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ARTICLE INFO ABSTRACT

Keywords: Natural Deep Eutectic Solvent (NADES) species can exhibit unexpected solubilizing power for lipophilic mole-
Natural deep eutectic solvent (NADES) cules despite their simple composition: hydrophilic organic molecules and water. In the present study, the un-
Hydrogel ique properties of NADES species were applied in combination with a model polymer system: a hydrophilic

Drug delivery
Schisandra chinensis
Natural products bioavailability

chitosan/alginate hydrogel. Briefly, NADES species (e.g., mannose-dimethylurea-water, 2:5:5, mole/mole)
formed matrices to 1) dissolve lipophilic molecules (e.g., curcumin), 2) load lipophilic molecule(s) into the
hydrogel, and 3) spontaneously vacate from the system. NADES species ubiquitously occur in natural sources,
and a crude extract is a mixture of the NADES species and bioactive metabolites. Based on these ideas, we
hypothesized that the crude extract may also allow the loading of natural bioactive molecules from a natural
NADES species into (bio)hydrogel systems. To evaluate this hypothesis in vitro, Schisandra chinensis fruit extract
was chosen as a representative mixture of lipophilic botanical molecules and hydrophilic NADES species. The
results showed that the NADES matrix of S. chinensis was capable of loading at least three bioactive lignans (i.e.,
gomisin A, gomisin J, and angeloylgomisin H) into the polymer system. The lipophilic metabolites can subse-
quently be released from the hydrogel. The outcomes suggest that a unique drug delivery mechanism may exist
in nature, thereby potentially improving the bioavailability of lipophilic metabolites through physicochemical
interactions with the NADES.

1. Introduction hydrophilicity), suggesting that they may serve a unique function in

lipophilic molecule delivery [3].

NAtural Deep Eutectic Solvent (NADES) species were first re-
cognized in 2011 as botanical liquid media [1]. Since then, additional
NADES species have attracted attention due to their solubilizing ability
for lipophilic molecules, inspiring applications as extraction and dis-
solution media [2]. The NADES components are usually hydrophilic
molecules [1]. Combined with the power to solubilize lipophilic com-
ponents, NADES species exhibit a solvent duality (lipophilicity and

Water plays an important role as a NADES component because it can
regulate the solubilizing ability of NADES species. For example, when
increasing the water content of glucose-choline chloride-water
(GCWat), the corresponding rutin solubilities decreased significantly
[4]. This may be because the water content in NADES affects the en-
tropy of the matrix and, thus, alters its solute-carrying phase shape or
size. In addition, water involvement may cause the matrix to
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disassemble and form NADES component solution, associated with the
release of dissolved molecules from the matrix (Fig. 1). This dynamic
structure of water has been proposed as self-organizing liquid crystals
[11.

The collective experience of research on bioactive natural products
over the past decades has repeatedly led to the observation that lipo-
philic components within a crude extract have significantly higher
apparent water solubility than the purified individual components. This
indicates that a unique mechanism may exist that impacts the practice
of traditional medicine and botanical dietary supplements. The present
study aims to demonstrate a possible pathway by which NADES species
introduce bioactive lipophilic metabolites into biopolymer matrices.
Such a natural drug delivery mechanism mediated by NADES species
has the potential to support the use of botanical materials and crude
extracts beyond the reductionist administration of purified putative
bioactive substances.

2. Experimental
2.1. Materials

Choline chloride, chitosan, dimethylurea, b-(+)-fructose, b-
(+)-glucose, p-(+)-mannose, maleic acid, sodium alginate, urea, cur-
cuminoid (from Curcuma longa (turmeric), powder; CAS: 458-37-7),
HPLC grade solvents, and DMSO-dgs (99.9 atom % D) were purchased
from Sigma-Aldrich Inc. (St. Louis, MO, USA). Acetic acid and anhy-
drous calcium chloride were obtained from Fisher Scientific (Hampton,
NH, USA). The fruits of S. chinensis were purchased in a local grocery
store in the Chinatown neighborhood of Chicago. A voucher specimen
(BC 805) has been deposited in the UIC Botanical Center, Chicago, IL.

2.2. Preparation of natural deep eutectic solvent (NADES) and NADES
solution

2.2.1. NADES preparation

The ultrasound-centrifuge evaporation method was applied to the
preparation of NADES species [3]. The mass of each NADES component
was calculated, according to the molar ratios. The solid components
were placed into a vial and excess water was added. The mixture was
sonicated via an FS140 ultrasonic bath (Fisher Scientific, Loughbor-
ough, UK) until dissolved to homogeneity. The solution was then con-
centrated using a centrifugal vacuum evaporator system (Thermo Sci-
entific, Waltham, MA, USA) for 16 h using an RVT4104 Refrigerated
Vapor Trap operating at —105 °C, SC250 Express SpeedVac centrifuge
kept at 37°C, and an OFP 400 Vacuum Pump. Following this
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Fig. 1. Model of the loading of hydrophobic molecules into
a hydrogel. (a) NADES dissolves the hydrophobic mole-
cules; (b) hydrogel-forming polymers are added to the
NADES; (c) due to NADES’ dual properties (hydrophilic
components capable of dissolving lipophilic molecules), the
most of NADES diffuse out of the hydrogel, leaving behind
the hydrophobic molecule in the hydrogel.
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NADES solution in hydrogel

evaporation step, the NADES liquid water content was adjusted by
adding precise amounts of water. Finally, the sample was placed into an
ISOTEMP 110 water bath (Fisher Scientific, Loughborough, UK) at
37 °C until further use.

2.2.2. NADES solutions containing curcumin-enriched material (CEM)

A curcuminoid mixture enriched in its primary phytochemical,
curcumin, previously designated as curcumin-enriched material (CEM)
was used [5]. CEM (25mg) was dissolved into 1 mL of NADES. The
suspension was homogenized by vortexing for 1 min, placed into an
ISOTEMP 110 water bath (Fisher Scientific, Hampton, NH, USA) at
37 °C for 24 h, and then filtered. The resulting saturated solution was
stored at 25 °C and placed in the same water bath for 30 min prior to
use.

2.3. Preparation of hydrogel beads

A sodium alginate solution (0.2 g/mL) was prepared by dissolving
6 g of sodium alginate in 30 mL of distilled water at 50 °C under con-
stant stirring (Hotplate-Stirrer, Fisher Scientific, Hampton, NH, USA). A
chitosan solution (5mg/mL) was prepared by dissolving 450 mg of
chitosan and 5.4 g of anhydrous CaCl, in 90 mL of distilled water, and
1 mL of acetic acid was added to facilitate chitosan dissolution under
constant stirring and heating at 50 °C on the Hotplate-Stirrer until the
solid dissolved. The curcumin sample loaded hydrogel beads were
prepared with 500 pL of alginate solution and 500 pL of NADES solution
combined in a 5mL test tube: The alginate/NADES mixture was then
vortexed (Vortexer 59, Labnet International Inc., Woodbridge, NJ, USA)
to obtain a uniform solution, which was transferred into an insulin
syringe (0.5mL, 100U BD ultra-fine™, EXEL International Medical
Products, Redondo Beach, CA, USA). The alginate/NADES solution was
added dropwise from the insulin syringe 5cm above the surface of a
20 mL chitosan/CaCl, solution in a 50 mL round-bottomed flask under
constant stirring. After all beads were formed, the beads were hardened
by stirring the solution for another 15 min. A new chitosan solution was
used for each group. Beads were collected, and then washed with dis-
tilled water 5 times, and 60 mg of wet beads from each group were
weighed into different vials and stored at 4 °C before further use.

2.4. Preparation of S. chinensis fruit crude extract

S. chinensis raw fruits were dried at 25°C, and then ground into
small particles using a grinder (KitchenAid - St. Joseph, MI, USA), and
stored at 4°C until use. Raw fruit particles (168 g) were repeatedly
extracted with methanol (800 mL, 4x) at 25°C. The concentrated
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crude extract was obtained after evaporation of excess methanol using a
rotary evaporator at 37 °C under vacuum. Extraction yield was 62.7%
(wt/wt), i.e., 105 g of methanolic extract was obtained.

2.5. Characterization of gomisin J, gomisin A, and angeloylgomisin H

The structural characterization of gomisin J, gomisin A, and ange-
loylgomisin H was based on NMR (1D 'H, '*C NMR), and high-re-
solution electrospray ionization-mass spectrometry (HR-ESI-MS).
Related spectroscopic physical properties are listed below.

Gomisin J [6], NMR (400 MHz, CDCl;): "H NMR, & 6.625 (s, 2H, H-
4 and H-11), 5.728 (s, OH, OH-3’), 5.691 (s, OH, OH-12"), 3.930 (s,
3H, H-2"), 3.922 (s, 3H, H-13"), 3.518 (s, 6H, H-1” and H-14"), 2.549
(dd, 1H, H6a), 2.452 (dd, 1H, H6b), 2.240 (dd, 1H, H9a), 2.017 (dd,
1H, H9b), 1.881 (dddq, 1H, H7), 1.787 (dddq, 1H, H-8), 0.967 (s,
3H, H17), 0.724 (d, 3H, H18); *C NMR. § 150.44 (C-1), 137.77 (C-
2), 147.62 (C-3), 113.26 (C-4), 135.00 (C-5), 38.96 (C-6), 33.88 (C-
7), 41.08 (C-8), 35.33 (C-9), 140.34 (C-10), 110.19 (C-11), 148.82
(C-12), 137.49 (C-13), 150.33 (C-14), 121.53 (C-15), 122.56 (C-16),
21.90 (C-17), 12.67 (C-18), 60.21 (OCH3;, C-1’, C-14"), 61.15 (OCH3;,
C-2’, C-13"). ESI-MS: m/z 389.1955 [MH] ™", (calcd for Ci5H206,
389.1964).

Gomisin A (syn. Schizandrol B) [7], NMR (400 MHz, CDClj3): H
NMR, & 6.619 (s, 1H, H-4), 6.478 (s, 1H, H-11), 5.960, 5.956 (d, 2H,
H-12’/13), 3.903 (s, 6H, H-3’ and H-14"), 3.837 (s, 3H, H-2"), 3.517
(s, 3H, H-1"), 2.684 (d, 1H, H6a), 2.578 (dd, 1H, H9a), 2.349 (d, 1H,
H6b), 2.327 (dd, 1H, H9b), 1.867 (dq, 1H, H8), 1.252 (s, 3H, H-18),
0.814 (d, 3H, H17); 3C NMR. § 152.20 (C-1), 140.81 (C-2), 152.39
(C-3), 110.40 (C-4), 132.12 (C-5), 40.59 (C-6), 71.73 (C-7), 42.12
(C-8), 33.78 (C-9), 132.58 (C-10), 106.04 (C-11), 148.00 (C-12),
135.01 (C-13), 141.28 (C-14), 121.93 (C-15), 124.23 (C-16), 15.90
(C-17), 30.20 (C-18), 60.70 (C-1"), 61.12 (C-2"), 56.05 (C-3"), 100.93
(C-12’/13), 59.75 (C-14’). HR-ESI-MS: m/z 439.1740 [M+Na],
(Calcd for C23H2807Na, 4391733).

Angeloylgomisin H [6,8], NMR (400 MHz, CDCls): 'H NMR, &
6.691 (s, 1H, H-4), 6.557 (s, 1H, H-11), 5.885 (q, 1H, H-21), 3.908
(s, 3H, H-13"), 3.874 (s, 3H, H-12"), 3.837 (s, 6H, H-2’ and H-3"),
3.543 (s, 3H, H-1"), 2.741 (d, 1H, H6a), 2.702 (dd, 1H, H9a), 2.412
(dd, 1H, H9b), 2.333 (d, 1H, H6b), 1.882 (dq, 1H, H8), 1.760 (d, 3H,
H-23), 1.753 (s, 3H, H-22), 1.248 (s, 3H, H18"), 0.846 (d, 3H, H18);
13C NMR. 8 151.93 (C-1), 140.44 (C-2), 152.69 (C-3), 110.20 (C-4),
133.19 (C-5), 40.77 (C-6), 72.12 (C-7), 42.10 (C-8), 34.38 (C-9),
133.97 (C-10), 112.87 (C-11), 151.82 (C-12), 139.79 (C-13), 142.39
(C-14), 122.99 (C-15), 123.33 (C-16), 16.03 (C-17), 30.04 (C-18),
60.93 (C-19), 61.11 (C-2"), 56.17 (C-3’ and C-12’), 60.77 (C-13"),
165.82 (C-19), 127.75 (C-20), 137.47 (C-21), 15.45 (C-22), 20.47
(C-23). HR-ESI-MS: m/z 501.2500 [MH]™*, (caled for C,gHsz,Og,
501.2488).

2.6. Countercurrent separation

An FCPC instrument (185 mL, Kromaton Technologies, Annonay,
France) was used for countercurrent separation in this study. A suitable
solvent system, hexanes-ethyl acetate-methanol-water (5:5:5:5, v/v)
was selected via a TLC-based solvent system methodology [9]. The
sample that was released from the hydrogel was diluted with both
upper and lower phase (2 mL of each), then loaded into the sample loop
(10 mL). The vial was washed three times with lower phase (1 mL/
each) and the washings were also loaded into the sample loop. Des-
cending mode (lower phase mobile) was used in all CCS operations.
Elution was conducted at 1100 rpm with 8 mL/min flow rate. The re-
sulting fractions were dried by vacuum centrifugal evaporation and
subjected to NMR analyses.
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2.7. High performance liquid chromatography (HPLC) analyses

Prior to HPLC analysis, the concentrated samples were dissolved in
equal volumes of acetonitrile-water (1:1, v/v). Analytical HPLC was
performed on a Waters 2695 system using an Agilent ZORBAX SB-C18
column (4.6 x 250 mm, Santa Clara, CA, USA). A 10 uL aliquot from a
stock solution (100 pL of curcumin sample saturated NADES solution in
400 puL of methanol) was injected each chromatographic run. A Waters
996 PDA detector was used to monitor the absorbance of the eluent at
390 nm. The mobile phase consisted of methanol/water with a gradient
run initiated with 30:70, increasing linearly to 95:5 at 0.8 mL/min, in
15 min, at 25 °C. Preparative HPLC was performed on a Waters 600
controller with a Delta 600 pump and a 717 autosampler, using a YMC-
pack ODS-AQ column (10 X 250 mm L.D., Kyoto, Japan). A 100 L ali-
quot of the CPC fraction dissolved in methanol was injected. A Waters
2996 PDA detector was used to monitor the absorbance of the eluent at
254 nm. The mobile phase consisted of acetonitrile/water with a gra-
dient run initiated with 60:40, increasing linearly to 95:5 at 1.5mL/
min, in 65min, at 25°C. Empower™ software (Waters Corporation,
Milford, MA, USA) was used to acquire, process, and analyze the
chromatographic data.

2.8. Nuclear magnetic resonance (NMR) analyses

2.8.1. NMR sample preparation

Prior to analysis, each sample was dried under vacuum (< 1 mbar)
in a desiccator overnight. Each sample was dissolved in 500 uL. DMSO-
de delivered with a 1000 pL analytical syringe (Valco Instruments,
Baton Rouge, LA, USA). NMR spectra were acquired on a Bruker DPX-
360 NMR spectrometer in 5mm tubes or on a JEOL 400 MHz NMR
spectrometer in 3 mm tubes at 25 °C.

2.8.2. NMR acquisition parameters

Acquisition of quantitative '"H NMR (qHNMR) spectra was as fol-
lows: 64 scans (NS), 4 dummy scans (DS), 4s acquisition time (AQ),
collecting 64 k of time domain (TD) data, 90 degree excitation pulse,
and a relaxation delay (D1) of 60 s. Acquisition of >C NMR spectra was
as follows: 2048 scans (NS), collecting 32k of time domain (TD) data,
and using a relaxation delay (D1) of 2s. Acquisition of 'H-'3C
Heteronuclear Single-Quantum Correlation (HSQC) 2D spectra: spectral
width (SW) and transmitter frequency offset for channel F2 were the
middle and the occupied width of the 'H spectrum, respectively; the
analogous center and total width settings were used in the F1 '3C di-
mension; the F1 T2 value (CNST2) was 150 Hz; 16 scans (NS) were
collected per increment. Acquisition of 2D 'H-'H nuclear Overhauser
effect spectroscopy (NOESY) NMR spectra was as follows: spectral
width (SW) F2 equal to spectral width (SW) F1, transmitter frequency
offset for channel F1 was the middle of the 'H spectrum, 16 scans (NS),
8s relaxation delay (D1), and 400 ms or 600 ms mixing time (D8).
Receiver gain (RG) settings were performed in automation (RGA com-
mand) for all spectra.

2.8.3. NMR data processing

The spectra were processed using MestReNova v10.0.1 (Mestrelab
Research, Santiago de Compostela, Spain) software. For 1D NMR, line
resolution was improved by applying a Gaussian-Lorentzian window
function (GB 1 and LB —0.3) and four times zero-filling prior to Fourier
transformation of the FID. Baseline correction using a 5th order poly-
nomial function and phase correction were performed manually.

3. Results and discussion
3.1. Establishment and evaluation of the hydrogel model

The hydrogel system underlying this study and can be summarized
in the following three points (Fig. 1): (a) NADES species are capable of
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Fig. 2. Solubility of CTE/”curcumin”, measured by HPLC determination of curcumin, in
different NADES species (n = 3, mean * SD).

dissolving relatively large amounts of hydrophobic molecules, such as
shown for curcumin solubilized in MDWat (Fig. 2). (b) The NADES
solution was mixed with an alginate solution, and the mixture was in-
troduced dropwise into the chitosan solution. Once the hydrogel net-
work was formed, the NADES solution is trapped in the micro-en-
vironment; (c) Free water can migrate into and out of hydrogel and,
thereby, disrupt the NADES matrix. Once the intermolecular interac-
tions among different components in the NADES matrix are disrupted,
free NADES components are released from the hydrogel. Because of
their hydrophilic nature, NADES components spontaneously diffuse
into the aqueous environment by movement down the concentration
gradient. Meanwhile, lipophilic molecules are also released from the
NADES matrix by passive diffusion. However, because of spontaneous
emulsification (aka. The “Ouzo Effect”) [10] and precipitation, a part of
lipophilic molecules may also be trapped in the hydrogel matrix.
Therefore, a controlled released formulation system may be achieved in
this model.

3.1.1. Selection of NADES for a given marker compound

To validate this hypothesis, a NADES formulation suitable for the
selected marker compounds was developed. With the assistance of
Reichardt's dye [11], six NADES species with a broad polarity range
were tested, viz.: Maleic acid-Choline chloride-Water (MaCWat), Man-
nose-Dimethyl urea-Water (MDWat), Urea-Choline chloride-Water
(UCWat), Glucose-Choline chlorine-Water (GCWat), Glucose-Urea-
Water (GUWat), and Fructose-Urea-Water (FUWat). The ratio of the
components in each formulation was 2:5:5 (mole/mole).

The focus of this study was to determine, if representative NADES
species capable of carrying and loading lipophilic molecules into the
hydrogel system. Because of its strong fluorescence and distinctive
yellow/orange color, curcumin was selected as a test molecule.
Notably, the actual material used in this study was a curcuminoid
mixture enriched in its primary phytochemical, curcumin, a material
previously designated as curcumin-enriched material (CEM) [5]. The
materials represented the residual phytochemical complexity typically
encountered in phytopharmaceutical practice. CEM is a refined form of
crude curcuminoid-enriched turmeric extract (CTE). While CTE, CEM,
and pure/isolated curcumin are often collectively referred to using the
same term “curcumin” in the literature, it is important to differentiate
these materials clearly [12,13]. It is important to point out that only the
most abundant constituent of the test materials, the single compound
curcumin, was used as the marker compound in this study. Accordingly,
the term CTE/”curcumin” is used throughout the discussion.

The CTE/“curcumin” saturated NADES solutions were examined for
curcumin using analytical HPLC. The highest curcumin concentration
in the tested NADES was found in MDWat (Fig. 2): The solubility in
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MDWat was 11 = 1 mg/mL (n = 3, mean * SD), which is close to the
solubility of CTE in DMSO (12 mg/mL). The selected MDWat compo-
sition provided a higher solubility of curcumin than previously reported
[14].

To account for the potential water content increase from mixing
with the alginate solution, the solubility of CTE/”curcumin” in MDWat
at higher water contents, 5% MDWat, (i.e., MDWat: water, 95:5, v/v)
was determined (data not shown). The solubility of curcumin in 5%
MDWat increased. Thus, when some water was added into the NADES
matrix during hydrogel preparation, CTE/”curcumin” did not pre-
cipitate. On the other hand, the saturated DMSO solution of CTE/
”curcumin” could not be used for the hydrogel preparation because
CTE/”curcumin” precipitated once it was mixed with the alginate so-
lution.

3.1.2. Intermolecular interactions in MDWat

To understand the mechanism of MDWat's CTE/”curcumin” solu-
bilizing power, the molecular interaction among the intermolecular
components in the MDWat matrix was investigated via the inter-
molecular nuclear Overhauser effect. To optimize the spectral window,
different volume ratios of MDWat to DMSO-dg, including 1:1, 1:2, 1:5,
and 1:10 (v/v) were used to perform 2D nuclear Overhauser effect
spectroscopy (NOESY) NMR experiments. The ratio of 1:5 exhibited the
desired spectral window, where 1D "H NMR spectra could be acquired
in high resolution and dipole-dipole interactions be determined as well
(Fig. 3). The data indicated that the three components of MDWat in-
teract with one another through a complex hydrogen bonding network.
Herein, due to the minimization of thermodynamic effects, the di-
methylurea (DMU) configuration (Fig. 3) can be assigned to represent
the major population. Thus, because of hydrogen bonding between the
carbonyl group of DMU and exogenous OH groups (C=0---H—0), the
methyl (Me) groups of DMU exhibited interactions with OH groups of
mannose. However, the NH groups in DMU exhibited no interaction
with mannose (Fig. 3a). In Fig. 3b, dispersive peaks occurred between
the signals of water and OH groups of mannose. This is consistent with
of hydrogen bonding between water and the OH groups of mannose. As
a result, the nOe signals were partially suppressed. It also shows that
water may bind predominantly with two OH groups of mannose. Fig. 3c
demonstrates that water also hydrogen bonds to the NH groups. All of
these observations suggest that the water molecules behave as linkers
between the other two NADES components. This also suggests that
NADES may be structurally analogous to cyclodextrin, a commonly
used excipient in hydrophobic drug formulation [15]. The three MDWat
components, i.e., mannose, dimethylurea, and water, may orient
themselves forming a complex microstructural hydrophilic outside, as
well as a hydrophobic niche inside of MDWat matrix to accommodate
hydrophobic compounds, resulting in their superior solubilizing power
for hydrophobic molecules. This occurs despite the fact all the com-
ponents comprising NADES are strongly hydrophilic in nature.

3.1.3. Feasibility of loading in a hydrogel

Alginate is a linear unbranched polysaccharide with (1-4) links, and
varying residue amounts of a-r-guluronic, and B-p-mannuronic acids. It
is a natural water-soluble polymer extracted from brown algae [16].
Alginate is widely used in pharmaceutical applications as a drug carrier
due to good biocompatibility and biodegradability. However, it is
challenging to load lipophilic molecules into alginate hydrogels due to
the high water content of these drug carriers [17]. However, the hy-
drogen bonding capabilities of alginates could provide a welcoming
environment for NADES, which are composed of hydrophilic compo-
nents. In order to confirm this hypothesis, a NADES solution and an
alginate solution were introduced dropwise into a stirred chitosan/
Ca®* solution using an insulin syringe. Subsequently, the test molecule,
curcumin, was loaded into the negatively charged alginate hydrogel
core, for which Ca®" acts as a crosslinker. The cationic chitosan also
interacts with the anionic alginate on the hydrogel to form
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Fig. 3. Nuclear Overhauser effect spectroscopy of MDWat in DMSO-de, using an 8 s relaxation delay (D1) and a 0.4 s mixing time (D8). The dipole-dipole interaction between (A) mannose

and DMU; (B) mannose and water; (C) DMU and water.

polyelectrolyte complexes, which solidify the hydrogel beads.

3.1.4. Optimization of hydrogel loading concentration

To determine the optimal ratio between the CTE/“curcumin”-
MDWat and the alginate solution, hydrogel beads were prepared at 1:3,
1:1, and 3:1 ratios of CTE/“curcumin”-MDWat/alginate (v/v)
(Supplementary Information, S1). No curcumin precipitated after
vortex mixing, and uniform solutions could be formed at all three ra-
tios. This indicated that the alginate solution did not significantly
change or decrease the MDWat solubilizing ability, and the entropy of
diluted NADES solution was still in the range of the NADES state. Visual
inspection of the hydrogel beads suggests successful encapsulation of
curcumin in the hydrogel, as evidenced by the bright orange color. The
hydrogel beads successfully packaged the molecules at all of the tested
CTE/”curcumin”-MDWat/alginate ratios, (Supplementary Information,
S1). However, due to the fact that the alginate quantity determines its
inner mesh size [18], at the 1:3 ratio of alginate to MDWat solution,
hydrogel beads generally exhibited more irregular sizes and shapes,
with porous surfaces. These properties are less favorable for applica-
tions where diffusion is the release mechanism. On the other hand, the
ratio of alginate to MDWat solution also determined the amount of
CTE/”curcumin” loaded. At the 3:1 ratio, the hydrogel beads exhibited
a lower quantity of loaded CTE/”curcumin”. Thus, an alginate to CTE/
”curcumin”-MDWat solution ratio of 1:1 was selected for the sub-
sequent release assays. Further optimization of the properties for
loading using NADES will be examined in future work.

3.1.5. Dynamic change of NADES components

To understand the fate of the NADES components following the
hydrogel preparation, a °C NMR spectrum (Supplementary
Information, S2) of the chitosan solution was obtained immediately
following removal of the hydrogel beads. Both DMU and mannose were
detected in the chitosan solution. The release of mannose and DMU
from hydrogel beads was determined by quantitative 'H NMR
(@gHNMR). As the DMSO solvent signal was superimposed on the methyl
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group of DMU (Supplementary Information, S3), the solvent could not
be used and caffeine was used as internal calibrant instead of the sol-
vent signal. The gHNMR analysis also showed that 94.2% =+ 3.9% of
the mannose and 91.4% = 2.8% of the DMU initially present in the
exterior phase of the alginate formation media remained after hydrogel
bead preparation. This suggests that when the CTE/“curcumin”/
NADES/alginate mixture was introduced dropwise into the chitosan
solution, mannose and DMU quickly diffused out into the chitosan so-
lution as they are both very soluble in water. Finally, as the prepared
beads were washed with fresh water five times, and the mannose and
DMU inside the prepared beads should be < 0.01%. It is also plausible
that the NADES microstructure may produce micro- or even nano-
particles of lipophilic molecules [3,19]. Thus, the rapid removal of the
NADES components from the hydrogel indicated that the curcumin/
NADES mixture may experience the spontaneous emulsification during
hydrogel preparation [10,20]. Accordingly, the microenvironment in-
side each alginate bead is capable of switching to non-solvent (water)
for the loaded CTE/“curcumin” and the system evolves towards phase
separation, leading to the formation of particles. Flocculation of parti-
cles and formation of large aggregates are a limitation for nanopreci-
pitation with spontaneous emulsification [10]. In order to determine if
larger crystals or other aggregates were present inside the hydrogel
beads, they were stored at 4 °C for 72 h, representing a condition that
accelerates nucleation and aggregation. The beads were then sectioned
and observed under a microscope. No crystal or large aggregates were
observed (Supplementary Information, S4). It is known that the very
low solubility of the hydrophobic solute in water and/or homo-
geneously sized particles opposes growth of larger particles at the ex-
pense of smaller ones (Ostwald ripening) [10]. Considering the out-
comes, the alginate polymer might also function as a surface coating
that prevents molecular agglomeration. This effect has been shown to
stabilize the precipitation of [-carotene nanoparticles within a poly
(styrene)-B-poly(ethylene oxide) block copolymer [21].
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3.1.6. Investigation of loading efficiency

The ability of the delivery systems to release curcumin was initially
assessed using the biphasic solvent system of CH,Cl, and water [22].
Hydrogel beads (60 mg) loaded with CTE/”curcumin” were used, and
the release occurred at the two-phase interface (Fig. 4). The yellow
color was only present in the CH,Cl, phase. The release occurred over
180 h in this biphasic system (Fig. 4). This indicated that 60 mg of beads
may maintain release for at least 180 h in aqueous media, considering
the fact that CTE/”curcumin” has a higher solubility in CH,Cl, than in
water. The released CTE/”curcumin” was determined via gHNMR using
internal calibration with caffeine. Compared to the original curcumin
quantity in NADES solution, 13% * 3% curcumin (n = 3, mean *
SD) was collected in the released sample. The diffusion of similar
species of similar size will have similar diffusion coefficients, and thus
will be driven to diffuse in a similar manner. Considering the different
diffusion capabilities of NADES components and CTE/“curcumin”, over
99% NADES components and nearly 87% CTE/“curcumin” constituents
were removed in the exterior phase of the alginate formation media
remained after hydrogel bead preparation. Collectively, these results
boded well for the feasibility of studying the potential interaction be-
tween the hydrogel model and lipophilic S. chinensis metabolites.

3.2. Interaction between S. chinensis fruit extract and the hydrogels

3.2.1. S. chinensis fruit extract loaded hydrogel

S. chinensis fruit extract exhibited NADES physical nature. Because
the extract contained some NADES components (such as citric acid and
malic acid, data not shown) and lipophilic ingredients (e.g., lignans),
the S. chinensis fruit extract presented a similar situation as the modeled
MDWat/CTE/“curcumin” matrix. In the preliminary assays, the com-
plexity of the crude extract prevented the formation of a homogeneous
mixture with the alginate solution at a ratio of 1:1 (v/v, as Fig. 5A). This
may be due to disruption of interactions in the S. chinensis fruit extract
that suggest either ionic interactions that may be disrupted by the ionic
polymers or is further evidence that NADES matrix is being disrupted,
and therefore diminishes the solubilty of some components. Therefore,
the quantity of alginate solution used in formulation was increased.
Several ratios of crude extract to alginate solution were examined: 1:1,
5:1, 10:1, 15:1, and 20:1 (v/v; Fig. 5A). Homogeneous mixtures were
obtained with ratios from 5:1 to 20:1 (v/v, Fig. 5B), and the hydrogel
beads showed better uniformity at ratios of 10:1, 15:1, and 20:1(v/v).
Moreover, as discussed in Section 3.1.4, a high percentage of alginate
solution in the homogeneous mixture resulted in a comparatively low
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Fig. 5. Hydrogel beads loaded with Schisandra chinensis crude extract. The mixture of
crude extract and alginate solution (A) was dropped into a chitosan solution to obtain
beads (B). The biomass loaded beads (C; labeled as “Before”) and after methanol ex-
traction (labeled as “After”).

loading capability in the hydrogel beads. Accordingly, the combination
of 1 mL of S. chinensis fruit extract (1.36 g) and 10 mL of alginate so-
lution was used to investigate the potential interaction between the
hydrogel model and S. chinensis metabolites. Once the S. chinensis me-
tabolites were loaded in the hydrogel beads, our hypothesis is that the
proposed pathway may be capable of introducing bioactive lipophilic
metabolites into biopolymer matrices via NADES assistance.

The fractionation of S. chinensis fruit extract via chromatography on
HP-20 resin mostly led to the non-hydrophilic collection of 25% aqu-
eous MeOH and 100% MeOH fractions (Supplementary Information,
S5). This indicates that MeOH could be an appropriate extraction sol-
vent for loaded hydrogel beads. Accordingly, 50 mL of MeOH was used
as the extraction solvent in a two-day release experiment. The extrac-
tion was performed three times, i.e., for a total of 144 h. The combined
released metabolites had a 231 mg dry weight. This demonstrates that
some non-hydrophilic ingredients have been loaded in the hydrogel
beads.

3.2.2. Analysis of released S. chinensis metabolites

Dibenzocyclooctadiene lignans are the major described bioactives of
S. chinensis fruits [23]. Detection of these lignans in the released me-
tabolites indicated that the NADES species in the crude extract itself
may function by the proposed “slow release” mechanism, i.e., that S.
chinensis fruit extract contains both lipophilic constituents as well as
NADES (species). NMR analyses of the released metabolites (Supple-
mentary Information, S6A) demonstrated that fatty acids [24] and some
lignans (as evident from the 6-7 ppm region of the spectrum) are
among the major components of the S. chinensis fruit extract.

For a qualitative investigation of the released metabolites, one step
of separation was performed using centrifugal partition chromato-
graphy (CPC), representing a liquid-only countercurrent separation
method [25]. The solvent system of hexanes-ethyl acetate-methanol-
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Fig. 6. NMR analysis of the CPC fraction containing the Schisandra lignans. (A) Comparison between the CPC fraction and the lignan standards; (B) is an expansion of dashed rectangle in

(A).

water (5:5:5:5, v/v) was selected using the GUESS TLC-based solvent
system prediction strategy [26,27]. The CPC system gave 0.76 as the
stationary phase retention (Sf) value. The fractions were concentrated
via a centrifugal vacuum evaporator and analyzed by NMR [28]. The
eluents were mainly located in two K ranges, i.e., K = 3, and K close to
infinity (identified as fatty acids, see Supplementary Information, S6B).
NMR analyses of the fractions with K = 3 led to the identification of at
least three lignans (Fig. 6A). Based on the characteristic signals of the
dibenzocyclooctadiene lignans bearing an eight-membered ring, several
methoxy groups, and one aromatic proton in each aromatic ring. In-
terestingly, both of the aromatic protons give rise to singlets. According
to their unique chemical shifts, these signals can be used for the lignan
characterization and quantification. To evaluate this hypothesis further,
a prep-HPLC fractionation was performed and yielded three lignans:
gomisin J (retention time [tg], 22.0 min), gomisin A (23.5 min), and
angeloylgomisin H (26.5min). Fig. 6B demonstrates that the singlet
aromatic protons signals of dibenzocyclooctadiene lignans can be used
for their identification.

These results indicate that the NADES existing in crude extracts
could potentially contribute to the delivery of bioactive lipophilic me-
tabolites with the assistance of natural biopolymers. Thereafter, this
natural “slow release” delivery matrix might assist or enhance the
pharmacological function of these lipophilic metabolites of low aqueous
solubilities. This proposed natural drug delivery mechanism provides
evidence that herbal materials in the form of crude extracts might
function as bioavailability enhancer.

4. Conclusions

The present study demonstrates that NADES such as mannose-di-
methylurea-water (MDWat, 2:5:5, mole/mole) can behave as “shuttle
vectors” which deliver lipophilic molecules dissolved in the NADES into
hydrogel beads, and leave some of the lipophilic molecules in the
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hydrogel beads, then spontaneously diffuse from the polymer carrier
during the preparation procedure. The investigated lipophilic ther-
apeutics, CTE/”curcumin” and Schisandra lignans, exhibited a sig-
nificant incorporation into the beads. The bioactive metabolites of S.
chinensis were successfully loaded into the hydrogel polymer using the
NADES matrix in S. chinensis fruit extract, and behaved similarly to the
test molecules. This study validated the hydrogel model to be equiva-
lent to a biopolymer, capable of absorbing natural metabolites and al-
lowing for their controlled release. Specifically, bioactive lignans (go-
misin J, schisandrol B, and angeloylgomisin H) were characterized in
the released aliquots. This supports the broader hypothesis that a
NADES species (as natural solvents) related mechanism may improve
the absorption of lipophilic molecules in traditional botanical medi-
cines and dietary supplements. The established approach may con-
tribute to hepato-protective, anti-inflammatory, and anti-cancer appli-
cations [29-35] in the future.

The hydrogels, composed of lipophilic metabolites loaded into
chitosan-alginate beads, eliminates the use of organic solvents or sur-
factants to solubilize lipophilic components. It is composed of all-nat-
ural and biodegradable components and has potential for delivery
formulation applications. The formulation offers the advantage of
controlled release directly at the site of action and prolonged bioactive
administration. Because it is still a challenge to load lipophilic drugs
into an aqueous hydrogel, the amphiphilicity of NADES species could
be a promising solution to overcome this hurdle. As an alternative
solvent, the potential NADES effect on a whole organism (e.g., a bac-
terium) or a substructure of the organism (e.g., a cell) is still a major
concern [36], which may limit its applications. This study presents
NADES as a delivery “shuttle vector”, which would not stay in the
formulation. This avoids the potential impact, and also eliminates the
solvent removal step that is needed when using organic solvents or
chemical reactions in the preparation of delivery carriers. NADES
components of crude extracts (or even raw materials) may help deliver
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lipophilic bioactives, and hydrogels may have other uses for synthetic
drugs or to enhance delivery of natural bioactives.

Finally, it should be noted that NADES species can have good so-
lubilizing ability for both polar and/or non-polar metabolites. NADES
can involve both hydrophilic and lipophilic components. Hydrophilic
components with highly electronegative groups can form hydrogen
bonding via special dipole-dipole interactions, explaining the polar
character of hydrophilic NADES species with polar ingredients [37].
Conversely, due to differences in their capability of hydrogen bonding
through electrostatic forces, lipophilic compounds remain relatively
passive participants in the hydrophilicity/lipophilicity balance phe-
nomenon. Some NADES species, such as menthol- [38] or fatty acid-
based [39] NADES, involve components with electronegative groups
and, thus, mainly induce electrostatic interactions between component
molecules. These NADES species are often miscible with nonpolar in-
gredients, a behavior that appears to be counterintuitive at first. Ex-
amples for these (perceived) exceptions are eutectic mixtures such as
citric acid-menthol [40], which contains both a hydrophilic and a li-
pophilic component to create a hydrophobic NADES species. The actual
hydrophilicity/lipophilicity balance of such eutectic mixtures has to be
measured individually. At the same time, hydrophilic, aqueous NADES
species can still exhibit an unexpected solubilizing ability for lipophilic
natural products [38].
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