Heliyon 10 (2024) e39350

Contents lists available at ScienceDirect

52 CelPress Heliyon

journal homepage: www.cell.com/heliyon

Research article

Interfacial insights: [6]-Gingerol monolayers at the air-water
interface and beyond

Lara Adwan *", Laura Dotor ™, Maria Graciela Pino "¢, Adriana Gil ",
Santiago Martin *"¢, Pilar Cea *™"
# Departamento de Quimica Fisica, Facultad de Ciencias, Universidad de Zaragoza, 50009, Zaragoza, Spain

® Instituto de Nanociencia y Materiales de Aragén (INMA), CSIC-Universidad de Zaragoza, 50009, Zaragoza, Spain
¢ Laboratorio de Microscopias Avanzadas (LMA), Universidad de Zaragoza, 50018, Zaragoza, Spain

ARTICLE INFO ABSTRACT
Keywords: Ginger is a culinary spice with a millennia-old tradition due to its extensive therapeutic appli-
[6]-Gingerol cations, recently validated by scientific studies. In particular [6]-Gingerol, a key active molecule

Langmuir films
Langmuir-Blodgett films
Surface behavior

in ginger, exhibits extraordinary capabilities in addressing a wide spectrum of health issues.
However, its therapeutic potential is limited by its rather low bioavailability. The incorporation of
[6]-Gingerol into membrane systems of liposomes, micelles, or exosomes is a promising strategy
to overcome this limitation. In this contribution, we report the hitherto unexplored surface
properties of [6]-Gingerol at the air-water interface. Our comprehensive study, which includes a
detailed analysis of surface pressure and surface potential vs. area per molecule isotherms, surface
compression modulus, and Brewster Angle Microscopy, demonstrates the capability of [6]-
Gingerol to form Langmuir films. These films can be transferred onto solid substrates, forming
remarkably homogeneous Langmuir-Blodgett films which have been characterized by Quartz
Crystal Microbalance and Atomic Force Microscopy. This study may be of interest as it paves the
way for future research on introducing [6]-Gingerol into membrane systems and transporting it
into living cells.

1. Introduction

Over the years, there has been a thorough examination of natural products in the search for bioactive compounds crucial for the
development of novel drugs and therapies. The development of pharmacognosy in the early 20th century emphasized the botanical
branch, while the expansion of synthetic chemistry in the 1990s broadened conventional approaches through high-throughput
screening (HTS) of synthetic libraries [1]. Over the past two decades, there has been a renewed interest from both the scientific
community and the general public in natural dietary agents found in fruits, vegetables, and spices, with ginger being one of the most
widely studied. Ginger (Zingiber officinale Roscoe) is a plant from the Zingiberaceae family whose root has been used as a culinary spice
and traditional medicine in Asia for over 5000 years [2] Fresh ginger enhances the flavor of dishes, beverages, pickles, and even candy,
adding fresh and mild pungent notes to the preparation. Moreover, ginger has a longstanding tradition as a medicine for addressing a
variety of conditions including arthritis, rheumatism, muscular discomfort, atherosclerosis, cardiac palpitation, hypertension,
migraine, ulcers, nausea, indigestion, asthma, depression, impotence, painful menstrual periods, cold and flu-like symptoms, among
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Fig. 1. Chemical structure of [6]-Gingerol: ((5S)-5-hydroxy-1-(4-hydroxy-3-methoxyphenyl)decan-3-one).

others. In addition to millennia of traditional use, numerous clinical studies evidence the efficacy of ginger in addressing gastric
dysfunctions [3], vascular diseases [4,5], ischemic stroke [6], metabolic syndrome [7,8], diabetes [9,10], bone and joint disorders
[111, emesis [12], anti-obesity effects [13,14], anti-infection effects (e.g., suppression of Helicobacter pylori) [15], age-related
neurological disorders [16,17], and cancer (including tumor suppression, enhancement in the efficacy of chemotherapeutic drugs,
and reduction of the side effects of chemo- and radiotherapy) [18,19]. Comparative studies of cancer incidence, particularly gastro-
intestinal, prostate, and breast cancers, show significantly lower rates in Southeast Asian countries compared to Western countries
(Europe and the USA) [20,21]. It is believed that phenolic compounds present in this family of species, such as ginger and turmeric,
may contribute to suppressing the transformative, hyper-proliferative, and inflammatory processes underlying carcinogenesis,
angiogenesis, and metastasis. Ginger is generally recognized as safe (GRAS) by the USA Food and Drug Administration, FDA, when
used in typical food quantities, but large doses carry the potential for adverse reactions (heartburn, diarrhea, mouth irritation,
arrhythmia, and immunoglobulin E (IgE) allergic reaction). However, this USA agency has not recognized yet the use of ginger as a
drug. The EMA (European Medicines Agency) accepts the well-established and traditional use of ginger in the prevention of nausea and
vomiting caused by motion sickness, as well as the traditional employment of ginger in the symptomatic treatment of mild spasmodic
disorders of the gastrointestinal tract, which includes abdominal distension and flatulence.

At least 14 bioactive compounds have been identified in ginger, including phenolic compounds and terpenes [2]. Among these
phytochemicals, gingerols are more prevalent (=25 %) [22] than shogaols and paradols. [6]-Gingerol stands out as the most abundant
of gingerols, while [4]-, [8]-, [10]-, and [12]-Gingerol are present in lower amounts [23]. [6]-Gingerol is partially responsible for the
pungent flavor and the biological activity of fresh ginger. It is found in much higher amounts in fresh ginger roots compared to dried
roots because drying results in dehydration and conversion into [6]-Shogaol. Chemically [6]-Gingerol is a beta-hydroxy ketone
featuring a vanillyl group, as illustrated in Fig. 1. It has a length of approximately 1.8 nm in a fully extended disposition and a neutral
charge, containing two hydrogen bond donor atoms and four hydrogen bond acceptor atoms, which enables intermolecular in-
teractions. The high number of rotatable bonds (ten bonds) provides the molecule with a high conformational flexibility. It is rather
insoluble in water, but it readily dissolves in organic solvents.

[6]-Gingerol is a relevant pharmacological component due to its reported anti-inflammatory, antioxidant, antiemetic, analgesic,
antipyretic, anxiolytic, anti-infection, antihepatotoxic, and antitumoral properties [2,24-31]. Its potential as a cost-effective dietary
agent for treating a wide variety of diseases warrants deep investigations to incorporate this compound in commercial applications
across various sectors such as food, agronomic, and pharmaceutic industries. Nevertheless, its low water solubility results in limited
oral absorption, rapid metabolism, and low bioavailability, which hampers its clinical applications [32,33]. To circumvent these is-
sues, attention has been paid to the encapsulation of [6]-Gingerol through various nano-formulations [23], including vesicles [34],
liposomes [35], and plant-derived exosome-like nanoparticles [36]. Furthermore, studying the affinity of [6]-Gingerol with the
components of membrane systems and elucidating factors that may influence its entrapment efficiency, could aid in the design and
optimization of drug delivery systems.

While the Langmuir technique is a well-known method for modelling cell membranes and their interactions with xenobiotics,
drugs, nanoparticles, etc. [37,38] to the best of our knowledge, no studies on the surface behavior of [6]-Gingerol at the air-water
interface have been reported. These studies at the air-water interface may help to determine the optimal composition in liposomal
formulations incorporating such active components [39]. Given the potential of [6]-Gingerol in health applications and the funda-
mental interest in understanding its miscibility with membrane systems, mimicked through Langmuir and Langmuir-Blodgett meth-
odologies, the aim of this contribution is to analyze the surface behavior of [6]-Gingerol at the air-water interface and the feasibility of
transferring it onto solid supports. This will lay the groundwork for subsequent, more complex studies of this compound and its
interaction with membrane components.

2. Materials and methods
2.1. Materials

10 mg of [6]-Gingerol (GIN, >98 %, Sigma-Aldrich) were dissolved in chloroform to prepare a stock solution of 6.9-10~* M. The
stock solution underwent ultrasonic processing for 5 min to prepare diluted [6]-Gingerol solutions. All solutions were stored in a

freezer to avoid degradation. Before their use, all solutions underwent ultrasonic processing for 3 min to prevent the formation of
three-dimensional aggregates. Chloroform was purchased from Macron Fine Chemicals (>99.8 %, CAS 67-66-3).
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Fig. 2. UV-vis spectra of [6]-Gingerol in CHCls at the indicated concentrations. Inset: absorbance vs. concentration at the maximum wavelength
(282 nm).

2.2. Methods

UV-vis spectra. UV-vis spectra of [6]-Gingerol solutions were acquired on a Varian Cary 50 spectrophotometer using 1 cm quartz
cuvettes. The background spectrum was recorded with a clean quartz cuvette filled with chloroform.

Surface pressure vs. area per molecule isotherms. Surface pressure vs. area per molecule (n-A) isotherms of [6]-Gingerol were
recorded on a pure water subphase (Millipore Milli-Q purification system, resistivity 18.2 MQ cm) using a KSV Nima KN 2003 Teflon
trough (580 x 145 mm?) following traditional methodologies in the area [40-43]. The surface pressure (1) was determined using a
Wilhelmy paper plate pressure sensor. All the experimental setup was placed in a light-tight chamber that was in a semi-clean room
with a constant temperature (21 + 1 °C). The solution of [6]-Gingerol in chloroform was spread onto the water surface by using a 1 mL
Hamilton syringe (Sigma Aldrich). A constant initial area per molecule of 2.15 nm>molecule ! was fixed. The solvent was allowed to
evaporate for 15 min. During the compression of the monolayer, the trough barriers moved at a constant speed of 14.5 cm? min~'. To
ensure reliability, all the n-A isotherms were recorded at least three times to confirm reproducibility.

Brewster Angle Microscopy (BAM). The formation of the [6]-Gingerol monolayer at the air-water interface was visualized using a
mini-Brewster angle microscopy (mini-BAM) from Nanofilm Technologie GmbH. Simultaneously, the surface pressure-area per
molecule (n-A) isotherm was recorded using a Nima Teflon trough (720 x 100 mm?).

Surface potential vs. area per molecule isotherms. Surface pressure-area per molecule (1-A) and surface potential-area per
molecule (AV-A) isotherms were registered simultaneously using a Nima Teflon trough (720 x 100 mm?) and a Kelvin Probe provided
by Nanofilm Technologie GmbH following previous methodologies in the area [44,45].

Langmuir-Blodgett (LB) films. Using the same experimental setup as before, selected films were transferred onto two types of
substrates to form Langmuir-Blodgett (LB) films: mica and Quartz Crystal Microbalance (QCM) substrates. Muscovite mica sheets
(Electron Microscopy Sciences, Cat. #71851-05, sheet size 25 x 75 mm, thickness 0.26-0.31 mm) were cut with a scissor to obtain 1 x
1 cm® mica substrates. Before use, mica substrates were exfoliated with adhesive tape to ensure a clean and homogeneous surface. The
QCM substrate was a AT-cut quartz crystal patterned with circular gold electrodes on both sides. The QCM crystals used in this
contribution had a diameter of 2.5 cm and a resonant frequency of 5 MHz. In all cases, the transference process was performed by a
single withdrawal of the substrate initially immersed in the water subphase at a speed of 1 mm min "}, i.e., the vertical dipping method
(emersion) was used.

Atomic Force Microscopy (AFM). [6]-Gingerol LB films transferred on mica substrates were explored by AFM. The microscope
was a Multimode 5 equipped with a Nanoscope V control unit from Bruker. Topographic images were obtained using RTESPA-150 tips
(nominal frequency of 150 kHz, from Bruker) in air, employing Tapping mode at a scan rate of 1.0-1.2 Hz. All the images were
processed by using Gwyddion Software v.2.65.

Quartz Crystal Microbalance (QCM). [6]-Gingerol LB films were studied using a Stanford Research Systems QCM.
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Fig. 3. Surface pressure and normalized surface potential isotherms of [6]-Gingerol. Inset: surface potential vs. area per molecule isotherm.
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Fig. 4. Surface compression modulus vs. surface pressure for [6]-Gingerol, along with an illustrative model depicting the different phases and phase
transitions observed in the surface pressure and surface potential isotherms.

3. Results and discussion

3.1. Surface behavior of [66]-Gingerol at the air-water interface

Langmuir films of [6]-Gingerol have been prepared at the air-water interface. A comprehensive study was conducted to determine
the optimal conditions for preparing these films. [6]-Gingerol molecules tend to aggregate due to hydrogen bond formation, as evi-
denced by deviations from the Lambert-Beer law at concentrations as low as 5-10~> M (Fig. 2). The slope of the linear regression plot at
low concentrations, where the Lambert-Beer law is followed, provides a molar absorptivity of approximately 3800 mol ™ L em ™! for
the maximum wavelength (282 nm). The maximum wavelength is consistent with previously published data, and the value of the
molar absorptivity shows only minor differences possibly attributable to the different solvents used (chloroform in this paper and
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methanol in the literature) [46].

Aggregation in the spreading solution should be avoided in Langmuir film preparation as it could lead to the formation of three-
dimensional aggregates at the air-water interphase [43]. For this reason, diluted solutions of 1-10~> M of [6]-Gingerol in chloroform
were spread at the air-water interface, so that the initial area per molecule was 2.15 nm? molecule . Under these experimental
conditions, reproducible isotherms of [6]-Gingerol were attained. The surface pressure vs. area per molecule isotherm of [6]-Gingerol
is shown in Fig. 3 (depicted in black).

The take-off in the compression isotherm takes place at an area of ca. 0.8 nm?. Further compression results in a monotonic increase
in surface pressure as the area per molecule decreases, with the monolayer gradually transitioning to more ordered phases, culmi-
nating in a collapse at 33 mN m . To extract further insights from the surface pressure vs. area per molecule isotherm, the surface
compression modulus values, denoted here as K; (inverse of the compressibility, C;), were calculated using the equation [47]:

on
_c1_
K,=C'= A(aA)T (1)

The values of K; obtained during the compression of the monolayer are presented in Fig. 4. The surface compression modulus
provides information about the physical state of monolayers, closely tied to the packing and ordering of molecules at the air-water
interface. Following the classification by Davies and Rideal [48], the different phases and phase transitions can be denoted as fol-
lows: values ranging from 12.5 to 50 mN m ! signify a liquid expanded (LE) phase, values ranging from 100 to 250 mN m ' denote a
liquid condensed (LC) phase and values of K; over 1000-2000 mN m ! are indicative of a solid condensed (S) phase. An analysis of the
(K, - m) plot, indicates that the monolayer transition from the G into the LE phase occurs at a surface pressure of 0.2 mN m ™ and an area
per molecule of 0.75 nm?. Based on the K; values and the surface potential vs. area per molecule isotherm (see Fig. 3 and the later
discussion), we have identified a transition between two distinct liquid expanded states, LE(I)—>LE(II), occurring at approximately 5
mN mL. At ca. 26 mN m~1, a LE (I)=LC transition phase occurs, in line with Davies and Rideal’s criteria, with K; > 50 mN m~L. The
maximum value of K, is 52 mN m !, reached at a surface pressure of 27 mN m ™}, representing the point at which the monolayer attains
its highest stability. Subsequently, the monolayer collapses at a surface pressure of 33 mN m ™}, as evidenced by a drastic decrease in
the surface compression modulus.

The reversibility of the monolayers as well as any eventual loss of material into the subphase were studied by successive hysteresis
cycles in three compression-decompression cycles at a target surface pressure of 30 mN m™! and returning surface pressure of 0 mN
m~ L. A totally negligible hysteresis was observed for all the three cycles, which is indicative of no significant loss of [6]-Gingerol
molecules in the subphase. The high reversibility of the [6]-Gingerol isotherm can be explained by the fluidity of the monolayer,
which allows molecules to easily rearrange after each compression-decompression process.

The surface potential vs. area per molecule (AV-A) isotherm was also recorded to assess changes in the orientation of the molecules
during the compression process and to gather additional insights into the phases and phase transitions of the monolayer. The inset of
Fig. 3 shows the AV values obtained upon the compression process, with a gradual increase in AV values corresponding to the
transition to more condensed phases as the monolayer is compressed [49]. The higher sensitivity of this technique results in phase and
phase transitions that are discernible in the AV-A isotherms at larger areas compared to what is observed in the n-A isotherms. The
surface potential of a monolayer is related to the dipole moment of the molecules within the monolayer according to the Helmholtz
model [50]. The Helmholtz model conceptualizes the monolayer as a parallel plate condenser, comprising a sheet of uniformly
distributed dipoles. In these circumstances, the surface potential can be expressed as:

Hn
=1 1Y 2
A~s,~go+ 0 )

AV
where A represents the area per molecule, ¢, and ¢y denote the relative dielectric constant and the permittivity of vacuum, respectively,
un represents the normal component of the dipole moment per molecule, and ¥ is the double layer contribution in ionized monolayers,
having a zero value in non-ionized monolayers as occurs in the [6]-Gingerol system. Demchak and Fort [51] proposed a three-layer
capacitor model, wherein the monolayer surface potential for non-ionized monolayers is expressed as:

av—_t (’i+’2+”—3> 3)
A'SO &1 &g €3

where yi, /€ corresponds to reorientation of water molecules; s, /€5 and yi5 /3 are attributable to the reorganization of hydrophilic and
hydrophobic group regions, respectively. Fig. 3 (right Y-axis) illustrates the p,/e, value for a [6]-Gingerol monolayer (=) y;/ €). In
Fig. 3, several distinct regions with a nearly linear p/e; vs. A dependence are evident (highlighted by light blue lines), which is in good
agreement with a non-ionizable monolayer. The p,/e; values in the a to b region are attributed here to the hydrophilic anchoring
groups of the molecule as well as reorientation of the water molecules in the vicinity of the [6]-Gingerol molecules. This a to b region
lies in the gas phase in the isotherm, exhibiting a consistently negative slope of pn/e; vs. A until ca. 0.85 nm? molecule ™! (b point in
Fig. 3), where the change in slope anticipates the take-off in the 1-A isotherm. Subsequently, in the 0.85-0.77 nm? molecule " region,
the slope of /€, vs. A is close to zero (region b to ¢ in Fig. 3), which is tentatively attributed here to a G—LE(I) transition, with the alkyl
chain of [6]-Gingerol being progressively oriented towards a more vertical position. Further compression allows the monolayer to fully
enter the LE(I) region within the 0.77-0.64 nm? molecule ! region (c to d in Fig. 3), in which the molecules may adopt a more vertical
orientation. Continued compression promotes lateral interactions between the alkyl chains of [6]-Gingerol, possibly with n-m in-
teractions as well as hydrogen bonds between neighboring molecules [52], and the subsequent reorganization of water molecules



L. Adwan et al. Heliyon 10 (2024) 39350

Fig. 5. BAM images for a [6]-Gingerol monolayer at the indicated surface pressures.

resulting in another region with a negative slope, which we attribute to a LE(II) phase (d to e in Fig. 3). The py/e; value before the
collapse of the monolayer is approximately 0.55 D, which provides a measurement of the polarity of the [6]-Gingerol monolayer at the
air-water interface in its most ordered state prior to the formation of a disordered multilayer. This value reflects the additive
contribution of the dipole moment of [6]-Gingerol and the contribution of the presence of ordered water molecules at the air-water
interface [53]. The cartoon in Fig. 4 provides an illustrative model of the different phases and phase transitions for [6]-Gingerol
based on the surface pressure, surface compression modulus, and surface potential isotherms.

The in situ formation of the monolayer was visualized with a Brewster Angle Microscope (BAM). Fig. 5 shows representative images
recorded at the indicated surface pressures. At the beginning of the compression process, the presence of [6]-Gingerol cannot be
detected in the BAM image, which is indicative of a gas phase [54]. However, as the surface pressure increases, domains become clearly
visible. This formation of domains is interpreted here in terms of the large tendency of this compound to aggregate, mainly due to the
formation of intermolecular hydrogen bonds. These domains soon cover most of the image indicating an increase in the surface density
of the film layer. Importantly, the brightness of the images increases as the surface pressure rises, which is indicative of a gradual tilting
of the molecules within the monolayer and consequent thickening [45].

The surface behavior of [6]-Gingerol, as analyzed above, is tentatively interpreted here in terms of its chemical structure: the
presence of two hydrogen bond donor atoms and four hydrogen bond accepting atoms allow the formation of intermolecular in-
teractions, not only between [6]-Gingerol molecules but also between [6]-Gingerol and the water molecules in the subphase. Addi-
tionally, the high number of bonds capable of rotation translates into high conformational flexibility, which may explain the liquid
expanded behavior despite high surface pressures being reached. Moreover, the presence of a n-phenolic ring could result in a n-x
intermolecular stacking.

3.2. Supported monolayers of [6]-Gingerol

The deposition of the [6]-Gingerol Langmuir films onto solid supports at a surface pressure of 27 mN m ™+ was quantified using a
Quartz Crystal Microbalance (QCM) [55,56]. This surface pressure was chosen as it corresponds to the point at which the Ks value
reaches its maximum. The frequency change of the QCM crystal, Af in Hz, was determined, and the Sauerbrey equation [57] was
applied:

Af=-Ct- (C)]

where ¢ is the change in mass per unit area in g-cm ™2, and Cy is the sensitivity factor for the crystal (56.6 Hz pg ! em? for our 5 MHz
crystal at room temperature). The surface coverage of the transferred films, I', at a surface pressure of 27 mN m~! was 7.5 x 1071% mol
cm ™2, This value is higher than the surface density for the Langmuir film at 27 mN m !, namely, 4.3 x 107'° mol cm 2. This result is
indicative of a reorganization of the [6]-Gingerol molecules upon the transference onto a gold substrate.

To further characterize the LB monolayers, atomic force microscopy (AFM) images of [6]-Gingerol transferred onto freshly cleaved
mica were obtained. The deposition of the film onto the substrates was performed by using the vertical dipping method. Transferences
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at several target surface pressures were carried out, namely 20, 27, and 32 mN m! (Fig. 6). Films transferred at 20 mN m! are quite
homogeneous, though some small holes are present (Fig. 6A). These holes are too narrow to accurately determine the monolayer
height, so we scanned multiple areas in search of defects. In one region (Fig. 6B), we found relatively large uncovered areas surrounded
by a homogeneous film. The film thickness, calculated from a statistical analysis of cross-section profiles at the boundary between these
uncovered regions and the film, is 1.61 + 0.08 nm. This, along with the molecular length of [6]-Gingerol in its fully extended
configuration (1.8 nm, Fig. 1), indicates that the molecules are oriented at an average tilt angle of about 62° relative to the substrate
surface. Very homogeneous films with no apparent holes are obtained at a surface pressure of transference of 27 mN m™! (Fig. 6C). This
surface pressure corresponds to the maximum K; value obtained and the highest monolayer stability, with an RMS roughness of 0.05 =
0.01 nm. Transferences at 32 mN m ™! result in the presence of higher structures, with a height of 0.42 + 0.03 nm (Fig. 6D). This is
tentatively interpreted here as the expulsion of some molecules from the monolayer, with these molecules lying on the second layer in a
relatively flat orientation according to the height of the observed domains. The formation of bilayers, in which the upper layer exhibits
a lying-down configuration of the molecules, has been previously observed in certain model cell membranes [58]. Eventually, this
expulsion of the molecules from the monolayer results in the collapse of the monolayer, which is in good agreement with the surface
pressure vs. area per molecule isotherm and the drastic drop in the Ks values observed at 33 mN m ™.

4. Conclusions

In this contribution, we investigated the surface behavior of [6]-Gingerol at the air-water interface at a temperature of 21 °C. Our
findings reveal reproducible surface pressure vs. area per molecule isotherms with negligible hysteresis. Through a comprehensive
analysis of 1-A and AV-A isotherms, together with the determination of the surface compression modulus, we observed a sequence of
phases in the monolayer: gas phase, followed by liquid expanded (I) and liquid expanded (II) phase, and an incipient transition to a
liquid condensed phase, with the maximum stability achieved at a surface pressure of 27 mN m~*. The monolayer collapses at 33 mN
m~ . Brewster Angle Microscopy images further confirm the surface behavior of [6]-Gingerol at the air-water interface. These images
exhibit increasing brightness as the monolayer is compressed, indicating an increase in thickness and a transition in molecular
orientation from lying down to a more upright position. [6]-Gingerol monolayers were successfully transferred onto solid supports
forming homogeneous films at a target surface pressure of transference of 27 mN m ™}, with a surface density of 7.5 x 1071° mol cm ™2
in QCM substrates.

These results are crucial from a fundamental perspective, as they provide support for future investigations on the interaction of [6]-
Gingerol with model cell membranes. Such studies aim to enhance our understanding of the mechanism of action of this xenobiotic and
explore how [6]-Gingerol could be combined with membrane components to achieve an optimal composition for the preparation of
drug delivery vesicles. In this context, [6]-Gingerol could serve as a co-adjuvant incorporated into the external membrane of the
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vesicle. Ongoing research in our lab is dedicated to further exploring these prospects.
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