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A B S T R A C T

The solubility of riboflavin is currently thoroughly investigated due to its importance for biological systems. 
Using real-life experiments and theoretical models, we study the hydrotropic performance and solubilizing 
mechanism of polyphenolic acid salts and derivatives for the solubilization of riboflavin.

Sodium/choline polyphenolates were both identified as potent hydrotropes for riboflavin via UV–Vis-spec
troscopy. Using sodium ferulate and 3,4-dimethoxycinnamate, riboflavin’s water solubility can be increased 240 
and >2000 times, respectively (molar polyphenolate/riboflavin ratios ≈ 6). Thus, polyphenolates were revealed 
as more efficient hydrotropes for riboflavin than the usually applied hydrotrope nicotinamide.

Solubilization, surface tension, and dynamic light scattering experiments ruled out the presence of larger well- 
defined aggregates around riboflavin. The (i) importance of the polyphenolates’ π-electron system for riboflavin’s 
solubilization, (ii) reversible bathochromic shifts of riboflavin’s absorbance by π-electron-rich solubilizers, (iii) 
mutual solubilization of riboflavin and of some aromatic sodium carboxylates, (iv) nuclear magnetic resonance 
(NMR) measurements, and (v) molecular dynamics confirmed π-complexation of riboflavin and aromatic car
boxylates as reason for this hydrotropy. Additionally, NMR and NPT simulation indicated sodium polyphenolates 
to influence the ribityl chain. In water, the overall entropy of riboflavin dissolution is favorable, but in the 
presence of polyphenolate, the entropy of riboflavin’s dissolution is unfavorable and overcompensated by the 
respective enthalpy.

Finally, both methods hint to a minor influence of the ribityl chain on the dissolution process.
Moreover, real-life experiments and theoretical models state π-electron driven complex formation between the 

solute riboflavin and the hydrotropic polyphenolates.

1. Introduction

1.1. What is a hydrotrope?

Regarding the human body with a water content of approximately 
65 %, the solubilization of hydrophobic compounds in aqueous medium 
is obviously a crucial aspect of living [1]. Thus, molecules being able to 
dissolve hydrophobic compounds in aqueous medium are essential to 
deliver certain nutrients to our organism.

One important and well-studied class of such solubilizers are 

surfactants. Based on their amphiphilic nature, surfactants undergo self- 
aggregation above a critical concentration to form nano-assemblies, in 
which hydrophobic molecules can be stored or transported. Despite a 
great solubilizing performance, surfactants are often toxic to aquatic 
livings, may interfere with membranes and tend to foaming as well as to 
the formation of liquid crystals [2–4].

To avoid or minimize the latter disadvantages of surfactants, 
hydrotropes can be utilized. These are small, often slightly amphiphilic 
molecules, and are now known as solubilizers for sparingly water- 
soluble compounds, some of them being environmentally benign 

Abbreviations: 13C NMR, 13 carbon nuclear magnetic resonance spectroscopy; ca., circa; CAC, critical aggregation concentration; COSMO-RS, conductor-like 
screening model in real solvents; COSY, correlation spectroscopy; DLS, dynamic light scattering; DMSO‑d6, deuterated dimethyl sulfoxide; H, hydrogen atom; 1H 
NMR, proton nuclear magnetic resonance spectroscopy; HMBC, heteronuclear multiple bond correlation; HSQC, heteronuclear single quantum coherence; MD, 
molecular dynamic; MHC, minimum hydrotrope concentration; NOESY, nuclear Overhouser effect spectroscopy; NaH2PO4, sodium dihydrogen phosphate; NaSCN, 
sodium thiocyanate; NMR, nuclear magnetic resonance; OH, hydroxyl; OMe, methoxy; PTFE, polytetrafluoroethylene; RF, riboflavin; RF-PO4, riboflavin 5′-mono
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[5,6]. Hydrotropes, such as sodium xylene sulfonate, nicotinamide, 
urea, γ-valerolactone, citrate, and caffeine are currently intensively 
investigated as green solubilizers [7]. Being mostly of natural origin and 
considerably less amphiphilic than surfactants, hydrotropes are claimed 
to be less toxic and irritant [8–10]. The more weakly pronounced 
amphiphilicity of hydrotropes leads also to a weaker surface-activity 
when compared to surfactants. Further, hydrotropes do not form 
liquid crystals and foam considerably less than surfactants [2,11]. 
Nevertheless, as elucidated by Mehringer et al., via elongation of the 
hydrophobic part of hydrotropic salts, the transition from hydrotropes to 
surfactants is fluid [12]. Still, a hydrotrope’s solubilization mode cannot 
be generalized as in the case of surfactants. This originates from the 
manifold nature of hydrotropes. Usual ones are slightly amphiphilic and 
thus tend to aggregate above a critical aggregation concentration, 
mainly in the presence of hydrophobic solutes, while others are only 
slightly amphiphilic and are characterized by polar groups or aromatic 
moieties [13,14].

Currently, three mechanisms are suggested for hydrotropic solubi
lization processes. These are complexation of the solute by the hydro
trope, salting-in due to their ability to alter the water-structure and 
aggregation/pre-cluster formation [13,14]. In a particular case, the 
nature of the hydrotrope and the structure of the solute define the actual 
solubilizing mode. Therefore, hydrotropes are claimed to be highly se
lective solubilizers, which can be advantageous for extraction processes 
or certain separation processes [7].

One reason for the diverse action of hydrotropes is that not all water- 
insoluble compounds are solely unpolar. Thus, cellulose, indigo or 
vitamin K3 are poorly or even not water-soluble despite bearing polar 
functional groups [15–17]. Hence, contrary to surfactants, hydrotropes 
do not only solubilize mainly unpolar organic solutes, but can also act as 
solubilizers for compounds with intermediate character.

As small, powerful, often natural and lowly or non-toxic versatile 
molecules, hydrotropes are a tool of green chemistry and compete with 
green solvents as well as natural deep eutectic and allow for aqueous 
solutions. Some hydrotropes can easily compete with the mentioned 
alternatives, in terms of low toxicity, economic concerns, non- 
flammability, and eco-friendliness [18].

1.2. Riboflavin – Vitamin B2

Riboflavin (RF), see Fig. 1, is a vitamin, which is involved in many 
biological redox-reactions [7–9]. The vitamin is widely used in phar
macy, such as for migraine, cancer and Parkinson treatment [19–22]. 
Due to its at least sparing water solubility (0.27 ± 0.02 mmol⋅kg‑1), RF is 

excreted via the urine and toxification with this vitamin is improbable 
[23–25]. Hence, RF is a common nutritional supplement and yellow 
coloring agent for ice cream, confectionery, meat, dairy products, and 
beverages and the demand on RF has risen over the years [26,27]. RF’s 
low solubility in various solvents can be obstructive for the yield in its 
biochemical synthesis, which depends on the reactants’ and products’ 
solubility. Moreover, RF’s solubility limitations are disadvantageous for 
its injection or usage as dietary supplement [22,28,29]. Additionally, RF 
takes a long time to be dissolved in water.

RF is an interesting solute as it has a rather polar molecular structure 
but has only poor water solubility. Hence, RF’s polarity does not rule its 
solubilization on the one hand but impedes its solubilization by sur
factants on the other hand.

Coffman and Kildsig considered nicotinamide and urea as potent 
hydrotropic solubilizers for RF. Nicotinamide was found considerably 
more efficient than urea and induced a bathochromic shift of RF’s ab
sorption spectrum [30]. Classical molecular dynamics suggested 
π-stacking of RF with nicotinamide to be the reason for the bath
ochromic shift and for the increase in RF’s water solubility [8,31,32]. 
However, the acceleration of the photodegradation of the anyway very 
photosensitive vitamin by nicotinamide from first to second order ki
netics makes nicotinamide an inappropriate hydrotrope for RF [33].

Even without nicotinamide, RF is photodegraded within some hours 
upon exposure to sun light [29,34,35]. Additionally, photoexcited RF 
can photosensitize other compounds. As a consequence, the color, odor, 
and taste of products may be altered [36,37].

RF’s water solubility is pH-dependent. Although RF is readily soluble 
in alkaline medium due to deprotonation of the hydroxy groups on the 
ribityl chain, the vitamin is degraded considerably faster at alkaline pH- 
values even in the dark and even more upon light exposure [34].

Hence, an optimal RF solubilizer should be non-toxic, should main
tain a constantly neutral or acidic pH-value, and should not accelerate 
or, even better, should retard RF’s photodegradation. Based on our last 
findings [25], such a hydrotrope should especially weaken π-stacked 
aggregation of RF in water.

Using RF as a solute, in this article, we investigate the solubilizing 
performance of a class of molecules as cheap natural hydrotropes. The 
latter are polyphenolic acid salts and derivatives.

1.3. Utilized hydrotropes – Investigation of the solubilizing mechanism

Polyphenolic acids were reported to undergo stacking with theo
bromine and caffeine, and molecular dynamic suggests π-stacking of 
salicylic acid and RF [38–41]. Moreover, some polyphenolic acids were 

Fig. 1. Molecular structure of riboflavin (RF) and riboflavin 5′-monophosphate sodium salts (RF-PO4).
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already shown to quench the photoexcited singlet and triplet state of RF 
[36,42]. The wide occurrence of polyphenolic acids in cereals, vegeta
bles and fruits, and the application of benzoic acid derivatives by the 
flavoring industry make polyphenolic acids potential additives for food, 
beverage and pharma products [43–45]. However, the solubility of 
polyphenolic acids in water is low. Therefore, we decided to investigate 
the better water-soluble sodium polyphenolates as hydrotropes for RF 
[46]. Sodium was chosen, as it is the major cation in the extracellular 
fluid [47,48]. We focused mainly on the variation of the organic poly
phenolate residue, because according to a patent, the variation of the 
cation from sodium (15.41 mmol⋅L− 1) to potassium (19.4 mmol⋅L–1) 
increased the solubility of RF in presence of gallate only by 26 % [46].

To see the impact of an organic cation, some choline polyphenolates 
were also tested as solubilizers for RF. Choline was chosen, as it is an 
organic nutraceutical and because the corresponding polyphenolates are 
highly water-soluble. The high water solubility of choline poly
phenolates was supposed to promote the water solubility of RF further 
[49,50].

The solubilizing power and efficiency of sodium/choline poly
phenolates towards RF in water was analyzed via saturation experiments 
with a UV–Vis-spectrophotometer. To understand the solubilization 
mechanism, hydroxy-(OH), methoxy- (OMe) and even trifluoromethyl- 
substituted sodium benzoate and cinnamate derivatives, a salting-in/- 
out agent, a typical hydrotrope, and a surfactant were tested as solubi
lizing agents. The abbreviations of tested solubilizers are given in Fig. 3
in Section 3.2.1. To know if the solubilization of RF by means of sodium 
polyphenolates is based on aggregation, surface tension and dynamic 
light scattering (DLS) experiments of some aromatic sodium carboxyl
ates in water were performed in the absence and presence of RF.

Concentration-dependent absorption spectra of RF and sodium 

ferulate at a constant molar ratio were recorded to see if the absorption 
spectrum of RF is altered due to a potential π-complexation. To under
stand the interactions better, one- and two-dimensional NMR measure
ments of RF and RF-PO4 were performed in the absence and presence of 
aromatic sodium carboxylates. Finally, the solubilizing mechanism was 
investigated from a theoretical point of view via separation of the 
Coulomb electrostatic and the Lennard Jones potential energy, via 
cluster analysis of molecular dynamics (MD) simulations of RF in the 
presence of several aromatic sodium carboxylates. Separation energy of 
two RF molecules was quantified by umbrella sampling.

2. Experimental

2.1. Material

Deionized Millipore water (18 MΩ⋅cm) was taken from a Millipore 
purification system from Merck Millipore (Billerica, MA USA). Ribo
flavin (97 %) was purchased from Carl Roth (Karlsruhe, Germany). 
Riboflavin 5′-monophosphate sodium salt (73–79 %, <10.5 % H2O; 
3.8–6.5 % Na (anhydrous)), cinnamic acid (>99 %, FCC, FG), trans- 
ferulic acid (99 %), sodium benzoate (99 %, p.A.), sodium salicylate 
(99.5 %, reagent plus), sodium thiocyanate (99.99 %), sodium xylene 
sulfonate (<9.0 % sodium sulfate), 2,4,6-trihydroxybenzoic acid mon
ohydrate (90 %, predominantly 1,3,5-benzenetriol), and tyrosol (>98.0 
%) were purchased from Sigma Aldrich (Darmstadt, Germany). Gallic 
acid (98.0 %, for synthesis), 4-phenylbutyric acid (99 %), sodium 
dihydrogen phosphate dihydrate (pro analysis), and sodium dodecyl 
sulfate (99 %) were purchased from Merck (Darmstadt, Germany). 3,4- 
Dimethoxycinnamic acid (>98.0 %), caffeic acid (>98.0 %), cyclo
hexane carboxylic acid (>98.0 %), 2,3-dihydroxybenzoic acid (>98.0 %, 

Fig. 2. (A) Effect of a functionalization of the aryl backbone, as present in natural sodium polyphenolates, on the riboflavin solubilizing power in water. The 
solubilization power increases from brown to orange and green. (B) From left to right: pure riboflavin in water (saturation) and with 0.2 mol⋅kg− 1 NaCHC, NaBenz, 
Na-4-OH-Benz, Na-2-OH-Benz, Na-4-OH-3-OMe-Benz, Na-4-OH-3-OMe-Cinn, Na-3,4-DiOMe-Cinn in water saturated with riboflavin. (C) From left to right: 0.2 M 
NaButyrate, 0.2 M NaValerate, 0.2 M Na-2,4-pentadienoate. From left to right, the solubilization efficiency of the additive increases in B and C. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.)
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HPLC), 2,4-dihydroxybenzoic acid (>98.0 %, HPLC), 3,4-dihydroxyben
zoic acid (>98.0 %), 3,5-dihydroxybenzoic acid (>98 %), 2,4-dimethox
ybenzoic acid (>99 %), 2,3-dimethoxybenzoic acid (>98 %, GC), 3,4- 
dimethoxybenzoic acid (>98.0 %), 3,5-dimethoxybenzoic acid (>98.0 
%, GC), 3-(4-hyroxyphenyl)propionic acid (98.0 %), p-anisic acid 
(>99.0 %, GC), o-anisic acid (>98.0 %, GC), p-coumaric acid (>98.0 %, 
HPLC), m-anisic acid (>98.0 %, GC), (2E,4E)-5-phenyl-2,4-pentadienoic 
acid (>98.0 %, GC), 5-phenylvaleric acid (>99.0 %), sinapinic acid 
(98.0 %, GC), sodium 4-hydroxybenzoate (98.0 %), sodium 3-hydroxy
benzoate (99.0 %), sodium terephthalate (99.0 %, HPLC), sodium 
vanillate (98.0 %), syringic acid (97.0 %), trans-m-coumaric acid 
(>98.0 %, GC), trans-4-methoxycinnamic acid (>98.0 %, GC), and trans- 
o-coumaric acid (>98.0 %, GC) were purchased from TCI Chemicals 
(Eschborn, Germany). 3,5-Bis(trifluoromethyl)benzoic acid (98 %) was 
purchased from Thermo Scientific Fisher (Germany). Sodium hydroxide 
(p.A., Pellets, AnalaR Normapur) was purchased from VWR (Ismaning, 
Germany). Sodium ferulate (99.54 %) for NMR analysis was purchased 
from BDLpharm (Kaiserslautern, Germany). Deuterated dimethyl sulf
oxide (99.8 %) and deuterium oxide (99.96 %) were purchased from 
Deutero (Kastellaun, Germany).

If not stated otherwise, all samples were prepared and measured at 
23 ◦C in the dark.

2.2. Solubilization of riboflavin

The sample size was 1.5–2.5 g. For salt concentrations below 0.1 mol 
kg− 1, up to 10 g samples were prepared to gain more accuracy.

2.2.1. Preparation of aqueous sodium salt and tyrosol samples with 
riboflavin

The samples were prepared via neutralization of the corresponding 
carboxylic acid with self-made sodium hydroxide solution. Samples 
comprising NaBenz, Na-2-OH-Benz, Na-3-OH-Benz, Na-4-OH-Benz, Na- 
4-OH-3-OMe-Benz, Naterephthalate, NaSCN, NaH2PO4, sodium 
dodecyl sulfate, sodium xylene sulfate, and tyrosol were prepared via 
direct dissolution of the compound in water. If the compound was not 
solubilized after stirring at 450 rpm for 1 h, the compound was regarded 
to be insoluble in water. To all samples, no matter if homogeneous or 
heterogeneous, RF was added in excess. The samples were ultra
sonicated for 2 min (Bransonic 220, 120 W, frequency: 50 kc) and stirred 
at 450 rpm for 1 h. The samples were filtered through 0.45 µm poly
tetrafluoroethylene (PTFE) filters.

Samples comprising Na-2,4,6-TriOH-Benz, Na-2,4-pentadienoate, 
NaValerate, NaButyrate and tyrosol were prepared in triplicate. Samples 
comprising Na-4-OH-3,5-DiOMe-Cinn and NaH2PO4 were prepared 
once. The residual samples were prepared in duplicate. For the quanti
fication of RF, see [25].

2.2.2. Preparation of aqueous choline polyphenolate/cinnamate samples 
with riboflavin

Choline gallate, vanillate, 3,5-dihydroxybenzoate, ferulate, cinna
mate or 3,4-dimethoxybenzoate solutions were prepared via neutrali
zation of the corresponding carboxylic acid with aqueous choline 
hydroxide solution (46 wt%). After stirring at 450 rpm for 15 min, RF 
was added in excess. The samples were ultrasonicated for 2 min 
(Bransonic 220, 120 W, frequency: 50 kc) and stirred at 450 rpm for 1 h. 
After filtration through 0.45 µm PTFE filters, RF was quantified as 
detailed in [25]. The samples were prepared in duplicate.

2.3. Surface tension measurements

The surface tension curves were recorded with a Krüss (Hamburg, 
Germany) Tensiometer K100 at 25 ◦C by the Wilhelmy Ring Method 
(platinum-iridium-ring). For the surface tension curves of Na-4-OH-3- 
OMe-Cinn and NaCinn, stock solutions in water were prepared via 
neutralization of the corresponding acid with 1 M self-made sodium 

hydroxide solution and addition of the residual amount water. In the 
case of NaBenz and Na-2-OH-Benz, the sodium salt was directly dis
solved in water. The stock solutions were saturated with RF and ultra
sonicated for 2 min (Bransonic 220, 120 W, frequency: 50 kc). After 
stirring at 450 rpm for 1 h, surface tension curves were recorded as 
described in [51]. All samples were prepared twice.

2.4. Dynamic light scattering measurements

All samples were filtered into borosilicate tubes with 0.22 µm PTFE 
filters. With an ALV/CGS-3 goniometer (Langen, Germany) with an 
ALV/LSE-5004 correlator and with an ALV correlator software, DLS 
correlation functions of sodium polyphenolates and RF in pure water, 
and of sodium polyphenolate solutions saturated with RF were 
measured at 90◦ at 25 ◦C. A vertically polarized HeNe laser (22 mW, 
632.8 nm) was used for the measurements. For more information on the 
method see Klossek et al. [52] All samples were prepared in triplicate.

2.4.1. Sample preparation of aromatic sodium carboxylates in water
0.37 mol⋅kg− 1 aqueous sodium ferulate solutions were prepared via 

neutralization of the corresponding acid with 1 M self-made sodium 
hydroxide solution. Sodium benzoate and salicylate were dissolved 
directly in water at a concentration of 1 mol⋅kg− 1.

2.4.2. Sample preparation of aqueous sodium polyphenolate solutions 
saturated with riboflavin

An excess of RF was added to the samples from section 2.4.1. The 
samples were ultrasonicated for 2 min (Bransonic 220, 120 W, fre
quency: 50 kc) and stirred at 450 rpm for 1 h. Additionally, 1 mol⋅kg- 

1Na-3,4-DiOMe-Cinn samples were prepared via neutralization of the 
corresponding acid with 6 M self-made sodium hydroxide solution and 
saturation with RF as described above. As a reference sample, water was 
saturated with RF. All samples were filtered through 0.45 µm PTFE 
filters.

2.5. Nuclear magnetic resonance measurements

Proton Nuclear Magnetic Resonance (1H NMR), 13-Carbon Nuclear 
Magnetic Resonance (13C NMR), Correlation Spectroscopy (COSY), 
Heteronuclear Multiple Bond Correlation (HMBC) experiments, Heter
onuclear Single Quantum Coherence (HSQC) experiments and NOESY 
(Nuclear Overhouser Spectroscopy) experiments were performed at a 
Bruker Avance III HD 400 (400.13 MHz) NMR-spectrometer with a 5 
mm BBO 400SB BB-H-D or with a 5 mm BBO 400S1 BBF-H-D probe head 
with a Z-gradient at the Central Analytical NMR department of the 
University of Regensburg.

2.5.1. NMR measurements in riboflavin/aromatic sodium carboxylate 
solutions

NMR experiments were performed in DMSO‑d6. Samples comprising 
RF and NaBenz, Na-3-OH-Benz, Na-4-OH-Benz, Na-4-OH-3-OMe-Benz 
and NaCinn were saturated with RF. For saturation of DMSO‑d6, an 
excess of the compounds was added to 1 g solvent. The samples were 
stirred for 1 h. In the case of NaCinn in presence of RF at the molar ratio 
1, the sample was diluted with DMSO‑d6 after filtration through 0.45 µm 
PTFE filters and then again saturated with NaCinn. The following aro
matic sodium carboxylate/RF samples were obtained: NaBenz/RF with 
the molar ratio 2, Na-3-OH-Benz/RF with the molar ratio 11, Na-4-OH- 
Benz with the molar ratio 2, Na-4-OH-3-OMe-Benz with the molar ratio 
1, NaCinn/RF with the molar ratios 0.4 and 1.

To see if the chemical shift of RF and of the additives depends on the 
additive to RF ratio, four different Na-2-OH-Benz/RF molar ratios were 
prepared (Ratio 2: DMSO‑d6: 1.993 g, Na-2-OH-Benz: 0.009 g, RF: 0.010 
g; Ratio 5: DMSO‑d6: 2.017 g, Na-2-OH-Benz: 0.024 g, RF: 0.011 g; 
Ratio 10: DMSO‑d6: 1.966 g, Na-2-OH-Benz: 0.113 g, RF: 0.026 g; 
Ratio 50: DMSO‑d6: 3.012 g, Na-2-OH-Benz: 0.243 g, RF: 0.011 g). The 
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samples were stirred at 450 rpm until dissolution.
Reference samples of all sodium salts were prepared via saturation of 

DMSO‑d6 with the compounds. After filtration through 0.45 µm PTFE 
filters, all samples (0.8 mL) were filled into NMR tubes.

For a NOESY measurement, 3.0 mol⋅kg− 1 Na-3,4-DiOMe-Cinn in 
water was saturated with RF via ultrasonication for 2 min (Bransonic 
220, 120 W, frequency: 50 kc) and stirring at 450 rpm for 1 h. After 
filtration through 0.45 µm PTFE filters, the sample (0.8 mL) was filled 
into an NMR tube.

2.5.2. NMR measurements in riboflavin phosphate sodium salt/sodium 
ferulate solution

To obtain a maximum resolution, deuterium oxide was saturated 
with sodium ferulate and RF-PO4 via stirring at 450 rpm for 1 h. After 
filtration through 0.45 µm PTFE filters, 0.8 mL of the sample was filled 
into the NMR tube. For 13C NMR measurements, an insert with DMSO‑d6 
was inserted to have a reference peak.

2.6. Computational details

MD simulations were performed with GROMACS version 2022 
[53–60]. The TIP4P water model was used. The GAFF force field [61,62]
was used employing ACPYPE for the generation of the parameters [63]. 
RESP charges [64] were derived after geometry optimization for RF and 
all aromatic carboxylates in the gas-phase at the M062X/def2-TZVP 
[65–67] level of theory. The quantum chemical calculations were done 
using ORCA 5.0.3 [68] employing the RICOSX [69] approximation. The 
effect of additives in the solubilization of RF in water was studied by 
molecular dynamics simulations of RF molecules with a molar ratio of 
1:10 with respect to various sodium polyphenolates in water. Similar to 
our previous study in pure water [25], 8 RF molecules in a ~ 512 nm3 

cubic box with 80 polyphenolate molecules (charges neutralized with 
equimolar of sodium ion) were simulated at 300 K in the NPT ensemble 
using a Bussi thermostat and barostat [70,71] Umbrella sampling was 
carried out to estimate the separation free energy of 2 RF molecules in 
the presence of sodium ferulate. In this case, 20 ferulate molecules were 
included in the 4x8x4 nm3 water box. To generate the initial configu
ration, pulling of RF molecule was performed at a rate of 1 nm⋅ns− 1 with 
a force constant of 1000 kJ mol− 1⋅nm− 2. NPT equilibrations of 200 ns 
were preceded by 100 ps of NVT equilibration. The NPT equilibrations 
were done for each sampling window. Mostly, a force constant of 1000 
kJ mol− 1 nm− 2 was applied in the sampling phase. For the configuration 
with center of mass-distance (COM) of 0.54 nm between two RF mole
cules, the force constant was doubled to achieve better sampling at this 
separation distance. Finally, the free energy profile was obtained by the 
weighted histogram analysis method, WHAM [72] (the first 25 ns were 
discarded, see Fig. A 86 for the histogram). Additionally, dissociation 
enthalpy and entropy were calculated for the system in pure water and 
in the system with additive. This was realized by averaging of the po
tential energy using a binning procedure according to the COM sepa
ration distance.

3. Results and discussion

3.1. Solubilization of riboflavin by sodium polyphenolates

Based on the findings of a US-Patent from 1946, we studied the effect 
of polyphenolates on RF’s water solubility with UV–Vis-spectroscopy 
[46]. To exclude pH contributions to RF’s water solubility, the pH-value 
of all samples was controlled with indicator paper to be constantly 7. For 
the exact water solubility of RF in the presence of the additives see 
section 8.3 in the Supplementary Material.

As expected, sodium polyphenolates turned out to be good hydro
tropes for RF. RF’s solubility was increased exponentially with sodium 
polyphenolate concentration, see section 8.1 in Supplementary Mate
rial. Among the polyphenolates tested, Na-4-OH-3-OMe-Cinn, Na-3,4- 

DiOMe-Cinn, Na-4-OH-3,5-DiOMe-Cinn, and Na-2,4,6-TriOH-Benz 
increased riboflavin’s solubility most efficiently (low molar poly
phenolate/RF ratio), see Table 1 left and sections 8.1 and 8.3 in Sup
plementary Material. The most efficient sodium polyphenolates, Na-3,4- 
DiOMe-Cinn, Na-4-OH-3,5-DiOMe-Cinn, Na-4-OH-3-OMe-Cinn and Na- 
2,4,6-TriOH-Benz increased the water solubility of RF > 2000 times, 
>1400 times, >240 times and >65 times at the highest tested additive 
concentration of 4.34 mol⋅kg− 1, 1.62 mol⋅kg− 1, 0.56 mol⋅kg− 1, and 0.08 
mol⋅kg− 1, respectively, see Table 1 right. (Na-4-OH-3,5-DiOMe-Cinn 
and Na-2,4,6-TriOH-Benz might be even more efficient, but were not 
tested at higher additive concentrations due to cost and toxicological 
reasons, respectively. For Na-3,4-DiOMe-Cinn, the solubilization was 
not continued above 4.34 mol⋅kg− 1, as the stirring and filtering process 
was impeded due to high viscosity.)

A comparison of polyphenolates with the common hydrotrope so
dium xylene sulfonate (SXS) showed that Na-4-OH-3,5-DiOMe-Cinn at 
1.62 mol⋅kg− 1 and Na-3,4-DiOMe-Cinn at 1.73 mol⋅kg− 1 were > 17 
times and 13 times more efficient RF solubilizers than SXS at ≈ 1.9 
mol⋅kg− 1, respectively. The typical salting-in agent NaSCN was also 
worse than all tested sodium polyphenolates, see Fig. A 7 in section 8.1. 
Even the standard surfactant sodium dodecyl sulfate (SDS) (0.4 
mol⋅kg− 1) solubilized > 14 times less RF than the RF solubilizers Na-4- 
OH-3,5-DiOMe-Cinn, Na-3,4-DiOMe-Cinn and Na-4-OH-3-OMe-Cinn at 
the same concentration, respectively. Moreover, at an additive concen
tration of 1 mol⋅kg− 1, Na-4-OH-3,5-DiOMeCinn and Na-3,4-DiOMe-Cinn 
solubilized respectively >72 and >55 times more RF than the common 
RF solubilizer nicotinamide [30]. Regarding a patent, which presents 
sodium gallate as potent RF solubilizer for pharmaceutical application, 
Na-4-OH-3,5-DiOMe-Cinn and Na-3,4-DiOMe-Cinn solubilized 4.15 
times and 2.9 times more RF than sodium gallate at 0.67 mol⋅kg− 1 

(corresponding to the solubility of sodium gallate in presence of RF due 
to the mutual increase in solubility of RF and gallate). In the presence of 
RF, even sodium ferulate solubilized 1.8 times more RF at its solubility 
limit (0.56 mol⋅kg− 1) than sodium gallate at its solubility limit (0.67 
mol⋅kg− 1). Consequently, the majority of the tested sodium poly
phenolates exhibits a solubilization efficiency considerably superior to 
the one of a common salting-in agent, hydrotrope, surfactant and even 
superior to the one of the common RF solubilizers nicotinamide and Na- 
3,4,5-TriOH-Benz [30].

Using UV–Vis-measurements, choline polyphenolates were also 
tested as solubilizers for RF to see if the extraordinary hydrotropic action 
of sodium polyphenolates is linked to the nature of the cation [46]. As 
for the sodium salts, the water solubility of RF was increased exponen
tially with the choline polyphenolate concentration, see section 8.2 in 
Supplementary Material. Choline and sodium polyphenolates exhibited 
similar solubilizing properties for salt concentrations <0.6 mol⋅kg− 1. 
Yet, the sodium salts have a limited solubility and thus the better water- 
soluble choline salts led to a greater absolute enhancement of the 
aqueous solubility of RF, see Fig. A 9 in Supplementary Material. 
Nevertheless, lower molar polyphenolate/RF ratios and thus greater 
solubilizing efficiencies were achieved with sodium polyphenolates 

Table 1 
Best molar polyphenolate/riboflavin ratio obtained with the most efficient so
dium polyphenolates and maximum water solubility of riboflavin in the aqueous 
solubilization of riboflavin at the given additive concentration.

Additive Ratio (additive/ 
riboflavin)

Solubility of riboflavin

Na-2,4,6-TriOH- 
Benz

4.5 at 0.08 mol⋅kg− 1 18 ± 1 mmol⋅kg¡1 at 0.08 
mol⋅kg− 1

Na-4-OH-3,5- 
DiOMe-Cinn

4.2 at 1.02 mol⋅kg− 1 380 mmol⋅kg¡1 at 1.62 
mol⋅kg− 1

Na-3,4-DiOMe-Cinn 5.8 at 1.09 mol⋅kg− 1 560 ± 20 mmol⋅kg¡1 at 4.34 
mol⋅kg− 1

Na-4-OH-3-OMe- 
Cinn

6.3 at 0.37 mol⋅kg− 1 67 ± 2 mmol⋅kg¡1 at 0.56 
mol⋅kg− 1
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(except of gallate). Consequently, if a low solubilizer/RF ratio and a 
neutral odor is required, sodium salts are more appropriate. As the usage 
of choline polyphenolates combines a vitamin with two nutraceuticals – 
polyphenolates and choline, choline polyphenolates might be advanta
geous RF solubilizers for dietary supplements [49].

3.2. Solubilizing mechanism

3.2.1. Insights from solubilization tests
The solubilization mechanism of the system RF/polyphenolate/ 

water was analyzed with various sodium carboxylates, with a salting- 
in/-out agent, a common hydrotrope, and a surfactant. A summary of 
the trends will be given in this section. For more details see Section 8.1 
in the Supplementary Material. A ranking of the efficiency of all 
hydrotropes tested is given in Fig. 3.

RF’s water solubility increased with the size of the polyphenolate’s 
hydrophobic moiety, which correlates with the solubilizers’ amphiphi
licity and would be decisive for an aggregative solubilization of RF. 
However, the conjugated π-electron system was significantly more 
dominant in RF’s aqueous solubilization. The larger the conjugated 
electronic system of the solubilizer, the more RF was solubilized in 
water. Functionalization of the aryl ring with hydroxy and methoxy 
groups improved the solubilizing efficiency more with greater distance 
of the functional group from the carboxylate (para > meta > ortho). For 
the solubilization of RF, amphiphilicity was not as crucial as a func
tionalization of the solubilizer with a group exhibiting a positive 
mesomeric and lower minus inductive effect (Na-3,4,5-TriOH-Benz >
NaBenz; OMe > OH > CF3 > COO–). The effect of functionalization of 
the aryl ring on the solubilizing power of the aromatic sodium carbox
ylates is visualized in Fig. 2 A.

A concentration-dependent bathochromic shift of RF’s absorption 
spectrum was observed in the presence of high concentrations of 

“electron richer” aromatic sodium carboxylates (>0.1 mol⋅kg− 1), see 
Fig. 2 B and Fig. A 8 in Supplementary Material. The sample’s color did 
not change upon variation of the hydrophobic chain length (NaButyrate 
→ NaValerate), but upon enlargement of the conjugated electronic 
system (NaValerate → Na-2,4-pentadienoate), see Fig. 2 C. A variation of 
the sample’s coloration depending on the aromatic system of the solute 
and solubilizer is typical of HOMO-LUMO interactions in π-stacked 
molecular assemblies [73].

Additionally, mutual solubilization of RF and many aromatic sodium 
carboxylates was observed. Hence, RF even increased the water solu
bility of the scarcely water-soluble Na-3,4-DiOMe-Cinn, Na-4-OH-3,5- 
DiOMe-Cinn and Na-4-OMe-Cinn.

Moreover, water-insoluble aromatic sodium carboxylates solubilized 
RF occasionally more efficiently than soluble ones. For instance, the 
insoluble Na-3,4-DiOMe-Cinn solubilized 25.7 times more RF in water 
than the well water-soluble NaBenz at 1 mol⋅kg− 1 of the hydrotropes.

Hence, the solubilization properties of sodium polyphenolates do not 
correlate with the sodium polyphenolate’s water solubility.

Main observations regarding RF’s hydrotropic solubilization by so
dium polyphenolates, related compounds and other solubilizers are 
summarized in Table 2. These are categorized as arguments for/against 
aggregation of sodium polyphenolates in the surrounding of RF, as ar
guments for/against hydration of RF by means of the additives, and as 
arguments for/against π-stacking based solubilization of RF as driving 
force in the hydrotropic solubilization of RF by sodium polyphenolates.

From the solubilization tests, we concluded π-complexation of RF 
and aromatic sodium carboxylates as driving force for the strong hy
drotropic action of polyphenolates. This was affirmed by the similar 
hydrotropic solubilization of lumichrome by aromatic sodium carbox
ylates, which was also accompanied by a bathochromic effect. As the 
relative improvement of RF’s and lumichrome’s water solubility was 
almost identical, primary, the isoalloxazine ring is essential for the 

Fig. 3. Riboflavin solubilizers ordered according to their solubilizing efficiency (molar solubilizer/riboflavin ratio). Sometimes the slope of the solubilization curves 
(=molar solubilizer/RF ratio) changed with the solubilizer’s concentration. Then the solubilization efficiency was regarded above 0.2 mol⋅kg− 1 of the additive 
concentration. *Riboflavin further increased the water solubility of the compound. **Not only the compound itself solubilized riboflavin, but riboflavin solubilized 
the totally insoluble compound in water, too. The corresponding solubilization curves and trends are displayed and explained in section 8.1 in Supplementary 
Material. Nicotinamide: [30]; M = mol⋅kg− 1.
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hydrotropic effect of aromatic sodium carboxylates on RF [74]. Appar
ently, in water, this π-complex exhibits an improved hydration 
compared to the separate biomolecules. Otherwise, RF would not solu
bilize its solubilizer. Due to their mutual solubilization, one can consider 

RF and some polyphenolates as their mutual “co-hydrotropes”. As the 
absorption spectrum/yellow coloration of RF can be regained upon 
dilution of the solutions with water, the interactions of RF and poly
phenolates are probably rather weak and reversible. The regain of yel
low coloration upon dilution with water confirms even more the 
assumption of complex formation between RF and polyphenolates.

3.2.2. Insights from NMR measurements
NMR measurements were conducted with DMSO‑d6, due to poor 

solubility of RF in other NMR solvents. The samples were prepared via 
saturation of DMSO‑d6 with RF and/or aromatic sodium carboxylates to 
have a sufficient signal to noise ratio. Hence, all samples exhibited a 
distinct molar carboxylate/RF ratio. The spectrum of RF in pure 
DMSO‑d6 is reported in [25]. Additionally, the dependence of the 
chemical shift Δδ of RF’s and salicylate’s protons/carbons on the molar 
Na-2-OH-Benz/RF ratio was analyzed, see section 8.5.1.2 in Supple
mentary Material.

However, DMSO might suppress inter- and intramolecular in
teractions [75]. As the solubilization mechanism of RF by sodium pol
yphenolates is mainly based on the interaction of the aromatic rings, the 
RF analogue RF-PO4 was used to further evaluate the interactions of RF 
with sodium polyphenolates in water. Therefore, NMR measurements of 
RF-PO4 in the absence and presence of sodium ferulate were conducted 
in deuterium oxide, see section 8.5.1.7 in Supplementary Material and 
[25].

For RF, RF-PO4, and for aromatic sodium carboxylates, the change of 
the protons’/carbons’ chemical shift was analyzed, relatively to the pure 
compounds. Additionally, the cross-peaks in the NOESY spectrum of RF 
or RF-PO4 in the presence of aromatic sodium carboxylates were used to 
evaluate the polyphenolate/RF interactions, see Section 8.5.1 in Sup
plementary Material.

Conclusions from NMR measurements are summarized below. A 
detailed discussion of the observations is reported in the Sections 8.5.1, 
8.5.2, and 8.5.3 in the Supplementary Material.

3.2.3. Indications for π-stacking
In the presence of aromatic sodium carboxylates, indications for 

stacking of RF with other RF molecules were not found, see section 8.5 in 
Supplementary Material. However, the signal intensity of RF was poor, 
and DMSO‑d6 might reduce aggregation of RF compared to water. 
Therefore, it was necessary to conduct NMR measurements of the flavin 
in deuterium oxide, which was done with RF-PO4. The NOESY spectrum 
of the RF-PO4 in the presence of sodium ferulate (cross-peak of H3 with 
H8 and H10 of RF-PO4) indicated stacking in anti-alignment of RF-PO4 
with other RF-PO4 molecules in deuterium oxide, see Fig. A 30 and 
Fig. A 33B in the Supplementary Material. This is in line with our last 
research, where we concluded anti-stacked aggregation of RF and RF- 
PO4 in aqueous solutions via NOESY measurements and molecular dy
namics [25]. Presumably, polyphenolates cannot prevent self-stacking 
of RF-PO4 totally. As the interaction surface between polyphenolates 
with RF and RF-PO4 is the same, we suppose that RF also still stacks with 
other RF molecules in the presence of aromatic sodium carboxylates in 
water. This is in line with the results from cluster analysis in Section 
3.2.3, which proposed only a reduction of the average RF cluster size.

Further, RF and aromatic sodium carboxylates induced a shift of 
almost all of each other’s protons and carbons, see Fig. A 31 in Sup
plementary Material. In line with this, RF-PO4 and sodium ferulate also 
changed the chemical shift of each other’s protons/carbons in deuterium 
oxide, see Fig. A 29 in Supplementary Material. Hence, the entire carbon 
backbone and almost all protons are affected by the interactions of RF or 
RF-PO4 with aromatic sodium carboxylates.

Also in line with the higher RF solubilizing efficiency of poly
phenolates substituted with OMe-/OH-groups on the para position 
compared to the meta and this compared to the ortho position, the 
change of the chemical shift of NaBenz’s, Na-3-OH-Benz’s and Na-4-OH- 
Benz’s carbon atoms increased from ortho to para position, see sections 

Table 2 
Pro (↑) and contra (↓) arguments for a solubilization of riboflavin (RF) in water 
with sodium polyphenolates via aggregation, π-stacking and hydration as main 
solubilization mechanism. Minimum hydrotrope concentration (MHC), critical 
aggregation concentration (CAC), sodium xylene sulfonate (SXS), sodium 
dodecyl sulfate (SDS), for further abbreviations, see Fig. 3.

Aggregation π-stacking Hydration

↑Polyphenolate 
backbone is 
amphiphilic. 
↑All sodium 
cinnamates > sodium 
benzoates.

↑All sodium cinnamates >
sodium benzoates.

↑ Salting-in/out agent 
in-/decrease the 
solubility of RF (NaSCN/ 
NaH2PO4).

↑After reaching a critical 
polyphenolate 
concentration 
(maximum of the 
additive/RF ratio), the 
solubilizing efficiency 
improves 
considerably. → might 
correspond to an MHC.

↓No break point in the 
log–log-plot, see Fig. A 1, 
C, and D 
↓Theoretical MHC region 
obtained from the maximal 
additive/RF ratio at 
polyphenolate 
concentrations <0.21 
mol⋅kg− 1, but typical CACs 
of benzoates/cinnamates 
are >0.2 mol⋅kg− 1. [51]

​

↑Dependence on the 
hydrophobic chain 
length (SDS >
NaValerate >
NaButyrate >
NaBenz).

↑Weak dependence on the 
hydrophobic chain length 
(NaButyrate → 
NaValerate: +29 %).

​

​ ↑Deterioration of 
amphiphilicity improves 
solubility of RF (Na-3,4,5- 
TriOH-Benz > NaBenz). 
↑Solubility increases with 
increasing + M and 
decreasing − I-effect (OMe 
> OH > CF3 > COO–). 
↑Increase of conjugated 
electron system improves 
solubility (Na-4-OH-3- 
OMe-Cinn ≈ Na-2,4- 
pentadienonate 
≫ NaValerate; Na-4-OH- 
Cinn ≫ Na-4-OH-Benz >

Na-4-OH-Prop). 
↑Induction of conjugation 
improves solubility 
(NaBenz ≫ NaCHC). 
↑Electronegative 
substituent in the aromatic 
ring lowers solubility 
(Nicotinamide < NaBenz). 
↑Even without a 
carboxylate group, tyrosol 
solubilized RF 
→aromaticity sufficient for 
a solubilization.

↑The solubility of RF 
rises with increasing 
number of OH-groups. 
↑para > meta > ortho 
substitution with OH– 
and OMe- groups (except 
Na-2-OH-Benz). 
↑Compounds with non- 
neighbored OH/OMe- 
groups are better 
solubilizers than the ones 
with adjacent groups. 
↓OMe > OH on the aryl 
ring, although OMe more 
lipophilic. 
↑Hydratable carboxylate 
improves solubility of RF 
(Tyrosol < Na-4-OH- 
Benz). 
↓Totally insoluble 
compounds Na-3,4- 
DiOMe-Cinn and Na-4- 
OH-3,5-DiOMe-Cinn are 
more efficient 
solubilizers than water- 
soluble NaBenz, Na-2- 
OH-Benz and Na-3,4,5- 
TriOH-Benz.

​ ↑Red-shift of RF’s 
absorption spectrum for 
high concentrated sodium 
polyphenolate/RF 
solutions 
↑Red-shift upon induction 
of a conjugation 
(NaValerate → Na-2,4- 
pentadienoate) 
↑Mutual solubilization of 
RF and sodium 
polyphenolates.→ 
Copigmentation

↑In spite of lipophilic 
methyl groups, SXS with 
its less hydrated 
sulfonate group is a 
solubilizer comparable to 
NaBenz. [12]
↓Mutual solubilization. 
↓Mutual solubilization 
even with totally 
insoluble sodium 
polyphenolates.
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8.5.1.1, 8.5.1.3 and 8.5.1.4 in Supplementary Material. Similarly, the 
change of the electro-magnetic environment of sodium vanillate’s car
bon next to the OMe-group correlates with the strong effect of OMe- 
groups on the RF solubilizing power of polyphenolates, see Fig. A 26 
in Supplementary Material. These two observations correlate with the 
dependence of the polyphenolates’ electronic π-system on their solubi
lizing efficiency.

The linear increase of the chemical shift of RF’s and Na-2-OH-Benz’s 
protons and carbons with the molar Na-2-OH-Benz/RF ratio exhibited a 
break point at ratios 10 and 5, respectively, see section 8.5.1.2 in Sup
plementary Material. If π-complexes of RF and Na-2-OH-Benz are 
formed in DMSO‑d6, the break point might correspond to a critical 
concentration for complexation of RF and Na-2-OH-Benz. Then, the two 
different ratios at which the break point occurred can be explained with 
the three times smaller size of Na-2-OH-Benz compared to RF.

As Na-3,4-DiOMe-Cinn underwent an extraordinary mutual solubi
lization with RF in water, a sufficiently intense NOESY spectrum of a 3.0 
mol⋅kg− 1 Na-3,4-DiOMe-Cinn solution saturated with RF in water could 
be recorded to estimate the distance of the two biomolecules in solution.

Several cross-peaks between Na-3,4-DiOMe-Cinn’s and RF’s protons 
in the NOESY spectrum show that the polyphenolate and RF are close. As 
NOESY has a detection limit of 5 Å and common distances for π-stacked 
compounds are 3.46–3.85 Å, the proximity of RF’s and Na-3,4-DiOMe- 
Cinn’s protons along the entire molecules is in favor of π-stacked 
arrangement of RF and Na-3,4-DiOMe-Cinn, see Fig. 4 [76–80].

3.2.4. Indications for mutual hydration of RF and sodium polyphenolates
Peak broadening, loss of the splitting, deshielding of exchangeable 

protons and the presence of cross-peaks of exchangeable protons of RF- 
PO4, RF, and aromatic sodium carboxylates with water proofed mutual 
hydration of RF and sodium polyphenolates, see section 8.5.1 in Sup
plementary Material. DMSO‑d6 always contains traces of water, which 

were attracted by RF and aromatic sodium carboxylates when being 
dissolved together. This observation is in line with the mutual solubili
zation of RF and some aromatic sodium carboxylates from Section 3.2.1.

Analogously, the attraction of sodium ferulate induced a stronger 
hydration of RF-PO4. Thus, the cross-peak of the aromatic proton H2 of 
RF-PO4 with water in the presence of ferulate was not present in the 
NOESY NMR spectrum of RF-PO4 in pure deuterium oxide, see Fig. A 
30b in Supplementary Material and [25]. Moreover, the degree of RF’s 
hydration depended on the solubilizer/RF ratio, as with increasing 
molar Na-2-OH-Benz/RF ratio, the deshielding and peak broadening and 
thus the degree of deprotonation increased, see Fig. A 16B in Supple
mentary Material.

3.2.5. Conformation of the ribityl (phosphate) chain
Cross-peaks in the NOESY spectrum of RF in the presence of Na-2- 

OH-Benz, Na-4-OH-3-OMe-Benz and Na-3-OH-Benz pointed to an in 
average curved ribityl side chain conformation, see Fig. A 32 in Sup
plementary Material. Similarly, a cross-peak of RF-PO4′s aromatic pro
ton H2 with H11 and H12 on RF-PO4′s ribityl phosphate chain pointed to 
a curved average ribityl phosphate chain in the presence of sodium 
ferulate, see Fig. A 30 and Fig. A 33 in Supplementary Material. In line 
with this, NPT simulations indicated a more rigid and curved ribityl 
chain conformation in presence of a polyphenolate, see Fig. A 87 in 
Supplementary Material.

While we suggested a curved ribityl chain of RF-PO4 in water in our 
last publication, we supposed, based on COSMO-RS calculations, mo
lecular dynamics, and NOESY experiments, RF’s ribityl chain to be 
rather stretched and dynamic in pure water or DMSO‑d6 [25]. There
fore, we suppose that polyphenolates induce a change in the ribityl chain 
conformation. According to our last article, RF comprising a curved 
ribityl chain, should be better water-soluble than RF with a stretched 
one. Therefore, the sugar chain of RF-PO4 might be already curved in 

Fig. 4. NOESY spectrum of an aqueous 3 mol⋅kg− 1 sodium 3,4-dimethoxycinnamate solution saturated with riboflavin. (a) Cross-peaks of the ribityl chain protons 
H12 and H11 with H5/8, H2/3, H13/14 of RF and with H2, H5, H3, H4, H1 and with the methoxy groups of sodium 3,4-dimethoxycinnamate; (b) Cross-peaks of H8/ 
5 of riboflavin with H11, H12, H2/3, H13/14 of RF and with H2, H5, H3, H4, H1 and with the methoxy groups of sodium 3,4-dimethoxycinnamate; (c) Cross-peaks of 
the aromatic protons H2/3 of RF with H13/14, H11, H12, H8/5 of RF and with H2, H3 H5, H4, H1 and with the methoxy groups of sodium 3,4-dimethoxycinnamate; 
(d) all protons of Na-3,4-DiOMe-Cinn interact with each other.
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pure water, because the phosphate group induces strong hydration.
Besides, NOESY cross-peaks of NaBenz’s aromatic protons H1 and H2 

with RF’s proton H11 on the ribityl side chain and the NOESY cross-peak 
of sodium ferulate’s methoxy group with the ribityl chain protons H11/ 
H12 of RF-PO4 point to proximity of aromatic sodium carboxylates to 
RF’s/RF-PO4′s ribityl chain, c.f., Fig. A 15 and Fig. A 33 in Supplemen
tary Material. Supposing stacking of RF/RF-PO4 and aromatic sodium 
carboxylates, this proximity to the ribityl chain protons hints to a curved 
ribityl chain. Thus, stacking of aromatic sodium carboxylates with RF/ 
RF-PO4 might even alter the average ribityl chain conformation and lead 
to the mutual solubilization of RF and aromatic sodium carboxylates.

As the chemical shift of the protons/carbons of RF/RF-PO4 and ar
omatic sodium carboxylates was minorly influenced by aromatic sodium 
carboxylates and RF/RF-PO4, respectively, the interaction of RF with 
sodium polyphenolates seems rather weak, see section 8.5.1 in Supple
mentary Material.

3.2.6. Theoretical calculations
Simulation of RF molecules in water has shown firmly stacked ag

gregates formed and held together presumably by dispersive interaction 
due to the extended planar aromatic surface of RF. Using rigorous um
brella sampling, we estimated that the dissociation free energy is as high 
as 22 kJ⋅mol− 1 at room temperature. While structural properties of the 
aggregates suggest that π-π-interaction is predominating, separation of 

the non-covalent interaction in a highly complex system remains a 
challenging task in theoretical studies.

In this regard, the simple functional form of classical nonpolarizable 
force fields (given well-fitted parameter) provides a straightforward way 
to separate the non-bonded interaction energies. Eqs. (1)–(3) describe 
the non-bonded terms consisting of the Coulomb electrostatic term 
(ECoulomb) and the Lennard Jones-potential term (ELJ), which are 
calculated between a pair of particles ij in the force field simulation. The 
attractive term (Cij

(6)) in the Lennard-Jones potential in molecular me
chanics simulation can be turned off leaving the electrostatic term and 
the repulsive term active in the non-bonded interaction term (Eq. (4)). 
On the other hand, the electrostatic term can be deactivated by setting 
the charges qi to zero, and the non-bonded interaction is then simply 
comprised of pure LJ-term (Eq. (5)). 

Enon-bonded = ECoulomb+ELJ (1) 

ELJ =
C(12)
ij

r12
ij

−
C(6)
ij

r6
ij

(2) 

ECoulomb = f
qiqj
rij

(3) 

Fig. 5. Different stable aggregates of RF molecules formed when, A) Cij(6) = 0 and qi ∕= 0, B) Cij(6) ∕= 0 and qi = 0.) Simple moving average (SMA) over 500 data 
points of number of clusters Nclust (900 ns NPT simulation) for riboflavin aggregates in the presence of sodium Ferulate = 6.68, Na-4-OH-Cinn = 5.20, Na-3-OMe- 
Cinn = 5.31, NaCinn = 3.17, Na-4-OH-Prop = 2.43, Na-4-OH-Butyrate = 2.21. Dashed lines represent the overall average of Nclust.
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EC12+Q
non-bonded = f

qiqj
rij

+
C(12)
ij

r12
ij

(4) 

EC12+C6
non-bonded = 0+

C(12)
ij

r12
ij

−
C(6)
ij

r6
ij

= ELJ (5) 

This approach permits us to study the conformational changes or 
preferences of RF molecules in water induced by electrostatic or 
dispersive interaction. The MD simulations revealed that stable aggre
gates of RF are formed both when the electrostatic part and when the 
attractive Lennard-Jones part of the RF interactions are turned off, see 
Fig. 5 A, B. A remarkable difference, however, is recognizable. While 
stacked aggregate (as in the previous case) was observed when Cij

(6) is 
non-zero and qi is zero, the aggregate formed with zero Cij

(6) and non-zero 
qi seems to be rather stabilized by hydrogen (H)-bonds. Indeed, H-bond 
analysis showed clearly that only 0.865 HB was formed during 100 ns 
simulation in pure-LJ system. In contrast, 1.860 HB was predicted in the 
C12 + Q-system. These results demonstrate that stacked aggregates in 
our system are predominantly triggered by the attractive term of the LJ- 
potential.

This unfavorable dissociation energy due to the attractive π-π inter
action contributes significantly to the insolubility of RF-molecules in 
water. Obviously, to increase RF’s solubility in water, the dispersive 
interaction between RF must be disrupted. Addition of various aromatic 
sodium carboxylates to the solution has been shown experimentally to 
increase the RF’s solubility in water.

The aromaticity of the aromatic sodium carboxylates was certainly 
decisive for RF’s solubilization. Experimentally, a distinction of the 
electron richness and planarity of the solubilizer could not be realized in 
this system. To still evaluate the influence of the planarity and electron 
density of aromatic sodium carboxylates on RF’s water solubility, cluster 
analysis of the MD simulations over 900 ns of 8 RF molecules in the 
presence of various polyphenolate(− like) molecules was performed. RF, 
with the chemical formula C17H20N4O6, consists of 47 atoms. Since 8 RF 
molecules are set in a simulation box, 376 atoms are inside the box. The 
analysis tool provided by Gromacs [53–60] was employed to calculate 
the aggregate size Nagg. The routine implemented in the analysis tool 
calculates the number of atoms in the defined cutoff from one reference 
atom at one time. Hence, if only „intermolecular contact“ between the 
atoms of the RF molecules is counted, it will yield the average number of 
atoms of the „aggregates“ in the system. This is the most straightforward 
way to calculate the average size of aggregation Nagg at one time frame. 
Apart from Nagg, the analysis tool also provides the number of clusters 
Nclust present at a given time.

The average size of the aggregates at one time frame for our system 
with 8 RF molecules (Nagg) is extracted from the MD trajectory and is 
defined by Eq. (6). 

Nagg =
376
∑

Nn
=

N1⋅47 + N2⋅94 + ⋯ + N8⋅376
∑

Nn
=

∑
Nn⋅(n⋅47)
∑

Nn
(6) 

Nn is the number of RF cluster types present in the simulation box, such 
that N1, N2, ⋯N8, are the number of monomers, dimers, …, octamers, 
respectively. Hence, for our system, 0 ≤ Nn ≤ 8,Nn ∈ N and 

∑
Nn ≤ 8. 

The latter (divisor in equation (6) is denoted as the number of clusters 
present at one time (Nclust). Since one RF molecule consists of 47 atoms, 
the maximal aggregate size at one time is obviously 376 atoms, which 
corresponds to Nclust of 1 and implies a single octameric cluster. The 
minimum aggregate size on the other hand equals 47 implying all RF 
molecules are dispersed, i.e. all in monomeric form, and the maximum 
number of clusters is reached (Nclust = 8).

Compared to the previous study in pure water in [25], the calculated 
average of number of cluster < Nclust > showed generally smaller 
aggregate size (or vice versa more clusters) when the additives are 
included, which agrees with the experimental observation, see dashed 
lines Fig. 5 C. Additionally, the computation demonstrated that the 

interaction strength between the additive and RF depends significantly 
on the electronic structure of the additives. Cluster size analysis showed 
that electron donating groups, such as a methoxy group and a hydroxy 
group attached to the aromatic ring (see Fig. 5 C: Ferulate = black line, 
Na-4-OH-Cinn = red line and Na-3-OMe-Cinn = green line), enhanced 
the interaction between RF and the additive yielding significantly more 
dimeric and monomeric RF clusters in the system. This indicates that 
electrostatic interaction may also play a significant role in the solubili
zation process.

A saturated hydrocarbon group between the carboxylate group and 
the aromatic ring seems to be significantly detrimental to the solubi
lizing strength of the additive, again in accordance with the experiment, 
see Fig. 5 C: Na-4-OH-Prop = yellow line and Na-4-OH-Butyrate =
brown line. We explain this by two effects: First, such a group interferes 
with charge delocalization. This would imply that delocalization of the 
negative charge of the carboxylate groups is decisive for the interaction. 
While this might be true for the electrostatics, dehydrogenation of the 
hydrocarbon chain and delocalization of charge induce planarization of 
the molecular system. π-π interactions are known to scale linearly with 
the surface area of interaction, and hence larger surface available in the 
additive should increase the magnitude of the interaction. The satura
tion of the hydrocarbon chain in Na-4-OH-Prop and Na-4-OH-Butyrate 
reduced the effective surface of the additive due to folding of the cor
responding moiety. Additionally, the presence of saturated groups 
counteracts aggregation between the aryl derivative and RF because the 
entropic penalty increases due to reduced flexibility. Hence, torsional 
restraint applied to Na-4-OH-Prop on the saturated moiety leads to 
remarkably smaller RF clusters present in the system (6.45) compared to 
the unmodified additive (2.43). Hence, a cluster analysis of the MD 
simulation of RF in presence of various polyphenolate(− like) molecules 
showed smaller aggregate sizes of RF in presence of electron-richer 
planar polyphenolate(− like) molecules. This correlates with the fact 
that lower polyphenolate/RF ratios were required to solubilize RF with 
electron-richer polyphenolate(− like) molecules in real life experiments 
from Section 3.1.

The modulation of electrostatic attractive force may lead to a 
different hydrogen bond strength between RF and the additives. How
ever, current results did not indicate that the number of hydrogen bonds 
(HBnum) during the 700 ns MD simulation correlates with the RF 
aggregate size, see Table A 84 in Supplementary Material. While a slight 
correlation between aggregate size and HBnum in the row of delocalized 
additives (Ferulate > Na-4-OH-Cinn ~ Na-3-OMe-Cinn > NaCinn) can 
be observed, the trend does not hold for Na-4-OH-Prop and Na-4-OH- 
Butyrate. While the hydrogenation of the vinyl moiety of Na-4-OH- 
Cinn into Na-4-OH-Prop leads clearly to weaker solubilizing strength 
as an additive, hydrogen bond numbers between RF/Na-4-OH-Cinn or 
RF/Na-4-OH-Prop are practically comparable. This leads to the 
conclusion that hydrogen bonding is not decisive in the solubilizing 
process of RF.

To estimate the effect of polyphenolates in the solubilization of RF 
molecules, the free energy profile of the dissociation process of two RF 
molecules in the presence of 20 sodium ferulate molecules in water was 
calculated. Fig. 6 A clearly shows a significantly lower dissociation en
ergy when ferulate molecules are included in the umbrella sampling 
simulation compared to the process in pure water (approximately 12.5 
kJ⋅mol− 1 lower), which is in line with the smaller aggregate size number 
found from the cluster analysis, see Fig. 5 C.

The low molar sodium ferulate/RF ratios observed during hydro
tropic solubilization of RF with ferulate from Section 3.1, correlates with 
the outcome of the umbrella sampling of RF with 20 sodium ferulate 
molecules that showed a significant decrease of RF’s dissociation energy 
due to sodium ferulate. This confirms once more, that RF’s solubilization 
is limited by RF-RF π-stacking and hints to π-stacking interactions be
tween RF and polyphenolates.

In addition to the lower separation energy, the profile showed 
several local minima (ζ = 0.6 nm and 0.75 nm) along the COM- 
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separation axis, which may suggest the formation of either different 
stacking arrangement between two RF molecules or an intermediate 
with a ferulate molecule inserted in between the two RF molecules, see 
Fig. 6 B. However, whether the intermediates formed in the pathway 
contribute positively (kinetically or thermodynamically) to the separa
tion process is a subject of further investigation. Finally, we performed 
thermodynamic analysis of the dissociation process by separating the 
thermodynamic potentials into enthalpy H or internal energy U and 
entropy S. Since U and H are just related by the term pV and the simu
lation was carried out on an equilibrated system at constant pressure, U 
is approximately H in this case. Generally, to estimate the change in state 
functions, generating the Van’t Hoff plot by performing umbrella sam
pling of the separation process at different temperatures is straightfor
ward. However, such calculations are very expensive and dependent on 
the response nature of the reaction towards temperature change at 
constant pressure. Instead of repeating the umbrella sampling at various 
temperatures, binning of internal energy as a function of pulling co
ordinates (COM) was performed. Due to poor signal to noise ratio, exact 
quantification of enthalpy/internal energy is impossible. Nevertheless, a 
clear trend and rough estimates can be obtained from the binning 
procedure.

Fig. 6 C and D showed that the dissociation process in the presence of 
sodium ferulate is mildly exothermic (DH ~ − 10 kJ⋅mol− 1), while the 
same process in pure water is largely endothermic (DH ~ +50 
kJ⋅mol− 1). Since DG (+22.8 kJ⋅mol− 1) in the latter case is smaller than 

DH, the reaction at room temperature is entropically driven (DS > 0). 
For the former case, the sign of DS is indeed inverted, because DG >
0 and DH < 0. Therefore, the dissociation process is rather enthalpically 
driven, in contrast to the case in pure water. Tentatively, this may 
suggest that the ferulate-riboflavin complex formation is enthalpically 
favorable, facilitating the dissolution of RF aggregates, however, it 
comes at the cost of the overall system entropy.

4. Conclusion

In accordance to [25], separation of the electrostatic and dispersive 
interaction term of RF with other RF molecules suggests dispersion as 
reason for RF’s limited water solubility. Sodium/choline polyphenolates 
turned out as efficient hydrotropes for RF – being more efficient than the 
typical salting-in agent NaSCN, the typical hydrotrope sodium xylene 
sulfonate, the surfactant sodium dodecyl sulfate, and even more efficient 
than the well-known RF solubilizer nicotinamide [30]. RF’s water sol
ubility increased exponentially with the polyphenolate concentration. 
Due to higher water solubility, choline polyphenolates solubilized more 
RF than sodium polyphenolates, but were slightly less efficient than the 
sodium salts. Sodium polyphenolates enabled minimum molar poly
phenolate/RF ratios of 6.3–4.2. Although hydration and amphiphilicity 
were not insignificant for the solubilization of RF, the size and type of 
the conjugated π-electron system were decisive for the polyphenolates’ 
solubilizing performance. The water solubility of polyphenolates did not 

Fig. 6. (A) PMF extracted from umbrella sampling for the dissociation of two riboflavin molecules in pure water (black line; [25]) compared to the profile in water 
with 20 additional sodium ferulate molecules (red line). (B) Snapshot of trajectory from sampling at riboflavin separation COM distance 0.75 nm. (C) Internal energy 
profile along the pulling coordinates in pure water, and (D) in the presence of 20 sodium ferulate molecules. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
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correlate with their RF solubilizing efficiency.
(i) Comparison of the solubilization efficiencies of distinct aromatic/ 

semi- and non-aromatic sodium carboxylates, (ii) NMR measurements, 
and (iii) molecular dynamics confirmed π-stacking of RF and sodium 
polyphenolates to be responsible for the hydrotropic effect of poly
phenolates. Hence, mainly RF’s isoalloxazine ring participates in the 
interaction with polyphenolates. This is in line with the comparable 
hydrotropic effect of polyphenolates on the lumichrome and riboflavin 
5′-monophosphate reported in [74]. Umbrella sampling and cluster 
analysis of RF in the presence of sodium ferulate indicated the formation 
of different aggregates of RF with sodium ferulate and a reduction of the 
average RF cluster size. Deeper analysis of the Gibbs energy proposed 
RF’s dissociation in pure water to be entropically driven, while it is 
enthalpically favored in an aqueous polyphenolate solution at the cost of 
the overall entropy of the system.

MD simulations and NMR measurements indicated an influence of 
polyphenolates on the ribityl chain conformation. Stacking might induce 
a change of the average ribityl chain conformation. An altered ribityl 
chain might reinforce the hydrotropic effect of polyphenolates.

In a recent article, we showed the hydrotropic effect of poly
phenolates on di(propylene glycol) n-propyl ether (DPnP). Contrary to 
the hydrotropic effect of aromatic carboxlyates on RF, DPnP’s solubili
zation was based on the aromatic sodium carboxylate’s amphiphilicity. 
Thus, aromatic sodium carboxylates exert at least two distinct solubi
lizing modes in aqueous solution. Both solubilization processes underly 
specific molecular interactions and are not dominated by classical ag
gregation of the hydrotrope around the solute such as in surfactant based 
systems [2,13,51]. This finding correlates with Bauduin’s observation 
that the hydrophobic surface is not the only important property of 
hydrotropes [81]. As polyphenolates exert at least two distinct modes of 
hydrotropy and because their conjugated acids are known to complex 
second group metal cations, subsequent studies should deal with the 
effect of metal cations on the polyphenolates’ hydrotropic abilities [82].

The reversible complex formation of RF and polyphenolates might 
enable the formulation of a nutraceutical, in which the polyphenolates’ 
antioxidant properties might prevent the deactivation of RF’s vitamin 
function via oxidation.

As the redox potential of RF can be influenced by π-stacking, poly
phenolates might be even able to influence biological processes [83]. 
Hence, being part of the human’s daily nutrition, and being widely 
distributed in the plant kingdom, polyphenolates and their conjugated 
acids might play a secondary role as multifunctional biological 
solubilizers.
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