. Results and discussions

3.1. Complexing property of maltodextrins and CDs

To investigate and compare the complexing and solubilizing prop
erties of CDs and maltodextrins, a comparable way to classify these 
solubilizers had to be established. Maltodextrins are produced by 
enzymatic or acid hydrolysis of starch. [31] The resulting mixture 
consists of a broad distribution of glucose, maltose and oligosaccharide 
fragments of different lengths. [27] In these chains, the anomeric carbon 
of each monomer is linked to the rest of the chain via 1,4-glycosidic 
bonds or 1,6-gylcosidic bonds so that only the last monomeric carbon 
possesses a single reducing end. [28] Maltodextrins can be characterized 
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by their so-called dextrose equivalent (DE) which is defined as the ratio 
of an equivalent mass of reducing sugar mreducing (i.e. glucose) that 
would be able to reduce as much as the maltodextrin over the total mass 
mtotal. (32) 

DE = 100⋅
mreducing

mtotal 

The physicochemical properties of maltodextrin and its solutions in 
water depend on the DE. In general, maltodextrins with a higher DE are 
more soluble in water and more hygroscopic, and their solutions have a 
lower freezing point and are less viscous. [26,27]

A more chemically intuitive parameter that is used for all polymers, 
including oligo- and polysaccharides, is the degree of polymerization 
(DP), which represents the number of monomers, in our case glucose 
units, per polymer chain. [31] The higher the DE number, the lower the 
DP. [33] For native starches, the DE is essentially zero due to the 
enormous excess of nonreducing residues in comparison. Trivially, CD 
have a DE of 0 as they have no reducing end. [31] The DE increases the 
more the starch is hydrolyzed, which can be adjusted in the production 
process by changing the temperature of the hydrolysis. [27] Up to a DE 
of 20, the resulting products are classified as maltodextrins, and above as 
glucose sirups. [31] The maximum DE is 100, as is clear from the defi
nition. [34]

For the sake of comparability between maltodextrins and CDs, the 
inverse value of the DE corresponds to the DP. [27] More precisely, the 
number of glucose units per oligosaccharide chain for an ideally 
monodisperse maltodextrin can be calculated according to the following 
eq. 

DP =
MC6H12O6

MC6H10O5

(
100
DE

− 1
)

+1 

The corresponding numbers for the maltodextrins used in this study 
are shown in Table 1. This is however hypothetical due to the poly
dispersity and can only be used as a rough estimation. [27] Maltodex
trins with identical DE can indeed show different physicochemical 
properties, if the distribution of chain lengths is different. [32] Addi
tionally, the ratio of α-1,4 glycosidic bonds to α-1,6 glycosidic bonds 
needs to be considered. [27] While the DE value is usually the only in
formation available for commercial maltodextrins, [28] it is not suffi
cient to predict all of its physicochemical properties [27,35].

Solubilizations of rutin and quercetin in solutions α-, HP-β-, and 
γ-CDs were carried out to have our own references for the present 
studies. Analogous experiments were performed with maltodextrins of 
different DE ranging from 13.0 to 17.0. Encouraged by the results for 
rutin, maltodextrins with different DE were also tested for this poly
phenol. Although comparative data for CDs have already been exten
sively reported, see below, investigators have focused on lower CD 
concentrations due to their restricted use or for practical reasons. 
Literature on analogous solubilizations with maltodextrins is scarce.

The obtained results are reported in Fig. 2A, B, C and D. Due to the 
unclear stoichiometry of maltodextrins, all concentrations are expressed 
as weight fractions.

In Fig. 2A, the linear increase in the concentration of rutin and 
quercetin with increasing concentration of maltodextrin DE 13.0–17.0 
becomes evident. The curve for rutin shows a larger slope than the one 
for quercetin solubilization.

The presented observations (Fig. 2) support the formation of a 
complex between the two tested polyphenols and the maltodextrin DE 
13.0–17.0. In the case of complex formation, solubilization is only 
dependent on the concentration of complexing sites on the host mole
cule and the shape of the solubilization curve is then linear, as the 
concentration of the host molecule increases. [36] The initial solubility 
of quercetin is lower, reflecting its well-known lower water solubility 
compared to its glucoside. [5] The slope of quercetin solubilization with 
both maltodextrin and all CDs is lower than for rutin, indicating that the 
smaller size of quercetin in this case does not lead to increased 
encapsulation.

The efficiency of complexation of a solute with a CD is commonly 
expressed as the apparent solubility constant KS, which can be calcu
lated from the solubility S0 of the solute in absence of a cyclodextrin and 
the slope of the solubility curve (for this, the x-axis has to be converted 
to molar concentration). [13] 

KS =
slope

S0⋅(1 − slope)

Many studies have presented solubility constants for rutin [37–40] or 
quercetin [12,41,42] with different CDs. However, to the best of our 
knowledge, we are the first to report solubility constants for these 
polyphenols, or any solute, for complexation with maltodextrins in an 
analogous manner. The results are shown in Table 2 for rutin and Table 3
for quercetin. No binding constant was calculated for the complexation 
of quercetin with γ-CD because the data points do not follow a satis
factorily linear behavior.

The solubilizing efficiency of HP-β-CD exceeds that of the other cy
clodextrins and maltodextrins by orders of magnitude. For example, 
γ-CD, at the highest concentration tested, near its solubility limit, was 
2.5 times less effective than HP-β-CD at solubilizing quercetin and as 
much as 61.6 times less effective for rutin. α-CD, on the other hand, was 
almost completely unable to facilitate the solubilization of either rutin 
or quercetin, most likely because its cavity is too small. This indicates 
that β-CD has the optimal cavity size for the polyphenols considered in 
this study.

The increase in entropy due to the release of the water inside the 
cavity is known to be the principal driving force of the complex for
mation [13] with a multitude of other entropic and enthalpic factors like 
van-der-Waals interactions, hydrogen bonds or conformational changes 
also playing a role, depending on the solute. [15]

Molecular dynamics studies have shown that the incorporation of 
quercetin into a β-CD ring is indeed geometrically possible and ener
getically favorable, with the additional driving force of a hydrogen bond 
between one of the phenolic hydroxy groups and an OH group of the CD. 
[43]

Notably, solubilizations with HP-β-CD did not follow a linear 
behavior: for rutin, the curve flattens (Fig. 2C) at high concentrations, 
while for quercetin, it becomes increasingly steep. This indicates that 
there is an additional effect beyond the formation of a 1:1 stoichiometric 
complex. [13] Deviations of solubility from linearity at high concen
trations are well known and can go in two directions: decreases in 
complexation efficiency are caused by changes in the bulk solvent, while 
increases in the slope are due to the formation of a complex with a 
higher stoichiometry, i.e. more than one solute per CD unit. [11] These 
deviations are well-known, especially for HP-β-CD, [13] however, can 
go unnoticed and are not always reported in literature because of the 
high concentration at which they occur. For example, Nguyen et al. 
studied the solubilization of rutin with HP-β-CD and reported a linear 
increase [39], which is in line with our results because they only tested 
concentrations up to 10 mM (around 14 wt%), whereas in our study 
deviations from linearity are only observed above 25 wt%.

Table 1 
Dextrose equivalents of the maltodextrins in use and their hypothetical degree of 
polymerization (DP) based von DE assuming monodisperse and common oli
gosugars of similar size.

DE DP Similar oligosugar

4.0–7.0 20.1–15.8 ​
12 9.1 ​
13.0–17.0 8.4–6.4 β-CD
15.0–20.0 7.3–5.4 α-CD
16.5–19-5 6.6–5.6 α-CD
21 5.2 ​
29 3.7 maltotriose
47 2.3 maltose
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Zheng et al. [42] have shown that the binding constant of the com
plex of quercetin in HP-β-CD is around ten times higher than in the 
unsubstituted β-CD. Three hypotheses were proposed to explain this 
observation: (i) the enlargement of the hydrophobic area of the host 
molecule by the propyl groups leading to increased interaction with 
quercetin as the guest molecule, (ii) hydrogen bonding between the side 
chains and the encapsulated quercetin and (iii) the competition of the 
hydrophilic isopropyl groups with the hydrophobic quercetin for the 
interaction with water. Further, Ilyich et al. attributed the greater af
finity of quercetin for HP-β-CD than for native β-CD to a conformational 
change when quercetin is encapsulated with HP-β-CD so that the cavity 
size is increased. [12]

Although a complex of higher stoichiometry could be a reason for the 
above observations, another interpretation is probably possible and 

would allow one to explain the deviations, especially at higher con
centrations: the grafted hydroxy-n-propyl groups on β-CD may play the 
role of a hydrotrope. Hydrotropic solubilization curves typically show 
little to no solubilization below a certain threshold, the minimum hy
drotropic concentration (MHC), after which an exponential behavior 
begins. [44] The reason is the formation of – comparatively – unstruc
tured nano-inhomogeneities in the solution. [10] High concentrations of 
HP-β-CD in water could favor the formation of nano-compartments rich 
in hydroxy-n-propyl groups acting as a solvent and/or hydrotrope. The 
main problem is the limitation of HP-β-CD for food formulations.

The use of γ-CD seems to be more beneficial than that of maltodextrin 
DE 13.0–17.0 and α-CD for the solubilization of rutin. α-CD was even less 
efficient than maltodextrin DE 13.0–17.0. Thus, the maltodextrin tested 
provided only moderate, but nevertheless significant efficiency.

Fig. 2. A) Solubility curves of rutin ( ) and quercetin ( ) in water at room temperature versus maltodextrin DE 13.0–17.0 concentrations. The arrow indicates a 
maltodextrin content of 15 wt%, which is used for all samples displayed in Fig. 4. B) Solubility curves of rutin in water at room temperature versus weight fractions of 
maltodextrins of different dextrose equivalents ( DE15.0–20.0, DE 13.0–17.0, DE16.5–19.5, DE4.0–7.0, DE47, DE29, DE21, DE12). C) Sol
ubility curves of rutin in water at room temperature versus α-CD ( ), HP-β-CD ( ) and γ-CD ( ) in weight fraction in water. D) Solubility curves of quercetin in water 
at room temperature versus α-CD, HP-β-CD and γ-CD in weight fraction in water.
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The primary assumed solubilization mechanism is encapsulation. To 
form a stable complex and hence efficient solubilization, the size of the 
cavity must be adequate for the respective solute. Therefore, different 
binding coefficients with different CDs for any solute are expected and 
well reported. [13] The question regarding maltodextrin is how this is in 
the more open helical structure of maltodextrins in contrast to the closed 
cyclic geometry of CDs. On the one hand, this can render the cavity 
smaller. On the other hand, a more flexible structure might allow the 
maltodextrin chain to adapt its conformation to different sizes and ge
ometries of the solutes, but this does not seem to be the case.

Fig. 2B shows the solubilization of rutin for different maltodextrins. 
A linear increase of the solubilization is observed with almost constant 
values of the slope. Thus, complexation of the polyphenols by the mal
todextrins is likely. Further, many different commercially available 
maltodextrins seem to have a similar capacity for rutin solubilization in 
pure water and thus a comparable cavity size.

Overall, the binding constants for rutin in maltodextrins are in a 
similar range to each other and to α-CD, which makes sense due to their 
similar cavity size. However, caution should be exercised when differ
entiating between the different DE, because the molar mass for a 
monodisperse oligosaccharide derived from the DE was assumed for the 
calculation of the binding constant, which may not be fully appropriate. 
Therefore, the binding constants for the lowest and highest DE may have 
a positive and negative bias, respectively. Nevertheless, it seems that 
higher DE have a slight tendency to be more effective solubilizers, 
perhaps because they have a greater proportion of oligosaccharide 
chains that are long enough to encapsulate a solute. Looking at the graph 
instead of the binding constant, it seems that the maltodextrin with the 
lowest DE, DE 4.0–7.0, deviates from the expected trend and shows one 
of the worst performances. Solutions of this maltodextrin appeared 
slightly cloudy, as if some of the longer sugar chains were not able to 
dissolve completely. Therefore, it is possible that they actually encap
sulated rutin, as did the other chains, but were removed in the filtration 
step because they were not in solution.

Since the solubilizing power of inexpensive and unrestricted malto
dextrin is poor compared to γ-CD, a way to improve its performance was 
investigated. For this purpose, further investigations were focused on 
the effect of citric acid and malic acid and their salts on the solubiliza
tion of rutin and/or quercetin in water analogously to the patented 
SUPRANADES concept, [29] still at room temperature.

3.2. Hydrotropic properties of short organic acids and salting-out effect of 
their sodium salts

The solubilities of rutin in water with increasing concentration of 
citric, malic acid and their sodium salt, respectively (Fig. 3A and C) and 
the solubilities of quercetin likewise versus citric acid and its sodium 
salts concentrations are depicted in Fig. 3B.

As illustrated in Fig. 3A and B, citric acid serves as a solubilizing 
agent for both rutin and quercetin in aqueous solutions. From an initial 
examination of the related curves, it is challenging to discern whether 
the observed solubilization is attributable to the formation of a complex 
or to a hydrotropic behavior. To ascertain the precise mechanism, 
further investigation is required, which is beyond the scope of the pre
sent work. Nevertheless, as illustrated in Fig. 3A, the overall solubili
zation curve of rutin with citric acid resembles a typical hydrotropic 
behavior. [44]

The pH of solutions containing high concentrations of citric acid and 
malic acid is too low for practical application. Since an increase in pH 
can lead to the formation of carboxylate salts, the resulting effects on 
solubility were investigated by replacing citric acid and malic acid in the 
experiments with the corresponding mono-, di- or tri-carboxylate so
dium salt. This way, a pH so extremely high to deprotonate maltodex
trins and CDs cannot be reached. [45] From a formulator’s point of view, 
a basic pH could cause problems, as tri‑sodium citrate and di‑sodium 
malate have been reported to be highly salting-out. [46] In addition, the 
pH of most foods is in between 3 and 7, and elevating the pH can affect 
taste and texture of an edible formulation in negative ways. [47]

Replacing citric acid with a tri‑sodium citrate salt resulted in 
observable alterations in the absorption parameters of rutin. The addi
tion of only 5 % tri‑sodium citrate led to a significant increase of solu
bility, as rutin and quercetin can be deprotonated at this pH of about 8. 
[48] To ensure comparability, separate calibration curves were set up. 
After an initial increase in solubility until a weight fraction of about 5 %, 
where the polyphenol is then most likely fully deprotonated, the curve 
decreases again almost linearly with increasing amounts of trisodium 
citrate. This can be interpreted as a salting-out effect on rutin, in line 
with the work of Grundl and al. [46] and our work reported in section 
3.4. In the frame of that work, trisodium citrate was classified as a 
salting-out agent for the system DPnP/water, while citric acid was 
classified as a salting-in agent, while the protonation steps in between 
have not been studied. [46] DPnP and thus its solubility is not directly 
influenced by the pH of the solution. Monosodium citrate is classified as 
a salting-in agent or neutral substance, exhibiting a lesser degree of 
salting-in compared to citric acid. In the present case, the increased pH is 
not high enough to form polyphenolates. It seems the higher the degree 
of ionization of citric molecule and the more dissociated counterions, 
like sodium, are present, the smaller the salting-in effect. While citric 
acid itself evidently brings about chaotropic features and loosens the 
hydrogen bond network in water, the presence of charged and dissoci
ated carboxy groups counterbalance this effect with a strong cosmo
tropic impact. The impact of mono-, di-, and tri-isodium citrate on the 
solubility of rutin aligns with the salting-out phenomenon observed in 
the DPnP/water system. The transition from monosodium salt to diso
dium salt is less significant than the transition from disodium salt to 
trisodium salt, since in this case, no chaotropic influence of the molecule 
is left.

As noted above, the only difference between rutin and quercetin is a 
sugar group that significantly increases its solubility in water. The 
overall effect of citric acid and its salts on the solubility of the two 
polyphenols is similar, but remains low for quercetin because it is 
difficult to solubilize it in water at all. Monosodium citrate is similarly 
(in)effective as citric acid, while disodium citrate has very little effect. 
This shows that short organic acids and their salts are not efficient sol
ubilizing agents for quercetin.

As expected, the solubilization of the phenolics with malic acid at 
different pH values shows a behavior similar to that of citric acid. A 

Table 2 
Apparent solubility constants for the encapsulation of rutin with 
CDs and maltodextrins.

Oligosugar KS [M− 1]

α-CD 4.1
HP-β-CD 214.4
γ-CD 50.4
Maltodextrin DE 4.0–7.0 7.2
Maltodextrin DE 12 5.6
Maltodextrin DE 13.0–17.0 3.6
Maltodextrin DE 15.0–20.0 2.3
Maltodextrin DE 16.5–19-5 2.4
Maltodextrin DE 21 2.5
Maltodextrin DE 29 1.6
Maltodextrin DE 47 0.9

Table 3 
Apparent solubility constants for the encapsulation of quercetin 
with CDs and maltodextrins.

Oligosugar KS [M− 1]

α-CD 84.1
HP-β-CD 1555.7
Maltodextrin DE 13.0–17.0 42.9
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similar amount of malic acid is required to solubilize a comparable 
amount of rutin as for citric acid. Monosodium malate is mostly neutral, 
perhaps slightly salting-out, and disodium malate is found to be salting- 
out, although no deprotonation of the polyphenol is observed. The same 
explanations as given for citric acid can be provided.

3.3. Mixing of complexing maltodextrin and short organic acids (or their 
sodium salts)

In the next step, we tried to combine the different solubilization 
mechanisms of oligosugars and short chain acids (and their salts) to 
check, whether synergistic, additive, or antagonistic solubilization 
behavior was found.

Fig. 4 shows the solubilities of rutin and quercetin in the presence of 
15 % (w/w) maltodextrin DE 13.0–17.0 and varying concentrations of 
short-chain acids. The solubilization curves of the two phenols follow a 

trend similar to the one without maltodextrin; however, comparable 
solubility levels are achieved at lower acid concentrations when the 
oligosaccharide is present.

A detailed evaluation of the data suggests that the effects of malto
dextrin and the short-chain acids are partially additive. This is evidenced 
by the solubilization curves obtained with 15 % maltodextrin DE 
13.0–17.0 and those obtained with only citric or malic acid. The com
plexing mechanism of the maltodextrin and the hydrotropic solubilizing 
effect of the short organic acids seem to coexist, as shown in Figs. 3A to 
3B and Figs. 4A to 4B, at least within a defined range of concentrations, 
without impact on one another.

The loss of additivity at high citric acid concentrations for rutin may 
be due to a competition of the additives for water, resulting in a salting- 
out effect of citric acid at such high concentrations. The additivity in 
solubility from the two solubilizers appears to be more consistent for the 
solubility of quercetin in the presence of citric acid.

Fig. 3. A) Solubility curves of rutin in water at room temperature versus citric acid and its sodium salts concentrations ( citric acid, initial pH = 2, NaH2citrate, 
initial pH = 5, Na2Hcitrate, initial pH = 6, sodium citrate initial pH = 8). B) Solubility curves of quercetin in water at room temperature versus citric acid and its 
sodium salts concentrations ( citric acid, initial pH = 2, NaH2citrate, initial pH = 5, Na2Hcitrate, initial pH = 6, sodium citrate initial pH = 8). C) Solubility 
curves of rutin in water at room temperature versus malic acid and its salts concentrations ( malic acid, initial pH = 2, NaHmalate, initial pH = 4, sodium 
malate, initial pH = 7).
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3.4. Salting-in/out effects of the maltodextrins, CDs, 2-propanol and 
short organic acids and their sodium salts salts on a water-DPnP mixtures

To gain a deeper understanding of the solubilization process of in
dividual components or monomers, salting-in and salting-out experi
ments were conducted. Fig. 5A illustrates the relationship between the 
cloud point of the water-DPnP mixture and the concentrations of the 
oligoglucose-maltodextrin solubilizers described previously. For each 
additive, the α coefficient was determined as defined by Bauduin et al. 
[30] 

LST(c) = LST(c = 0)+α⋅c 

The results are displayed in Table 4.
All sugars were found to exhibit salting-out behavior, consistent with 

previous reports. Specifically, all values are notably below the − 1.39 ◦C 
mol/mmol reported by Grundl et al., who focused exclusively on mono- 

and disaccharides. [46] This suggests that maltodextrins, like other 
sugars, deprive the DPnP molecule of its hydration water, resulting in 
phase separation at lower temperatures. This indicates that all these 
sugars and their derivatives are salting-out agents. Souza et al. studied a 
similar aqueous two-phase system of water and acetonitrile and found 
that all sugars are salting-out in the order maltodextrin > disaccharides 
> monosaccharides, with little difference between the maltodextrins of 
different DE tested. [34] As the concentration of the investigated phe
nols increases with the concentration of maltodextrins, specific in
teractions, such as complexations, must occur between maltodextrin on 
the one side and rutin and quercetin on the other side. These interactions 
are analogous to those observed between CDs and polyphenols (see 
Fig. 2). In light of its impact on DPnP, the salting-out effect of malto
dextrin and CDs should lead to a reduction in the solubility of the two 
polyphenols in water. However, this outcome has not been observed. It 
is evident that the salting-out effect of sugars was superseded by the 

Fig. 4. A) Solubility curves of rutin at room temperature in presence of maltodextrin DE 13.0–17.0 at 15 %(w/w) versus citric acid, and its salts concentrations (
citric acid, initial pH = 2, NaH2citrate, initial pH = 5, Na2Hcitrate, initial pH = 6, sodium citrate initial pH = 8). B) Solubility curves of quercetin at room 
temperature in presence of maltodextrin DE 13.0–17.0 at 15 % (w/w) versus citric acid, and its salts concentrations ( citric acid, initial pH = 2, NaH2citrate, 
initial pH = 5, Na2Hcitrate, initial pH = 6, sodium citrate, initial pH = 8). C) Solubility curves of rutin at room temperature in presence of maltodextrin at 15 % 
(w/w) versus malic acid, and its salt concentrations ( malic acid, initial pH = 2, NaHmalate, initial pH = 4, sodium malate, initial pH = 7).
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formation of specific complexes between oligo- and polysugars and 
polyphenols.

The α- and γ-CDs are insoluble in the DPnP/water system. DPnP 
precipitates the CDs by taking up the water necessary to solubilize them, 
thereby salting them out. This finding is consistent with the observation 
that α- and γ-CDs are less soluble in water compared to maltodextrin DE 
13.0–17.0. Water molecules are less tightly bound to the cyclic sugar 
units than they are to the linear ones as evidenced by the fact that 
maltodextrins are able to form a gel and bind up to nine times their own 
mass of water, [27] while no such phenomenon is observed for CD. 
Contrary to α- and γ-CDs, the HP-β-CD is not salted-out by DPnP. One 
might assume that the grafted hydroxy-n-propyl groups induce an 
additional favorable affinity for water, in comparison to pure OH- 
groups. Nevertheless, the salting-out effect of HP-β-CD is somewhat 
less pronounced than that of maltodextrin DE 13.0–17.0 in the DPnP/ 
water system and additionally pure 2-propanol is slightly salting-in. In 
summary, this is consistent with a slight hydrotropic behavior of the 
ether moieties of the HP-β-CD.

Citric acid and tri‑sodium citrate have previously been reported to be 
salting-in and salting-out agents, respectively. [46] The present work 
shows that malic acid and mono‑sodium malate sodium salts can 

analogously be classified as salting-in and out, respectively, see Fig. 5B. 
Disodium malate was already reported as salting-out, too, by Grundel 
and al., [46] and monosodium malate is found here to be less salting-out 
than disodium malate, as expected. The orders of salting power for the 
malate sodium salt is disodium malate > monosodium malate, and for 
the citrate salts trisodium citrate>disodium citrate>monosodium salts. 
These findings confirm the salting-out effect of short acid sodium salts, 
thereby reenforcing our interpretations regarding the solubilization of 
quercetin and rutin.

4. Conclusion

In conclusion, we could show that maltodextrins can serve similarly 
to the commonly used CDs to increase the solubility of rutin and quer
cetin in water. Although the sugars and sugar monomers themselves 
were shown to have salting-out properties, a specific interaction with 
the phenols of the oligosugars outcompeted this mode of action resulting 
in a solubility enhancement. Thus, the tested polysaccharides most 
likely act as complexing agents for rutin and quercetin, while in the case 
of HP-β-CD for rutin a more complex solubilization mechanism is 
plausible.

For the first time, binding constants for encapsulations with malto
dextrins have been reported, as is usually done for cyclodextrins. They 
were found to be slightly lower than for α-CD, which has a similar cavity 
size, and the dextrose equivalent (DE) did not have a strong influence on 
the solubilization performance.

In terms of solubilization of quercetin, α- and γ-CD or maltodextrin 
DE 13.0–17.0 show rather poor performance. γ-CD seems to be better 
suited to solubilize rutin, which is larger than quercetin. However, the 
use of maltodextrin is less problematic in terms of toxicity and price. 
Citric acid, applied at high concentrations, was found to be an adequate 
agreed hydrotrope. Unfortunately, a very acidic pH (2 and below) is 
generated in these solutions, making them less interesting for oral ap
plications. For this reason, we have tested progressively higher levels of 
deprotonation of citric and malic acid and have found them to be less 
and less effective hydrotropes, in accordance with their increasing 
salting-out characteristics. Interestingly and encouragingly, the 

Fig. 5. A) Plot of the temperature phase transition of the system water/DPnP versus polysaccharide and isopropanol concentrations ( maltodextrin DE 13.0–17.0, 
maltodextrin DE 4.0–7.0, HP-β-CD, isopropanol). B) Plot of the temperature phase transition of the system water/DPnP versus citric acid, malic acid, and their 

salts concentrations ( citric acid, NaH2citrate, Na2Hcitrate, sodium citrate, malic acid, NaHmalate, sodium malate).

Table 4 
α coefficients as a measure of the salting-in and salting-out characteristics of 
each additive.

Compound α coefficient [◦C mol/mmol]

Maltodextrin DE 13.0–17.0 − 6.28
Maltodextrin DE 4.0–7.0 − 9.15
HP-β-CD − 4.18
Isopropanol 0.28
Citric acid 0.72
NaH2citrate − 2.25
Na2Hcitrate − 3.03
Sodium citrate − 11.24
Malic acid 0.56
NaHMalate − 0.83
Sodium malate − 2.44
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presence of maltodextrin seemed to reduce the influence of salting-out.
The combination of complexing molecules and short organic acid 

showed a beneficial additive effect for the solubilization of quercetin 
and rutin in water. Thus, the complexing solubilization mechanism of 
oligo- and polysugars and the hydrotropic behavior of short acids can be 
used additively without impacting each other up to comparatively high 
concentrations. However, still the resulting pH equal to or below 2 is in 
an undesirable range. At pH 8, the situation is less clear, since an ioni
zation of the polyphenols occurs, which favors their solubility in water. 
As the tested phenols are not stable in basic conditions and will degrade 
oxidatively very quickly [8], further investigation is needed to assess 
whether maltodextrins protect the polyphenolates from degradation 
similar to cyclodextrins. [42] At intermediate pH values, no deproto
nation of the phenols, favoring their aqueous solubilization, occurs. Yet, 
the hydrotropic effect is less pronounced than at pure acid conditions. 
pH and solubility can be better optimized using malic acid than citric 
acid.

As a general result, we could find that, although less efficient than 
some cyclodextrins, maltodextrins can be used to enhance the solubility 
or rutin and quercetin. Since maltodextrin is harmless and cheap, this 
can be relevant for improved polyphenol water solubility in food or 
neutraceutical formulations. However, in the case of pharmaceutical 
formulations, where HP-β-CD can be used, this cyclodextrin is the best 
choice particularly for injectable formulations.
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