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Abstract 

Analysing the interactions of xenobiotics, pharmaceutical agents, nanoparticles, 

or other agents with cell membranes is a challenging process, largely due to the structural 

and functional complexity of cell membranes. To overcome these challenges, 

fundamental research often employs artificially assembled model cell membranes, which 

allow precise control over their composition and properties. In this Final Master’s thesis, 

the Langmuir technique is used to model the plasma membrane of healthy and 

inflammatory bowel disease-affected colonocytes at the air-water interface. These model 

membranes are used to investigate their interactions with [6]-Gingerol, a xenobiotic well-

known for its antioxidant, anti-inflammatory, and antitumoral properties as well as its 

protective role in patients with inflammatory bowel disease (IBD). However, the low 

water solubility of [6]-Gingerol severely restricts its bioavailability, and thus its use as a 

therapeutic agent. This Final Master’s objective is to gather information about the 

molecular interactions between [6]-Gingerol and the components of plasma membranes, 

which could lay the groundwork for future development of delivery systems (e.g. 

liposomes or artificial exosomes) aimed at enhancing the therapeutic potential of            

[6]-Gingerol. In addition, the analysis of the interactions of [6]-Gingerol with healthy and 

disturbed model cell membranes could also contribute to a better understanding of the 

therapeutic effect of this xenobiotic. The influence of [6]-Gingerol in membrane fluidity, 

stability, and thermodynamic properties was assessed through the data retrieved from 

surface pressure-area per molecule isotherms. Results indicate that higher χGIN values 

increase membrane fluidity. From a thermodynamic point of view, both systems exhibit 

repulsive interactions between [6]-Gingerol and membrane components, which are 

generally stronger in the healthy membrane (HM). Incorporation of [6]-Gingerol into both 

model membranes was also studied using adsorption experiments in which surface 

pressure measurements were analysed, and by means of the in situ visualization of the 

monolayers at the air-water interface using Brewster Angle Microscopy (BAM). In 

conclusion, [6]-Gingerol is capable of penetrating both model membranes, exhibiting a 

more favourable incorporation in the HM membrane as opposed to the IBD-affected one. 

All these findings highlight the distinct thermodynamic and structural behaviour of [6]-

Gingerol interactions with healthy versus IBD-affected membrane models, contributing 

to a deeper understanding of the impact of [6]-Gingerol on plasma membrane properties. 

 



 

Resumen 

El análisis de la interacción de xenobióticos, agentes farmacéuticos, 

nanopartículas, y otros compuestos con las membranas celulares plantea numerosos 

desafíos, mayormente debidos a la complejidad estructural y funcional de las membranas 

celulares. Con el fin de superar estas limitaciones, en la investigación elemental de dichas 

membranas se hace uso de modelos de membrana artificiales, que permiten control 

preciso en su composición  y propiedades. En este trabajo de fin de Máster, se utiliza la 

técnica de Langmuir para modelar la membrana plasmática sana y enferma de colonocitos 

en pacientes con enfermedades intestinales inflamatorias (IBD), en la interfase aire-agua. 

Estos modelos de membrana son utilizados para investigar su interacción con [6]-

Gingerol, un xenobiótico conocido por sus propiedades antioxidantes, antiinflamatorias, 

y antitumorales, así como de su función protectora en pacientes con IBD. Sin embrago, 

la baja solubilidad en agua del [6]-Gingerol restringe severamente su biodisponibilidad, 

y por tanto su uso como agente terapéutico. El objetivo de este trabajo de fin de Máster 

es la obtención de información sobre las interacciones moleculares presentes entre [6]-

Gingerol y los componentes de membranas plasmáticas, ofreciendo la posibilidad de 

sentar las bases para el futuro desarrollo de sistemas de distribución (como liposomas o 

exosomas artificiales) con el fin de mejorar el potencial terapéutico del [6]-Gingerol. El 

efecto de [6]-Gingerol en la fluidez de membrana, así como de estabilidad, y propiedades 

termodinámicas fue estudiado a partir de los datos extraídos de las isotermas de presión 

superficial-área por molécula. Los resultados obtenidos indican un aumento en la fluidez 

de las membranas al aumentar χGIN. Desde un punto de vista termodinámico, ambos 

modelos de membrana muestran interacciones repulsivas con [6]-Gingerol, siendo estas 

generalmente más fuertes en el caso de la membrana sana. La incorporación de [6]-

Gingerol en ambos modelos de membrana se llevó a cabo mediante experimentos de 

adsorción, en los que se analizaron las medidas registradas de presión superficial. 

Adicionalmente, este proceso se visualizó in situ mediante microscopía de ángulo de 

Brewster (BAM). En conclusión, el [6]-Gingerol es capaz de incorporarse en ambos 

modelos de membrana, exhibiendo una incorporación más favorecida en la membrana 

sana. Todos estos hallazgos resaltan el distinto comportamiento termodinámico y 

estructural de los modelos de membrana sana y afectada por IBD, bajo la influencia de 

[6]-Gingerol, contribuyendo a una mejor comprensión del impacto de [6]-Gingerol en las 

propiedades de las membranas plasmáticas. 
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1. Objectives 

This Final Master’s Thesis has essentially an academic nature aimed at 

consolidating the multidisciplinary knowledge and skills achieved at a Master’s level. 

Some of the skills to be acquired in this project include the responsible and autonomous 

work in the laboratory, as well as the critical and scientific thinking, problem-solving 

capabilities, bibliographic research, and the communication of results both in written and 

oral expositions. 

In addition, this thesis develops a research project in the laboratory and thus 

presents scientific-related objectives. From a scientific point of view, this project aims at 

the development of model cell membranes (healthy and disturbed) using the Langmuir 

technique and the subsequent study of the molecular interactions of these model cell 

membranes with [6]-Gingerol through the analysis of thermodynamic properties. 

Consequently, this thesis provides knowledge in nanoscale modelling techniques, 

molecular interaction studies using thermodynamic analysis, and the characterization of 

model cell membranes as well as their interactions with  [6]-Gingerol using techniques at 

the air-water interface, such as Brewster Angle Microscopy (BAM). 

2. Introduction 

Plasma membranes are essential structures in biological systems, serving as 

flexible barriers that preserve cellular integrity and mediate molecular transport. They are 

selectively permeable to polar molecules, making them critical for various cellular 

phenomena. The main components of plasma membranes are phospholipids, proteins, 

carbohydrates, and cholesterol. Their structure consists of a lipid bilayer where, due to 

the amphipathic nature of lipids, the hydrophilic heads of lipids face outward, whereas 

the hydrophobic chains remain inside.1 

A study conducted in the United States in 2006 revealed that over 60% of the 

commercialized drugs target multiple plasma membrane components.2 For this reason, 

understanding the different mechanisms of interaction between plasma membranes with 

other molecules of interest, such as proteins or drugs, is crucial for the development of 

novel drugs and therapies. Additional information can be obtained, such as virus effects 

and cytotoxicity in plasma membranes.3 
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Due to the complexity of cell membranes, their extraction and research by direct 

methods presents significant challenges. Thereby, the use of artificial cell membranes that 

mimic the behavior of those in living organisms is prevalent in the literature. Various cell 

membrane models are typically used.4 Among them, Langmuir monolayers, Langmuir-

Blodgett (LB) films and Langmuir-Schaefer (LS) films offer excellent control over the 

packaging of selected molecules within model cell membranes, allowing precise 

definition of the molecular density by varying the area per molecule by means of a 

Langmuir trough.5–8 

In this Final Master’s thesis, the Langmuir technique is used to model intestinal 

epithelium cells (IECs). IECs, along with mucus, are the main components of the 

intestinal mucosal barrier, which separates the body from the luminal contents of the gut, 

allowing nutrient absorption, and waste secretion while offering protection against 

pathogens or toxic agents. The intestinal epithelium is comprised of a monolayer of highly 

specialized cells, including absorptive enterocytes (called colonocytes when referring to 

the colon, corresponding to the most abundant IECs), goblet cells, and Paneth cells, 

among others.9–11 Enterocytes are not only responsible for nutrient absorption but they 

also play a crucial role in monitoring gut homeostasis, and thus fulfilling a critical 

protective function against pathogens.11 Given the importance of these IECs, this 

Master’s thesis focuses on modelling their plasma membrane to shed light on the 

mechanisms of action of a well-known beneficial xenobiotic in intestinal bowel disease 

(IBD): [6]-Gingerol. 

IBDs are chronic inflammatory disorders affecting the gastrointestinal tract and 

increasing the risk of colitis-associated cancer.12 The pathogenesis of IBD is complex, as 

there are multiple factors promoting IBD in an individual (genetic, environmental, and 

immunologic factors). The two main types of IBD are Crohn’s disease (CD) and 

ulcerative colitis (UC). One key difference between these conditions is the affected 

intestinal area: CD affects both the small intestine and the colon, whereas UC affects the 

colon exclusively.13 In a population-based study on Crohn’s disease in Europe, 27% of 

interviewees were found to have exclusive involvement of the small intestine, while 73% 

of Crohn patients had involvement in the colon (either being only colitis or affecting both 

the ileum and the colon).14  It is for this reason that the IECs selected for modelling in this 

Master’s thesis were colonocytes. 
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To date, there are no curative treatments for IBD. Current therapies, including 

aminosalicylates, antibiotics, steroids, and immunomodulators, are used to reduce 

inflammation and to minimize symptoms to bring patients into stable remission.13 

However, most of these therapeutic strategies are inconsistent for IBD patients and may 

cause severe side effects, such as renal toxicity and hepatoxicity.15 For these reasons, 

novel drugs and therapies are needed to effectively treat IBD. 

A key feature reported in IBD is the increase in the intestinal permeability, as well 

as the alteration of lipid metabolism.16–18 The loss of the mucus layer integrity is one of 

the primary factors contributing to the disruption of intestinal permeability.19 Importantly, 

there have been reports of changes in the lipid composition and fluidity of cell 

membranes, including those of erythrocytes and mucosal cells.20,21 

In this Master’s thesis, colonocytes are modelled using six lipids: cholesterol 

(CHOL), dipalmitoylphosphatidylcholine (DPPC), phosphatidylethanolamine (PE), 

phosphatidylserine (PS), phosphatidylinositol (PI), and sphingomyelin (SM). Their 

corresponding chemical structures are shown in Figure 1.  Both a ‘healthy’ colonocyte as 

well as an ‘IBD-affected’ colonocyte are modelled in this project. These model cell 

membranes are subsequently exposed to [6]-Gingerol (GIN), a xenobiotic found in 

ginger. 

Ginger (Zingiber officinale Roscoe) is a plant from the Zingiberaceae family that 

has been used as a dietary spice and for the treatment of various diseases in China and 

India for over 5000 years.22 Ginger has been widely studied due to its reported anti-

inflammatory, antioxidant and antitumoral properties.22–29 Importantly, ginger has also 

been used in the treatment of IBD.30 A major challenge associated with the active 

components of ginger is their rather low solubility in water, which results in low 

bioavailability. One notable study31 reported the findings of in vitro and in vivo 

investigations into the therapeutic effects of ginger-derived nanoparticles (NPs) for the 

treatment of IBD. The extracted conclusions are promising: the synthesized ginger-

derived NPs were found to both promote intestinal mucosal healing and to serve as a 

preventive tool against colitis. The curative properties of these NPs were attributed to the 

anti-inflammatory effects of ginger. Nonetheless, the use of NPs presents a major 

drawback, which lies in their potential toxicity. More specific formulations targeting 

ginger bioactive molecules, such as liposomes or artificial exosomes, could prove more 
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effective in reducing the side effects associated with NPs or other drugs, thanks to their 

enhanced biocompatibility. 

To simplify the study, better understand the mechanisms of action of ginger in 

IBD, and more importantly develop advanced formulations of ginger-related drugs, [6]-

Gingerol has been the focus of investigation in this thesis. The reason behind this choice 

is that, among the 14 identified bioactive compounds in fresh ginger,22 gingerols are the 

major components, with [6]-Gingerol being the most abundant.32 [6]-Gingerol is a beta-

hydroxy ketone that contains a vanillyl group, as illustrated in Figure 1 . It has a length 

of approximately 1.8 nm, it is neutrally charged, and it contains two hydrogen-bond donor 

atoms and four hydrogen-bond acceptor atoms, enabling intermolecular interactions. The 

high number of rotatable bonds (ten bonds) provides the molecule with a high 

conformational flexibility.  

 

Figure 1. Chemical structure of [6]-Gingerol (GIN), cholesterol (CHOL), sphingomyelin 

(SM), phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine 

(PS), phosphatidylinositol (PI). Refer to the Experimental Section (3.1) for the specific 

chain insaturations of PC, PE, PS, and PI used in this project. 

Despite the promising potential of [6]-Gingerol and its well-known bioavailability 

challenges, there is a notably lack of research on the encapsulation of  [6]-Gingerol in 

vesicles and other delivery methodologies, with only a few reports in the field.33–35 To 

address this gap, our research group has focused on investigating the surface properties 
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of [6]-Gingerol and its interactions with selected components of cell membranes, which 

was the core subject of my Final Degree Project (TFG).36,37 In this Final Master’s Thesis 

that work is extended with the primary objective of deepening our understanding of how 

[6]-Gingerol interacts with ‘healthy’ and ‘IBD-affected’ model cell membranes, 

establishing a groundwork for more ambitious future research in the development of 

innovative delivery systems that could significantly enhance the bioavailability of this 

compound, thereby unlocking its therapeutic potential for the treatment of diseases, such 

as IBD. 

3. Experimental section 

3.1 Materials 

10 mg of [6]-Gingerol (GIN, ≥ 98%, Sigma-Aldrich) were dissolved in chloroform 

to prepare a stock solution at a concentration of 6.26·10-4 M. The stock solution was 

sonicated for 5 minutes to prepare diluted [6]-Gingerol solutions at a concentration of 

10- 5 M. Prior to use, [6]-Gingerol solutions underwent ultrasonic processing for 

3 minutes to prevent molecular aggregation. Appropriate amounts of cholesterol (CHOL, 

≥ 99%, Sigma-Aldrich),  1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, ≥ 99%, 

Sigma-Aldrich), 1,2-diheptadecanoyl-sn-glycero-3-phospho-L-serine (sodium salt) (PS, 

>99%, Avanti), 1,2-Diacyl-sn-glycero-3-phosphoethanolamine (PE, USP Reference 

Standard, USP/Sigma-Aldrich), L-α-Phosphatidylinositol sodium salt (PI, ≥ 98% Sigma-

Aldrich), and N-Palmitoyl-D-sphingomyelin (SM, ≥ 99%, Sigma-Aldrich)  were used to 

prepare 10-4 M solutions in chloroform (PS and PI solutions were prepared in 

chloroform:ethanol in a 9:1 ratio). All solutions were stored in a freezer to prevent 

degradation. Chloroform was purchased from Macron Fine Chemicals (≥99.8%, CAS 67-

66-3). Ethanol was purchased from Laboaragón (≥99.5%, CAS-64-17-5). The appropriate 

volumes of the stock solutions were used to prepare the respective binary (GIN-CHOL, 

GIN-DPPC, GIN-PE, GIN-PS, GIN-PI, and GIN-SM) mixtures, as well as the ‘healthy’ 

(HM) and ‘IBD-affected’ (DM) model membranes. 

The troughs were cleaned using acetone (≥99.5%, Sigma-Aldrich CAS 67-64-1), 

chloroform, and Milli Pore Milli-Q water from the INMA purification system (resistivity 

18.2 MΩ·cm). The trough barriers were cleaned using acetone and Milli-Q water. The 

subphase used in all experiments was Milli Pore Milli-Q water. 
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3.2 Methods 

3.2.1 The Langmuir technique 

 The Langmuir technique allows the preparation of well-ordered monolayers of 

amphiphilic compounds at the air-water interface. The experiment is done using a trough 

with a depth of a few millimetres, filled with a solvent (commonly water) designated as 

the subphase. Two mobile barriers are positioned on the sides of the trough, while a 

Wilhelmy balance is positioned in the middle of the trough. The Wilhelmy balance 

measures surface pressure, π (defined by Equation 1), upon the compression process. 

                                                                       𝜋 = 𝛾0 − 𝛾                                                              (1) 

where 𝛾0 is the surface tension of the clean subphase (water in our case), and 𝛾 is the 

surface tension of the subphase covered by the Langmuir film. 

By means of a Hamilton micro-syringe, the molecules of interest are spread onto 

the water surface. The solvent used in the spreading solutions must be volatile, insoluble 

in the subphase, and have a positive dispersion coefficient, S, relative to the liquid in the 

subphase, ensuring spontaneous dispersion over the surface. Once the molecules are 

spread and the volatile solvent evaporated (ca. 15 min after the last drop is spread), the 

compression process begins, driven by the movement of the mobile barriers. The 

compression of the monolayer, with the simultaneous recording of the surface pressure 

and the area per molecule, takes place at constant temperature.  

When plotting surface pressure versus 

area per molecule, a compression isotherm       

(π-A) is obtained. This isotherm is unique and 

characteristic to each molecule and provides 

information about the different phases and phase 

transitions the molecules undergo upon 

compression, as illustrated in Figure 2.  

At the beginning of the compression process, 

the molecules are widely scattered, resulting in 

minimal intermolecular interactions, and the 

recorded surface pressure values are very low 

(the monolayer is in the so called gas phase, G). As the area per molecule decreases, the 

Figure 2. Generic π-A isotherm 

showing the different monolayer 

phases upon compression. 
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monolayer transitions into progressively more ordered phases, leading to a rise in surface 

pressure. These phases may include the liquid expanded (LE) phase, coexistence of liquid 

expanded and liquid condensed (LC) phases (LE-LC), LC, and finally the solid (S) phase. 

Each monolayer eventually reaches a collapse surface pressure, where the molecules 

stack upon one another. It is worth noting that not all phases are observed in every case, 

as this depends on the nature of the monolayer, and the specific experimental conditions 

(mainly the temperature).  

In this Master’s thesis, π-A isotherms were recorded in a Teflon® trough with 

polyoxymethylene barriers, placed within an enclosed compartment in a semi-clean room 

(Appendix A). The initial area per molecule for each registered isotherm was set to 2.15 

nm2·molecule-1, and the temperature for every experiment was 20 ± 1 ºC. To ensure 

proper experimental conditions, a rigorous cleaning protocol was followed: the trough 

and barriers were thoroughly cleaned using acetone and chloroform, allowing the solvents 

to evaporate for 15 minutes. Subsequently, cleanliness of the water surface was verified 

by performing a blank experiment prior to each measurement. Once confirmed, the 

desired molecules were carefully spread onto the water surface using a Hamilton micro-

syringe. After allowing the spreading solvent to evaporate for 15 minutes, the 

compression process slowly began at a compression rate of 10 mm·min-1.  

3.2.2 Mixtures and thermodynamic analysis 

The data obtained from the π-A isotherms were used to calculate multiple 

thermodynamic parameters, providing insights into the miscibility, stability, and fluidity 

of the resulting mixed monolayers. One of the parameters analysed in this work is the 

excess area of mixing, AE, which is defined as follows: 38 

                                                 𝐴𝐸 = 𝐴𝑚𝑖𝑥 − 𝐴𝑖𝑑𝑒𝑎𝑙 = 𝐴𝑚𝑖𝑥 − ∑ 𝜒𝑖𝐴𝑖

𝑖

                                (2) 

where 𝐴𝑚𝑖𝑥 (nm2·molecule-1) represents the experimental area per molecule at the studied 

surface pressure, π (mN·m-1); 𝜒𝑖 is the molar fraction of each studied component, i, and 

𝐴𝑖 denotes the area per molecule (nm2·molecule-1) of the single components at the 

designated surface pressure value. The excess area provides valuable insights into the 

miscibility of the components in a mixture and the nature of intermolecular interactions 

between the components (attractive or repulsive). When AE = 0, the components in the 

mixture are considered ideally miscible or completely immiscible. In contrast,  AE ≠ 0 
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indicates partial miscibility. AE < 0 values suggest the presence of attractive 

intermolecular interactions and/or more efficient molecular packing, due to steric factors. 

Finally, AE > 0 values are indicative of repulsive interactions and/or a less effective 

molecular packing. 

Another relevant thermodynamic property that can be derived from π-A isotherms 

is the Gibbs excess energy of mixing, ΔGm
E

:39–41 

                                               𝛥𝐺𝑚
𝐸 = ∫ 𝐴𝑚𝑖𝑥 𝑑𝜋 −  ∑ 𝜒𝑖 ∫ 𝐴𝑖  

𝜋

0𝑖

𝜋

0

𝑑𝜋                                   (3) 

ΔGm
E

 < 0 values are indicative of strong attractive interactions between the monolayer 

components, suggesting favourable mixing. In contrast, ΔGm
E

 > 0 values indicate 

repulsive interactions, deviating from ideal behaviour. 

To evaluate the stability of the obtained monolayers, the Gibbs energy of mixing, 

ΔGm, was also calculated in this study, as following:41 

                                       𝛥𝐺𝑚 = 𝛥𝐺𝑚
𝐸 + 𝛥𝐺𝑚

𝑖𝑑𝑒𝑎𝑙 = 𝛥𝐺𝑚
𝐸 + 𝑅𝑇 ∑ 𝜒𝑖

𝑖

𝑙𝑛𝜒𝑖                          (4) 

where R is the constant for ideal gases, and T the experiment temperature. ΔGm < 0 values 

are indicative of a stable monolayer, while ΔGm > 0 values are characteristic of unstable 

monolayers. 

Finally, the 2D compression modulus, Ks, (inverse of the compressibility 

coefficient, Cs) was calculated to obtain information about the fluidity of the monolayers 

at the air-water interface. Ks values were calculated as following:42 

                                                          𝐾𝑠 = 𝐶𝑠
−1 = −𝐴 (

𝑑𝜋

𝑑𝐴
)

𝑇
                                                    (5) 

Accordingly to the classification by Davies and Rideal, the G phase is 

characterized by Ks values ranging from 0 to 12.5 mN·m-1; Ks values in the 12.5-50 

mN·m-1 range indicate a LE phase; regions where Ks values are between 50 and 100 

mN·m-1 are indicative of a LE-LC transition phase; Ks values between 100 and 250 

mN·m-1 correspond to the LC phase, and values exceeding 1000 mN·m-1 are associated 

with the S phase.42 
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3.2.3 [6]-Gingerol adsorption experiments 

The subsequent step in this project, was to study the ability of GIN to adsorb into 

the membranes, simulating its absorption from the bloodstream into the intestinal 

epithelium. This step aims to explore from a physicochemical point of view the potential 

therapeutic application of GIN for patients with IBD. The methodology followed was to 

first prepare the model membrane at the air-water interface, allowing it to stabilize until 

a biological surface pressure43 of ~30 mN·m-1 was reached. Subsequently, a GIN solution 

in ethanol was injected in the water subphase while monitoring the surface pressure as a 

function of time. An increase in the surface pressure following injection would indicate 

the adsorption of molecules into the monolayer, while a decrease in the surface pressure 

would suggest that the molecules in the membrane are being drawn into the subphase by 

GIN and/or ethanol molecules. Low contents of GIN were used in these experiments 

(χGIN=0.1-0.3, relative to the model membrane). Given GIN is very insoluble in water, it 

was anticipated that most of GIN would float to the water surface. Since ethanol has a 

smaller density than water, when it is injected in the water subphase it is prone to 

resurface, thus blank controls were carried out injecting ethanol to determine the 

magnitude of its influence in the obtained results. 

These experiments were carried out using two different setups, each with its own 

pros and cons. The first setup consists of a mini-trough (KSV Minimicro, 167 x 50 mm2) 

comprising a small open hole on one side, allowing the injection of solutions into the 

subphase without disturbing the monolayer at the air-water interface. A potential 

drawback of this methodology is that the injected solution may diffuse throughout all the 

subphase and resurface in areas that are not covered by the model membrane. This issue 

is avoided in the second setup, in which a 5 mm diameter glass beaker-like is used to 

prepare the model cell membranes by spreading the molecules till the target surface 

pressure is reached. The main drawback here is that the organization of the lipids in the 

membrane may be not as good as in the Langmuir trough. Importantly, although this 

approach is more invasive (requiring the syringe containing the GIN solution to be 

inserted vertically, potentially disturbing the monolayer) it offers the advantage of 

minimizing diffusion effects of the injected solution. Consequently, the experiments 

conducted using this method served to quantify the diffusion effects observed with the 

first setup, providing a basis for comparison. 



10 
 

 

 

The first step was to determine the time 

needed for the surface pressure of each 

monolayer to stabilize. This was done by 

forming the monolayer of each system at a target 

surface pressure of 35 mN·m-1 (in order to have 

a biological surface pressure of around 30 

mN·m-1 at the time of injection) and measuring 

surface pressure vs time. As shown in Figure 3, 

both systems needed approximately 2 hours for 

each monolayer to stabilize. Then, adsorption 

experiments were performed.  

 

3.2.4 Brewster Angle Microscopy (BAM) 

Brewster Angle Microscopy (BAM) is a powerful characterization tool that 

provides direct visualization of monolayers at the air-water interface. The working 

principle of this technique is the following: when a p-polarized light beam is directed at 

the pure air-water interface at the Brewster angle, α (α=53º for an air-water interface) no 

reflection occurs, i.e., all the light is transmitted through the water subphase. A light trap 

is placed beneath the laser beam in the subphase; if there is no monolayer at the air-water 

interface, no light is detected, and the resulting image appears black. If there is a 

monolayer at the air-water interface, the light (if the incident angle α=53º is maintained) 

is reflected due to the change in the refraction index at the interface. The reflected light 

is then detected by a camera, producing a 2D black and white image. The brightness of 

the image is proportional to the surface density and the tilt angle of the molecules. 

Domains with different tilt angles appear as regions with varying contrast.44,45 

BAM was used to visualize the model membranes at different surface pressure 

values, as well as to study the adsorption of GIN molecules into the modelled membranes. 

In these last experiments, a glass Petri-dish was used. Molecules forming the model 

membrane were spread onto the subphase until the desired target surface pressure was 

achieved. Subsequently, GIN was injected in the subphase. The setup used for the BAM 

experiments is shown in Appendix B.  

Figure 3. Surface pressure vs time 

for the healthy membrane (HM) and 

the diseased membrane (DM) 

monolayers recorded at 21 ºC. 
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4. Results and discussion 

4.1 Single monolayers 

A preliminary study of the monolayers for each lipid in the model membrane, 

along with [6]-Gingerol, was conducted using the Langmuir technique. The 

corresponding π-A isotherms were recorded (Figure 4, left panel). The data was used to 

generate Ks-π plots, which were analysed to identify the different phases of each 

monolayer upon the compression process, as shown in Figure 4, right panel. Table 1 

compiles the main features of the -A isotherms and Ks-π plots of these compounds. 

 

Figure 4. Left panel: π-A isotherms for CHOL, DPPC, PE, SM, PS, PI, and GIN 

monolayers registered at 20±1 ºC. Right panel: Ks-π plots for CHOL, DPPC, PE, SM, 

PS, PI, and GIN monolayers. 

The π-A isotherm for the GIN monolayer shows the lift-off of at ca. 0.86 

nm2·molecule-1 and the collapse at ca. 0.35 nm2·molecule-1, with a surface pressure of 

34.0 mN·m-1. In the Ks-π plot, the monolayer transitions from a G to an LE phase at a 

surface pressure of 0.2 mN·m-1, reaching a LE-LC transition phase at 19.5 mN·m-1. The 

maximum value of Ks (corresponding to highest monolayer stability) observed is 64.3 

mN·m-1, corresponding to a surface pressure of 29.2 mN·m-1. The fluidity of a GIN 

monolayer is tentatively attributed here to its chemical structure: GIN molecules contain 

two hydrogen-bond donor atoms, four hydrogen-bond acceptor atoms, which allow 

intermolecular interactions between other GIN molecules as well as water molecules from 

the subphase. Additionally, the presence of a high number of rotatable bonds (ten) grants 

the molecule with high conformational flexibility.  

The high compression modulus of the CHOL monolayer can be attributed to its planar  
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molecular structure, resulting from the trans conformation in which molecules arrange, 

which allows for intermolecular π-π stacking and hydrogen bonding with other CHOL 

molecules or water molecules via the -OH group. In contrast, the other lipids present more 

fluid monolayers, mainly attributable to their long aliphatic chains, which provide high 

conformational flexibility. As for the PS monolayer, the plateau in its π-A isotherm, 

corresponding to a visible phase transition, has been previously reported in the 

literature;46 it has been related to the experimental conditions, especially to temperature 

and humidity.47 

Table 1. Compilation of the data extracted from π-A isotherms and respective Ks-π plots 

of the prepared single monolayers. 

Monolayer CHOL DPPC PE PS PI SM GIN 

ALIFT-OFF 

(nm2·molecule-1) 
0.61 1.15 1.56 0.87 1.30 1.00 0.86 

πG→LE 

(mN·m-1) 
0.3 0.4 0.4 0.2 0.1 0.2 0.2 

πLE→LC 

(mN·m-1) 
2.5 20.3 7.8 7.9 - 5.2 19.5 

πLC→S 

(mN·m-1) 
6.2 26.4 25.4 28.3 - 33.0 - 

ACOLLAPSE 

(nm2·molecule-1) 
0.39 0.34 0.59 0.27 0.40 0.35 0.35 

πCOLLAPSE 

(mN·m-1) 
45.1 56.0 43.3 60.9 40.0 54.6 34.0 

Maximum Ks 

(mN·m-1) 
242.8 153.6 107.9 166.0 38.0 137.0 64.3 

πmaximum Ks 

(mN·m-1) 
26.7 38.4 29.5 53.1 5.5 38.6 29.2 

  

 In summary, the monolayers can be ordered from most to least ordered according 

to the most condensed phase reached: CHOL>PS>DPPC>SM>PE>PI>GIN. At a surface 

pressure of 30 mN·m-1, which corresponds to the biological surface pressure in eukaryotic 

cells43, the order is the following: CHOL>PS=DPPC>PE>SM>GIN>PI. CHOL presents 

the most ordered monolayers, while PI the least ordered ones, i.e., the most fluid 

monolayers. GIN also results in very fluid monolayers. 
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4.2 Binary monolayers 

The isotherms for binary monolayers of GIN with each lipid were obtained at three 

different molar fractions of GIN (χGIN= 0.3, 0.5 and 0.7) to better understand how GIN 

interacts with each component of the later-on-discussed model membranes.  

The fluidity of the binary monolayers was analysed through Ks-π plots 

(Appendix C). A general trend emerges: the higher the GIN content in a lipid monolayer, 

the greater the fluidity of the binary monolayer. The fluidizing effect of GIN is stronger 

depending on the nature of the opposite pure component: with CHOL, PE, SM and PS 

monolayers, maximum fluidity occurs at χGIN=0.7; for DPPC, a low GIN content 

(χGIN=0.3) is enough to maximize the fluidity up to a surface pressure of ca. 30 mN·m-1. 

For PI, since its monolayer already exhibits similar fluidity to a GIN monolayer, adding 

GIN does not significantly alter its fluidity. 

To obtain information about the miscibility and stability of the binary mixtures, 

Equations 2,3 and 4 (3.2.2 section) were applied to these binary systems. The target 

surface pressure values for this thermodynamic study were 5, 10, 15, 20, 30 and                  

33 mN·m- 1.  

Figure 5 illustrates AE values for the binary mixtures. Most show slightly positive 

AE values, indicating repulsive interactions between GIN and each membrane 

component. In GIN-DPPC, GIN-PE, and GIN-PS mixtures, AE decreases with increasing 

surface pressure. In contrast, for GIN-CHOL, GIN-SM, GIN-PI mixtures, AE increases 

with surface pressure, reflecting stronger the repulsive forces at higher pressures. Some 

exceptions to the above observations include GIN-CHOL (χGIN=0.5) and GIN-SM 

(χGIN=0.5;0.7), which exhibit slightly negative AE values, indicating attractive forces 

between the components. The most miscible mixture is GIN-CHOL (χGIN=0.5) at 

15  mN·m-1, with AE = -0.034 nm2·molecule-1, while the least miscible mixture is 

GIN- PS (χGIN=0.3) at 5 mN·m-1, with AE = 0.085 nm2·molecule-1. At the biologically 

relevant surface pressure of 30 mN·m-1, the most miscible mixtures are GIN-CHOL 

(χGIN=0.5, AE  = -0.026 nm2·molecule-1) and GIN-SM (χGIN=0.7, AE = -0.023 

nm2·molecule-1). 
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Figure 5. Excess area of mixing vs. GIN molar fraction for the a) GIN-CHOL, b) GIN-

DPPC, c) GIN-PE, d) GIN-SM, e) GIN-PS, and f) GIN-PI binary systems.  

To further assess the stability of the binary mixtures, Δ𝐺𝑚
𝐸  was determined, whilst 

the stability of the mixtures was evaluated from the Δ𝐺𝑚 values. Figure 6 shows the 

calculated Δ𝐺𝑚
𝐸  values for all mixtures. Following a similar trend as before, most of 

mixtures exhibit Δ𝐺𝑚
𝐸  positive values, indicating poor miscibility. For GIN-DPPC, GIN-

PE, GIN-PS and GIN-PI mixtures, Δ𝐺𝑚
𝐸  increases with surface pressure, indicating more 

repulsive interactions. In the case of GIN-CHOL and GIN-SM mixtures, Δ𝐺𝑚
𝐸  decreases 

with surface pressure, revealing stronger attractive interactions as surface pressure 

increases. The most thermodynamically favourable mixtures are the ones with the lowest 

Δ𝐺𝑚
𝐸  values, which correspond to GIN-CHOL (χGIN=0.5 at 30 mN·m-1 with Δ𝐺𝑚

𝐸 =                

-644  J·mol-1), and GIN-SM (χGIN=0.7 at 30 mN·m-1, with Δ𝐺𝑚
𝐸 = -535 J·mol-1, and at 33 

mN·m-1, with Δ𝐺𝑚
𝐸 = -535 J·mol-1). The least stable mixtures, i.e., the mixtures with the 

highest Δ𝐺𝑚
𝐸  values are GIN-PS (χGIN=0.3 at 33 mN·m-1, with Δ𝐺𝑚

𝐸 = -1400 J·mol-1) and 

GIN-PS (χGIN=0.7 at 33 mN·m-1, with Δ𝐺𝑚
𝐸 = -1191 J·mol-1). At a surface pressure of 30 

mN·m-1, the most stable mixtures are GIN-CHOL (χGIN=0.5 at 30 mN·m-1, Δ𝐺𝑚
𝐸 = -644 

J·mol-1), and GIN-SM (χGIN=0.7 at 30 mN·m-1, Δ𝐺𝑚
𝐸 = -535 J·mol-1). In contrast, the 

GIN- PS system exhibits Δ𝐺𝑚
𝐸  values exceeding 1200 J·mol-1, previously linked to phase 

separation between components in model cell membranes.48 This finding is also 

consistent with the presence of two maxima in both AE and Δ𝐺𝑚
𝐸  plots, which is also 

associated to phase segregation phenomena.49 
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Figure 6. Excess Gibbs energy of mixing vs. GIN molar fraction for the a) GIN-CHOL, 

b) GIN-DPPC, c) GIN-PE, d) GIN-SM, e) GIN-PS, and f) GIN-PI binary systems. 

Figure 7 presents the Δ𝐺𝑚values for the here studied binary mixtures. All mixtures 

exhibit negative Δ𝐺𝑚 values, indicating thermodynamic stability. For most of mixtures,  

Δ𝐺𝑚 increases with surface pressure, except for GIN-CHOL, and GIN-SM, where it 

decreases. The most stable systems, with the lowest Δ𝐺𝑚 values, are GIN-CHOL 

(χGIN=0.5 at 30 mN·m-1 with Δ𝐺𝑚= -2344 J·mol-1 and at 33 mN·m-1 with Δ𝐺𝑚= -2338 

J·mol-1), and GIN-SM (χGIN=0.5 , Δ𝐺𝑚= -2145 J·mol-1 at 33 mN·m-1). The least stable 

binary mixtures are GIN-PS (χGIN=0.3 at 33 mN·m-1, Δ𝐺𝑚= -98 J·mol-1) and GIN-PS at 

(χGIN=0.7, Δ𝐺𝑚= -307 J·mol-1 at 33 mN·m-1). The most stable mixtures at the biologically 

relevant surface pressure of 30 mN·m-1 are GIN-CHOL (χGIN=0.5, Δ𝐺𝑚= -2344 J·mol-1) 

and GIN-SM (χGIN=0.5, Δ𝐺𝑚= -2103 J·mol-1). 
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Figure 7. Gibbs energy of mixing vs. GIN molar fraction for the a) GIN-CHOL,                   

b) GIN-DPPC, c) GIN-PE, d) GIN-SM, e) GIN-PS, and f) GIN-PI binary systems. 

In conclusion, taking together all these results, the most favourable binary mixture 

from a thermodynamic point of view at a biological surface pressure (30 mN·m-1) is           

GIN-CHOL at χGIN=0.5 (AE = -0.026 nm2·molecule-1, Δ𝐺𝑚
𝐸 = -643.5 J·mol-1, Δ𝐺𝑚=               

-2343.6 J·mol-1). 

4.3 Model membranes 

4.3.1 Composition of model membranes 

The composition of the modelled healthy membrane (HM) here used was 

determined based on the lipidome analysis of a commercial human colon cell line.50 

Alkenyl phosphatidylethanolamine was included in the total phosphatidylethanolamine 

percentage, as both belong to the same lipid family. The cholesterol to phospholipid ratio 

was set at 1:1, consistent with the typical ratio found in mammalian cells, 1:1.51,52 

The composition of the outer layer of the HM, was determined considering the 

asymmetric distribution of phospholipids in intestinal cell membranes.53 Whilst the 

distribution of cholesterol within the bilayer remains a topic of debate, current evidence 

suggests an asymmetric distribution rather than an even one.54  In this work, cholesterol 

distribution was estimated taking into account the conclusions of extensive coarse-

grained molecular dynamics simulation studies55, which revealed that the distribution of 

cholesterol in the membrane depends on the lipid composition of both leaflets. 

Specifically, cholesterol prefers surrounding itself by anionic lipids over neutral ones, and  

prefers saturated acyl chains over unsaturated chains (being this effect weaker than the 
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previous statement). The HM bilayer contains two anionic lipids, PS and PI, both of 

which, like DPPC, contain saturated chains. These anionic lipids are mainly located in 

the inner leaflet, leading to an estimated cholesterol distribution in the inner leaflet in a 

60-40 % ratio. Taking together all these factors, the composition of the outer layer of HM 

was established, as shown in Figure 8. 

As for the ‘IBD-affected’ model membrane (diseased membrane, DM), a literature 

review was performed to examine the lipid changes associated with IBD, including 

Crohn’s disease and ulcerative colitis. Overall, results were highly controversial due to 

the variability in sample types and experimental procedures. Ultimately, lipid level 

alterations reflected in this thesis’ DM  were based on an experimental colitis study21, 

which was chosen because it was the only study that confirmed that the analysis was 

limited to intestinal epithelial cells, unlike other studies that included additional mucosal 

cells. This study evaluated the variations in the ratios of DPPC, CHOL, SM and PE, 

finding that DPPC remains constant, while the ratios of the other lipids decrease in 

patients with colitis. These findings were used to define our DM model, where  the 

magnitude of each variation was multiplied by a factor of 100 to facilitate a more robust 

comparison of the effects of GIN between the HM and DM models. PS is a lipid 

predominantly found in the inner leaflet in a healthy membrane. However, PS translocates 

to the outer leaflet, where it serves as an apoptotic signal for macrophages to “eat”.56 In 

IBD, apoptosis has been reported to occur in the intestinal epithelium.57 For applicability 

purposes, a non-apoptotic scenario was assumed, meaning that PS levels remain constant 

in both leaflets. As for PI, no information about its alteration in colonic cells was found, 

therefore its levels were also considered to remain unaffected in the DM model. Based on 

these lipid variations, the CHOL to phospholipid ratio was maintained at 1:1. Figure 8 

shows the DM composition used in this project. 
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Figure 8. Composition of the outer leaflet of the healthy and IBD-affected membrane 

models used in this project.  

4.3.2 Monolayers of model membranes 

First, the Langmuir monolayers for both HM and DM models were prepared, and 

their π-A isotherms were recorded (Figure 9). From these isotherms, the Ks-π plots were 

obtained to confirm that the fluidity of the DM aligns well with the literature. 

As seen in both Ks-π plots, the DM presents a more fluid nature than the HM 

model at high surface pressure values, which is in good accordance with the literature 

regarding the permeability of the plasma membrane of cells in IBD patients. 19,20,21 Table 2 

gathers the most relevant features from the π-A isotherms and Ks-π plots for both HM 

and DM models.  

 

Figure 9. Left panel: π-A isotherms for the healthy membrane and IBD-affected  

membrane monolayers registered at 20±1 ºC. Right panel: Ks-π plots the healthy 

membrane and IBD-affected  membrane monolayers. 
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Table 2. Compilation of the data extracted from the π-A isotherms and respective 

Ks-π plots of the model membranes. 

Model 

membrane 

ALIFT-OFF 

(nm2·molecule-1) 

πG→LE 

(mN·m- 1) 

πLE→LC 

(mN·m- 1) 

πLC→S 

(mN·m- 1) 

πCOLLAPSE 

(mN·m-1) 

Max Ks 

(mN·m- 1) 

π max Ks 

(mN·m- 1) 

HM 0.77 0.22 4.1 18.2 0.38 48.1 165.0 

DM 0.89 0.4 5.3 22.0 0.43 47.5 147.5 

 

To obtain further information about the nature of both membrane models, stability 

experiments were conducted at the air-water interface (Appendix D). During these 

experiments, the surface pressure was kept constant (with the assistance of automated 

barrier adjustments), while variations in the area per molecule were recorded over time.  

In this Master’s thesis, a target surface pressure of 30 mN·m-1 was chosen, as it is 

representative of biological membranes. As shown in Appendix D, the HM undergoes 

less than a 10% decrease in its area per molecule in the first 2 hours of the experiment. 

After that, the monolayer stabilizes, with minimal changes in the area per molecule over 

the remaining 13 hours of the experiment. In contrast, the DM exhibits a lower stability, 

with a ~20% loss in the area per molecule during the first 1.6 hours of the experiment, 

after which it stabilizes for the rest of the experiment. These results indicate that the HM 

model is more stable at the biologically relevant surface pressure.   

4.3.3 [6]-Gingerol-Model membrane systems 

After analysing the monolayers of both membrane models, their interaction with 

GIN was studied. GIN was mixed with each model membrane at varying molar fractions 

(χGIN= 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9), with their respective π-A 

isotherms and Ks-π plots, as shown in Figure 10. For both models, increasing GIN molar 

fraction enhanced monolayer fluidity. The healthy membrane reached maximum fluidity 

at χGIN=0.9. matching that of a single GIN monolayer, whilst the disturbed membrane 

achieved a similar fluidity at χGIN=0.8. 
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Figure 10. Left panel: π-A isotherms for GIN-HM, and GIN-DM systems recorded at 

21 ºC. Right panel: Ks-π plots for GIN-HM, and GIN-DM systems. 

A thermodynamic study of the both GIN-HM, and GIN-DM systems at the air-

water interface was performed. Figure 11 shows the excess area of mixing values for both 

systems. AE values are generally positive for all mixtures at each target surface pressure, 

indicating repulsive interactions between GIN and the membrane components. However, 

GIN interacts more repulsively with the HM than the DM. In both systems, AE values 

decrease with increasing surface pressure, suggesting reduced repulsive interactions at 

higher surface pressures. The highest AE values, indicating partially miscible mixtures, 

are observed for GIN-HM (χGIN=0.5 at 5 mN·m-1, AE = 0.090 nm2·molecule-1), and      

GIN-DM (χGIN=0.3 at 5 mN·m-1, AE = 0.07 nm2·molecule-1). The lowest AE values are 

obtained for GIN-HM (χGIN=0.8 at 33 mN·m-1 , AE = -0.007 nm2·molecule-1), and         

GIN-DM (χGIN=0.5 at 30 mN·m-1, AE = -0.009 nm2·molecule-1).  
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Figure 11. Excess area of mixing vs. GIN molar fraction for GIN-HM (left), and GIN-

DM (right) systems.  

Figure 12 shows excess Gibbs energy of mixing. Δ𝐺𝑚
𝐸  values are generally 

positive for all mixtures in both membrane models, indicating repulsive interactions 

between GIN and the membrane components, these interactions being stronger in the 

GIN-HM system than in GIN-DM. These results are consistent with the AE values 

discussed previously. A remarkable observation in the Δ𝐺𝑚
𝐸  values is trend of increasing 

Δ𝐺𝑚
𝐸  with surface pressure suggesting that mixtures at higher surface pressures are less 

thermodynamically favourable. This trend contrasts with the decreasing AE values 

observed at higher surface pressures, which indicates less repulsive interactions. This 

apparent contradiction can be explained by steric accommodation effects of GIN within 

the membrane components as surface pressure increases, which reduce the value of the 

excess area, while the energy effects, which are the only ones reflected in Δ𝐺𝑚
𝐸  , continue 

to show increased repulsion between the components with rising surface pressure. The 

highest Δ𝐺𝑚
𝐸  values observed correspond to GIN-HM (χGIN= 0.1 at 33 mN·m-1,                 

Δ𝐺𝑚
𝐸 = 1498 J·mol-1), GIN-HM (χGIN=0.5 at 33 mN·m-1, Δ𝐺𝑚

𝐸 = 1374 J·mol-1), and GIN-

DM (χGIN=0.3 at 33, Δ𝐺𝑚
𝐸 = 1063 J·mol-1), corresponding to the mixtures with the 

strongest repulsive interactions between each component. The most favourable mixtures 

correspond to GIN-HM (χGIN=0.3 at 5 mN·m-1 , Δ𝐺𝑚
𝐸 = 60 J·mol-1), and GIN-DM 

(χGIN=0.5 at 30 mN·m-1, Δ𝐺𝑚
𝐸 = 30 J·mol-1), mixture that breaks the trend mentioned 

formerly. 
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Figure 12. Excess Gibbs energy of mixing vs. GIN molar fraction for GIN-HM (left), 

and GIN-DM (right) systems.  

Δ𝐺𝑚 values are shown in Figure 13. For both systems, Δ𝐺𝑚 values are generally 

negative, indicating relatively stable monolayers, and Δ𝐺𝑚 values increase with the 

surface pressure. GIN-DM mixtures seem to be generally more stable than GIN-HM 

mixtures, since more negative Δ𝐺𝑚 values are observed in the former system. There are 

some mixtures that present positive Δ𝐺𝑚 values, indicating unstable monolayers:        

GIN-HM (χGIN=0.1 at 33 mN·m-1, Δ𝐺𝑚= 701 J·mol-1), and GIN-DM (χGIN=0.05 at             

33 mN·m-1, Δ𝐺𝑚= 167 J·mol-1). The most stable mixtures, i.e., the ones with the lowest 

Δ𝐺𝑚 values are GIN-HM (χGIN=0.4 at 5 mN·m-1, Δ𝐺𝑚= -1526 J·mol-1), and GIN-DM 

(χGIN=0.5 at 30 mN·m-1, Δ𝐺𝑚= -1670 J·mol-1). 

 
Figure 13. Gibbs energy of mixing vs. GIN molar fraction for GIN-HM (left), and GIN-

DM (right) systems.  

For comparison purposes, the thermodynamic results at the biological surface 

pressures for the mixtures of GIN with both model membranes are gathered in Figure 14. 

As shown in Figure 14a, the GIN-HM system presents generally higher AE values than 

the GIN-DM system, meaning that GIN interacts more repulsively with the components 

in the HM than with those in the DM. Two maxima are observed at χGIN=0.1 and 0.5. 
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Moreover, two minima are observed at χGIN=0.3 and 0.8, corresponding to less repulsion 

between GIN and HM. As indicated before the presence of several maxima (or minima) 

in the excess properties figures is a strong indication of phase segregation and poor 

miscibility. As for the GIN-DM system, the highest repulsion effects occur at χGIN=0.2 

and 0.6. Three minima are observed at χGIN= 0.1, where there are some repulsive 

interactions; χGIN=0.5, where AE is slightly negative, indicative of the presence of 

attractive interactions between GIN and DM; and χGIN=0.7, in which AE is close to zero, 

meaning there exists an ideal miscibility. As for Δ𝐺𝑚
𝐸  values (Figure 14b), the positive 

values obtained further confirm repulsive interactions. The GIN-HM system shows three 

maxima, indicating mixtures with the highest degree of repulsion, at χGIN=0.1, 0.5 and 

0.7, which are in good agreement with the AE results. The two minima at χGIN=0.3 and 

0.8 highlight the mixtures with weaker repulsive interactions. Regarding the GIN-DM 

system, the largest repulsion occurs at χGIN=0.3 and 0.6, whereas mixtures at χGIN=0.5 and 

0.7 show a close-to-ideal miscibility or immiscibility. Finally, Figure 14c gives insight 

into the stability of the monolayers at a surface pressure of 30 mN·m-1. Negative Δ𝐺𝑚 

values are observed for most of the mixtures, except for GIN-HM at χGIN=0.1. At low 

GIN content (χGIN<0.4), GIN-HM monolayers are more stable than GIN-DM ones. For 

mixtures at χGIN=0.4-0.7, GIN-HM mixtures are relatively less stable than GIN-HM ones. 

At high GIN content (χGIN>0.7), both systems show an almost identical stability. The most 

stable composition in the GIN-HM system is located at χGIN=0.3, whereas the least stable 

corresponds to χGIN=0.1. As for the GIN-DM system, the most stable mixture is observed 

at χGIN=0.5, and the least stable mixture at χGIN=0.05, with a slightly positive Δ𝐺𝑚 value. 

 

Figure 14. Compilation of thermodynamic parameters for GIN-HM and GIN-DM 

systems at a surface pressure of 30 mN·m-1: a) Excess area of mixing vs. GIN molar 

fraction, b) excess Gibbs energy of mixing vs GIN molar fraction, c) Gibbs energy of 

mixing vs GIN molar fraction. 
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 In order to identify the most thermodynamically favourable mixtures at the 

biologically relevant surface pressure of 30 mN·m-1, the most significant minima for each 

thermodynamic parameter were compiled in Table 3 for both systems. 

Table 3. Compilation of the most miscible and stable mixtures for the GIN-model 

membranes at 30 mN·m-1. 

System χGIN AE (nm2·molecule-1) Δ𝑮𝒎
𝑬  (J·mol-1) 𝚫𝑮𝒎 (J·mol-1) 

GIN-HM 
0.3 0.014 317.8 -1180.4 

0.8 -0.004 190.8 -1036.5 

GIN-DM 
0.5 -0.009 29.8 -1670.3 

0.7 -0.004 135.2 -1363.0 

 

4.3.4 [6]-Gingerol adsorption experiments 

Experiments injecting 20 μL of a GIN solution in ethanol in a concentration of  

10-4 M and the corresponding blank (20 μL of ethanol) into the subphase were conducted 

in both of the setups mentioned in the experimental section (3.2.3). The GIN solution 

underwent ultrasonication for 2 minutes to avoid the presence of aggregates before 

injection. Each experiment was replicated multiple times to verify the reproducibility of 

the results and had an average duration of 20 hours. The obtained results are shown in 

Figure 15. 

 

Figure 15. Surface pressure variation expressed as the surface pressure recorded after 

GIN or EtOH injection, P, divided by the surface pressure before injection, P0, for the 

HM system (left) and the DM system (right) for the indicated setups. 

As seen in Figure 15, the first noticeable feature in all the registered plots is that 

at the time of injection, t = 0 h, the surface pressure increases in a different extent 
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depending on the solution injected and the model membrane used. This increase in surface 

pressure is much less significant in the blanks (ethanol injection) than in the experiments 

where a GIN solution in ethanol is injected. This suggests that GIN molecules are capable 

of resurfacing and penetrating into both model membranes. 

In all cases, a decrease in the surface pressure value after injection occurs, which 

is more significant in GIN experiments rather than for the blanks. This can be explained 

due to the nature of GIN: as mentioned previously, GIN tends to fluidize monolayers, 

leading to a decrease in the stability of the model membranes. 

Another observation is that when comparing experiments done in the different 

setups, there is a significative difference in the stabilized surface pressure after injection 

for both GIN and EtOH experiments. This suggests that there is a certain degree of 

diffusion of the molecules injected in the subphase in the experiments done in the trough.  

When comparing experiments done in the same setup, one relevant observation is 

that the increase in surface pressure is slightly greater when injecting GIN in the HM 

compared to the DM. This might seem contradictory when considering the fluidity of 

both systems, as the HM is more condensed and, therefore, could be considered as more 

resistant to the penetration of additional molecules. However, this effect can be attributed 

to the different levels of repulsive interactions between GIN and each monolayer. As 

shown previously, at χGIN=0.3, the repulsive interactions between GIN and DM are 

stronger than those between in GIN and HM. 

Additionally, a difference in the drop in the surface pressure immediately after the 

injection of GIN is observed between the two model membranes. The magnitude of this 

drop is smaller for the HM membrane than for the DM membrane. This can be explained 

by the fluidity of each model membrane. As discussed previously, at a surface pressure 

of 30 mN·m-1, the HM is more compact than the DM (with Ks values of 165.0 mN·m-1 

vs 105.5 mN·m-1), meaning that when GIN is introduced into the monolayer, the fluidity 

of the HM remains lower than that of the DM. Another possible contributing factor is the 

repulsive interactions between GIN and the model membranes. As shown in the previous 

thermodynamic analysis of GIN-model membrane systems, at χGIN=0.3 and a surface 

pressure of 30 mN·m-1, the excess area and excess Gibbs energy of mixing indicate a 

stronger repulsion between GIN and the DM than in the GIN-HM system. This suggests 

a lower penetration of the GIN molecules in the case of the DM, which could contribute 
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to the observed drop in the surface pressure following the injection of GIN, in addition to 

the fluidization effect. 

In order to verify the penetration of GIN in the membranes, an additional 

experiment injecting a lower content of GIN (χGIN=0.1) into the DM was conducted and 

compared to previous experiments. As shown in Figure 16, a smaller increase in the 

surface pressure when injecting a lower content in GIN is observed. Additionally, the 

stabilized surface pressure is similar for injections of GIN at χGIN=0.1 and 0.3, which 

might appear contradictory at first glance, but aligns well with the hypothesis suggesting 

the repulsion of GIN molecules from the DM. This is because, at χGIN=0.1, as indicated 

in the thermodynamic analysis, the repulsive interactions between GIN and DM are 

weaker than at χGIN=0.3. The Gibbs energy of mixing further supports this observation, 

showing that the monolayer formed after injection at χGIN=0.1 is less stable than at 

χGIN=0.3. 

 

In conclusion, these experiments provide strong evidence that GIN successfully 

penetrates both the DM and HM model membranes. In addition, these findings highlight 

the presence of a diffusion effect inherent to the trough experimental setup. 

4.3.5 Brewster angle microscopy (BAM) 

To further confirm the penetration of GIN in the model cell membranes, Brewster 

Angle Microscope (BAM) experiments were performed to visualize the monolayer 

formation of the HM and the DM in situ. As depicted in Figure 17, images A1 and B1 

show the initial state of the monolayer, in which the membrane is in a G phase. With 

increasing surface pressure, the monolayer becomes more compact, resulting in 

progressively brighter images. In image B4, corresponding to the DM monolayer, some 

domains (brightest areas) and holes (darkest areas) are visible, indicating a less ordered 
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state compared to the HM at the same surface pressure, which appears homogeneous. 

This observation is in good agreement with the Ks values obtained for both monolayers 

at the indicated surface pressure: at 25 mN·m-1, the HM is in a LC state whereas the DM 

is still in a LE-LC transition state.  

 

Figure 17. BAM images for HM (A1-A5), and DM (B1-B5) monolayers at the 

indicated surface pressure values. 

Additionally, BAM was used to prove the introduction of GIN molecules from the 

subphase into the monolayers. Blank experiments using ethanol were carried out for 

comparison. Figure 18 shows BAM images of the adsorption experiments for the HM 

with the injection of GIN (χGIN=0.3; B series), and the corresponding blank experiment 

(A series). In the first row of images, a slight increase in the brightness of the image 

occurs immediately after the injection of EtOH. Then, the brightness decreases slightly 

after one hour, consistent with the results in Figure 15, which demonstrated that EtOH 

injection destabilises the monolayer, resulting in a more fluid monolayer. In contrast, the 

second row of images, corresponding to the injection of GIN beneath the HM monolayer, 

exhibits noticeable increase in the brightness of the images over time. Starting from image 

B3, the appearance of distinct bright domains, absent in the blank experiment, indicates 

the successful penetration of GIN into the monolayer. 

   

Figure 18. BAM images for the HM monolayer with EtOH injection (A1-A5), and the 

HM monolayer with GIN injection (B1-B5) at the indicated time after injection. 
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Figure 19 presents the BAM experiment results for the DM membrane. In the first 

row of images, corresponding to the blank experiment with EtOH injection, a similar 

result as the blank experiment for the HM is obtained. However, the second row of 

images, corresponding to the injection of GIN (χGIN=0.3) beneath the DM membrane, an 

increase in the brightness of the images is observed after injection. In B2, at t=0’, there is 

a clear presence of domains attributed to the incorporation of GIN into the HM membrane. 

Additionally, darker areas in the monolayer suggest disruptions, which are tentatively 

attributed here to the physical disturbance caused by introducing the syringe into the water 

subphase or even to phase segregation induced by GIN. In B3, more domains are observed 

suggesting phase segregation between the GIN domains and the DM monolayer. This 

segregation is more evident than in the HM experiments and can be attributed to stronger 

repulsive interactions between GIN and the DM membrane compared to HM. In the latter 

case, the weaker repulsive forces allow for better miscibility of GIN with the monolayer 

molecules, previously demonstrated in Figure 11. 60 minutes after the injection, the 

monolayer exhibits a more heterogeneous appearance, with the presence of some domains 

and uncovered areas. This observation is consistent with the Ks values obtained in the 

above analysis for DM membranes in the presence of GIN, supporting the notion of a less 

compact and less stable DM monolayer in the presence of GIN.  

 

Figure 19. BAM images for the DM monolayer with EtOH injection (A1-A5), and the 

DM monolayer with GIN injection (B1-B5) at the indicated time after injection.  

An additional control experiment to fully confirm GIN penetration in the HM and 

DM membranes and rule out EtOH effects was performed. Specifically, BAM images 

were captured following the injection of both substances in the subphase, in the absence 

of a model membrane monolayer at the air-water interface. Results are shown in Figure 

20. As shown in A1-A5 images, corresponding to the injection of EtOH, there was no 

significant change in the brightness of the images, nor were any structures visible. At the 
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time of injection, the surface pressure increased to 0.8 mN·m-1. In contrast, the injection 

of an equivalent volume of a GIN solution, resulted in the appearance of visible structures 

in the recorded images, as seen in B1-B5 images. Additionally, immediately after 

injection, the recorded surface pressure was of 1.5 mN·m-1, higher than the recorded value 

for EtOH. These results show unequivocable proof of the behaviour of GIN behaviour, 

demonstrating its tendency to migrate and concentrate at the air-water interface.  

 

Figure 20. BAM images of a clean water surface (A1, B1), and when injecting the same 

volume of EtOH (A1-A5) and GIN (B1-B5) in the subphase as a function of time. 

In conclusion, these experiments demonstrate the ability of GIN to incorporate 

into the model membranes.  

5. Summary and conclusions 

This Master’s Thesis  investigates the interactions of [6]-Gingerol (GIN), with 

model cell membranes prepared using the Langmuir technique. Model membranes 

mimicking both healthy colonocyte plasma membranes and those affected by 

inflammatory bowel disease (IBD) were prepared. As a preliminary study, single 

monolayers of each model membrane component, as well as GIN, were obtained, 

analysing the information extracted from the π-A isotherms and respective Ks-plots. 

Then, binary mixtures based on GIN mixed with each of the model membrane 

components were prepared at the air-water interface at different molar fractions of GIN, 

which were rigorously studied by means of thermodynamic analysis. This approach 

provided insights into the miscibility and stability of the mixtures, revealing that GIN 

induces fluidization in all single-component monolayers. This effect was most 

pronounced in CHOL, DPPC, and SM monolayers. Additionally, GIN exhibited a 

specific affinity for CHOL and SM, as evidenced by favourable 

thermodynamic properties.  
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Building on this understanding, complex model membranes representing the 

plasma membranes of both healthy and IBD-affected colonocytes. The incorporation of 

GIN at various molar fractions was evaluated. The results demonstrated that GIN fluidizes 

the membrane monolayers in a concentration-dependent manner. Thermodynamic 

analysis at a biologically relevant surface pressure of 30 mN·m-1 highlighted key 

differences in membrane behaviour. Mixtures with higher GIN content were more 

miscible and stable in the DM, whereas lower GIN content presented generally more 

thermodynamically favoured mixtures in the HM (except at χGIN=0.1). 

For a better understanding of the biological relevance of GIN penetration through 

cell membranes, the capability of GIN to adsorb into the model membranes, simulating 

the biological adsorption from the bloodstream into the intestinal epithelium, was studied 

and visualized in situ by means of BAM. It has been concluded that GIN does in fact 

penetrate both the HM and DM, and that at χGIN=0.3, the incorporation of GIN into the 

membrane seems more favourable in the HM, which is in good agreement with the 

conclusions extracted from the thermodynamic analysis, as less repulsive interactions 

were observed between the HM than in the DM at that χGIN value. However, by 

consideration of only BAM images, it remains challenging to quantify the extent of GIN 

incorporation in each membrane or determine whether this incorporation results in phase 

segregation and/or integration of GIN within the components of the membrane. Thus, for 

future perspectives, additional characterization is needed for this purpose. This thesis is 

hoped to serve as a preliminary study of GIN-containing-liposome formulation for the 

development of more biocompatible drugs for IBD, as well as other diseases. 
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Appendix A 

 

Photograph of the Langmuir trough (KSV Nima KN 2003, 580x145 mm2) used for the 

preparation of model cell membrane and recording of the π-A isotherms in this project. 

Parts of the used KSV trough: a) Teflon® trough; b) mobile polyoxymethylene barriers; 

c) Wilhelmy balance; d) Wilhelmy plate; e) Dipping well; f) Dipping arm. 
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Appendix B 

 

Setup used for the BAM experiments. A mini-Brewster angle microscopy (mini-BAM) 

from Nanofilm Technologie GmbH was used. The setup includes the following parts: a) 

Wilhelmy balance; b) mini-Brewster angle microscope; c) Wilhelmy plate: d) light trap; 

e) glass Petri dish. 
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Appendix C 

 

Left panel: π-A isotherms for binary monolayers of GIN-CHOL, GIN-DPPC, GIN-PE, 

GIN-PS, GIN-PI, and GIN-SM recorded at 21 ºC. Right panel: Ks-π plots for GIN-

CHOL, GIN-DPPC, GIN-PE, GIN-PS, GIN-PI, and GIN-SM binary systems. 
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Appendix D 

 

Left panel: π-A isotherm of the healthy and the IBD-affected membrane registered in the 

stability experiments at a target surface pressure of 30 mN·m-1. Right panel: Area per 

molecule reduction expressed as the area per molecule at a certain time, A, divided by the 

initial area per molecule achieved at the target surface pressure, A0, during the stability 

studies of the healthy and the disturbed membrane. 

 

 

 


