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Natural deep eutectic solvents (NADES) are a third type of liquids, apart from water and lipids. NADES show
promise as drug carriers in dermal formulations or formulations for local administration in the oral cavity due
to their low toxicity, tunability and biodegradability as well as their solubilizing and stabilizing properties. How-
ever, a thorough investigation of their effects in a biological system is needed. The present study aimed to inves-
tigate the physicochemical properties of six selected NADES and dilutions thereof. Further, the suitability of
NADES as vehicles in topical preparations was evaluated through the application of liposomemodel membranes
and ex vivo pig skin models. The effects of NADES on the membrane stability of egg-phosphatidylcholine (Egg-
PC) liposomes and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 16:0 PC (DPPC) liposomes were investigated
by physical stability studies, membrane permeability studies, calorimetric analysis and visual representation by
transmission electron microscopy (TEM). The liposomes appeared in most cases physically stable for 24 h in
NADES, although there were changes in size and morphology most likely related to increased osmolality. Some
NADES were also able to disaggregate formed DPPC liposome aggregates. The ex vivo permeation studies indi-
cated a slightly reduced permeability of chloramphenicol through the pig skin after NADES application, which
most likely was caused by hydrogen bonding between the NADES and proteins in the skin based on FT-IR-
results. Altogether, our findings suggest that NADES are promising drug carriers in new drug delivery systems
for topical applications.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Natural deep eutectic solvents (NADES; used as both singular and
plural in the following) have gained much attention lately for their po-
tential as green solvents, as well as for their unique physicochemical
properties [1]. A eutectic mixture is a system that has a lower melting
point than any of its individual constituents when mixed in a specific
ratio [2]. The melting point depression for NADES is large, resulting in
them being liquid at ambient temperatures [3]. The components are
generally naturalmetabolites, such as organic acids, amino acids, sugars
and other small hydrophilic molecules. In general, deep eutectic sol-
vents are considered less toxic, inexpensive, environmental friendly,
biodegradable and less volatile compared to conventional solvents,
such as ionic liquids (ILs) and organic solvents [4].

Since their discovery in 2011 [5], NADES have presented a range of
possibilities for novel drug delivery systems as they are easily tunable
and thermally and chemically stable [6,7]. Previous studies have
shown that NADES possess unique properties as solubilizers and stabi-
lizers in pharmaceutical formulation [8–11]. The solubilizing properties
dt).

.V. This is an open access article und
may in part be explained by a high polarity of the solvents, but also the
spatial arrangement of interacting groups and differences in H-bond do-
nating and accepting properties have been proposed [10]. NADES con-
taining organic acids have also been reported to exhibit antimicrobial
effects, possibly due to the low pH [12,13].

A thorough characterization of NADES could lead to further devel-
opments of new drug formulations. Even though the components are
mostly natural primary metabolites, and thereby often presumed to be
non-toxic and biocompatible, their effects in a biological system must
be understood before they can be applied. Although a few studies on
the toxicological aspects of NADES have emerged, the specific molec-
ular interaction with e.g., the cell membrane is still not elucidated
[14,15]. NADES could be potential drug carriers in a dermal formula-
tion or possibly in formulations for local administration in the oral
cavity [6,16,17]. Due to their previously mentioned antimicrobial ac-
tivity, they would be especially relevant as pharmaceutical vehicles
in antimicrobial treatments i.e., of chronic topical infections. Previous
reports on ILs and DES indicate biofilm removing and preventing
properties, possibly by disruption of the H-bond network present in
biopolymers [18,19]. A topical application of NADES would result in
direct contact between the liquid and the cell surface, and a thorough
investigation of cell-solvent-interactions is therefore needed.
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Liposomes are widely used as artificial biological membranes because
their structure is similar to a cell membrane, and they are easy and
inexpensive to prepare and modify [20]. In the present study, we
applied two different liposomal models: egg-phosphatidylcholine
(Egg-PC) and di-palmitoyl-phosphatidylcholine (DPPC) to evaluate
the effects of NADES on lipid bilayer membranes.

A recently published study by our group found that a NADES was
able to dissolve collagen, which is an important structural component
of the skin [17]. As mentioned above, one of the potential applications
of NADES is in the development of dermal formulations. It would there-
fore be of interest to investigate how NADES may affect skin perme-
ation. Skin is composed of extracellular matrix (e.g., collagen) and the
potential interactions of NADES with both the biological membranes
and collagen can affect the permeation and retention of active drugmol-
ecules. In the current study, we used a Franz diffusion cell with porcine
ear skin as a model system to explore this, as porcine skin is considered
an adequate substitute for human skin [21].
2. Materials and methods

All experiments were performed at 25 °C unless otherwise stated.
2.1. Materials

The following chemicals were purchased: 1,2-dipalmitoyl-sn-
glycero-3-phosphatidylcholine >99% (Avanti Polar Lipids, Inc., Alabas-
ter, AL, USA); egg-phosphatidylcholine >99%, chloramphenicol, calcein,
betaine and sucrose (Sigma-Aldrich Co. LLC, St. Louis,MO, USA); choline
chloride (AppliChem GmbH, Darmstadt, Germany); citric acid
monohydrate (for analysis) and maleic acid (Merck kGaA, Darmstadt,
Germany); glyserolum 85 per centum (Apotekerproduksjon AS, Oslo,
Norway): xylitol 99% (Alfa Aesar GmbH & Co KG, Karlsruhe,
Germany). All other reagents were of analytical grade and purchased
from standard sources. Pig ears (butchered the same day) were pur-
chased in frozen condition from butcher Strøm-Larsen (Oslo, Norway)
and immediately stored at −18 °C.
2.2. Preparation of NADES

Six NADES were prepared by the vacuum evaporation method [10].
In brief, the components, whose amounts and molar ratios are
portrayed in Table 1, were dissolved in 50 ml Milli-Q water (MQ-
water) at 50 °C in a round bottom flask. When fully dissolved, the
water was evaporated at 45 °C for 20 min with a rotary evaporator
(Hei-VAP Value Digital, Heidolph instruments GmbH & CO, Osterode
am Harz, Germany) to form a viscous liquid. All dilutions of the
NADES after preparation were performed in 5 mM phosphate buffer of
pH 6.8 (PB)(Na2HPO4∙2 H2O and NaH2PO4∙H2O) at least 3 h before use
unless otherwise stated. Undiluted NADES were stored in closed poly-
propylene tubes and protected from light. The buffer pH was adjusted
Table 1
The composition of theNADES investigated in this study. The individual componentswere
mixed in 50 ml water prior to evaporation.

NADES Molar ratio Component 1 Mass (g) Component 2 Mass (g)

Acidic
CS 1:1 Citric acid 10.507 Sucrose 17.115
ChM 1:1 Choline chloride 6.981 Maleic acid 5.804
CX 1:1 Citric acid 10.507 Xylitol 7.608

Neutral
ChG 1:1 Choline chloride 6.981 Glycerol 4.605
ChX 5:2 Choline chloride 17.453 Xylitol 7.608
BS 2:1 Betaine 11.720 Sucrose 17.115

2

to 6.8 to reflect the pH of skin (pH ~5.5) and saliva (pH ~6.7), which is
relevant for the proposed applications.

2.2.1. Water content
The water content of each NADES when undiluted was determined

by Karl Fischer titration using a coulometer (C20 Coulometric KF titra-
tor, Mettler Toledo Inc., Schwerenbach, Switzerland).

2.2.2. Preparation of diluted NADES samples with similar viscosity (NADES
dilution series 1 (D1))

Each NADES was diluted to a viscosity of 1.1 mPa∙s at 25 °C based on
viscosity measurements. NADES CS, ChM and ChX were therefore di-
luted 1:10, whereas NADES CX, ChG and BS were diluted 1:15.

2.2.3. Preparation of NADES sampleswith similarwater content (NADES di-
lution series 2 (D2))

The amount of water needed to gain a total water content of 40 (±
5)% (w/w)was calculated and added, based on themeasuredwater con-
tent of each NADES.

2.3. Physicochemical characterization of NADES

2.3.1. Viscosity
The viscosity of NADES after addition of 0–70% (v/v) PB, was mea-

sured using a Brookfield Viscometer DV2T (Middleboro, MA, USA)
with spindles CPA-40Z (low viscosity samples <10 mPa∙s; accuracy ±
0.1 mPa∙s) and CPA-52Z (high viscosity >10 mPa∙s; accuracy ±
3.1 mPa∙s). All measurements were performed in triplicate with sample
volume 0.5 ml and a 2 min single point measuring method.

2.3.2. pH
The pH of NADES D1 was measured with a FiveEasy pH-meter with

an InLab Micro electrode (Mettler Toledo, Columbus, OH, USA).

2.3.3. Refractive index
The refractive index (RI) of both dilution series of NADES at room

temperature was measured using a Refractometer Abbe (Carl Zeiss
26,799, Germany), with a precision of ±0.0001.

2.3.4. Osmolality measurements
The osmolality of the samples of NADES D1 was measured using a

Semi-Micro Osmometer (K-7400, Knauer Wissenschaftliche Geräte
GmbH, Berlin, Germany), detection interval 0–2000 mmol/kg, accuracy
and precision of ≤1%.

2.4. Preparation of liposomes

Both egg-PC liposomes and DPPC liposomes were produced by the
thin-lipid film hydration method [22], followed by extrusion using a
mini-extruder from Avanti Polar Lipids (Alabaster, AL, USA). The lipids
were dissolved in chloroform in a round-bottomed flask, then evapo-
rated at 40 °C to a dry lipid film with a rotary evaporator (Büchi R-100
Rotavapor with B-100 Heating Bath, Flawil, Switzerland). Residual sol-
vent was removed by vacuum evaporation overnight (ALPHA 2–4 LD
plus, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am
Harz, Germany). The hydration medium (5 mM phosphate buffer
pH 6.8) was added, followed by agitation of the suspension for 2 h. Ex-
trusion was performed by passing the liposomes 19 times through a
double layer of 200 nm polyethersulfone membranes (VWR Interna-
tional, LLC, West Chester, PA, USA). The final lipid concentration was
6 mM. Hydration and extrusion were performed at room temperature
for the egg-PC and above 50 °C for the DPPC liposomes. For the
calcein-loaded liposomes, the hydration medium contained 0.12 mM
calcein.
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2.5. Characterization of liposomes in NADES

All experiments were performed in triplicate and at 25 °C for both
types of liposomes in NADES D1 and D2.

2.5.1. Physical stability
The particle size of the liposomes incubated inNADESwasmeasured

by dynamic light scattering (DLS) using a zetasizer (Nanoseries ZS,
Malvern Panalytical, Spectris plc, Egham, Surrey, United Kingdom).
The zeta potential was measured by the same instrument using a dip
cell and the electrophoretic light scattering (ELS) method (ZEN1002,
Malvern Panalytical, Spectris plc, Egham, Surrey, United Kingdom). All
samples were measured 0, 3 and 24 h after start of incubation. The vis-
cosity and RI of each sample was included in the mathematical model
used for calculation of the DLS results.

2.5.2. Liposome permeability
The membrane permeability of liposomes in NADES was investi-

gated using calcein as a fluorescent probe, as described in a previous re-
port [23].

Calcein fluorescence in the selected diluted NADES was investigated
in order to establish the experimental conditions to be applied in the re-
lease studies with fluorescence detection. The ultraviolet-visible (UV–
Vis) absorption spectra and steady state fluorescence spectra were re-
corded. The concentration of calcein was 1.2 × 10−6 M.

UV–Vis spectra were recorded by a spectrophotometer (UV-2401PC,
Shimadzu, Kyoto Japan). Fluorescence measurements were performed
on a Photon Technology International modular fluorescence system
(London, Ontario, Canada) with Model 101 monochromator with f/4
0.2-m Czerny-Turner configuration. The instrument was equipped
with a red-sensitive photomultiplier. The excitation source was a
75 W xenon lamp. The emission and excitation spectra were automati-
cally corrected for both the lamp spectral radiance and the detector
quantum efficiency by means of the acquisition software (FeliX32,
PTI). The excitation and emission monochromator band passes were
set at 2 nm for recording of emission spectra. The excitationwavelength
was set at the calcein absorption maximum detected in the respective
NADES.

The fluorescence of calcein over time (t = 30 min) was measured
with a fluorescence plate reader (Fluoroskan microplate fluorometer,
Thermo Fischer Scientific, Waltham, MA, USA). Excitation and emission
wavelengths were set to 485 and 535 nm, respectively. The amount of
calcein released after time t was calculated as the percentage of maxi-
mal fluorescence according to Eq. (1).

RF %ð Þ ¼ 100 It–I0ð Þ
Imax–I0ð Þ ð1Þ

where It is the measured fluorescence intensity at time t, I0 is the initial
residual fluorescence of the liposomes and Imax is fluorescence after lys-
ing the liposomes with 2% Triton X-100 (max. control).

2.5.3. Calorimetric analysis
Calorimetric measurements were conducted on DPPC liposomes in

the presence of NADES using a Nano differential scanning calorimeter
(Nano DSC 602000, TA Instruments, New Castle, Delaware, USA). Sam-
ples were analyzed 3 h after addition of NADES. The samples were
scanned from20 to 60 °Cwith a heating rate of 1 °C/min andunder pres-
sure of 3 atm. The amount of lipid in each sample was approximately
0,5 mg. The results were analyzed using the NanoAnalyze software
from TA instruments.

2.5.4. Transmission electron microscopy (TEM)
The effects of NADES on the two liposomemodelswere visualized by

TEM using negative staining of uranyl acetate. Liposome samples con-
taining NADES CS, CX or BS (D1) and liposomes in PB at two
3

concentrations (50 or 150 μM) were freshly prepared. 10 μl drops of
the samples were added on parafilm, followed by a 10 min adherence
on carbon coated and glow discharged 100 hex mesh grids. The grid
was sequentially treated with Milli-Q water, uranyl acetate (1% w/v in
water), Milli-Q water, and uranyl acetate (0.4% w/v in water)/methyl-
cellulose (1.8% w/v in water) and then dried under light. The samples
were examined using a JEOL 1400Plus Electron Microscope (JEOL Ltd.,
Tokyo, Japan) equipped with a Ruby camera at 120 kV.

2.6. Effect of NADES on pig skin ex vivo

2.6.1. Preparation of pig skin samples
Pig earswere stored at−18 °C and thawed overnight in the refriger-

ator (4 °C) before sample preparation. Skin samples from the inside of
the earwith a thickness of 1.2–1.3mmwere prepared, cutting off excess
fat and cartilage with a fileting knife. A sharp hollow piston with diam-
eter 2.3 cmwas used to punch out individual skin samples. The outward
facing side of the samples was soaked in undiluted NADES for 30 min
before rinsing with 50 ml 0.15 M phosphate buffered saline (PBS)
pH 7.4. Untreated skin samples rinsedwith 50ml PBSwere used as con-
trols. The skin samples were visually inspected for defects prior to and
after the experiment.

2.6.2. Ex vivo permeation studies
Chloramphenicol (CAM) was selected as a model drug for the per-

meation studies. The method for ex vivo permeability studies of CAM
through pig skin was obtained from another source [24] and modified
for this study. The skin samples were inserted in Franz diffusion cells
(PermeGear, Inc., Hellertown, Pennsylvania, USA), and the donor cham-
ber was filled with 1.0ml 2.5mg/ml CAM in PBS. The acceptor chamber
contained 8.0 ml PBS. The diffusion area was 1.00 cm2. The Franz cell
system was maintained at a constant temperature of 32 °C, and the ac-
ceptor medium was stirred constantly at 500 rpm throughout the ex-
periment. Sampling from the acceptor chamber was performed every
hour between timepoints 2–8h and at 24h. Thewithdrawn sample vol-
ume (100 μl) was immediately replaced with 100 μl PBS in the acceptor
chamber. The samples were analyzed by HPLC and the cumulative
amount of CAM in the acceptor chamber was calculated. All experi-
ments were performed in triplicate.

Sink conditions were maintained based on previously performed
solubility studies of CAM in PBS (Unpublished results), keeping the
total concentration of CAM in the acceptor medium at <10% of the sat-
uration concentration.

2.6.3. Quantification of CAM
Quantification of chloramphenicol was performed by HPLC analysis

on a LC-20AD liquid chromatograph with a SPD-M20A UV–visible de-
tector (Shimadzu, Kyoto, Japan) under the following conditions: A re-
versed phase C18 pre-column and column (Nova-Pak®
3.9 μm × 150 mm column, Waters, Milford, MA, USA), mobile phase
consisting of MQ-water, methanol and anhydrous acetic acid
(55:45:0.1 v/v), flow rate 0.8 ml/min, total run time 10 min, detection
wavelength 275 nm, and column temperature 30 °C. The expected re-
tention time of CAM was 3.3 min. The limit of detection (LOD) was
3.57 × 10−8 M and the limit of quantification (LOQ)was 1.19 × 10−7 M.

2.6.4. Fourier transform infrared spectroscopy (FT-IR) analysis of NADES
treated pig skin samples

FT-IR spectra of untreated and NADES treated pig ear skin were ac-
quired using a Nicolet™ iS™ 5 FTIR Spectrometer (Thermo Fisher Scien-
tific, Waltham, MA, USA) with an iD5 diamond ATR Accessory. The skin
samples were prepared and treated with NADES as described in 2.6.1.
Samples were placed directly with the treated side on the diamond
crystal. For each sample, 16 scans from 4000 cm−1 to 550 cm−1 were
collected in single beam mode with a spectral resolution of 4 cm−1.
The samples were run in triplicates, confirming uniform samples.
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Background spectra were acquired recording the spectra for an empty
diamond crystal. The smoothed representative spectra (moving average
and Savitzky-Golay filters) are presented. Second derivation of the
curves were performed with the GraphPad Software (GraphPad Prism
version 8.3.0 for Windows, GraphPad Software, San Diego, California
USA, www.graphpad.com) to enhance the resolution of bands in the
spectra.

2.7. Statistical analysis

The experimental datawas presented asmean± standard deviation
from at least three independent experiments. The statistical analysis
was performed using multiple t-test (P < 0.05) in the GraphPad Prism
software.

3. Results and discussion

Three acidic and three neutral NADES were studied in the present
work. The selection of NADES was based on previous results obtained
by our research group [10,11,25]. The six NADES were physically stable
and could be made with adequate reproducibility and at low cost. The
dilution factor for NADES dilution series 1 (D1) was chosen based on
viscosity measurements to eliminate viscosity as a factor in the experi-
ments, and bring it closer to that of water. Excessive dilution could,
however, weaken the NADES network [4,26,27]. Therefore, a second di-
lution series (D2) containing lesswaterwas prepared,with afinalwater
content of 40%± 5 (w/w). This was done to ensure that the water con-
tent of the samples was kept below 50%, which has been proposed as
the critical limit for H-bond-formation in some NADES [28].

3.1. Physicochemical characterization of NADES

3.1.1. Water content and viscosity
Water has been found to be part of the structure in NADES [29]. The

water is tightly bound and cannot be easily removed by evaporation.
Depending on the preparation method, the water content in the
NADES could be variable. As the water content affects the properties
of the solvent, it should be quantified.

Themeasured water content of the undiluted NADES is presented in
Fig. 1 a. The ChM sample was found to have the lowest water content of
10.5± 0.2%, while BS had the highest content of 22.9± 0.3%. Thewater
content appeared to be independent of type of NADES (i.e., neutral or
acidic), although both NADES containing citric acid (CS and CX) had a
relatively high water content. This could be related to the hygroscopic
nature of citric acid (and in part sucrose) or it could be a specific prop-
erty of the NADES network. There was apparently a relationship be-
tween the intrinsic water content and initial viscosity, i.e., the higher
the water content in the freshly prepared NADES the higher viscosity.
Fig. 1. Physical characteristics of prepared NADES. a)Water content (%w/w) of undiluted NADE
Citric acid:sucrose (CS), citric acid: xylitol (CX), choline chloride: maleic acid (ChM), choline c
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The only exception was ChG which showed the lowest initial viscosity
at a medium level intrinsic water content. The intrinsic water content
is greatly dependent on the preparation method. In this study all
NADES were prepared by dissolving the components in water prior to
evaporation. Other methods, based on heating and stirring of compo-
nents without addition of water, have resulted in significantly lower
water content [30]. The high viscosity of NADES is most likely caused
by numerous intermolecular bonds in the solvent [1]. It is therefore
possible that NADES with very high viscosity were better able to incor-
porate water in their structure during preparation due to high H-
bonding capacity.

The generally high viscosity of most NADES could hamper their po-
tential use as pharmaceutical vehicles [3]. The viscosity of the selected
NADES with up to 70% (v/v) added water was measured (see Supple-
mentary Table S1), although only the range 0–40% (v/v) is presented
in Fig. 1 b. The initial viscosity varied, ranging from ≈ 100 mPa∙s for
ChG to >1400 mPa∙s for CS. However, the viscosity of NADES, particu-
larly with a high initial viscosity, decreased rapidly upon addition of
small amounts of water (Fig. 1 b). After addition of only 5% water, the
viscosity of CS was reduced by ~65%. Addition of >30–40% water lead
to a viscosity close to that of water in all samples. These results are con-
sistent with other studies, showing a decrease in viscosity when small
portions of water are added [28,31]. The decrease in viscosity is thought
to happen due to aweakening of the strong intermolecular bonds in the
eutectic solvent upon dilution. Dai et al. (2015) discovered through
NMR analysis that the intermolecular H-bonds disappeared completely
in some NADES when the water content reached >50% (w/w). There-
fore, it must be taken into account that the special properties of the
NADES may be lost with excessive dilution. Other studies have, how-
ever, shown that even very diluted NADES (up to 1:200 dilution)
displayed different properties (i.e. lower bacterial toxicity) than a solu-
tion containing similar concentrations of the NADES components
[12,17]. This suggests that the eutectic network could be weakly
retained even at high dilution.

The possibility of adjusting the viscosity of NADES with water could
present options for tailoring a pharmaceutical formulation according to
area of application and application method. A formulation to be applied
topically or onto oral mucosa should ideally not have too low viscosity
to be retained at the application site.

3.1.2. Refractive index (RI), pH and osmolality of diluted NADES
The physicochemical characteristics, i.e., refractive index, pH and os-

molality of the investigated NADES are shown in Table 2. The pH and os-
molality were only investigated for NADES D1 due to practical
difficulties with NADES samples with lowwater content (high viscosity
and too low freezing point).

Due to the presence of an acidic component, the apparent pH of CS,
ChM and CX was in the acidic range with a pH between 1 and 2 as
S (n=3). b) Viscosity curves for the selected NADES as a function of added water (% v/v).
hloride: glycerol (ChG), choline chloride: xylitol (ChX) and betaine: sucrose (BS).

http://www.graphpad.com


Table 2
Selected characteristics of undiluted NADES (D0) and NADES dilution series 1 and 2 (D1
andD2):water content, pH, refractive index (RI), viscosity andosmolality. PB=phosphate
buffer.

NADES D0 D1 D2

Water
content
(%
w/w)

Viscosity
(mPa∙s)

pH
(±
0.02)

RI Osmolality
(mOsm/kg)

RI Viscosity
(mPa∙s)

Acidic
CS 22 1437 1.87 1.346 606 1.425 17
ChM 10 278 1.07 1.349 1238 1.415 4.2
CX 18 538 1.85 1.342 363 1.415 11

Neutral
ChG 15 114 6.49 1.344 853 1.417 5.1
ChX 12 224 6.63 1.349 1142 1.418 4.5
BS 23 874 6.78 1.337 330 1.424 12.9

PB 6.80 1.333 0.013
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expected. The remaining three NADES (ChG, ChX and BS) had a pH be-
tween 6 and 7, and were therefore considered as neutral.

The highest RI of 1.425 was measured for CS D2, while the lowest
was for BS D1 at 1.337. The RI of the NADES samples was generally
higher than the pure buffer sample, meaning the light was more
refracted through the solvents. There was an increase in RI in D2 sam-
ples compared to D1 due to less water in D2. A previous study found
that the RI values of NADES were linearly decreasing with increasing
water content, which supports the present results [30]. The RI of the
various NADES depends on the structure and bonds present in the sol-
vent. A high RI valuewould in this case correspond to a tighter structure
and more bonds between the molecules in the NADES network.

Osmolality is an important factor for liquid pharmaceutical formula-
tions to be in direct contact with human cell membranes (e.g., wounds
and oral mucosa). Blood and other extracellular fluids have an osmolal-
ity of ~280 mOsm/kg, corresponding to the osmolality of the intracellu-
lar fluids [32]. The measured osmolality of the NADES D1 samples
ranged from 330 to 1238 mOsm/kg, with CX and BS in the low range
(~350 mOsm/kg), CS and ChG in the middle (600–850 mOsm/kg) and
ChM and ChX with the highest values (~ 1200 mOsm/kg). The NADES
D1 samples had different water contents (see 3.1.1), and therefore dif-
ferent molar concentrations of components. Further, some of the con-
stituents were able to dissociate, increasing the number of osmotic
active components in solution. Three of the NADES contained choline
chloride (ChM, ChX, ChG), which dissociates into two osmotic units in-
dependent of pH. All NADES containing choline chloride displayed high
osmolality. The organic acids, maleic acid and citric acid, wereweak and
therefore not expected to give a significant contribution to the osmolal-
ity by dissociation. There was no obvious correlation between the acid-
ity (e.g. acidic or neutral NADES) and osmolality.
Table 3
Zeta potential (mV± SD) for egg-PC and DPPC liposomes mixedwith NADES dilution se-
ries 1 and 2 (D1 and D2) and measured immediately.

NADES Egg-PC DPPC

D1 D2 D1 D2

Acidic
CS 19.5 ± 0.8 21.2 ± 3.8 40.1 ± 2.4 26.2 ± 6.4
ChM N.A.⁎ N.A.⁎ N.A.⁎ N.A.⁎

CX 20.2 ± 0.7 22.0 ± 1.9 44.4 ± 3.4 33.8 ± 3.1

Neutral
ChG −10.5 ± 2.9 N.A.⁎ −6.9 ± 1.2 N.A.⁎

ChX −3.6 ± 1.3 N.A.⁎ N.A.⁎ N.A.⁎

BS −4.1 ± 0.8 −22.8 ± 11.9 −1.9 ± 0.3 −8.3 ± 2.1
Without NADES −4.0 ± 0.5 0.8 ± 1.0

⁎ N.A. = Not applicable.
3.2. Characterization of liposomes in NADES

3.2.1. Physical stability of liposomes
The particle size and zeta potential are important parameters when

investigating the physical stability of a liposomal membrane. In the cur-
rent study two liposomal models were used: egg-PC and DPPC.

Table 3 summarizes the measured zeta potential immediately after
addition of NADES to the egg-PC and DPPC liposomes (t0). Some of the
sampleswere impossible tomeasure,most likely due to high conductiv-
ity or lowmobility in the solvent. The zeta potential of egg-PC liposomes
in the absence of NADES was slightly negative, which is consistent with
other studies involving similar liposomes [33]. The zeta potential mea-
surements showed a clear difference between liposomes incubated in
the acidic NADES and the neutral ones. Except for liposomes in ChM,
5

in which the liposome zeta potential was impossible to measure, the
other two acidic NADES induced a positive shift in zeta potential for
both egg-PC and DPPC liposomes. The positive shift was larger for the
DPPC than the egg-PC liposomes, also when taking into account that
the original DPPC liposomes were slightly less negative. For example,
the zeta potential for DPPC liposomes in CX changed from 0.8 to
44.4 mV (Δ ≈ 44 mV), while the change was from - 4 to 20.2 mV
(Δ ≈ 24 mV) for egg-PC in the same NADES. The D2 samples, which
contained a higher NADES concentration, induced a larger shift than
the D1 samples. The positive zeta potential could be related to the pH
of the solution. Phosphatidylcholine, which is the main lipid in both
egg-PC and DPPC, has a zwitterionic nature due to a quaternary amine
group and a phosphate group in its hydrophilic head. A previous study
has reported the intrinsic pKa value of the phosphate group in phospha-
tidylcholine to be 0.8, and it is 100% ionized when pH is >3 [34]. How-
ever, the apparent pH of the acidic NADES was measured to be
between 1 and 2,where approximately 30–50%of the phosphatidylcho-
line molecules would have their phosphate groups protonated. This
would lead to a net positive surface charge on the liposomes, as the qua-
ternary amine group would remain positively charged [35].

The positive zeta potential could also be related to an excess of H+-
ions in the acidic solution. It has previously been proposed that the ad-
sorption of H+-ions to the surface of the liposomes could neutralize the
negative charge of the phosphate groups [36]. A change from neutral to
positive zeta potential as demonstrated in the current work could have
implications for the application of these acidic NADES on human cell
membranes if the same phenomenon occurs in vivo. Although pH ef-
fects on the lipid structure and dynamics have been little investigated
in vivo, an acidic environment could affect lipid conformation, phase
transition and membrane structure [37]. These effects could on the
other hand be beneficial for antimicrobial treatment as they may desta-
bilize a bacterial membrane and make them more vulnerable, i.e., in
combination therapy. Another aspect to be considered is how a change
in the cell membranes' zeta potential could induce interactions between
a delivered drug and the membrane. The surface charge-modifying ef-
fect of NADES could also be exploited in a drug delivery system (DDS)
based on polymer or lipid nanoparticles. Changing the zeta potential
of the carrier could increase drug loading due to electrostatic interac-
tions. This could be relevant when loading e.g. peptides or DNA/RNA
into DDS [38].

The measured particle size of both liposome types incubated in
NADES is presented in Fig. 2. The size of the reference egg-PC liposomes
in buffer was measured to be 177.2 ± 10 nm and the polydispersity
index (PDI)was 0.17±0.02 (Figs. 2 a,b), indicating a reasonably narrow
size distribution and low batch to batch variation. The reference DPPC
liposomes showed a larger liposome size of 1010 ± 136 nm and a
higher PDI of 0.64 ± 0.22 (Figs. 2 c, d). The zeta potential of these lipo-
somes was virtually zero, leading to gradual aggregation after



Fig. 2. Particle size of egg-PC and DPPC liposomes after incubation in NADES (0, 3 and 24 h). a) Egg-PC liposomes in NADES dilution series 1 (D1), b) Egg-PC liposomes in NADES dilution
series 2 (D2), c) DPPC liposomes in NADES D1, d) DPPC liposomes in NADES D2. ⁎ Significant size reduction compared to control (P < 0.05).
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preparation. The size of the egg-PC liposomes in NADES D1was not sig-
nificantly different from the reference, although some samples (ChX,
CX, ChG and BS) seemed to induce a slight size reduction compared to
the reference (Fig. 2 a). The size of the liposomes in the NADES D2 sam-
ples was, however, generally reduced compared to the reference and
was significant in the case of CS, ChX, CX, ChG and BS (Fig. 2 b). The
size of the egg-PC liposomes remained unchanged after the initial size
reduction for all samples except ChM D2. The reason for the reduction
is not completely clear, but could possibly be related to changes in os-
molality. The components of NADES form a strong network, as well as
being hydrophilic and often ionic, and hence themembrane penetration
of the NADES componentswouldmost likely be limited, resulting in hy-
pertonicity as confirmed by the osmolality data (Table 2). The core of
the egg-PC and DPPC liposomes applied in this experiment contained
a very weak (5 mM) phosphate buffer with osmolality close to zero.
Thus, the osmolality of all the NADES samples was considerably higher
than the osmolality inside the liposomes. The relationship between
the osmolality of other solvents and liposome size has been thoroughly
investigated by Sabin et al. (2006) [39]. They concluded that a concen-
tration gradient over the semi-permeable liposomal membrane lead
to an outgoing flux of water to compensate for the hypertonic condi-
tions, followed by shrinking of the liposome. This is consistent with
the well-known fact that a hypertonic solution will temporarily shrink
red blood cells when given intravenously.

Another issue to consider is the limitation of the DLS-method
when comparing samples in different solvents. Calculation of liposome
6

size is based on the fluctuation of light intensity due to Brownian mo-
tion of the particles in solution. Even when adjusting for differences in
viscosity and RI there may be other properties of the solvent affecting
particle movement, e.g., the hydrogen bonding structure of the NADES
network [28].

It was difficult tomeasure the real particle size of the referenceDPPC
liposomes due to aggregation and large variations between parallels de-
pending on time ofmeasurement after preparation. The reported size in
Figs. 2 c, d was most likely affected by aggregates and thus much larger
than the actual liposome size. It was, however, interesting to observe
that some of theNADES broke up the aggregates and stabilized the lipo-
some size immediately when added to the dispersion. Four of the
NADES posessed aggregate breaking properties: CS, ChG, ChX and CX
(Figs. 2 c, d). The disaggregation remained constant over 24 h for the
D2 samples (Fig. 2 d). The D1 samples were only tested at 0 and 3 h
for practical reasons, but the disaggregation was maintained over this
time interval. The aggregate breaking effect of NADES did not seem to
be related to pH. It is well-known that the zeta potential is an important
factor in particle aggregation. According to the DLVO-theory, particles
aggregate when the electrostatic repulsion is too weak to create an effi-
cient energy barrier against the combined kinetic energy and van der
Waals attraction between the particles [40]. The further apart the zeta
potential is from zero, the stronger electrostatic repulsion is experi-
enced between the particles. A high zeta potential (independent of the
charge) will thereby prevent the particles from aggregating, creating a
physically stable dispersion. The results of the aggregate breaking
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NADES showed that both theCS andCX samples (D1 andD2) resulted in
a strongly positive zeta potential (26–44 mV) of the DPPC liposomes
(Table 3). ChG also altered the zeta potential, albeit in a negative direc-
tion, to approximately−7mV. The zeta potential of the liposomes in the
last aggregate breaking NADES (ChX) could not bemeasured. It is there-
fore unclear if this zeta potential was changed. The zeta potential of the
liposomes in the non-aggregate breaking NADES could only be mea-
sured for the BS samples. It was close to zero (~ −2 mV) for the BS D1
sample but slightly more negative at −8 mV for BS D2. The latter
value was quite similar to the aggregate breaking ChG D1 sample. This
indicates that the zeta potential was not the only factor affecting aggre-
gation of the liposomes. However, the disaggregation appeared mostly
to be related to the change in zeta potential.
Fig. 3.Release profile for calcein from egg-PC and DPPC liposomes incubated in NADES dilution
in acidic NADES D1, c) DPPC liposomes in neutral NADES D1, d) DPPC liposomes in acidic NADE
⁎Significant difference compared to reference (P < 0.05).
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3.2.2. Liposome permeability
The study of liposome permeability is a frequently used method to

investigate membrane stability. Calcein was loaded into the liposomes
to serve as a fluorescent probe. It is expected that calcein enveloped in-
side a liposomewill self-quench at high concentrations leading to an in-
crease in fluorescence intensity upon release [41]. The calcein release
over time from liposomes incubated in NADES D1 and D2 is shown in
Fig. 3. The results for NADES BSwere not included because a precipitate
formed when calcein was added. The calcein release from both egg-PC
and DPPC liposomes increased slightly over time in the NADES samples
compared to the reference, with the exception of CX D1 and D2. CX and
BS D1 had lower osmolality than the othermeasured samples (Table 2),
thus possibly inducing less outgoing flux from the liposomes. However,
1 (D1) and dilution 2 (D2). a) Egg-PC liposomes in neutral NADESD1, b) Egg-PC liposomes
S D1, e) Egg-PC liposomes in selected NADES D2, f) DPPC liposomes in selected NADES D2.
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the calcein release in the BS D1 and D2 samples was higher than the CX
samples. The low release of calcein in the CX samples indicates that this
NADES had a slightmembrane stabilizing effect on these liposomes. The
calcein release from egg-PC liposomes in acidic NADES varied more
compared to the neutral solvents. The difference between the lowest
and highest total release of the D1 samples ended up being ~37%
(CX = 37.8% vs. CS = 75.3%). The egg-PC liposomes in neutral NADES
were quite similar in terms of total calcein release, with a difference of
just ~13% between the highest and lowest release. The results from
the D2 samples of CS, CX and BS are shown in Figs. 3 e, f. The release
of calcein was significantly lower in the CS and CX samples compared
to the D1 samples with similar NADES. The liposome size measure-
ments of the samples showed a significant reduction of particle size in
the CS and CX D2 samples compared to D1. A reduction in particle size
indicated that the phospholipid membrane would be tighter, thus re-
ducing the permeability. Further, the diffusion area (i.e. surface of the li-
posome) would be reduced, which could account for the lower calcein
release rate.

Temperature is an important factor for diffusion through liposome
membranes because it determines the physical condition of the lipids.
The gel-to-liquid transition temperature (Tm) of DPPC is approximately
41 °C. The liposome permeability experiments were performed at 25 °C,
meaning that the DPPC lipids were in the gel-phase. Liposomes in the
gel-phase have previously been reported to exhibit reduced membrane
permeability [42]. The Tm of egg-PC on the other hand is around−15 °C,
meaning that these lipids were in the liquid-phase during the experi-
ment. The egg-PC liposomes are expected to bemore similar to a biolog-
ical membrane than DPPC, due to the content of a combination of
several different phosphatidylcholines. However, the total calcein re-
lease in the reference samples of egg-PC and DPPC liposomes was only
slightly different (~4%), with a calcein release of 34% and 30% for
egg-PC and DPPC liposomes, respectively (Figs. 3 a, c). Aggregation is
another factor to be considered regarding the results for the DPPC lipo-
somes. The calcein release from aggregated liposomes should be re-
duced due to a reduction in total surface area while aggregate
breaking NADES could be expected to facilitate release. A certain trend
can be seen where three of the aggregate breaking NADES (CS, ChG
and ChX) gave very similar and somewhat higher release of calcein
than the others (Fig. 3). The difference was, however, not significant.

3.2.3. Calorimetric analysis
Calorimetric measurements and thermograms can give much infor-

mation about stability of and interactions with the liposomal mem-
brane. Only the DPPC liposomes could be investigated by this method
because the phase transition temperature (Tm) of egg-PC liposomes
Fig. 4. Thermogram of DPPC liposomes incubated for 3 h in N
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was outside the detection range of the instrument. The results showed
that the pretransition present in the thermogram of theDPPC liposomes
in buffer disappeared in the presence of acidic NADES (ChM, CS and CX,
Fig. 4). In the case of the acidic NADES (ChM, CS and CX) no other peaks
than themain transition peak could be detected. The thermograms of li-
posomes in neutral NADES (ChG, ChX and BS) on the other hand,
showed a pretransition peak in their thermograms, although the
shape and temperature (T) of the peak varied between the samples.
The pretransition peak of DPPC liposomes is linked to the so-called “rip-
ple phase”, which occurs in the transition between the gel and liquid
phases [43].

Crowe and Crowe in 1991 [44] investigated the effect of different
sugars on the thermotropic phase transition of DPPC liposomes. Accord-
ing to their results the pretransition is only present for multi lamellar
vesicles (MLV) DPPC liposomes, and not for unilamellar liposomes.
The liposomes used in the current studywere extruded andwere there-
fore considered unilamellar. However, the extruded liposomes aggre-
gated quickly, which might have led to thermotropic properties
similar to that of MLVs [45]. In that case, the pretransition peak in the
thermograms of DPPC in the presence of the aggregate breaking
NADES should be absent. This appears to be true for the liposomes in
CS and CX, which seem to only exhibit the main transition peak
(Table 4). The pretransition peak found in the thermograms of lipo-
somes in aggregate-breaking ChX and ChG showed a higher Tm than
the pretransition peak of the liposomes in buffer, which might be re-
lated to a different thermal event than the ripple phase. If thehypothesis
regarding thermotropic similarities between aggregated liposomes and
MLVswas correct, the pretransition peaks should be present in the ther-
mograms of the liposomes in the non-aggregate breaking NADES (i. e.
ChM and BS). However, this was not the case, which indicated that
the disappearance of the pretransition was most likely not caused by
the break-up of the liposome aggregates. Thus, there seems to be
other properties of the NADES leading to a disruption of themembrane,
but it is unclear what this means for the physical stability of the
liposomes.

Crowe et al. [44] have reported that a high concentration of different
sugars (sucrose, trehalose and fructose) induced a second peak with
lower Tm, leading to a shoulder-like shape in the thermogram, as seen
for ChG, ChX and BS (Fig. 4). All these three NADES contain sugar-like
compounds that could explain this effect. This might suggest that
some of the sugars interacts with the lipid.

The Tm of the main transition was generally slightly higher
(0.7–2.2 °C) for all DPPC samples containing NADES, compared to the
pure DPPC liposomes (Table 4). The increase appeared virtually con-
stant with the exception of ChM. According to Crowe and Crowe
ADES dilution 1 (D1). a) acidic NADES, b) neutral NADES.



Table 4
Calorimetric results for DPPC liposomes incubated for 3 h in NADES dilution series 1 (D1).

Tm (°C) Δ Tm Tm of pretransition ΔHtotal (kJ/mol) ΔS
(kJ / (mol·K))

DPPC 41.3 32.0 29.3 0.093
Acidic NADES
CS 42.0 + 0.7 -⁎ 28.4 0.090
ChM 43.5 + 2.2 -⁎ 30.9 0.097
CX 42.1 + 0.8 -⁎ 32.7 0.104

Neutral NADES
ChG 42.0 + 0.7 39.0 35.2 0.112
ChX 42.2 + 0.9 38.4 18.3 0.058
BS 42.2 + 0.9 37.9 28.6 0.091

⁎ No pretransition peak was detected.
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(1991) the increase in Tm might be caused by osmolar dehydration due
to a created concentration gradient across the membrane [44]. This ef-
fect was also reported in another study [46]. Although a higher Tm
could mean increased membrane stability, the results are inconclusive.
There was apparently no correlation between the changes in Tm and
the calcein release profiles (Fig. 3) or the osmolality of the solvent
(Table 2).

The thermogram of DPPC in the presence of ChM differed from the
other thermograms both in terms of shape and an increase in Tm
(Fig. 4, Table 4). The higher Tm could mean increased thermal stability.
However, the completely different shape of the phase transition peak
could indicate disruptions of the liposomemembrane. This was further
confirmed by theDLS results, where the liposome sizewas gradually in-
creasing in the ChM D2 sample (Figs. 2 b, d), as well as the high calcein
release from egg-PC liposomes in ChM D1 (Fig. 3 b).

3.2.4. TEM imaging of liposomes in NADES
TEM images of egg-PC and DPPC liposomes in three selected NADES

D1 samples (CS, CX and BS) are shown in Fig. 5. The lipid concentration
had to be adjusted individually for each sample due to variable adher-
ence of liposomes to the grid surface. A carbon coated and glow
Fig. 5.Transmission electronmicroscope images of egg-PC andDPPC liposomes inNADESdilutio
CS, d) egg-PC (150 μM) in BS, e) DPPC (150 μM) in buffer, f) DPPC (150 μM) in CX, g) DPPC (5
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discharged grid resulted in better adherence than formvar coating and
was therefore used. The largest liposomes appeared to be in the same
size range as the DLSmeasurements indicated (~170–200 nmdiameter,
Fig. 2), although some appeared to be larger. The negative staining tech-
nique is known to “flatten” the liposomes, thereby increasing their per-
ceived size [47]. The size distribution of the liposomes was wider in the
TEM images than theDLSmeasurements indicated. Thiswasmostly due
to an apparent second population of smaller size (~50–100 nm diame-
ter). However, it is unclear if the difference in size distribution is related
to imprecision in the DLS method or occurrences in sample preparation
for TEM.

The shape of the egg-PC liposomes was spherical, except for the CX
sample where the liposomes were more oval shaped. The surface mor-
phology did, however, vary between the samples. The egg-PC liposomes
in CS had a peculiar “cup-shape” that was less expressed in the other
samples. Previously in this work it was discussed how increased osmo-
lality could decrease the liposome size. The reported osmolality of CSD1
was twice as high as CXD1 andBSD1 (Table 2). This further emphasized
that the observed shrinkage of the liposomesmight be caused by hyper-
tonicity. It was not investigated whether this effect was reversible after
further dilution of the sample.

The DPPC liposomes appearedmore faceted compared to the egg-PC
liposomes, which was expected because the DPPC lipids are more rigid
in the gel-phase [48]. The results obtained from DLS measurements
showing aggregation of the DPPC liposomes were further confirmed
by the TEM imaging. No aggregation was observed in the CX and CS
samples. This was consistent with the DLS measurements and empha-
sized that addition of these NADES induced disaggregation of the
liposomes.
3.3. Effect of NADES on skin

3.3.1. Ex vivo permeation
The ex vivo permeability study was performed by investigating the

diffusion rate of chloramphenicol (CAM) through porcine ear skin pre-
treated with NADES. Chloramphenicol was chosen as the model drug
n series 1 (D1). a) Egg-PC (50 μM) inbuffer, b) egg-PC (150 μM) inCX, c) egg-PC (50 μM) in
0 μM) in CS, h) DPPC (150 μM) in BS. Scale bars = 200 nm.
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because it represents an interesting candidate for novel dermal formu-
lations, as discussed by Ingebrigtsen et al. [24]. Previous work in our
lab has shown that certain NADES are able to dissolve collagen [17],
and this could be expected to contribute to an improved permeability
through skin. However, according to the results, the permeability ap-
peared to be reduced after treatment with NADES. The permeability
was significantly lower through all of the NADES-treated samples after
8 h compared to the reference (Fig. 6 b). The effect was, however, less
pronounced at 24 h. Therewas no significant difference between the in-
dividual NADES at any time point. It was visually observed that the skin
seemed to change appearance by becoming “stiffer” and curled after
being soaked in NADES (Fig. 6 a). These changes might be the result of
the collagen-dissolving effect of NADES, through a destruction of the
connective tissue. However, this does not explain why the diffusion of
CAMwas reduced. Previously in the discussion a possible osmotic dehy-
dration effect of NADES on the liposomalmembrane has been proposed.
A similar effectmight also be valid for porcine skin cells, especially since
the NADES were applied undiluted. Dehydration may contribute to re-
duced skin permeability. This is supported by studies showing that per-
meability is better through well hydrated skin [49,50].

Depending on the clinical purpose, enhanced skin permeation could
be a desired or undesired effect of NADES. For local treatment of skin in-
fections with for example CAM or another antimicrobial agent, pro-
nounced skin penetration of the drug is unwanted due to the risk of
Fig. 6. Characteristics of pig skin treatedwith undiluted NADES for 30min, then rinsedwith 50
skin (right). b) Permeability of chloramphenicol (CAM) over 24h throughpig skin after NADES t
and ChM (P < 0.05). c) FT-IR spectra of pig skin after NADES treatment. d) Ratio of intensity (
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systemic effects. However, if the permeation is too restricted, the drug
might not reach into all the infected tissue. NADES could also be of inter-
est in formulations for oral application. The effects of NADES on penetra-
tion through the mucosa in the oral cavity would not be relatable to the
effects on skin, as the barriers are quite different. Further investigation
into the effect of NADES on skin and oral mucosa is warranted to better
understand their potential in a clinical perspective. Another issue to ad-
dress is whether the eutectic will be administered in an undiluted or di-
luted form at the application site. In the ex vivo permeability study
NADES was applied undiluted, although most of the experiments in
this paper have been conducted on diluted NADES to lower viscosity
for practical reasons. However, for application on surfaces like skin
and oral mucosa, a certain viscosity is needed for sufficient retention
of the formulation at the administration site. Further, the NADES net-
work could be weakened by excessive dilution, as discussed in 3.1.1.
Thus, the dilution ratios of NADES used in this work are not necessarily
optimal in formulations for clinical application.

3.3.2. Structural changes in skin due to NADES treatment
Skin consists of a relatively small number of major constituents, in-

cluding collagen, keratin, certain carbohydrates and lipids, which
makes FT-IR and other techniques visualizing molecular structure suit-
able for studying structural changes in the skin [51]. A previous study
on the transdermal delivery of APIs by application of deep eutectics as
ml PBS. Skin samples had a diameter of 2.3 cm. a) Image of untreated (left) and treated pig
reatment. Significantly lower permeability at 8 h through samples treatedwith CS, CX, ChG
I) between amide I and amide II based on FT-IR results of pig skin after NADES treatment.
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penetration enhancers have focused on the lipid content of the stratum
corneum (SC). In that study, the SC was separated from dermis by
soaking full thickness skin in heated water baths and trypsin digesting
of the epidermis from the SC [52]. The mentioned study found that
the eutectic solvent acted as a lipid extractor to improve the permeabil-
ity of drugs [52]. Our results did not express distinct bands in the area
related to lipids and their CH2 symmetric and asymmetric stretching
bands between 2800 and 3000 cm−1, most likely due to a difference
in preparation of the skin samples and pretreatment methods. How-
ever, when applying the second derivative to the spectra, it was possible
to determine some of the band positions, including the symmetrical
and asymmetrical CH2 stretching (Fig. S1 a, Supplementary material).
Bands related to proteins and lipids <1800 cm−1 were clearly present
(Fig. 6 c). The untreated pig skin samples exhibited distinct vibrational
bands corresponding to C=O stretch of amide I (1641 cm−1), N-H
bend and C-N stretch of amide II (1550 cm−1), bending of CH2

(δ(CH2)) and asymmetrical bending of CH3 (δas(CH3)) of proteins and
lipids (1450 cm−1), C=O stretch and CH3 bending of COO− for proteins
and lipids (1400 cm−1), δ(CH2)-wagging (1328 cm−1), C-N stretch,
N-H bend and CH3-C stretch of amide III (1240 cm−1) and CC
stretching and δ(CH2) (1180 cm−1). A broad band at 1061 cm−1 corre-
sponding to either phospholipids or carbohydrates was also present.
The bands were confirmed by the second derivative of the spectra
(Fig. S1 b, Supplementary material). In this study, we focused on the
amide I, amide II and δ(CH2) bands, typical for skin samples [53,54].
Since the pig skin samples were rinsed with 50 ml PBS prior to the
FT-IR scan, the NADES itself was considered to give little to no contri-
bution to the spectra.

There were no differences in the positioning of the amide I or II
bands in the NADES treated samples compared to the controls. How-
ever, the intensity of the bands for the pig skins treated with acidic
NADES were different compared to the controls. The intensity of the
amide I band may be an indication of water absorption by the skin,
and the signal will increase upon water absorption. The amide II band
is, however, not influenced by water absorption, which makes the
ratio between the two amides an indication of the water absorption
[55–57]. The ratio between amide I and II was remarkably higher for
pig skin samples treated with ChM and CS (Fig. 6 d). This correlates
with the low average permeability of CAM (although not significantly
lower than untreated samples) through the skin up to 6–8 h. However,
an increase in water content (often caused by occlusion of skin) is asso-
ciatedwith increased permeability, which indicates that the higher ratio
for ChM and CS may be caused by hydrogen bonding between the
NADES and the amide rather than a high water content [58]. Amide I
and II are recognized as sensitive markers for protein secondary struc-
ture. However, amide II is less affected by side-chain vibrations and
more difficult to correlate to the secondary structure, andwas therefore
not discussed further [59]. According to the literature, an amide I band
located at 1640 cm−1 corresponds to either a β-sheet or a disordered,
random coil, secondary protein structure [53,59]. The pig skin samples
were frozen and thawed, which can influence the protein structure.

Three of the NADES (CX, CS and ChM, all being highly acidic)
expressed a tail on the amide I band (around 1740 cm−1), which
could correspond to the C_O stretch of phospholipids, esters and glyc-
erides, but could also be the C_O stretching signal of the acid compo-
nent [53,60,61]. The latter was most plausible, as the control did not
express this band. Thiswill aswell explain a hydrogen bondingbetween
the NADES and amide I, with the NADES being a hydrogen bond accep-
tor and the amide acting as a hydrogen bond donor [58]. CX and ChM
expressed differences in the δ(CH2) and δas(CH3) bands (overlapping
bands, which may be caused by interactions between closely packed
lipid chains), with CX expressing higher intensity bands and a red
shift, and ChM expressing lower intensity bands, with a blue shift
[54,62]. NADES treated samples generally expressed a shift to longer
wavenumbers (i.e., blue shift) for these bands, except CX and CS,
which may indicate changes in the lipid structure. The intensity of
11
symmetrical and asymmetrical CH2 stretching (second derivative) for
ChM indicated a lipid extracting effect of this NADES.

It was difficult to conclude whether the structural changes in the
skin had an impact on the permeability from the inconsistent results
on CAM diffusion through pig skin after NADES treatment. However,
the apparent lower diffusion rate after 6–8 h may be caused by hydro-
gen bonding between the NADES and the proteins in the pig skin, de-
creasing the permeability.

4. Conclusions

The application of NADES in drug formulation is still in the initial
stage and requires thorough investigation to ensure efficacy and safety.
An important step on theway is characterization of the physicochemical
properties of these solvents and their possible interactions with mem-
branes. The components and structure of NADES play an important
role in their properties and offer a wide range of opportunities for mod-
ifications and tailoring of these solvents. The stability studies showed
that the liposomes in most cases were physically stable in NADES
throughout a 24-h period, and in some cases were further stabilized
by the solvent as demonstrated by an increased melting point of the
lipid. A reduced liposome size and “folding” of the liposomes were ob-
served when incubated in the NADES D2 samples, most likely caused
by the high osmolality of the solvent. The ex vivo permeation studies in-
dicated a slightly reduced permeability of CAM through skin after
NADES application, which was proposed to be caused by hydrogen
bonding between the NADES and proteins in the pig skin based on FT-
IR-results. However, the results were inconclusive. NADES show a
great promise as potential new pharmaceutical vehicles for topical ad-
ministration, and further biological characterizationwould be an impor-
tant step toward their use in drug formulations.
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