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Chapter 1 

Pharmaceutical in Aquatic Environments: a Brief Overview of the Motivation and 

Background of this Study 

 

Pharmaceutical and personal care products (PPCPs)compounds have been detected in 

several aquatic environments such as lakes and rivers1. These micropollutants are introduced in 

water systems through human and animal excretion as well as through industrial processing2. 

PPCPs pollutants are of concern because some have been found to bypass conventional water 

treatment plants and are ultimately carried in drinking water3. Moreover, in some instances the 

rate of release of PPCPs in the environment exceeds the rate of their transformation to less 

hazardous compounds4. Limited information is available about the fate and transport of these 

organic molecules with respect to their interaction with living organisms1,2,5. Specifically, the 

interaction between pharmaceutical contaminants and lipid membranes are of particular interest 

because the biological membrane is a feature that several living organisms have in common.  

Several studies have been done on the environmental relevance of pharmaceutical 

pollutants. A study by Kostich et al. provides quantitative measurements of concentration of 

pharmaceutical contaminants such as carbamazepine and valsartan in water systems6. The study 

reports these concentrations as results of the average concentrations collected from 50 effluents 

from several United States fresh water sources. Several compounds were detected at different 

concentrations; for example, the hormone progesterone was detected at a 188 ng/L concentration 

and the drug carbamazepine, a psychiatric drug used to treat convulsion, was found at a 

concentration of 4.4 ng/L6,7.  
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As a study presented by Kümmerer informs, pharmaceutical pollutants enter the 

environment through different sources2. Manufacturers are in part responsible for the 

introduction of these contaminants in waters. However, drug byproducts can enter water 

ecosystems also through animal and human excretion pathways. Active pharmaceuticals and 

their transformation products can be further processed by biological matter such as bacteria, 

fungi and algae. Furthermore, pharmaceutical byproducts can be affected by abiotic factors (ex. 

light, oxidation and hydrolysis) and by effluent treatment processes. Concerns about 

pharmaceutical compounds in water sources are not only of environmental nature but, they also 

extend to human health. According to a study by Stackelberg et al., pharmaceutical contaminants 

have been detected in drinking water, indicating that they bypass the conventional purification 

systems employed in water treatment plants8. Limited information is available about the fate and 

transport of these organic molecules with respect to their interaction with living organisms1,2,5,9.  

Numerous concerns exist about the toxicity effects of these compounds and their 

metabolites once they enter the environment. A research conducted by Iesce et al. investigates 

the toxicity of loratadine and desloratadine represented in figure 1.1 (a) and (b) and their 

degradation products10. These drugs are antihistamines and they have been both detected in 

aquatic environments. Desloratadine was detected in Europe at a maximum concentration of 81 

mg/L while loratadine was detected at a maximum concentration of 58.5 ng/L in some effluents 

of the North America, Europe and Asia-Pacific regions11. In the study, loratadine and 

desloratadine aqueous solutions  were irradiated with UV-B lamps as well as with sunlight10. 

Toxicity data was collected from loratadine and its degradation products after their interaction 

with selected aquatic species. The photodegradation products of loratadine and desloratadine 

were detected using several analytical techniques: HPLC, C and H-NMR, TLC and GC-MS. The 
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toxicity of the parent compounds and their isolated photodegradation products were then tested 

on selected algae, plankton and crustacean species. Acute toxicity and chronic toxicity effects of 

the photodegradation products were found to differ from the effects of the parent compounds for 

both drugs. For example, the acute toxicity LC value on plankton species C.dubia is 0.60 mg/L 

for loratadine while the value for its degradation product isoloratadine is 1.19 mg/L. The effects 

of parent compounds and their degradation products on the growth rate of the different aquatic 

species is evaluated based on the chronic toxicity results. For example, for C.dubia loratadine 

concentration at 2.29 µg/L causes the same inhibition in growth rate of isoloratadine at 5.37 

µg/L. As the authors point out, although the experimental concentrations are different than the 

concentration in aquatic environments, the toxicology and light degradation studies could be 

useful to better understand how antihistaminic drugs affect and potentially harm aquatic 

organisms10. 

 

 

 

Figure 1.1 Structure of (a) loratadine and (b) desloratadine 

Although aquatic environments are at higher susceptibility to be affected by 

pharmaceutical contaminants, concerns extend also to human health4,12. A study conducted in 

China indicated that some classes of pharmaceutical contaminants have been, indeed, detected in 

waters at potentially harmful levels13. This study reports the age dependent risk quotient (RQ) for 

different pharmaceutical compounds. A level of RQ ≥ 1 is an indication of potential harm for 

human health. When age-dependent factor was included in the calculation for RQ, the 
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pharmaceutical dimetridazole was found to have high RQ level (between 0.40 and 2.65). 

According to the study exposure of dimetridazole found in drinking water at a maximum 

concentration of 14.7ng/L could therefore be harmful to infants.  

Some studies denote that some pharmaceutical compounds are surface active as they have 

affinity for different surfaces. As a study by Yingna Xing et al. points out, some naturally 

occurring soil colloids such as clay show sorption affinity with some pharmaceuticals and 

personal care products (PPCPs) and can influence their transport14. Similar to colloids, powdered 

activated carbon (PAC) have also been shown to have sorption affinity for micropollutants in 

wastewaters due to its surface properties such as pore size and bulk density. The study also 

indicates that PAC combination with FeCl3 increases micropollutant adsorption indicating that  

this compound could be suitable for environmental remediation15. 

1.1 Project purpose and Layout   

The purpose of this study has been to explore the effect of different pharmaceutical 

compounds on model lipid membranes to understand how these contaminants influence the lipid 

structure. The environmental studies and the toxicology studies reviewed require better 

fundamental understanding on how pharmaceutical compounds interact with biological 

membranes in aquatic environments.  Our goal has been to demonstrate the applicability of the 

Langmuir trough technique to detect and monitor lipid membrane integrity in the presence of 

pharmaceutical compounds. In addition, this study also aims to attain fundamental 

understanding, such as interaction dependent phase changes and lipid-PPCPs interaction 

favorability.  
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Since these interactions occur at the lipid aqueous interface, conventional techniques that 

are commonly used in environmental studies such as GC-MS are not suitable to explore the 

physical properties of lipid membranes16. For this reason, the technique chosen was the 

Langmuir-Blodgett trough (LBT). This technique allows to measure the surface pressure versus 

mean molecular area of lipid membranes. The result is an isotherm that displays phase changes 

in the two-dimensional lipid membrane. This technique is highly sensitive and requires the 

development of a specific protocol for pharmaceutical studies.  

The study presented in this thesis covers: the motivation and background (Chapter 1), the 

method developed for the LBT technique, the history of the technique and the method details 

(Chapter 2), the investigation of several aqueous concentrations of neutral pharmaceutical 

compounds, β-estradiol (E2) and carbamazepine (CBZ) by LBT and by fluorescence 

spectroscopy (Chapter 3) the investigation of several aqueous concentrations of charged 

pharmaceutical compounds, amlodipine (AMP) and triclosan (TCS) (Chapter 4) and finally, the 

conclusion and future direction of the research that involves the study of pharmaceuticals 

interaction with different lipids that have charged head groups: anionic and cationic (Chapter 5). 

The selected lipids for this part are palmitic acid (16:0 PA) for anionic lipid studies and 1,2-

dipalmitoyl-sn-glycero-3-ethylphosphocholine (16:0 EPC) for cationic lipid studies.   

Following the established protocol, the effects of amlodipine, carbamazepine, β-estradiol 

and triclosan were studied by introducing these compounds on a model lipid membrane formed 

by dipalmitoylphosphatidylcholine (DPPC). DPPC is a constituent of pulmonary surfactant that 

is used in the study of natural biomembranes17,18 DPPC is also a zwitterionic phospholipid, 

property that is conferred by a positive charge on its ammonium group and a negative charge on 

its phosphate group. Amlodipine is a calcium channel blocker pharmaceutical compound used in 
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the treatment of high blood pressure and cardiovascular diseases19, while carbamazepine (CBZ), 

is a pharmaceutical compound that is used in the treatment of convulsion and psychosis20. Both 

of these compounds have been detected in aquatic environments1,2. 

 

1.2 Properties of Langmuir Monolayer Films    

 Having a better understanding of the effects that drugs have on biomembranes may help 

elucidating the extent of their environmental impact in water ecosystems. Although purely 

fundamental environmentally motivated LBT studies have not been found, PPCPs/biomembrane 

interaction can be better understood from applied studies from medical and pharmaceutical 

research5,18,21-23. An effective way to carry out these fundamental studies is through analysis of 

two-dimensional isotherms obtained from model biomembranes also known as Langmuir films.  

In our study the LBT is used to analyze the properties of lipid monolayers at the air water 

interface. We apply this technique to monitor the effects of several different families of 

compounds on model biomembranes at the air/water interface.24 The Langmuir trough technique 

allows adding a known amount of lipid to a surface and slowly decreasing the available area. 

Surface pressure versus molecular area isotherms obtained with this technique can help to 

understand physical properties, structural changes and molecular characteristics of lipid 

monolayers25,24. Not only these isotherms give information about structural integrity of Langmuir 

films, but they also help identifying the species-specific properties of monolayer phases. For 

example, as figure 1.2 shows, pure DPPC on neat water sub-phase displays four isotherm phases: 

gas, liquid expanded or L1, liquid expanded-liquid condensed and liquid condensed or L2. The 

plateau corresponds to the collapse of the monolayer that occurs when it changes conformation 
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from two-dimensional to three-dimensional or solid. Further theoretical background is discussed 

in Chapter 2.     

 

Figure1.2 Pressure vs. area isotherm of DPPC with the different phases and coexistence regions 

observed 

The properties of film isotherms strongly depend on the nature of the lipids used to 

fabricate the monolayers. Each lipid will give a unique isotherm with specific phase domains and 

pressure-area values26.     

The model biological membranes investigated in this research are composed of surface-

active amphiphilic lipids. The structure for this class of lipids is characterized by a hydrophobic 

group and a hydrophilic group25. Model bio-membranes can be created using several amphiphilic 

compounds such as DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine). As Myer reports, 

amphiphiles are compounds that show affinity for two immiscible phases such as water and air. 

The polar head group of DPPC has affinity for the aqueous substrate whereas the non-polar tail 
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does not; for this reason, the DPPC molecules assume a specific orientation at the water air 

interface, with the polar head oriented toward the aqueous phase and the lipid chain directed 

away from it.  

Although in this study the Langmuir trough technique is used to fabricate model lipid 

membranes, a broader range of applications exist. In addition of being used to study lipid 

monolayers, this instrument can be used also in material science. One example is the 

employment of the Langmuir Blodgett trough method in nanoparticle research. Nanoparticles 

assemblies are employed in innovative electronic components and semiconductors27. In a study 

by Aleksandrovic et al. the formulation of densely packed nanoparticles was conducted by 

Langmuir Blodgett trough. These nanoparticles were composed of cobalt and platinum bound to 

hydrophobic organic ligands: adamantane carboxylic acid and hexadecylamine while the 

subphase chosen for this experiment was diethylene glycol. The LBT technique allowed the 

arrangement of nanoparticles in a high order fashion at the air-liquid interface before depositing 

them onto silicon wafer surface. This research indicates that organic species that have dual 

affinity properties are able to arrange at the interface of two immiscible phases such as air-

diethylene glycol interface.  

Another application of the LBT technique is the deposition of solid films using the 

Langmuir−Schäffer method.  In a study on semiconductors by Kim Franklin et al. a nanorods 

colloidal suspension was formed at the air-water interface and then transferred onto TEM grids 

using the Langmuir−Schäffer horizontal liftoff procedure28. This technique allows film 

deposition on a solid surface that is placed horizontally with respect to the base of the trough 

rather than vertically like in the Langmuir - Blodgett method29. Although the method for the 
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formation of solid films deposition was not employed for our study, this reviewed research could 

be used for future reference to explore other LBT applications.  

  

1.3 Factor Affecting Surface Pressure-Area Isotherms 

1.3.1 Nature of the Tail  

Molecules containing saturated fatty acid chain favor the formation of solid or L2 (liquid 

condensed) type films25. Gaseous films are likely to form if the chain is shorter than eight 

hydrocarbons due their increased water solubility. The typology of the monolayer is also 

influenced by the configuration of the double bond in carboxylic acid chains. Straight chains are 

characterized by trans double bonds. This will favor tight packing and therefore condensed or L2 

films. On the other hand, cis hydrocarbon structures form bent chains that reduce the packing 

ability of the material forming more expanded films. A similar phase behavior is achieved with 

films formed by molecules which tails contain multiple hydrophilic group such as hydroxy fatty 

acids for example. When the tail group contains two hydrophilic species the isotherm will 

display phases that reflect the interaction of both groups with the substrate. These interactions 

cause these types of tails to lay flat on the liquid surface. Energy will be required to detach one 

of the hydrophiles (usually the weaker one) from the substrate upon compression. For this 

reason, molecules characterized by tails contain multiple hydrophilic group generally display 

higher surface pressure and more liquid expanded character than simple chain molecules such as 

stearic acid for example.  

1.3.2 Head Group  
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The nature of the head group can also influence the structure of the film. Bulky head 

groups tend to occupy more surface area as well as to keep the tails far apart from each other. 

The distance from the tails given by these head groups prevents tight packing therefore, the films 

formed tend to be expanded rather than solid25.  A similar behavior is observed for charged head 

groups. Because charged species tend to repel each other they spread further apart on the 

substrate limiting tight packing as a consequence. Solvation is also a major factor in packing 

density. Small head groups are more subjected to solvation than large groups and they tend to 

form more expanded films. Group solvation is explained in an article by Yizhak30. This study 

presents coordination numbers data for different ion groups retrieved using several techniques. 

Coordination numbers represent the average number of neighboring water molecules in 

proximity to a given species. For example, the coordination number of OH- in a 4.6 M NaOH 

water solution is reported to be 3.7 ± 0.3 while the coordination number for SCN- in a 10 mol% 

NaSCN water solution is 1.8 ± 230,31. The OH- group will be more likely to form hydrogen 

bonding with water compared to SCN- and therefore more likely to be surrounded by a solvation 

shell30. Therefore, lipids containing OH- in the head group will be expected to form more 

expanded films than lipids with head groups containing SCN-. Finally, bulky head group disfavor 

close packing of lipid tail group limiting therefore the formation of solid films. 

 

1.3.3 Temperature  

As the temperature drops, the monolayer tends to be more condensed or solid rather than 

expanded.25,32 The transition temperature depends on the structure of the determinate surfactant. 

The expanded to condensed transition temperature decreases with increasing in length of the 
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carbon chain25. Bulky and ionized head groups have lower expanded to condense temperature 

compared to non-ionized materials.  

 

1.3.4 Substrate Type   

The pH level plays an important role in the behavior of acidic and basic head groups in 

lipids. As pH rises, the ionization of the head group increases and more expanded films are 

formed25. Amines head groups will undergo the opposite effect. At low pH amine head groups 

will favor ionization and therefore expansion of the film. When a polyvalent ion (example: Ca+2), 

is present in the substrate, carboxylic acids will form low soluble metal soaps. Polyvalent ions 

also form bonds with multiple molecular monomers of the film causing tighter packing. This 

causes the film to be more condensed and the transition to a solid or condensed film occurs at 

higher temperatures.  Analogous effects are observed for ionized film making head groups in the 

presence of neutral electrolyte ionic compounds (example: NaCl) in the substrate. Neutral 

electrolytes can reduce electrostatic repulsion between the charged head groups, therefore 

increasing packing tightness and increasing the chances to form condensed or solid films25.    

            

1.4 Interactions of Pharmaceutical Compounds with Model Membranes  

Evidence of pharmaceutical-lipid membrane interaction has been detected in previous 

studies. In this section we highlight some of the studies that employ the LBT technique.  

As mentioned earlier in the chapter the LBT finds uses in pharmaceutical research. On a 

study on the effect of  thymol (figure 1.3) on DPPC conducted by Ferreira et al. with the 
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Langmuir through technique22.  As the authors point out, thymol is an organic compound that 

was found to have antimicrobial properties that are related to membrane disruption in bacteria. 

The experimental data was obtained from different solutions of thymol that were deposited 

bellow monolayers formed with DPPC at the air-water interface. Surface pressure vs. molecular 

area isotherms were collected and then compared22. The isotherm of DPPC in pure water was 

represented against the isotherms of DPPC in different concentrations of thymol. The isotherms 

denote a shift to higher molecular areas of DPPC upon interaction with thymol. For 1% thymol 

solution the area shifted from 45 Å2/ molecule to 47 Å2/ molecule and for the 3% thymol solution 

the area shifted from 45 Å2/ molecule to 52 Å2/ molecule.  Moreover, liquid expanded/ liquid 

condensed phases are shifted to higher surface pressures. This shift becomes more accentuated as 

the concentration of thymol increases. The surface elasticity versus surface pressure plots display 

a decrease in elasticity as thymol concentration increases. This denotes a decrease in the rigidity 

of the monolayer that is proportional to the increase in the concentration of thymol. The change 

of the behavior of DPPC in neat water compared to DPPC mixed with thymol is related to the 

structure of the pharmaceutical compound; as a hydrophobic molecule, thymol has affinity for 

the hydrophobic tails of DPPC.  

Thymol has been found to partition in the tails of DPPC, expanding the monolayer and, at 

the same time, increasing the disorder of the close packed phospholipid molecules. Hence, 

thymol has been found to change the chemical and physical structure of the film.  The review of 

this research has been found useful for our study for various reasons. The authors give 

information on the surface pressure and mean molecular area of the DPPC isotherm as well as on 

the aspect of its phase domains. This research also points out that the LBT technique could be 

used to detect DPPC-pharmaceuticals interactions at the air-water interface.   
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Figure 1.3 Structure of thymol       

 The effects of several antimicrobial pharmaceutical compounds on single lipid 

monolayers made of DPPC, DPPG and cardioplin were examined in a study by Nowotarska et 

al.23 The experiments were carried out by Langmuir through technique. The isotherms obtained 

were used to derive isothermal compressibility versus surface pressure plots in the same manner 

as our study. The pharmaceutical compounds display a similar trend for each lipid. Isothermal 

compressibility versus surface pressure graph denotes an increase in elasticity. The magnitude of 

the elasticity value depends on the nature of the pharmaceutical tested. These results indicate an 

increase of the fluidity for each of the three lipid monolayers upon drug introduction. This 

research was useful for our study because it suggests that monolayers properties change 

depending on the nature of the lipid species and their interaction with other lipids.   

 A more in depth understanding of interfacial structure of monolayer films can be 

obtained using the Langmuir through technique in combination with vibrational sum frequency 

generation spectroscopy (VSFG) as a study by Ma and Allen points out18. The study is based on 

lung surfactant replacement research. For this study, a few different mixed monolayers were 

explored. Films formed with DPPC, POG (1, 2-dipalmitoyl-sn-glycero-3-phosphoglycerol), PA 

(Palmitic Acid) and tripalmitin were analyzed in mixed monolayers. The isotherm and the VSFG 

spectra for DPPC neat in pure water were obtained.  The tree VSFG spectra correspond to each 

HO
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phase displayed in the related isotherm. Intensity increases as the lipid phase shift from liquid 

expanded to liquid compressed. In addition, the spectrum assigned to the LE phase displays two 

extra peaks when compared to LC and to the collapse phase spectra: CD2-SS and CD2-AS. 

According to the authors, this is an indication of conformation difference between the LE phase 

and the LC phase. CD2-SS and CD2-AS peaks are characteristic of flexible gauche conformation 

of the hydrocarbon chain10. On the other hand, the presence of CD2-SS and CD2-AS peaks 

indicate that the hydrocarbons have trans configuration.18 Therefore, the authors deduced that 

during the LE phase the DPPC monolayer behaves like a two-dimensional liquid while it 

assumes a two-dimensional crystalline character in the LC phase.  

After analogous analysis on mixed amphiphile monolayers, film model images were 

generated. These figures gave an approximation of how the conformation, position and packing 

density of mixed monolayers differ when compared to pure DPPC. The pure DPPC monolayer 

was represented having all monomer molecules with no tilt with respect to the air water interface 

in the solid phase.  The digital simulations showed that for the DPPC-PA mixture each PA 

molecule interposes between each DPPC molecule with the PA head group being located and the 

top of the DPPC head group where the apolar tails attach. The PA tails are positioned along with 

the DPPC aliphatic chains and they are arranged parallel to each other. Moreover, in the mixed 

DPPC-PA monolayer, the chains are tilted along the same direction for both species. This 

structural simulation represents the condensing effect on the DPPC monolayer in the presence of 

PA. The structure simulation represents each POGP monomer with the head group interposed 

between each DPPC molecule in alternation. Both the tails of DPPC and POPG are represented 

perpendicular with respect to the air water interface. The authors conclude that the DPPC-POPG 

monolayer has a more disordered structure than DPPC neat.  Therefore, POPG in mixed DPPC-
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POPG films increases fluidity. On the other hand, PA confers condensing properties to the film 

in mixed DPPC-POPG-PA monolayers. DPPC-tripalmitin mixed monolayer was analyzed by 

dynamic compression and compared to the pure DPPC monolayer. This technique allows to 

detect whether the film is stable under fast pressure changes. For this technique, the film is 

compressed at a fast rate. After compression was completed the instrument barriers were halted 

and the film was allowed to relax while the surface pressure was monitored and broad band 

vibrational sum frequency generation spectroscopy (BBSFG) spectra were collected.  The results 

indicated that the DPPC-tripalmitin mixed monolayer is more stable than the monolayer formed 

by pure DPPC. This conclusion was derived by the fact that the pure DPPC film displayed 

gradual surface pressure drop during the relaxation phase while the mixed monolayer displayed a 

surface pressure increase. Supporting film stabilization evidence was collected from BBSFG 

spectra that show interaction between DPPC and tripalmitin hydrophobic chains. Chains 

interaction was therefore deduced to be the reason behind increased stabilization of the mixed 

DPPC-tripalmitin film. This study provided us with insights about the structural conformation of 

mixed lipid monolayers at the interaction sites. Although the integration of VSFGS was not 

employed in our study, the combination of this technique with the LBT in this study helped us 

gaining a better understanding of what may be the possible structure and conformation of lipid-

lipid interaction and its consequent effects on the monolayer.                    

 The LBT technique can be used to monitor the effects that ions in the subphase have on 

monolayers. Amphiphile- inorganic compound interactions have been analyzed by Langmuir 

trough in a study conducted by Adams et al.21.  The purpose of this study is to gather a better 

understanding of the effect that transition metals have on the surface properties of marine 

aerosols. Organic containing marine aerosols are formed by lipid micelles and inorganic 
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compounds that are embedded in the lipid structure. These inorganic compounds have been 

found to change the lipid packing density. This research explores the influence of strontium 

chloride and zinc chloride on DPPC monolayers. Isotherms of surface elasticity vs. surface 

pressure were obtained for both SrCl2 and ZnCl2 solutions at different aqueous concentrations. 

These plots were then compared to that of DPPC in pure water.  

Although the isotherm for SrCl2 does not show a significant variation for molecular area, 

the surface elasticity versus surface pressure graph indicates that elasticity is decreased for all 

concentrations but the 2.0 M SrCl2. The shift to greater surface pressure value indicates that the 

stability of the monolayer increases for 2.0 M SrCl2 concentration. Furthermore, elasticity for 

DPPC in 2.0 M SrCl2 sub-phase has the same value of elasticity for DPPC in pure water sub-

phase. Therefore, the lipid film rigidity is not affected by SrCl2 at 2.0 M concentration. Isotherms 

of DPPC on ZnCl2 solutions show reduction in molecular area when compared to the isotherm of 

DPPC on pure water. Plots of surface elasticity versus surface pressure display no change in 

elasticity of the monolayer on pure water. ZnCl2 solutions increase the surface pressure maxima 

except for the 2.0M ZnCl2 solution. At this concentration no maximum is observed. The authors 

indicate that all ZnCl2 solutions increase stability of the DPPC monolayer especially at 2.0 M 

concentration.  

The study integrates Langmuir film studies with Brewster angle microscopy, sum 

frequency generation spectroscopy (SFG) and with infrared reflection- absorption spectroscopy 

(IRRAS) studies. As reported by the authors, Brewster angle microscopy was utilized to produce 

images of the monolayer during compression. This technique gives information about the phase 

shift and phase coexistence based on the status of the lipid aggregation. The BAM technique also 
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provides information about the thickness of the monolayer based on a mathematical derivation 

using the polarized reflectance detected when the film is stricken with a laser polarized light 

source. The images indicate that as the concentration of Sr+2 increases the liquid condensed 

phase domain is less dominant in the LC-LE phase. The LC domain completely disappears at the 

2.0 M SrCl2 concentration. This decrease of the LC domain was attributed to the interaction of 

lipids with halogen cations. The images show that the LC phase area appears circular rather than 

multi lobes shaped. This behavior was attributed to an increase of van der Waals interactions 

between alkyl chains.  

BAM measurements show no change in the thickness of the film during compression for 

all the SrCl2 concentrations. On the other hand, ZnCl2 exhibits different results. For all the ZnCl2 

concentrations lipid clusters are formed immediately after DPPC spreading indicating that G and 

LC phases are coexistent. This is due to covalent bond interaction of Zn+2 with the phosphate 

moiety in the head group of DPPC. The Zn+2 ion also increase the relative thickness upon 

compression of the film as the surface pressure increases with film compression. The film 

thickness trend becomes more pronounced as the concentration of Zn+2 increases. The thickness 

of the film in the presence of Zn+2 is larger than that of DPPC in pure water. The authors 

hypothesize that the carbonyl group of DPPC may become more dehydrated as the Zn+2 cation 

removes solvating H2O molecules around it21.  

The study also explores the binding affinity of Zn+2 with different groups in the DPPC 

molecule. For this reason, IRRAS spectra were obtained for the alkyl chain, the carbonyl group 

and the phosphatidylcholine head group. While no significant changes in wave numbers where 

observed in the alkyl chain for the Sr+2 solutions, Zn+2 was shown to lower the wave number of 

the CH2 vs and vas bands. This is an indication of a shift in higher conformational order of the 
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alkyl chains. Further evidence on the alkyl chains provided by SFG measurements detected no 

change in the chains angle of orientation in the LC phase for both the Sr+2 and the Zn+2 ions. 

These data confirm that neither Sr+2 nor Zn+2 ions change the chains orientation. The thickening 

of the film observed for ZnCl2 might therefore be explained with dehydration of the carbonyl 

group or of the phosphatidylcholine moieties in DPPC that results from direct binding with Zn+2.  

IRRAS spectra of the carbonyl group display no significant shift in wave number for Sr+2.  

However, the band shifts to higher wavenumber for Zn+2 independently of the cation 

concentration. This suggests that the carbonyl group loses hydration upon interaction with Zn+2.  

Finally, IRRAS spectra of the phosphatidylcholine head group show shift to higher 

wavenumber in the vas (PO2
-) for both the Sr+2 and the Zn+2 ions during cation specific film phase 

transition from initial state (LE-LC for Sr+2 and G-LC for Zn+2) to the final LC phase. This trend 

suggests that the phosphate group solvation has been in part removed as the DPPC molecules are 

packed closer together in the LC phase.  Nevertheless, when compared to DPPC in pure water, 

the vas (PO2
-) band during LE-LC and G-LC result shifted to a lower wavenumber indicating a 

hydrating effect on the PC head group for both Sr+2 and Zn+2 cations during their initial phases. 

When compared to water, the lack of shift in wavenumber for Sr+2 in the LC phase indicates that 

this ion does not interact with the DPPC phosphate moiety. However, the vas (PO2
-) band in LC 

phase is shifted to a lower wavenumber for Zn+2 compared when compared with Sr+2.  For Zn+2 

the lack of shift in the vas (PO2
-) wavenumber between the G-LC and the LC phase is attributed 

to the formation of PC-Zn complexes rather than to hydration of the head group. The IRRAS 

spectra of the PC group in the presence of Zn+2 established that Zn+2 forms possible bridging 

complexes with the oxygen in the phosphate group and the oxygen in the carbonyl group of the 

DPPC lipid.   
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The authors conclude that Zn+2 has more affinity and therefore will interact more strongly 

with the phosphate group rather than the choline group21.  As Yizhak explains, the choline group 

is chaotropic or water structure breaking and the phosphate is kosmotropic or water structure 

making30. The chaotropic property is conferred to choline due to its low charge density that 

causes low affinity with water molecules and consequently weak hydration. Phosphate, on the 

other hand has strong charge density resulting in high affinity for water therefore high likelihood 

to become hydrated. Since kosmotrope-kosmotrope interaction is stronger than kosmotropes – 

water interaction both the Sr+2 and Zn+2 cations are therefore more likely to interact with the 

phosphate group rather than water. Zn+2 cation is however more kosmotropic than Sr+2.  

The study concludes that Sr+2 has limited affinity with DPPC while Zn+2 interacts strongly 

with it stabilizing the lipid and conferring conformational order to it21. Moreover, IRRAS studies 

demonstrated that Zn+2 might change the hydration or the orientation of the PC head group. This 

evidence might explain why Zn+2 is widely prevalent in marine aerosol. This study gave us 

deeper knowledge of the effects of charged species on DPPC monolayers and it could offer 

contribution to the interpretation of the interaction of organic cations with DPPC.     

1.4 Conclusion and State of the Research   

 The literature explored demonstrates that the Langmuir trough technique is a powerful 

research tool that allows the detection of lipid membrane-pharmaceuticals interaction.5,18,22,23 

The studies presented in this research show that bio-membranes can be affected by several 

different families of compounds from pharmaceutical molecules to inorganic species.5,18,21-23 

This paves the path to the possible use of the Langmuir trough technique to explore the 

properties of model cell membranes for the purpose of this study. Surface pressure vs. molecular 
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area isotherms with the corresponding elasticity vs. surface pressure plots can help understand 

what happens to the structural integrity of bio membranes in aquatic environments upon 

interaction with pharmaceutical pollutants.   
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Chapter 2 

Historical Perspectives, Theoretical Background, and Method Development 

2.1 Langmuir-Blodgett Trough: Brief History 

 

“Remember to pour the oil I have given you on to the sea; the winds will drop at once, 

the sea will become calm and serene, and will bring you home the way you wish.” 

Benjamin Franklin Nov 7, 1773 

Cellular membranes are one of the most important biological features shared amongst 

many life forms on Earth1. Membranes separate the cell from the external environment and also 

they define the space dedicated to specific cellular functions within the cytoplasm.  

The knowledge about membranes has early roots that can be traced back to ancient 

Rome. In the first century B.C. naturalist Pliny the Elder in his work Natural History reported his 

observations on the behavior of sea water after some oil was poured on to it.  Pliny reported that 

“…sea water is made smooth by oil, and so divers sprinkle oil on their face because it calms the 

rough element...”2.  

Much later in time, Pliny observation inspired the work of Benjamin Franklin. Franklin 

performed some experiments to investigate the effect of oil on the water surface. Franklin’s 

experiments consisted in pouring some oil on the surface of small ponds until the oil covered the 

entire surface of the water. Franklin’s observed that oil had a soothing effect on waves and 

ripples at the surface of the water3. Franklin’s observation went unnoticed for over a century 

until Lord Rayleigh took interests in the oil water experiments1. Lord Rayleigh was professor of 
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natural Philosophy at the Royal Institute of London. In 1890 Raleigh decided to repeat Franklin’s 

experiments using a quantitative approach. The area of the oil spread was measured using a 

known volume of camphor oil4. Lord Rayleigh was also able to obtain measurements for the 

thickness of the oil film using the volume of oil deposited on the water surface area and the area 

covered by the oil film. Lord Rayleigh assumed that the oil film was one molecule thick. After 

averaging the results obtained in the course of several days, Rayleigh reported that the thickness 

of the film was found to be approximately 1.6 nm4.   

After noticing the work of Lord Rayleigh, surface chemistry pioneer Agnes Pockels 

started a correspondence with him to introduce a method she devised to measure the surface 

tension of solutions and of surfactants on aqueous solutions5. In a letter to Lord Rayleigh, 

Pockels described the device used to obtain surface tension measurements of liquids6. This 

device was a tin trough divided in two by a central tin strip. Surface tension was measured by 

placing wooden disk on the solution surface and determining how much force was required to 

detach it using a balance. Furthermore, after addition of other substances to water in one of the 

partitioned sides, Pockels observed that surface tension would change if the area was expanded 

by moving the central piece. Pockels also pointed out that some other substances such as flower 

or camphor oil are able to lower the surface tension of the water. Intrigued by Pockels findings, 

Lord Rayleigh encouraged and guided her in the publishing of her discoveries1.   

Further investigation on the properties and the structure of oil films was conducted by 

physical chemist Irving Langmuir1. The model proposed by Langmuir revolved around the 

postulation of a monomolecular film proposed by Rayleigh7. Langmuir integrated previous 

findings with details on the orientation of the lipid chain and with the computation of the average 



26 
 

molecular area per lipid molecule.  This measurement represents the average cross sectional areal 

of a molecule in a plane that is parallel to the surface of water.  

According the Langmuir the lipid molecules forming the monolayers are oriented with 

the hydrophobic tail away from the water and the polar head in the water.  Langmuir’s 

computations and experiments demonstrated that once the lipid is deposited on the water the 

alkyl chains are not perpendicular with respect to the water surface but they are rather tilted with 

respect to the water substrate. In this model, the polar head would be in contact with the water 

while the fatty acid tails would be oriented away from the water. Langmuir revisited the 

technique developed by Agnes Pockels and he ultimately devised a more accurate technique to 

measure surface area of know volumes of oil. Langmuir substituted the wood disk used by 

Pockels with a wax coated paper strip that was held in place on the surface of the waster by two 

rods. The rods were connected together by a metal bridge. A small balance connected to a pan 

was arranged at the center of the bridge. The trough was also equipped with a moving barrier. As 

the barriers is moved forward toward the paper, the oil film moves toward the paper strip with 

exerting force. Compression was exerted with a weight on the balance pan until equilibrium was 

reached. The weight increased progressively until the monolayer was compressed to a few 

millimeters. The displacement of the barrier was then measured with a ruler. The force exerted 

on the paper strip is plotted as a function of area. This technique is referred to as Langmuir 

trough8. In 1917 Irving Langmuir published his fist and only paper on monolayers studies1. His 

work on surface chemistry leaded his award of the 1932 Nobel Prize in chemistry9. The trough 

first devised by Langmuir was modified to support deposition of monolayers on solid surfaces. 

This new function of the trough arose after the collaboration of Langmuir with Katherine 

Blodgett10. Blodgett contribution in surface chemistry consisted in the development of a method 
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to deposit thin films from an aqueous surface into a solid surface. In order to accommodate thin 

films deposition, the Langmuir trough instrument was therefore equipped with a metal plate that 

could be dipped in the aqueous substrate and coated with the thin film11. This technique is called 

Langmuir-Blodgett trough.  

 

2.2 Theoretical Interpretation of Surface Pressure – Area Isotherms of Langmuir Films 

2.2.1 Surface Pressure Monolayer  

Monolayer Surface pressure is the analogue of the pressure for a three dimensional 

system12. 

Surface pressure of the monolayer is defined by the following formula  

π = α0 - α                                                                                                            Equation 2.1 

where α0 is the surface tension of the pure liquid and α is the surface tension of the liquid with the 

absorbed film. Surface pressure can be described as the pushing of monolayer molecules toward 

one another along the surface against the outward pull from the surface tension of water. 

Similarly, for the pressure vs. volume isotherm pertinent to 3-dimensional bulk material, surface 

pressure vs. area isotherms can be constructed for two dimensional monolayers. The Langmuir 

trough technique allows adding a known amount of material to a surface and slowly decreasing 

the available area. Surface pressure vs. mean molecular area isotherms obtained with this 

technique allow to understand physical properties and molecular characteristics of monolayers13. 

2.2.2 Physical States of Monolayer 
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The monolayer exhibits phases that can be compared to those of solids liquids and 

gases13. Monolayers undergo a three state transition from gaseous to liquid and ultimately to 

solid14.   In the solid phase the monolayer is rigid and difficult to compress due to high packing 

of its molecular building blocks. The film molecules are oriented perpendicular to the water 

surface and can be compared to a solid like phase. In the liquid phase the monolayer is somewhat 

densely packed but it is more compressible than in the expanded state. The orientation of the 

molecules is slightly less perpendicular to the surface due to less rigidity in the packing. The 

gaseous phase of the film can be compared to the classic gaseous phase of matter where the lipid 

molecules are further apart, have little interaction and they are randomly oriented on the 

surface13. The isotherm will exhibit phase transitions that are characteristic of the type of 

monolayer studied. Since the phases of the monolayer can be compared to the phases of classic 

matter, the ideal gas law is used as a starting point for the derivations used in the physical 

interpretation of monolayers. An ideal gas has the following equation of state:   

PV = nRT                                                                                                           Equation 2.2 

Analogously, for a monolayer at a low concentration, the surface pressure can be expressed as 

follows: 

π A = kT                                                                                                            Equation 2.3 

This formula however has some limitations because the absorbed molecules occupy a finite 

space and interact with one another13.  The formula can therefore be modified as:  

π (A - A0) = xkT                                                                                                Equation 2.4 
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where A0 corresponds to the area occupied by the absorbed molecule and x is a constant (usually 

between 1 and 2) that is specific to each material13.  

According to the Irving Langmuir the area per molecule is calculated as follow7:  

a0  = Area covered by the film 
𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜  𝑜𝑜𝑜 𝑛𝑜𝑜𝑛𝑚𝑛𝑜𝑛𝑚 𝑜𝑛 𝑡ℎ𝑛 𝑜𝑜𝑜𝑛 

                                                                Equation 2.5 

In the liquid state the monolayer exhibits larger molecular area compared with the 

theoretical cross-sectional area. This indicates that the molecules interaction is more distant than 

the compressed state hence closer that the gaseous phase. For some molecules the liquid phase 

on the isotherm can display two sub-phases13.They are the liquid expanded (L1) and the liquid 

condensed (L2). A transition phase region (L1-L2) in the isotherm delineates the change from 

liquid expanded to liquid condensed. The L2 phase has a smaller area per molecule when 

compared to the L1 phase suggesting that at the L1-L2 transition state the packing conformation 

of the head group changes to a tighter structure.  

The pressure will increase rapidly once a critical average molecular area is reached upon 

compression. This denotes that the monolayer has reached the solid state. For the solid or 

compressed phase, the isotherm displays a very small change in pressure as well as a steeper 

slope that indicates a rapid increase in pressure. The solid phase is associated with the formation 

of clusters on the subphase surface. These clusters will be forced to interact once the critical area 

is reached and pressure will increase rapidly as a consequence. The pressure will decrease upon 

further compression and the plot will display a final plateau corresponding to the collapse of the 

film13.  
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Furthermore, isotherms obtained by Langmuir trough can  be used to derive a quantity 

known as surface elasticity also known as elastic modulus15,16. This quantity describes the elastic 

energy stored by the film16,17. As Periasamy reports the elastic modulus is a measure of rigidity. 

The larger the value of the elastic modulus, the greatest are the intermolecular forces of the 

molecules that compose the film.  The following formula describes the Gibbs elastic modulus for 

monolayers in hydrostatic conditions:   

|𝐸| = −𝐴�𝜕𝜕
𝜕𝜕
�
𝑇
                                                                                                 Equation 2.6 

Where A is the molecular area, 𝜋 is the surface pressure and T is the temperature which is 

held constant15,16.  Area is reported in Å2 units which corresponds to 10−20 m2 while surface 

pressure is reported in dynes/cm or mN/m. Elastic modulus is defined as the ratio of increase in 

the film surface pressure resulting from an infinitesimal increase in molecular area. The elastic 

modulus is a measure of rigidity of the film or resistance to compression17,18. This quantity gives 

information about the state of the monolayer and it helps determining the surface pressure at the 

collapse more precisely19. According to Geraldo et al. a value of elasticity between 12.5 mN/m 

and 50 mN/m denotes the liquid expanded phase, a value between 50 mN/m and 100 mN/m 

defines the liquid phase while a value between 100 mN/m and 250 mN/m indicated the liquid 

condensed phase20. Elasticity value above 250 mN/m are characteristic of the solid phase.  The 

compressibility modulus, which is the inverse of |𝐸|, is also reported in association to Langmuir 

film isotherms21. This quantity is related to the elastic modulus and it is defined as the change in 

area with respect of the surface pressure at constant temperature22.  This quantity is a measure of 

compressibility of the film23.  
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 The work of compression done by the system on the DPPC monolayer was calculated 

based on the calculation for 3D systems.  

W = -∫ 𝑃𝑃𝑃                                                                                                       Equation 2.7 

This equation was then adapted to our two-dimensional system and rewritten as follows:  

W = -∫ 𝜋𝑃𝐴                                                                                                       Equation 2.8 

According to the fundamental equation of thermodynamics the change in Helmholtz energy is 

defined as:  

 𝛿F = -S𝛿T - 𝜋𝛿A                                                                                              Equation 2.9 

Integrating both sides of the equation we obtain the following formula at constant temperature 

ΔF = -∫ 𝜋𝛿A                                                                                                    Equation 2.10 

ΔF is therefore equal to the work of compression under isothermal conditions in equation 2.8.  

To determine whether the DPPC- PPCPs molecular interaction is favorable under 

compression ΔF of DPPC in subphase containing pharmaceuticals can be subtracted from ΔF of 

DPPC in pure water as follows:   

ΔΔF = (ΔFP- ΔFW)                                                                                          Equation 2.11 

 

2.3 Method development  

The introduction of the Langmuir trough technique presented some challenges for the lab 

team. When studying monolayers, the purity of the material used (water, DPPC, and PPCPs) is 
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as equally important as calibration of the instrument and the correctness of the measurements. 

The conditions of the environment surrounding the instrument also were found to play a 

significant role in obtaining valid and reproducible results.   

At the beginning of the Langmuir trough experimental journey, the only known way to 

detect deviation from expected behavior was to take measurements of DPPC in pure water. 

According to the literature reviewed DPPC isotherms displays a characteristic molecular area of 

39 Å2 and a characteristic surface pressure of about 70 dynes/cm. Shifts in the pressure / area 

isotherm of DPPC were thought to indicate either that the lipid sample was degraded or that there 

was residual solvent effect from failure in thoroughly rinsing ethanol off from the surfaces of the 

trough. The research team underestimated the complexity of the experimental scenario and that 

there are several additional factors that affect the outcome of the DPPC isotherm in pure water.  

Some of the first isotherms collected were comparable with known results from literature. 

On the other hand, some other isotherm displayed surface pressure and mean molecular area 

values that deviated from what reported in the literature and other times the isotherms were not 

formed at all. It became clear that something was affecting the properties of the surface. Upon 

observation of the surface of the water, the presence of dust particles was detected. The first 

measure to resolve the issue was to thoroughly clean the surfaces of the table hosting the trough 

using an electrostatic microfiber cloth. This simple, yet effective, technique significantly 

minimized the dust and improved results but it was not enough to complete the optimization for 

this technique.  

75% ethanol was substituted with 200 proof ethanol as an additional precaution to ensure 

that the trough surfaces are not contaminated by the denaturants normally present in less pure 
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ethanol. Furthermore, an unopen new bottle of pure chloroform was requested upon discovery of 

dust particles in the old bottle used during the first runs.  Despite these initial troubleshooting 

efforts, the reproducibility of the test results was found to be affected by additional factors.   

A more careful investigation to resolve the cause of inconsistent isotherms revealed that 

the instrument should not be placed in an environment where excessive vibrations and air 

convection are present. These conditions cause the balance probe to shake; destabilizing it and 

resulting in inconsistent isotherm shapes or no isotherms at all (invalid tests). Vibrations and air 

convection affect also the balance calibration. As the Langmuir trough instructions point out, the 

balance must to be calibrated every 6 months or whenever the instrument is moved to a new 

location. If vibrations or air convection are present in the working environment, the balance will 

not be properly calibrated causing an erroneous calibration factor. The air convection/ vibration 

component of the trouble shooting was discovered when the instrument was moved to a different 

laboratory, from CP 206 to CP 202. The new location provided the convenience of a water 

purification system, balance refrigerator and freezer with the LT solutions in one lab. CP 202 

also had a chiller that was going to find use in temperature-controlled LT studies. Once the 

instrument was relocated to the new lab, the balance calibration step could not be completed 

because the weight could not reach the stabilization.  

The reason behind the failure to calibrate the balance was later found to be related to 

excessive air convection caused by the air circulation set up in the new laboratory. Attempts 

were made to set up the chiller to the LT but vibrations produced from the chiller caused severe 

issues with the stability of the aqueous substrate making the collection of valid results nearly 

impossible. Moreover, the new laboratory was extremely dusty. The dust issue was further 

aggravated by the strong air convection mentioned above. Due to the unfavorable conditions, CP 
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202 was abandoned and the instrument was relocated back to the original site in CP 206. Overall, 

the challenges encountered after the move to CP 202 were valuable learning experiences. The 

results collected during the period of time when the LT was in CP 202 were discarded for 

concerns of qualitative validity though a few were kept for training and troubleshooting purposes 

in addition to illustrate how environmental factors can affect the film. Figure 2.1 shows the 

effects of dust and temperature on isotherms.  

 

Figure 2.1 Effect of dust fall out in the subphase (left) Effect of random temperature change 

(right) 

When the instrument was moved back to CP 206, the trough was provided with a 

different chiller than the one in CP 202. This chiller was placed on the floor, further away from 

the working bench where the instrument was relocated ensuring that the vibration disturbances 

produced by the chiller were minimized. The manual specifies that the balance requires 

recalibration due to its relocation. A removable shield was created using a clear plastic tub with 

an aperture that was cut on one of the long sides to ensure that air convection was not going to 

impact the balance sensor stability. This shield serves a dual purpose: not only does it minimize 

the effects of air convection/draft but it also prevents dust particles from contaminating the 
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substrate during analysis. The creation of the shield was inspired by the discovery of an 

environmental chamber accessory for the LBT24. The KSV NIMA brochure illustrated an 

accessory chamber composed of a metallic frame and clear acrylic sides. This accessory was 

provided with a front door as well as a lateral aperture to allow the channeling of cables.   

The base of the trough had to be realigned according to the manual instructions after the 

instrument was relocated. An alignment tool was used to attain proper position of the base but, 

during the following test trials the volume of the subphase spread unevenly across the base of the 

trough. This uneven distribution was the result of misalignment. It was later found that the 

correct way to perform the alignment was by placing the tool on the outermost edges on each 

corner of the base. Earlier, alignment was carried out by placing the alignment tool in the center 

of the base. Once the base was aligned properly, it was finally possible to evenly distribute the 

aqueous solutions in the base.           

 

2.3.1 Water Purity Issues  

Despite the alignment issue was finally resolved, further attempts to achieve consistent 

results failed. After a careful examination of the surface pressure of pure water on a clean trough, 

its value was found to be higher than the maximum acceptable value of 0.30 dynes/cm. The high 

value was initially attributed to improper cleaning of the trough surfaces. The aspirator accessory 

was used as a first attempt to solve the issue.  The aspirator accessory can remove surface 

contaminants from the subphase while the surface pressure change is monitored and reaches 

acceptable values. The use of the aspirator brought the surface pressure down to acceptable 

readings. However, high pressure readings were still detected when additional water volume was 
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supplied to the subphase. At this point the purity of the water source in use was questioned. After 

some investigation it was found that the filters used in the Nanopure water purification system 

were expired. When the water system was provided with new filters, the surface pressure 

readings for pure water was found in a range of 0.05 to 0.07 dynes/cm. This pressure range was 

used as indication of water purity and cleanliness of the trough.   

 

2.3.2 Substrate Stabilization Times  

Once the technical troubleshooting was completed we were able to focus on the method 

troubleshooting, which resulted in development of a valid analytical method. The stabilization 

time of the subphase was initially not strictly controlled. A few minutes subphase stabilization 

time was allowed before DPPC deposition. After several trial and error and inconsistent 

isotherms, the solution was found in setting strict substrates stabilization times. Efforts were 

made in setting the stabilization time for all the species investigated in this study. Meanwhile the 

surface pressure was strictly monitored. Surface pressure was observed to rapidly increase at the 

beginning. The surface pressure increase started to slow down after some time, ultimately 

reaching a stabilization time at with no significant increase was observed. These stabilization 

times were monitored and recorded in a material reference table in our lab manual, provided as 

an appendix. 

This section of the study was included in the discussion with the hope to guide future 

students through the Langmuir trough technique avoiding the difficulties initially encountered 

and to ease their research journey by providing not only tips on troubleshooting but also an easily 

accessible instruction manual. This instruction manual was purposely left open for revisions as 
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future scientists will add on more knowledge, troubleshooting and materials on the reference 

table.   

 

2.4 Technique overview    

The Langmuir trough (figure 2.2) is composed of a base with two movable barriers. In 

the center of the base there is an electronic balance with a Wilhelmy plate. The balance is 

connected to a monitor10. The Langmuir trough technique is used to study the physical properties 

of surface active lipids on aqueous surfeces10.  Thin films are monolayers formed of organic 

molecules. These monolayers are characterized by a thickness of only one molecule. 

 

Figure 2.2 Langmuir trough apparatus 

Monolayers are employed in studies for several different applications that include the 

creation of model biomembranes and material coatings. Surfactants molecules are required to 

form a monolayer. As mentioned in Chapter 1 these substances have an hydrophilic and an 

hydrophobic component13. These hydrophobic and hydrophilic moieties are critical in 
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understanding the molecular arrangement, interaction with the subphase as well as the chemical 

and physical properties of the film10,13,25. The addition of a surfactant to the surface of water 

causes a decreases in surface tension of pure water at the air water interface13,25. Amphiphiles 

that are used to form the monolayer must to have an optimal chain length above 12 hydrocarbons 

to avoid the formation of micelles10,25. The length of the chain must not be too long otherwise the 

lipids would tend to crystallize on the surface of the water.     

According to Gennis, phospholipids are able form organized monolayers at the air water 

interface25. These monolayers are considered insoluble in water because their concentration in 

the aqueous phase is negligible. A known amount of lipid must to be dissolved in an volatile 

organic solvent to prepare the selected lipid for deposition10,25. The aliquot must then be 

deposited dropwise on the water surface until the whole surface area enclosed by the Langmuir 

trough is covered.  

Under these initial conditions the lipids are speeded apart from one another and they 

experience weak intramolecular integrations10. The instrument is equipped with two movable 

barriers that move toward one another, compressing the film at a constant rate. The purpose of 

the compression is to gradually reduce the surface area available for the monolayer. As the 

molecules get closer together they experience repulsive interaction. While the barriers compress 

the monolayers the Wilhelmy plate is dipped in the water detects changes in surface pressure. 

Surface pressure can be computed by detecting the change in the forces exerted on the plate 

between the neat water surface and the surface in the presence of the monolayer. Force is 

detected by changes of the mass of the plate that are then measured by an electro balance. The 

distance the barriers move and the area of the trough are used in the computation of mean 
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molecular area.  The Langmuir trough monitor is connected to a software that allows to display 

the surface pressure of the monolayer as a function of mean molecular area.        

 

2.5 Molecules Studied 

2.5.1 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine 

  For this study 16:0 DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine) (figure 

2.3) was selected as model membrane building block. The molecular weight of this lipid is 

734.053 g/mol and the pKa of DPPC was found to be between 3.8-4.026. DPPC is insoluble in 

water and it is soluble in chloroform27. 

 

Figure 2.3 Structure of DPPC  

This molecule has a structure that is characterized by a central glycerol group, a 

phosphate group on the third oxygen and two alkyl unsaturated chains that propagate from the 

first and second oxygen25. According to X-ray crystallography studies on the crystalline structure 

of DPPC, the mean molecular area occupied by the head group is 50 Å² while the area occupied 

by the tilted tails25 is 38 Å².  

DPPC is classified as glycerophospholipid and it is found abundantly as a components of 

animal cell membrane and of pulmonary surfactants25,28. Pulmonary surfactants are gas exchange 

surfaces that are composed by lipids and protieins29. Pulmonary surfactants are produced by the 
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alveolar epithelial cells and they coat the alveoli ant the air-fluid interface30. The role of 

pulmonary surfactants is to reduce the surface tension on the alveoli surface at the air-water 

interface to facilitate gas exhange28,29. The feature of pulmonary surfactants is shared amongst all 

living vertebrates29.  DPPC plays a fundamental role in facilitating lungs expansion a birth and in 

regulating the breathing during life31. DPPC also possess the ability of reducing the surface 

tension to almost 0 dynes/cm as well as to sustain high pressures up to 70 dynes/cm28,30. the 

stability of DPPC in such a low range of surface pressures plays a fundamental role in preventing 

alveoli to collapse during respiration30. However, the exact mechanism of action of DPPC in 

lung surfactants is not yet well understood.  For this reason, DPPC is widely used in medical 

research for  pulmonary surfactant replacent31.  

This species is a phospholipid widely found in mammal bio membranes32. DPPC  is a 

surfactant molecule that is categorized  as an amphiphile because it possesses both hydrophilic 

and hydrophobic properties13. DPPC is classified as an amphoteric surfactant because it can react 

both as an acid and as a base. DPPC is also a zwitterionic lipid, property conferred by the 

negative charge on the phosphate moiety and the positive charge on the ammonium moiety in its 

head group. Due to its low solubility, when deposited on the surface of water DPPC forms an 

insoluble monolayer. This is a monomolecular layer that remains isolated on the surface of 

water.  

Yizhak reports that in water solutions the coordination number for the PO4
3- group is 12, 

indicating that this group coordinates with 12 water molecules. Moreover, The coordination 

number for the solvation shell of ammonium is 433. These coordination number values suggest 

that the PO4
3- group will be more solvated than the NH4

+ groups in the phosphocholine head 

group.  
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2.5.2 Amlodipine  

Amlodipine besylate is a dihydropyridine calcium channel blocker pharmaceutical 

compound employed in the treatment of angina and hypertension34-36. Amlodipine (figure 2.4) is 

known with the chemical name of: 3-Ethyl-5-methyl (±)-2-[(2-aminoethoxy)methyl]-4-(2- 

chlorophenyl)-1,4-dihydro-6-methyl-3,5-pyridinedicarboxylate, monobenzenesulphonate37. The 

molecular weight of amlodipine besylate is 567.05 g/mol while its pKa value of  9.538. The pKa 

value indicates that amlodipine will be protonated and therefore positively charged at neutral pH 

water solution. The solubility in water of amlodipine is reported to be (75.3 mg/L)39 or 132.7 

μM.   

 

Figure 2.4 Structure of amlodipine 

Amlodipine acts on the myocardial and arterial smooth muscles by reducing the influx of 

calcium in the prompting their relaxation and improving blood flow as a consequence35,36. 

Amlodipine can be found in a racemic mixture of S and R enantiomers with the S enantiomer 

found to be more commercially desirable due to its superior pharmacological activity36. The R 

enantiomer on the other hand has been found to be responsible for the release of nitric oxide in 
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blood. Nitric oxide has been associated with undesired side effects as peripheral vascular system 

edema and facial flushing.  

Amlodipine has been found to be sensitive to photodegradation40. A study conducted by 

Agneš Kapor et al. reports that the dihydropyridine ring moiety is transformed to a pyridine 

derivative. This degradation process results not only in the loss of pharmacological effectiveness, 

but also in the production of a toxic and carcinogen compound.   

 

2.5.3 Carbamazepine  

Carbamazepine (figure 2.5) is an anticonvulsant pharmaceutical compound that is used 

for the treatments of different conditions including bipolar disorder, neuralgia, epilepsy and 

bipolar disorder41,42.This compound is found in pure form in a crystalline solid state41. 

Carbamazepine is a tricyclic compound that is an iminodibenzyl derivative42.  Carbamazepine X-

ray crystallography studies indicate that this compound is found in different aggregate forms 

including dimers. The formation of these polymorphs is associated with the ability of 

carbamazepine to form hydrogen bonding associations. The molecular weight of carbamazepine 

is 236.274 g/mol while its solubility is reported as 17.7 mg/L43. 

N
O NH2  

Figure 2.5 Structure of carbamazepine 
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 The pKa of carbamazepine was found to be between 13.4 and 15.4438,43.This value 

suggests that carbamazepine would likely be found in non-ionic form in a pH 7 water solution. 

Carbamazepine has low solubility in water (17.7mg/L)43.  

Carbamazepine is considerably metabolized in the human liver with only a small 

percentage of original compound being eliminated in its original form42. Although the 

mechanism of action of carbamazepine are not yet fully understood, this drug is known to target 

the activity of sodium channels42. This sodium block inhibitory action is believed to prompt a 

potential change at the sodium channels in neurons that is associated with a decrease in the 

frequency of occurrence of action potential in neurons42.     

 

2.5.4 β-Estradiol  

A particular compound, β-Estradiol (E2) (figure 2.6), was selected for this study. β-

Estradiol (E2) also known as 17β-estradiol is a natural steroidal estrogen44,45.  The molecular 

weight of β-Estradiol is 272.388 g/mol46. E2 mechanism of action involves binding to proteins in 

nuclear receptors found in target tissue47. This results in the activation of the receptor that 

ultimately produces the desired hormone regulatory effect.   

 

Figure 2.6 Structure of β-estradiol 
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E2 is the main component in contraceptive pills as well as several other medications. E2 

is also employed in the treatment of livestock including fish aquaculture. E2 is a hydrophobic 

and non-polar molecule that is poorly soluble in water (13 mg/L at 20 °C). The pKa value of β-

Estradiol is 10.7148. This pKa value indicates that the compound will be found more abundantly 

in its neutral form in water at pH 6.7.  When in aqueous solutions E2 has been found to have 

resistance to biodegradation. There are concerns related to potential risks associated E2 in 

aquatic environments because E2 has been found to cause reproductive failure in fish49.    

 

2.5.5 Triclosan  

Triclosan (figure 2.7), known with the chemical name of 5-chloro-2-(2,4-dichloro-

phenoxy)- phenol is an antibacterial and antifungal compound that is widely used in tooth paste 

and several personal care products50. This compound is an aromatic ether derived from diphenyl 

ether51. The structure of triclosan is characterized by a phenol with a chloride moiety at C-5 and 

a 2,4-dichlorophenoxy moiety at C-2.  

 

Figure 2.7 Structure of triclosan 

Triclosan molecular mass is 289.536 g/mol and its water solubility is 10 mg/L at 20 °C51. 

Triclosan antimicrobial properties were believed to be associated to its ability to be absorbed by 

bacterial cell membrane consequently causing its disruption. However, more recent evidence 
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associated the biocidal properties of triclosan to its ability to inhibit the synthesis of fatty acids in 

bacteria. Specifically, triclosan binds to ENR (enoyl-acyl carrier protein reductase) is involved in 

bacterial that is responsible for the synthesis of fatty acid in bacteria52. The pKa value for 

triclosan is 7.951. This indicates that 6.3% of triclosan would be negatively charged in water 

solution at pH 6.7.  

Triclosan has been found to be able to undergo photodegradation in aquatic 

environments. However, when this molecule in in fatty tissue it has been found not to be resistant 

to photodegradation53. Triclosan bio accumulation is of concern for the wellbeing of the 

environment and for human health because triclosan has been shown to accumulate in adipose 

tissues54. This ability is due to the hydrophobic structural characteristics of triclosan. 

Environmental sampling data reveal that triclosan is found in several aquatic at a maximum 

concentration of 10.36 nM54,55. The bio accumulation of triclosan is shown to have several 

negative implications. This compound is associated with interference of certain enzymatic 

activities in both humans and animals as well as with endocrine disruption in humans and in 

aquatic and terrestrial animals54.    

 

 

 

 

 

 



46 
 

References  

 

(1) From the Lipid Bilayer to the Fluid Mosaic: A Brief History of Membrane Models. 
http://www.shipseducation.net/9-2/membrane.htm (accessed May, 11 2019). 

 
(2) Tanford, C.: Ben Franklin stilled the waVes: an informal history of pouring oil on water 

with reflections on the ups and downs of scientific life in general; OUP Oxford, 2004. 
 
(3) Franklin, B. London. Personal Communication, 1773. 
 
(4) Rayleigh, L. Measurements of the Amount of Oil Necessary in Order to Check the 

Motions of Camphor upon Water. Proceedings of the Royal Society of London 1889, 47, 
364-367. 

(5) Agnes Pockels. http://cwp.library.ucla.edu/ (accessed May 11 2019). 
 
(6) Rayleigh. Surface Tension. Nature 1891, 43, 437-439. 
 
(7) Langmuir, I. THE CONSTITUTION AND FUNDAMENTAL PROPERTIES OF 

SOLIDS AND LIQUIDS. II. LIQUIDS.1. Journal of the American Chemical Society 
1917, 39, 1848-1906. 

 
(8) Edidin, M. Lipids on the frontier: a century of cell-membrane bilayers. Nature Reviews 

Molecular Cell Biology 2003, 4, 414-418. 
 
(9) Irving Langmuir-Biographical. 

https://www.nobelprize.org/prizes/chemistry/1932/langmuir/biographical/. 
 
(10) Ltd., K. I.: KSV Software Manual. 2009. 
 
(11) March 16, 1938: Katharine Blodgett patents anti-reflective coatings. 

https://www.aps.org/publications/apsnews/200703/history.cfm (accessed May 12 2019). 
 
(12) Ghosh, P.: Adsorption at Fluid–Fluid Interfaces: Part II. NPTEL  Chemical Engineering  

Interfacial Engineering. 
 
(13) Myers, D.: Surfaces, Interfaces, and Colloids: Principles and Applications; 2nd ed.; 

Wiley: New York, NY, 1999. pp. 528. 
 
(14) Harkins, W. D.; Boyd, E. The States of Monolayers. The Journal of Physical Chemistry 

1941, 45, 20-43. 
 
(15) Möhwald, H.: Chapter 4 - Phospholipid Monolayers. In Handbook of Biological Physics; 

Lipowsky, R., Sackmann, E., Eds.; North-Holland, 1995; Vol. 1; pp 161-211. 
 

http://cwp.library.ucla.edu/


47 
 

(16) Periasamy, V. Mechanical and Thermodynamic Properties of Chlorophyll-a Surfactants 
at Air-Water Interface. Advanced Materials Research 2012, 535-537, 1119-1125. 

(17) Arriaga, L. R.; López-Montero, I.; Ignés-Mullol, J.; Monroy, F. Domain-Growth Kinetic 
Origin of Nonhorizontal Phase Coexistence Plateaux in Langmuir Monolayers: 
Compression Rigidity of a Raft-Like Lipid Distribution. The Journal of Physical 
Chemistry B 2010, 114, 4509-4520. 

(18) Farnoud, A. M. Interaction of polymeric particles with surfactant interfaces. ProQuest 
Dissertations Publishing, 2013. 

 
(19) Toimil, P.; Prieto, G.; Miñones Jr, J.; Sarmiento, F. A comparative study of F-

DPPC/DPPC mixed monolayers. Influence of subphase temperature on F-DPPC and 
DPPC monolayers. PHYSICAL CHEMISTRY CHEMICAL PHYSICS 2010, 12, 13323-
13332. 

 
(20) Geraldo, V. P. N.; Pavinatto, F. J.; Nobre, T. M.; Caseli, L.; Oliveira, O. N. Langmuir 

films containing ibuprofen and phospholipids. CHEMICAL PHYSICS LETTERS 2013, 
559, 99-106. 

 
(21) R.Hertmanowski, E. P. a. T. M. Thermodynamic properties of Langmuir layers created of 

monoimide perylenetetracarboxylic acid derivatives. Phase Transitions 2016, 89, 419-
424. 

 
(22) Feng, S. S.; Gong, K.; Chew, J. Molecular interactions between a lipid and an 

antineoplastic drug paclitaxel (taxol) within the lipid monolayer at the air/water interface. 
LANGMUIR 2002, 18, 4061-4070. 

 
(23) Zhang, H.; Wang, Y. E.; Fan, Q. H.; Zuo, Y. Y. On the Low Surface Tension of Lung 

Surfactant. LANGMUIR 2011, 27, 8351-8358. 
 
(24) Scientific, B.: Langmuir and Langmuir-Blodgett Deposition Troughs Modules and 

Accessories. 
 
(25) Gennis, R. B.: Biomembranes: molecular structure and function; Springer-Verlag: New 

York, 1989. 
 
(26) Information, N. C. f. B.: 1,2-Dipalmitoylphosphatidylcholine. National Center for 

Biotechnology Information. 
 
(27) Pichot, R.; Watson, R. L.; Norton, I. T. Phospholipids at the interface: current trends and 

challenges. International journal of molecular sciences 2013, 14, 11767-11794. 
 
(28) Veldhuizen, R.; Nag, K.; Orgeig, S.; Possmayer, F. The role of lipids in pulmonary 

surfactant. Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease 1998, 
1408, 90-108. 

 



48 
 

(29) Orgeig, S.; Bernhard, W.; Biswas, S. C.; Daniels, C. B.; Hall, S. B.; Hetz, S. K.; Lang, C. 
J.; Maina, J. N.; Panda, A. K.; Perez-Gil, J.; Possmayer, F.; Veldhuizen, R. A.; Yan, W. 
The anatomy, physics, and physiology of gas exchange surfaces: is there a universal 
function for pulmonary surfactant in animal respiratory structures? Integrative and 
Comparative Biology 2007, 47, 610-627. 

(30) Zhang, H.; Wang, Y. E.; Fan, Q.; Zuo, Y. Y. On the low surface tension of lung 
surfactant. Langmuir : the ACS journal of surfaces and colloids 2011, 27, 8351-8358. 

 
(31) Nakahara, H.; Lee, S.; Krafft, M. P.; Shibata, O. Fluorocarbon-Hybrid Pulmonary 

Surfactants for Replacement Therapy - A Langmuir Monolayer Study. Langmuir 2010, 
26, 18256-18265. 

 
(32) Qianqian Yin, X. S., Haiou Ding, Xingxing Dai, Guang Wan and Yanjiang Qiao. 

Interactions of Borneol with DPPC Phospholipid Membranes: A Molecular Dynamics 
Simulation Study. International Journal of Molecular Sciences 2014, 15, 20365-20381. 

 
(33) Tongraar, A.; Hannongbua, S. Solvation Structure and Dynamics of Ammonium (NH4+) 

in Liquid Ammonia Studied by HF/MM and B3LYP/MM Molecular Dynamics 
Simulations. The Journal of Physical Chemistry B 2008, 112, 885-891. 

 
(34) Packer, M.; O'Connor, C. M.; Ghali, J. K.; Pressler, M. L.; Carson, P. E.; Belkin, R. N.; 

Miller, A. B.; Neuberg, G. W.; Frid, D.; Wertheimer, J. H.; Cropp, A. B.; DeMets, D. L. 
Effect of Amlodipine on Morbidity and Mortality in Severe Chronic Heart Failure. New 
England Journal of Medicine 1996, 335, 1107-1114. 

 
(35) Information, N. C. f. B.: Amlodipine. National Center for Biotechnology Information. 
 
(36) Kim, B.-H.; Kim, J.-R.; Kim, M.-G.; Kim, K.-P.; Lee, B.-Y.; Jang, I.-J.; Shin, S.-G.; Yu, 

K.-S. Pharmacodynamic (Hemodynamic) and pharmacokinetic comparisons of S-
amlodipine gentisate and racemate amlodipine besylate in healthy Korean male 
volunteers: Two double-blind, randomized, two-period, two-treatment, two-sequence, 
double-dummy, single-dose crossover studies. Clinical Therapeutics 2010, 32, 193. 

 
(37) Erden, S.; Eskiköy Bayraktepe, D.; Yazan, Z.; Dinç, E. TiO2 modified carbon paste 

sensor for voltammetric analysis and chemometric optimization approach of amlodipine 
in commercial formulation. Ionics 2016, 22, 1231-1240. 

 
(38) Domènech, X.; Ribera, M.; Peral, J. Assessment of pharmaceuticals fate in a model 

environment. Water, Air, & Soil Pollution 2011, 218, 413-422. 
 
(39) Pant, T.; Mishra, K.; Subedi, R. K. In vitro studies of amlodipine besylate tablet and 

comparison with foreign brand leader in Nepal. International Journal of Pharmaceutical 
Sciences and Research 2013, 4, 3958. 

 



49 
 

(40) Kapor, A.; Nikolić, V.; Nikolić, L.; Stanković, M.; Cakić, M.; Stanojević, L.; Ilić, D.: 
Inclusion complexes of amlodipine besylate and cyclodextrins. In Open Chemistry, 2010; 
Vol. 8; pp 834. 

 
(41) McCormack, M.; Alfirevic, A.; Bourgeois, S.; Farrell, J. J.; Kasperavičiūtė, D.; 

Carrington, M.; Sills, G. J.; Marson, T.; Jia, X.; de Bakker, P. I. W.; Chinthapalli, K.; 
Molokhia, M.; Johnson, M. R.; O'Connor, G. D.; Chaila, E.; Alhusaini, S.; Shianna, K. 
V.; Radtke, R. A.; Heinzen, E. L.; Walley, N.; Pandolfo, M.; Pichler, W.; Park, B. K.; 
Depondt, C.; Sisodiya, S. M.; Goldstein, D. B.; Deloukas, P.; Delanty, N.; Cavalleri, G. 
L.; Pirmohamed, M. HLA-A*3101 and Carbamazepine-Induced Hypersensitivity 
Reactions in Europeans. New England Journal of Medicine 2011, 364, 1134-1143. 

 
(42) Ambrósio, A. F.; Soares-da-Silva, P.; Carvalho, C. M.; Carvalho, A. P. Mechanisms of 

Action of Carbamazepine and Its Derivatives, Oxcarbazepine, BIA 2-093, and BIA 2-
024. Neurochemical Research 2002, 27, 121-130. 

 
(43) Information, N. C. f. B.: Carbamazepine. National Center for Biotechnology Information. 
 
(44) Aris, A. Z.; Shamsuddin, A. S.; Praveena, S. M. Occurrence of 17α-ethynylestradiol 

(EE2) in the environment and effect on exposed biota: a review. Environment 
International 2014, 69, 104-119. 

 
(45) Tai, S. S. C.; Welch, M. J. Development and Evaluation of a Reference Measurement 

Procedure for the Determination of Estradiol-17β in Human Serum Using Isotope-
Dilution Liquid Chromatography−Tandem Mass Spectrometry. Analytical Chemistry 
2005, 77, 6359-6363. 

 
(46) Information, N. C. f. B.: Estradiol,. National Center for Biotechnology Information. 
 
(47) Elwood V. Jensen, a.; DeSombre, E. R. Mechanism of Action of the Female Sex 

Hormones. Annual Review of Biochemistry 1972, 41, 203-230. 
 
(48) Lewis, K. M.; Archer, R. D. pKa values of estrone, 17β-estradiol and 2-methoxyestrone. 

Steroids 1979, 34, 485-499. 
 
(49) Pinto, P. I. S.; Estêvão, M. D.; Power, D. M. Effects of estrogens and estrogenic 

disrupting compounds on fish mineralized tissues. Marine drugs 2014, 12, 4474-4494. 
 
(50) Sivaraman, S.; Sullivan, T. J.; Johnson, F.; Novichenok, P.; Cui, G.; Simmerling, C.; 

Tonge, P. J. Inhibition of the Bacterial Enoyl Reductase FabI by Triclosan:  A 
Structure−Reactivity Analysis of FabI Inhibition by Triclosan Analogues. Journal of 
Medicinal Chemistry 2004, 47, 509-518. 

 
(51) Information, N. C. f. B.: Triclosan. National Center for Biotechnology Information. 
 



50 
 

(52) Stewart, M. J.; Parikh, S.; Xiao, G.; Tonge, P. J.; Kisker, C. Structural basis and 
mechanism of enoyl reductase inhibition by triclosan11Edited by P. E. Wright. Journal of 
Molecular Biology 1999, 290, 859-865. 

 
(53) Dhillon, G. S.; Kaur, S.; Pulicharla, R.; Brar, S. K.; Cledón, M.; Verma, M.; Surampalli, 

R. Y. Triclosan: current status, occurrence, environmental risks and bioaccumulation 
potential. International journal of environmental research and public health 2015, 12, 
5657-5684. 

(54) Olaniyan, L. W. B.; Mkwetshana, N.; Okoh, A. I. Triclosan in water, implications for 
human and environmental health. SpringerPlus 2016, 5, 1639. 

 
(55) Anumol, T.; Snyder, S. A. Rapid analysis of trace organic compounds in water by 

automated online solid-phase extraction coupled to liquid chromatography–tandem mass 
spectrometry. Talanta 2015, 132, 77-86. 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 



51 
 

Chapter 3: Interaction of Neutral Species with DPPC Monolayers 

This chapter discusses the effects of uncharged species in pH neutral solution on the 

DPPC monolayer. The pharmaceutical molecules examined in this chapter are carbamazepine 

and estradiol at different aqueous solutions. We are presenting these molecules together because 

they are neutral in water at pH 6.7. Charged molecules will be presented in Chapter 4.  The 

isotherms of DPPC monolayers on solutions of   carbamazepine and estradiol are then compared 

to the isotherm of DPPC on pure water. The Langmuir trough technique with the Wilhelmy 

method, discussed in Chapter 2, was used to generate the isotherms of DPPC model cell 

membranes in the presence of pharmaceuticals. The features of the isotherms, with respect of 

phase transition, elasticity of the membrane, and the work of compression in the presence of 

different concentrations of pharmaceuticals are compared. While our goal has been to develop a 

method and to detect membrane pharmaceutical interaction, it will be shown that these data 

analyses can help gain molecular level insights.   

Carbamazepine was selected for its environmental relevance and for its predominantly 

hydrophobic structure that might result in interaction with the selected phospholipid. β-Estradiol 

was selected for its endocrine disrupting behavior as a contaminant in aquatic systems. Similar to 

carbamazepine, β-Estradiol has a hydrophobic structure that was predicted to potentially interact 

with DPPC.       

 

3.1 Materials and Method 

Semisynthetic DPPC (lot number: 078K5203), also known as 16:0, was purchased from 

Sigma Aldrich (≥ 99% purity certified) in a solid powder form. The DPPC powder was dissolved 
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in chloroform at a 0.5 mg/mL concentration1. Chloroform 99.8% ACS reagent grade was 

purchased from Sigma Aldrich. The samples were prepared in 25 mL glass flasks with a glass 

stopper. The DPPC/ chloroform solution was then purged with nitrogen to prolong its shelf life.   

For the CBZ subphases preparation, ≥ 99.0% purity solid Carbamazepine, that was 

purchased from Sigma Aldrich (Lot number: BCBT4736), was dissolved in water dispensed 

from a NANOpure Barnstead Scientific (model number: 7144) water purification system.  The 

water system filters tap water to attain a resistivity is 18.2 MΩ-cm and reduces the total organic 

carbon to a range from 1 to 5 ppb. The water dispensed by this system was found to be at pH 6.7. 

All the solutions were prepared in either 1L or 500 mL glass flasks. The solutions were then 

sonicated over the course of several hours until the solid CBZ was no longer visible.  The 

selected carbamazepine concentrations for the study were: 4.2 μM, 17.8 μM, 27.1 μM, 42.3 μM 

and 61.8 μM. However, several additional concentrations were analyzed before the method was 

optimized. These data were therefore declared invalid but, they were kept as a reference for 

method optimization records and they were not used in the analysis of the results shown here.  

For the E2 subphases preparation, ≥ 98% purity solid β-Estradiol, that was purchased 

from Sigma Aldrich, was dissolved in water dispensed from a NANOpure Barnstead Scientific 

water purification system. All the solutions were prepared in either 1 L or 500 mL glass flasks. 

The solutions were then sonicated over the course of several hours until the solid E2 was no 

longer visible.  The selected β-Estradiol concentrations for the study were: 22 μM, 5.5 μM, and 

11.0 μM. The number of concentrations prepare for E2 was limited by the extremely low 

possible working range determined by the low solubility of this organic compound (13 mg/L at 

20 °C)2.   
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As mentioned in Chapter 2, the instrument used for this study was a KSV-NIMA 

Langmuir-Blodgett deposition trough size small (serial number: KN2001) purchased from Biolin 

Scientific.  The dimensions of the base of the trough were: 195 mm for the length, 50 mm for the 

width and 4mm for the height. The volume for the subphase supported by this specific trough is 

57mL. The method used to detect the surface pressure was the Wilhelmy method.  The trough 

was provided with a dipping attachment for deposition experiments. This accessory was not 

required for the purposes of this study and was removed to minimize the surfaces exposed to 

potential dust contamination.  

This instrument was placed in a low traffic temperature-controlled area with low air 

convection and reduced dust. The set up was them provided with a shield that was created by 

carving a hole on one of the long sides of a common plastic tub. This shield reduced dust fall out 

in the subphase and also it made a tremendous improvement in the reduction of air convection. 

The temperature was held constant at 22 °C by connecting the base of the trough to an external 

chiller.  The chiller was placed on the floor a few feet away from the instrument table to 

minimize the adverse effect of undesirable mechanical vibrations.   

DPPC model cell membranes were fabricated by depositing 15 μL of DPPC/chloroform 

solution on the surface of the selected subphases1,3. After a 15-minute time lapse the chloroform 

evaporated and the film was compressed at a rate of 3 mm min-1. The surface pressure and 

molecular area values for the DPPC film were then collected and displayed as an isotherm in the 

KSV NIMA software.     
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3.2 Results and Discussion  

3.2.1 Surface Pressure Isotherms of DPPC in Pure Water    

Multiple trials of DPPC isotherm in pure water are shown in figure 3.1(a) and the average 

of four trials in figure 3.1(b.) The DPPC isotherm shows distinct phase behavior which is 

consistent with what was reported in several previous studies4-9. The phases that were observed 

in the DPPC isotherms correspond to the two phases reported in the literature which are: liquid 

expanded and liquid condensed. The monolayer displays two phase coexistence regions: the 

gaseous-liquid expanded region and the liquid condensed-liquid expanded region. The 

monolayer remains in the liquid condensed phase until collapse and it does not undergo a solid 

phase. The phase transitions are also consistent with the liquid expanded and the liquid 

condensed transition states reported in previous studies. In this study, the maximum surface 

pressure was detected at 64 dynes/cm  with a standard deviation of 2.5 dynes/cm which is 

consistent with the literature reviewed that report the surface pressure at collapse to the between 

60 and 70 dynes/cm at constant temperatures that range between 20 and 257-9. At lower 

temperatures the isotherm phase transitions shift to the left and to lower mean molecular area 

areas and higher surface pressures10,11.  
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Figure 3.1 Multiple trials of DPPC isotherm on neat water (a) the average four trials (b).   

The mean molecular area was found to be 41 Å2molecule−1 at 22 ℃ with a standard 

deviation of 2.5 Å2molecule−1. This value is also consistent with the reported values in the 

literature review5,7-9,12 that range from 39 to 60 Å2molecule−1. The plateau delineating the 

transition from gas to LE-LC phase was found to be at a surface pressure of 8 dynes/cm with a 

standard deviation of 1.9 dynes/cm and at a mean molecular area of 92 Å2molecule−1 with a 

standard deviation of 4.3 Å2molecule−1 which is also consistent with the data reported in the 

studies reviewed5,11,13 that ranges from 73 Å2molecule−1  to 95 Å2molecule−1. Variations in 

molecular areas, as well as in surface pressure, might be associated to a difference in trough size 

and/or to environmental differences such as temperature and stabilization time. The consistency 

and the reproducibility of the isotherm collected for DPPC confirms that the method developed is 

indeed valid and acceptable.  
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3.2.2 Surface Pressure Isotherms of DPPC on Carbamazepine Subphases at Different 

Concentrations  

The isotherms of CBZ show (figure 3.2) a change in the phase behavior, collapse surface 

pressure surface and on the mean molecular area when compared to DPPC in pure water.  

 

Figure 3.2 Isotherms of DPPC in the presence of different concentrations of CBZ in the 

subphase. Each trace represents an average of three to four trials.  

Taking the DPPC monolayer in pure water as reference a reduction in mean molecular 

area is observed for all the CBZ concentrations but the 27.1 μM concentration. Moreover, these 

isotherms shifted to the left compared to the isotherm of DPPC in pure water. This observation 

could infer that CBZ increases condensation of the lipid packing for these concentrations. This 

left shifting effect follow a concentration depended trend. 

The phases observed for the DPPC in CBZ monolayers do resemble the phases of the 

DPPC in pure water. This observation applies for all CBZ concentrations indicating that CBZ 
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does not disrupt the phase behavior of DPPC. However, CBZ alters the phase domain shapes and 

distribution at all concentrations and for all the phases.    

According to a study on the effects of different concentrations of ganglioside GM1 on the 

phases DPPC monolayers, at low GM1 concentrations the monolayer becomes more condensed13. 

This interpretation arises from the observation of a lowering in the mean molecular area of the 

mixed film when compared to the DPPC film in pure water.  On the other hand, a fluidizing 

effect is observed for high concentrations of GM1
13 that produce an expanded isotherm with  

larger molecular areas.  A similar logic was applied in the interpretation of the values of mean 

molecular area obtained in this study. At a concentration of 27 μM, CBZ yields an isotherm that 

displays higher molecular area at 42 Å2molecule−1 (+/-2.0 Å2molecule−1) than the isotherm of 

DPPC in pure water (41 Å2molecule−1). This indicated that CBZ might have an expanding effect 

on the monolayer at this concentration and could possibly alter DPPC close packing by 

increasing the distance between its phospholipid constituents.   

The surface pressure at collapse is lowered for all concentrations of CBZ with the 

stronger effect observed for the 27.1 μM concentration (52.5 dynes/cm +/-2.3 dynes/cm) and the 

weaker effect observed for the 42.3 μM, 61.8μM and 4.2 μM CBZ concentrations with surface 

pressure of 62 dynes/cm (+/-0.6 dynes/cm), 61 dynes/cm (+/-0.3 dynes/cm) and 60 dynes/cm (+/-

0.6 dynes/cm) respectively. According to Wnętrzak et al. surface pressure at collapse is a 

measure of stability14. The higher the pressure at collapse, the more stable is the monolayer. This 

indicates that CBZ destabilized the monolayer at all concentrations. The strongest destabilization 

effect is observed at 27.1μM while the weakest at 42.3μM.  
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3.2.3 Elastic Modulus vs. Surface Pressure Plot of DPPC on Carbamazepine Subphases at 

Different Concentrations  

The elastic modulus for all the isotherms was calculated according to equation 2.6 

described in Chapter 2. The plot of surface elasticity vs. surface pressure (figure 3.3) for DPPC 

in pure water subphase displays two maxima. These two maxima are associated with the 

different phases of DPPC in pure water. The smallest maximum represents the LE phase while 

the larger maximum represents the LC phase in the isotherm. The surface pressures for the LE 

and LC phases on the x axis are extrapolated from the center of the maxima.  The value for the 

elastic modulus of DPPC in neat water at the LE maxima is 25 mN/m. This value is within the 

range liquid expanded phase that goes from 12.5 mN/m to 50 mN/m4,15. On the other hand, the 

elastic modulus at the second maxima in the plot is 150 mN/m. this value is within the range 

liquid condensed phase that goes from 100 mN/m to 250 mN/m. The values of surface elasticity 

for both the LE and the LC phases are in accordance with the typical values associated with these 

phases reported in the literature15,16.  
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Figure 3.3 Equilibrium surface elasticity vs. surface pressure plots of DPPC in the presence of 

different concentrations of CBZ in the subphase. 

The presence of CBZ in the subphase affects changes in surface pressure and/or in 

surface elasticity of DPPC when compared to DPPC in pure water. According to Geraldo et al. 

lowering of surface pressure on the elastic modulus vs. surface pressure plot  indicates 

partitioning of other species in the lipid membrane and interaction  with the lipid alkyl tails15. In 

addition, some studies report that a lowering in the surface pressure indicates a loss in rigidity of 

the pure DPPC film due to a hindrance in  effective close packing of its lipid constituents at the 

interface upon introduction of pharmaceutical compounds1. The lowering in surface pressure 

observed for the DPPC monolayer upon interrelation with CBZ when compared to the value for 

DPPC in pure water, might indicate that CBZ penetrated the lipid membrane and interacts with 

the lipid alkyl tails. 

The elastic modulus shows a significant decrease for the 42.3 μM and the 61.8 μM CBZ 

concentrations. The elasticity modulus was found to be 110 mN/m for CBZ at 42.3 μM and 100 

mN/m for CBZ at 61.8 μM concentration. This decrease is observed for both the LE phase and 

the LC phase. The values of elasticity modulus indicate that CBZ decreases the rigidity of the 

DPPC monolayer at high concentrations. As a consequence, compressibility of the monolayer 

increases. A slight decrease in the value elastic of modulus was observed for CBZ at 4.2 μM, 

17.8 μM and 27.1 μM when compared to the value for DPPC in pure water. However, this small 

change is not significant. These results indicate that the elasticity of the film is not as affected at 

these lower CBZ concentrations.    
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As the isotherm results indicate, CBZ has been found to interact with the DPPC 

monolayer at all concentrations. The DPPC monolayer gives isotherms that show variations in 

surface pressure and mean molecular area according to the concentration of CBZ present in the 

subphase. As the concentration of CBZ in the subphase increases a decrease in mean molecular 

area is observed for all concentrations when compared do DPPC in pure water with the exception 

of the 27.1 μM concentration for which the area value shows an increase. The value of surface 

pressure of the isotherms decreases for all CBZ concentrations. This decrease however does not 

seem to be concentration depended and it appears to be random. Lastly, the elasticity vs. surface 

pressure plots show a decrease in surface elasticity for all CBZ concentrations with the higher 

concentration (42.3 μM and 61.8 μM) displaying the most dramatic decrease. For the lower 

concentrations (4.2 μM, 17.8 μM and 27.1 μM) the decrease in surface elasticity is minimal.  

3.3 Fluorescence Spectroscopy of CBZ 

Due to initial issues with reproducibility of the isotherms of CBZ, additional literature 

was reviewed to see if aggregation of CBZ was forming. Some of the studies investigated 

denoted that CBZ aggregates in the form of dimers in solution for certain concentrations when 

dissolved in water. Several studies report the formation of dimers and other polymorphs when 

anhydrous CBZ is dissolved in water17-20. Once anhydrous CBZ is dissolved in water in 

supersaturated solutions by stirring 500 mg of the CBZ crystal in 25 mL of distilled water, CBZ 

transforms in its dehydrated form17. Dehydrated CBZ was found to be able to form aggregates 

and to crystallize by hydrogen bonding. A study by Harry G. Brittain points out that CBZ 

produces fluorescence spectra for both its anhydrous form and once in solution when it is 

transformed to its dehydrate form21.  
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It was hypothesized that CBZ dimers or other possible aggregates may have an effect on 

the concentration dependent isotherm results in our experiment; that is, inconsistency and 

irreproducibility of the isotherm data in the presence of CBZ. For this reason, fluorescence 

spectroscopy was selected as a tool to detect the possible formation of CBZ aggregates in 

solutions. The fluorescence spectroscopy technique was chosen for its relevance in detecting 

CBZ polymorphs in previous studies as well as for its high sensitivity in detecting organic 

species at trace levels with a sensitivity 10 to 100 time higher than UV-vis21,22. The fluorescence 

data is shown in figure 3.4.  

 

Figure 3.4 Fluorescence spectra of CBZ as a function of concentration in aqueous solution 

excited at (a) 285 nm, (b) 300 nm, (c) 310nm (d) 320 nm. 
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For the fluorescence spectra the excitation wavelengths were chosen based on the UV-vis 

spectra of CBZ (figure 3.5). The peak absorbance of CBZ in water is 285 nm.  

 

Figure 3.5 (a) UV-vis spectra of CBZ at different aqueous concentrations and (b) its extinction 

coefficient at 285 nm. This data has been collected by a lab member, Tyler Williams, and is used 

herein with his permission.  

 For this part of the study, a fresh stock aqueous solution of CBZ was made at 70 μM. 

This stock solution was then used to obtain other concentrations that were: 1 μM, 5 μM, 10 μM, 

25 μM and 35 μM. The excitation wavelengths that were chosen were based on UV-vis spectra 

for CBZ at different concentrations displayed in figure 3.5.  

 The first wavelength explored (285 nm) was based on the analysis of CBZ UV-vis 

spectra (figure 3.5a). From the UV-vis study the linearity of the concentration dependent 

absorbance at 285 nm (figure 35.b) lead to the conclusion that CBZ does not form significant 

amount of aggregates at concentrations of 1 μM, 5 μM, 10 μM, 25 μM and 35 μM.  

When the aqueous solutions of CBZ were analyzed by fluorescence spectroscopy at 285 

nm wavelength, the intensity for all CBZ concentrations was found to be negligible. Further 
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excitation wavelengths were selected to get a more thorough representation of the fluorescence 

data for CBZ. These additional excitation wavelengths were 300 nm, 310 nm and 320 nm. The 

intensity vs. wavelength plot for the excitation wavelength of 300 nm shows what seems to be 

weak intensity peaks at 460 nm. These peaks however were determined to be an artifact or mere 

raised baselines. The intensity was determined not to increase proportionally with the increasing 

of CBZ concentration. No concentration dependent linear correlation was observed for CBZ at 

any of the selected excitation wavelength. The lack of fluorescence emission for any of the 

concentrations explored, lead to the conclusion that CBZ does not form aggregates for the 

concentrations selected for this study.    

 Providing the conclusion of no aggregation formation from the results of CBZ 

fluorescence data, further investigation was done to pin point the irreproducibility of the 

isotherms. Further investigation lead to the trouble shooting process resulted in the method 

development and it is explained in details in Chapter 2.  

3.4 Work of Compression on the DPPC Monolayer in the Presence of CBZ  

For this part of the study, work of compression done by the system on the DPPC 

monolayer was calculated according to equation 2.8 discussed in Chapter 2. The work of 

compression was calculated for the DPPC monolayer in pure water (WW) and for each of the 

carbamazepine concentrations analyzed (WCBZ). Work was then plotted as a function of CBZ 

concentration as displayed in figure 3.6.    
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Figure 3.6 Work of compression on the DPPC monolayer as a function of CBZ concentration.    

The value of work of compression decreases as the concentration of CBZ decreases for 

all concentrations except of for CBZ at 27.1 μM when compared to the value for DPPC in pure 

water (43 kJ/mol). At this concentration the value of work which was found to be 51 kJ/mol is 

indeed higher than the value obtained for DPPC in pure water. Therefore, the calculated work 

does not seem to be concentration dependent tend for CBZ 27.1 μM. For CBZ at 61.8 μM, work 

of compression was found to be at the lowest value of 24 kJ/mol.  

The calculation of ΔΔF (equation 2.11) indicates that the CBZ-DPPC interaction is 

favorable for any concentrations of CBZ besides at 27.1 μM; at this particular concentration, the 

difference in ΔF of the monolayer in CBZ (27.1 μM) and ΔF of the monolayer in pure water 

result in a positive value of 7.5 kJ/mol. This indicates that CBZ (27.1 μM)/monolayer interaction 

is not favorable. There is a possibility that in the vicinity of 27.1 μM the CBZ molecule is 

undergoing an orientation change within the lipid membrane. For instance, the molecule could 

change from a vatical to a horizontal position in the membrane with respect of the substrate. 
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Then at higher concentrations, CBZ may switch back to a vertical position that would be parallel 

to the DPPC tails. This may be the reason that led to the lowering of the mean molecular area 

observed at higher concentrations. A possible way to see if this hypothesis is coherent is to 

collect more data point at intermediate concentrations. This cloud be completed in future studies. 

ΔΔF indicates that CBZ/DPPC interaction is more favorable for high CBZ concentrations. This 

might indicate that at there might be more attractive interaction with the DPPC tails at higher 

CBZ concentrations. However, assuming a change in orientation for CBZ at 27.1 μM there may 

be more steric hindrance upon interaction with the lipid tails. This would result in repulsive 

CBZ/DPPC interactions.    

 

3.5 Conclusion: CBZ Studies  

The hydrophobicity of the rings moiety that compose the structure, suggests that 

carbamazepine might have strong affinity for the alkyl chain of the selected lipids analyzed in 

this study. The reduction in DPPC mean molecular area (for all CBZ concentration besides 27.1 

μM) may be consistent with CBZ embedding in lipid chains. This hypothesis was based on 

previous studies that found correlation between pharmaceuticals containing hydrophobic groups   

interacting with the alkyl chains and mean molecular area reduction23. The drop in the elasticity 

value to some extent for all concentrations CBZ may indicate hydrophobic interaction between 

the alkyl chains of DPPC and CBZ witch would decrease the rigidity of the monolayer. For all 

the concentration investigated but the 27.1 μM, the area on the isotherm shows a steady 

reduction trend as the concentration increases possible indicating partitioning in the lipid tails.  
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In the case of CBZ at 27.1 μM, one possible interaction pattern is the partitioning of CBZ 

into the DPPC monolayer between the head groups. The partitioning of hydrophobic molecules 

and small nanoparticles such as polystyrenes coated nanoparticles and phenylalanine derived 

compounds in DPPC monolayers has been found in some of the studies reviewed25,26. The 

partitioning of CBZ between the phosphocholine head groups of DPPC would likely occur at the 

phosphate moiety by mean of non-covalent interactions26,27. The expansion of the liquid 

condensed phase domain in for CBZ at 27.1 μM is an indication for weakening of the Van der 

Waals forces that are responsible for the cohesiveness of the DPPC monolayer constituents28,29. 

Reduction in the cohesive forces that conferred tight packing of DPPC translates in a reduction 

in rigidity of the monolayer that is confirmed by the slight reduction in the elasticity value for 

CBZ at 27.1 μM.  Another possibility is that CBZ at this intermediate concentration changes in 

orientation in the lipid chains and increases the isotherm molecular area.  The results for work of 

compression the presence of CBZ indicates that carbamazepine reduces the work of 

compression. This was found to follow a linear trend besides for at 27.1 μM where the work of 

compression is higher than the work for the monolayer in pure water.  

Finally, the result for ΔΔF for CBZ at 27.1 μM indicates unfavorable interactions with 

the monolayer while the interaction was found to be favorable for all other concentrations. The 

analysis of the ΔΔF provides a unique opportunity to understand whether the overall interaction 

is favorable or not in the presence of pharmaceutical contaminants in equilibrium with the lipid 

monolayer.   
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3.6 β-Estradiol Results and Discussion  

3.6.1 Surface Pressure Isotherms of DPPC on β-Estradiol Subphases at Different 

Concentrations  

Now we turn our discussion to β-Estradiol, the other neutral compound, which is an 

endocrine disruptor. The isotherms of E2 show (figure 3.7) a change in the phase behavior, 

collapse surface pressure surface and on the mean molecular area when compared to DPPC in 

pure water.  

 

Figure 3.7 Isotherms of DPPC in the presence of different concentrations of E2 in the subphase. 

Each trace represents an average of three to four trials.  

All the isotherms are shifted to the left of the isotherm of DPPC in pure water. This 

observation could indicate that E2 increases condensation of the lipid packing at any 

concentrations. The 5.5 μM concentration gives the smallest area and surface pressure reduction 

with values of 39 Å2molecule−1 (+/-1.7 Å2molecule−1) and 56 dynes/cm (+/-7.2 dynes/cm) 
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respectively while the 11.0 μM gives an intermediate area and pressure reduction with values of 

38 Å2molecule−1 (+/-1.0 Å2molecule−1) and 54 dynes/cm respectively (+/-6.0 dynes/cm). The 

strongest shift toward lower area and pressure is however given by the lower E2 concentration at 

2.2 μM which isotherm gives an area of 31 Å2molecule−1 (+/-2.6Å2molecule−1) and a surface 

pressure of 42 dynes/cm (+/-1.0 dynes/cm). 

The phases observed for the DPPC monolayers in the presence of E2 correspond to the 

phases of the DPPC in pure water. This observation applies for all E2concentrations indicating 

that β-Estradiol does not disrupt the phase behavior of DPPC. However, E2 alters the phases 

distribution at all concentrations and for all the phases.  When compared to the isotherm of 

DPPC in pure water, the isotherm of DPPC in presence of E2 displays a longer LE-LC 

coexistence phase region and a shorter LC phase. The occurrence of a longer LE-LC domain is 

an indication of increased monolayer stability as the film collapse is delayed31.      

Despite the LE-LC coexistence region is expanded, the rigidity of the monolayer in the 

presence of E2 increases because the mean molecular area decreases. A reduction in mean 

molecular area is observed for all the E2 concentrations when compared to DPPC in pure water. 

This indicated that E2 might have a condensing effect on the monolayer and could possibly alter 

DPPC close packing by decreasing the distance between its phospholipid constituents or it could 

alter the interfacial conformation of the polar head group in the aqueous subphase. This shift to 

lower molecular areas follows a trend that is propositional to the increasing concentrations for E2 

at 5.5 μM and at 11.0 μM. However, the trend does not apply for the 2.2 μM concentration that 

gives the greatest reduction of available area. This might be explained by a higher affinity of E2 

for the lipid chains at this concentration. At a concentration of 2.2 μM E2 might be more easily 

picked up and absorbed into the lipid chains constituents of DPPC. Previous studies confirmed 
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that some species favor association with the lipid tail moieties of the monolayer constituents32. 

At the other concentrations, interactions with the phosphocholine head group might prevent 

DPPC monomers to pack as tight as they would for lower concentrations.   Another possibility is 

that the low area value is given by loss of molecules via precipitation in the bulk at this specific 

concentration32. The compression of DPPC with 2.2 μM E2 might trigger the E2 to interact with 

the water molecule in the bulk to some extent, giving therefore a lower molecular area compared 

to higher E2 concentrations.  

Surface pressure is shown to decrease for all E2 concentrations. For the 5.5 μM and the 

11.0 μM Surface pressure gradually decreases with the increasing of mole fraction of β-

Estradiol. However, for the lowest E2 concentration of 2.2 μM the surface pressure shows the 

greatest decrease in value with a difference of 23 dynes/cm from the DPPC isotherm in pure 

water. Drops in collapse pressure are associated with decrease in monolayer stability14. This 

indicates that E2 destabilized the monolayer at all concentrations with the greatest destabilization 

effect observed at 2.2 μM and the weakest effect at 5.5 μM. 

The deviation from a rigorous concentration dependent trend for one CBZ and for one E2 

concentration, is not an exclusive case to the study described in this thesis. Previous studies also 

report deviation from a concentration dependent isotherm shift for some of the concentration of 

their selected molecules33.  

3.6.2 Elastic Modulus vs. Surface Pressure Plot of DPPC on β-Estradiol Subphases at Different 

Concentrations  
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Figure 3.8 Equilibrium surface elasticity vs. surface pressure plots of DPPC in the presence of 

different concentrations of E2 in the subphase. 

 The plot of surface elasticity vs. surface pressure (figure 3.8) for DPPC in pure water 

subphase previously discussed in section 3.2.3 was used as a reference to evaluate the effects of 

E2 on the monolayer in terms of elastic modulus and relative surface pressure.   

The presence of E2 in the subphase affects changes in surface pressure and in surface 

elasticity of DPPC when compared to DPPC in pure water. Similar to CBZ, the surface elasticity 

decrease is observed for both the LE phase and the LC phase. When comparing to the DPPC 

monolayer in pure water, the presence of E2 in the subphase causes lowering in surface pressure 

of DPPC monolayer at all concentrations for both the LE and the LC phase. These values were 

previously examined in the isotherms but they are by far easier to identify from the surface 

elasticity vs. surface pressure plots34. The lowering in the value of surface pressure indicate that 

partitioning of a species in the lipid tails might take place15. Lowering of surface pressure is also 

considered an indication of rigidity loss as well as loss in stability as previously discussed1,14. 
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This might indicate that E2 penetrate in the lipid membrane and may undergo hydrophobic 

interaction with the lipid alkyl tails.  

The elastic modulus shows the lowest decrease for the 5.5 uM concentration with a value 

of 148mN/m compared to DPPC in pure water at a value of 150 mN/m. On the other hand, the 

elastic modulus shows a significant decrease for the 11.0 μM giving a value of 120 mN/m. The 

elasticity decreases even more for the 2.2 μM concentration with the lowest displayed value of 

78 mN/m. LE phase where all the E2 mole fractions give the same value of 17 mN/m. The values 

of surface elasticity for both the LE and the LC phases of the monolayer in the presence of E2 

are in accordance with the typical values associated with these phases reported in the 

literature15,16.  

The values of elasticity modulus indicate that E2 decreases the rigidity of the DPPC 

monolayer at all concentrations but in particular at low concentrations. Lowering in surface 

elasticity causes the compressibility of the monolayer to increase. The decrease in the value of 

elastic modulus was found to be minimal for E2 at 5.5 μM when compared to the value for 

DPPC in pure water. This may indicate that the elasticity of the film is not as affected from 

interaction with intermediate E2 concentrations at about ½ of its solubility range of 13 mg/L at 

20 °C.  

Several conclusions can be made from the data collected from these β-Estradiol studies. 

As the isotherm results indicate, E2 interact with the DPPC monolayer at all concentrations. The 

surface behavior DPPC shows variations in the surface pressure/ area isotherm according to the 

specific concentration of E2 in the subphase.  
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Fluorescence studies were not performed on β-Estradiol. The literature explored does not 

indicate recrystallization or polymorphism of estradiol in aqueous solutions. For this reason, 

fluorescence studies were chosen to be postponed for this species.  

 

3.7 Work of Compression on the DPPC Monolayer in the presence of E2  

For this part of the study, work of compression done by the system on the DPPC 

monolayer was calculated. The work of compression was calculated for the DPPC monolayer in 

pure water (WW) and for each of the β-Estradiol concentrations analyzed (WE2). Work was then 

plotted as a function of E2 concentration as displayed in figure 3.9. 

 

Figure 3.9 Work of compression on the DPPC monolayer as a function of E2 concentration.    
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All the values for work denote that less work of compression is done by the system with 

E2 in the subphase than with pure water. The value of work of compression is lower for all E2 

concentrations when compared to the value for DPPC in pure water. For E2 at 2.2 μM, work of 

compression was found to be at the lowest value of 12 kJ/mol while at 5.5 μM, work of 

compression was found to be at the greatest value of 18 kJ/mol DPPC in pure water. For the 

most concentrated E2 subphase the work value was found at 17 kJ/mol.  

The calculation of ΔΔF indicates that the E2-DPPC interaction is favorable for any 

concentrations of E2. This indicate that at low E2 concentrations the compression of the DPPC 

monolayer is more favorable than at intermediate concentrations. This might be due to the fact 

that partitioning in the lipid tails might be causing stronger attractive interactions at low E2. 

These attractive interactions might become weaker with E2 at higher concentration possibly due 

to steric hindrance effect as the molecule accumulates between the DPPC tails.  

 

3.8 Conclusion: E2 Studies  

The study shows that E2 has affinity for the monolayer at air-water interface. The 

reduction in DPPC mean molecular area upon interaction with E2 may be consistent with 

adsorption in lipid chains. The reduction of mean molecular area has been associated with 

interaction of organic compounds with lipid chains in phospholipids23. The drop in the elasticity 

value for all concentrations E2 can further reinforce the hypothesis of hydrophobic interaction 

between the alkyl chains of DPPC and E2. For all the concentration investigated the area on the 

isotherm shows a reduction. An area reduction trend seems to be present for the 5.5 μM and 11.0 

μM concentrations but no trend is followed by the 2.2 μM concentration. The reduction on area 
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may be due to attractive  interactions for the lipid choline  head group24. This interaction could 

possibly involve the hydroxyl groups of E2 that may be found deprotonated to some extent. 

interaction of E2 into the monolayer head groups could be possible through hydrogen bonding 

with the choline moiety in DPPC. If interaction takes place at the quaternary ammonium group, 

this could cause a change in tilt of the head group that would result in a change in area. Due to its 

hydrophobic nature, β-Estradiol is expected to have more affinity for the alkyl chains of the 

selected lipids and to be repelled or have poor interaction with the lipid head groups. Affinity 

with alkyl chains at the air – water interface therefore would be preferred over affinity for the 

water molecules in the bulk of the subphase.  This would result in an increased rigidity of the 

monolayer. Rigidity of the monolayer can be correlated to rigidity of the cell membrane. As 

mentioned in the previous chapter the pKa value for β-Estradiol  is 10.7135. This indicates that 

this species will not be likely to be found in ionic form in aqueous solutions due to its poorly 

ionizable functional groups36. The reduction of the liquid condensed phase domain for all E2 

concentrations is an indication for strengthening of the Van der Waals forces increasing the 

cohesiveness of the DPPC monolayer monomers28,29. Tightening of the packing of DPPC upon 

interaction with E2 could explain the reduction in the elasticity and the consequent gain in 

rigidity of the monolayer.  

β-Estradiol was found to reduce the work of compression of the monolayer at all 

concentrations. Analysis of ΔΔF denotes that the interaction of E2 with the DPPC monolayer is 

favorable. This result might indicate the presence of attractive interactions14 between E2 and the 

phospholipid tails. To gain deeper insights in structural change of the molecules and the resulting 

phase domains, additional techniques would have to be employed.  
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Chapter 4: Interaction of Charged Species with DPPC Monolayers 

In this chapter the effect of charged species in pH neutral solution are discussed. The 

pharmaceutical molecules explored in this chapter are amlodipine (AMP) and triclosan (TCS) at 

different aqueous concentrations. The isotherms of DPPC monolayers on solutions of   AMP and 

TCS are then compared to the isotherm of DPPC on pure water. The Langmuir trough technique 

used was described in the previous chapters (Chapter 2 and 3).  

 Amlodipine besylate was selected for its environmental relevance and for its structural 

characteristics. As mentioned in Chapter 2, the presence of AMP in aquatic environments was 

associate with the formation of toxic photodegradation products1. Based on the pKa value of  

9.52, AMP would be found in a protonated ionic form when dissolved in pure water1,3. This 

might result in interaction with the selected DPPC phospholipid that differ from the interaction 

of DPPC with neutral species in solution. 

Triclosan was selected for its endocrine disrupting behavior in aquatic fauna and for its 

potential formation of toxic byproducts4. Similar, for the other compounds investigated in this 

study, triclosan has hydrophobic structural components. Additionally, the structure of Triclosan 

is also is composed by 3 chlorine moieties, a hydroxyl group and an ether group. The presence of 

these structural components was thought to contribute to singular results upon interaction with 

DPPC. For these reasons, triclosan was chosen for interaction studies with DPPC monolayer.  

4.1 Materials and Method 

For the subphase preparation, solid amlodipine besylate certified at 99.9% purity (lot 

number: LRAB1220), that was purchased from Sigma Aldrich, was dissolved in water dispensed 

from a NANOpure Barnstead Scientific water purification system. All the solutions were 
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prepared in either 1L or 500mL glass flasks. The solutions were then sonicated over the course 

of several minutes until the solid AMP was no longer visible.  The selected AMP concentrations 

for the study were: 5.0 μM, 10.0 μM, 25.0 μM, 63.1 μM and 82.2 μM. However, several 

additional concentrations were analyzed before the method was optimized. Also, some of 

isotherms collected before the method optimization were above the maximum solubility reported 

at (75.3 mg/L)5 or 132.7 μM. These data were therefore declared invalid but, they were kept as a 

reference for method optimization records and they were not used in the analysis of the results of 

this study.  

Triclosan, that was purchased from Sigma Aldrich (lot number: LKAA9502), was 

dissolved in water dispensed from a NANOpure Barnstead Scientific water purification system. 

All the solutions were prepared in either 1 L or 500 mL glass flasks. The solutions were then 

sonicated over the course of several hours until the solid TCS was no longer visible.  The 

selected triclosan concentrations for the study were: 4.8 μM, 16.2 μM, and 32.5 μM. Similarly 

for E2, the number of concentrations prepare for TCS was limited by the low solubility of this 

organic compound 10 mg/L at 20 °C6 or 34.54 μM.   

 

4.2 Results and Discussion: AMP   

4.2.1 Surface Pressure Isotherms of DPPC on Amlodipine Subphases at Different 

Concentrations  

Unlike the results for neutral species studied and presented in Chapter 3, the isotherms of 

AMP (figure 4.1) shows changes in the phase behavior, collapse surface pressure and in the 

mean molecular area when compared to DPPC in pure water.  
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Figure 4.1 Isotherms of DPPC in the presence of different concentrations of AMP in the 

subphase. Each trace represents an average of two to four trials.  

All the isotherms with the exception of AMP 82.2 μM are shifted to the left of the 

isotherm of DPPC in pure water. The change in mean molecular area is observed for all the AMP 

concentrations for both the LE and the LC phase. For AMP subphases the area shift follows a 

concentration dependent trend for all concentrations. The area decreases for all concentrations 

except for the higher one where we see a shift to a larger area value with respect of DPPC (41 

Å2molecule−1) in pure water. This observation could infer that AMP increases the condensation 

of the lipid packing for all concentrations except for the higher concentration at 82.2 μM for 

which the isotherm is expanded. Interestingly, for this concentration-dependent area shift, the 

larger left shift (smallest area) is given by the lowest AMP concentration of 5.0 μM for which the 

area was found to be 30 Å2molecule−1. On the other hand, the area shift for the greatest AMP 

concentration was found to be shifted to the right of the DPPC-pure water isotherm with a value 

of 49 Å2molecule−1.  
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The phases observed for the DPPC monolayers in AMP indicate that AMP alters the 

phases conformation at all concentrations and for all phases with the most drastic effects 

observed for the two highest concentrations (63.1 μM and 82.2 μM). At low AMP concentrations 

(5.0 μM to 25.0 μM) the isotherms are characterized by a larger LE-LC and a shorter LC phase 

compared to pure DPPC. This indicates that in the presence of AMP, the monolayer favors the 

liquid expanded phase. This is also true at higher AMP concentrations (63.1 μM and 82.2 μM). 

However, at these higher concentrations both   the LC domain and the LE domain are shortened 

with the LE domain gradually fading away as the concentration of AMP increases. This ongoing 

vanishing of the LE phase denote a trend toward phase disruption that could result in a single-

phase isotherm as the concentration of AMP increases.  

The area for the LE is increased in the presence of AMP for all concentrations. Although 

exact values for the two higher concentrations are not detectable because they are outside the set 

limit range, this increase in area for the liquid expanded domain clearly follows a concentration 

dependent trend.    

Since low mean molecular area is associated with increase in condensation of the 

monolayer, the presence of AMP in the subphase can be said to enhance the monolayers close 

packing of its phospholipid constituents7. This is true for all concentrations but for the higher 

concentrations. A fluidizing effect is observed AMP at 82.2 μM because the mean molecular 

area in the LC phase is greater than the area of DPPC in pure water. This can be associated with 

the expansion of the close phospholipid packing caused by interaction with AMP.     

The surface pressure at the LE phase is better identifiable from the elasticity vs. surface 

pressure plot in figure 4.2. For the lowest concentrations of AMP (5.0 μM to 25.0 μM) the 
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monolayer surface pressure of the LE phase is lower than the value the pure water substrate. This 

indicates that AMP stabilizes the LE phase domain a low concentration. On the other hand, at the 

highest AMP concentrations of 63.1 μM and 82.2 μM AMP destabilize the LE phase as the shift 

to a higher surface pressure value (8.5 dynes/cm and 10.0 dynes/cm respectively).  

The surface pressure at collapse is lowered for all concentrations of AMP with the 

stronger effect observed for the 25.0 μM concentration and the weaker effect observed for the 

10.0 μM and 5.0 μM concentrations with a surface pressure value of 59 dynes/cm. Surface 

pressure at collapse is directly related to monolayer  stability8. Because AMP at 10.0 μM and at 

5.0 μM give the higher collapse pressure, the monolayer is more stable for these concentrations 

while it is less stable at 25.0 μM where the surface pressure is detected at 44 dynes/cm. The 

lowering of the surface pressure of DPPC monolayer in AMP compared to DPPC monolayer in 

pure water indicates that AMP destabilized the monolayer at all concentrations. For surface 

pressure on the contrary for the mean molecular area, there is not an identifiable concentration 

related trend.   

4.2.2 Elastic Modulus vs. Surface Pressure Plot of DPPC on Amlodipine Subphases at Different 

Concentrations  

The plot of surface elasticity vs. surface pressure (figure 4.2) for DPPC in pure water was 

compared with the plots of DPPC in AMP at different concentrations. The DPPC plot was 

discussed in details in Chapter 3 section 3.2.3  
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Figure 4.2 Equilibrium surface elasticity vs. surface pressure plots of DPPC in the presence of 

different concentrations of AMP in the subphase. 

The presence of AMP in the subphase affects changes in the surface pressure and/or in 

surface elasticity of DPPC when compares to DPPC in pure water.  

The plot denotes a lowering in collapse surface pressure for the DPPC monolayer 

consequent to interrelation with AMP when compared to the value for DPPC in pure water. As 

mentioned in the earlier paragraph, the collapse pressure is also a measure of monolayer rigidity 

and indicate change in the effective close packing of its lipid constituents at the interface9,10. 

AMP might cause hindrance in close packing of the DPPC monomer, decreasing rigidity by 

interacting with the phosphate in the DPPC head group.  

At the LC domain the elastic modulus shows the largest decrease for the higher 

concentration of 82.2 μM (90 mN/m) followed by AMP at concentration of 5.0 μM that give a 

value of 95 mN/m. the lowest decrease in surface elasticity has been found for the 10.0 μM 
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concentrations at a value of 110 mN/m. Loss in monolayer elasticity does not seem to follow a 

concentration dependent trend, probably because the phase shapes and conformation of their 

domains are very different from one concentration to another on the isotherms. Also for all 

concentrations but the 10.0 μM the 63.1 μM elasticity value does not meet the minimum 

elasticity requirement for the LC phase of 100 mN/m to 250 mN/m11,12. This indicates that in the 

presence of AMP the monolayer remains in a phase region between the liquid expanded with a 

defined elasticity range of 12.5 mN/m to 50 mN/m and the liquid condensed phase11,13. This 

assumption is also based on the value of surface pressure at the maxima. When the surface 

pressure at the maxima in the elastic modulus vs. surface pressure plot shifts to higher values, 

this indicates increase in fluidity of the monolayer10. Therefore, monolayer fluidity can be 

assumed to increase for all concentrations within a small surface pressure at maximum that 

ranges from 40 mN/m to 42 mN/m with the exception of AMP at 25.0 μM. For AMP at 25 uM 

the surface pressure at the maxima is close to the value for DPPC at 35 mN/m. The increase in 

the values of surface pressure at the maximum does not seem to follow a concentration 

dependent trend. 

The decrease in elasticity is observed for LC phase as well as for the LE phase for AMP 

at all concentrations. The decrease in elasticity for the LE phase however seems to be 

concentration dependent for all concentrations excluding the 25.0 μM. The highest value for 

elastic modulus is found to be 20mN/m and corresponds to the highest concentration of 82.2 μM. 

AMP at 63.1 μM gives an elastic modulus value of 19 mN/m and for the concentrations of 5.0 

μM and 10.0 μM   elastic modulus was found at 15 mN/m. It was noticed that for all the 

concentrations but for AMP at 25.0 μM the values for elastic modulus are within the range that 

defines the liquid expanded phase that goes from 12.5 mN/m to 50 mN/m11,13. However, for 
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AMP at 25.0 μM elastic modulus value with a value of 9 mN/m does not meet the minimum 

requirements defined for the LE phase. This indicates that for this AMP concentration the 

monolayer is found in the gas phase and not in LE phase.  

A significant change in the value of elastic modulus was observed for all AMP 

concentrations when compared to the value for DPPC in pure water.  The values of elasticity 

modulus indicate that AMP decreases the rigidity of the DPPC monolayer at all concentrations10. 

Moreover, the fluidity of the film is increased by AMP in the subphase as indicated by surface 

pressure at the maxima. As a consequence, compressibility of the monolayer increases. These 

results indicate that the elasticity of the film is affected as a consequence of AMP interacting 

with the DPPC monolayer.    

 

4.2.3 Fluorescence Spectroscopy of AMP 

AMP fluorescence studies were performed as a comparative study to CBZ fluorescence 

studies although no evidence of aggregation of AMP is reported in the studies that were 

examined.  

The fluorescence data for AMP is shown in figure 4.3  
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Figure 4.3 Fluorescence spectra of AMP as a function of concentration in aqueous solution 

excited at (a) 420 nm, (b) 430 nm. 

For the fluorescence spectra the excitation wavelengths were chosen based on the UV-vis 

spectra of AMP (figure 4.4). The peak absorbance of AMP in water is 366 nm.  

 

Figure 4.4 (a) UV-vis spectra of AMP at different aqueous concentrations and (b) its extinction 

coefficient at 366 nm. This data has been collected by a lab member, Tyler Williams, and is used 

herein with his permission.  
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 For this part of the study, a fresh stock aqueous solution of AMP was made at 130 μM. 

This stock solution was then used to obtain other concentrations that were: 10 μM, 25 μM, 50 

μM, and 80 μM. The excitation wavelengths that were chosen were based on UV-vis spectra for 

AMP at different concentrations displayed in figure 4.4.  

 Several wavelengths were explored but only two were selected to display in this study 

based on the best linear correlations. The first wavelengths chosen are 420 nm and 430 nm 

(figure 4.3a and 4.3b). From the UV-vis study the linearity of the concentration dependent 

absorbance at 366nm (figure 35.b) lead to the conclusion that AMP does not form aggregates.  

When the aqueous solutions of AMP were analyzed by fluorescence spectroscopy at both 

selected excitation wavelength, the intensity for all AMP concentrations was found to be 

increasing with concentration increase.  The intensity vs. wavelength plot for the excitation 

wavelengths of 420 nm as well as for 430nm show intensity peaks at 509 nm. The wavelengths 

at the intensity peaks was found to be consistent and resulted in the same value of 509 nm. 

Moreover, intensity was determined to increase proportionally with the increasing of AMP 

concentration as figure 4.5 displays. 
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Figure 4.5 Fluorescence intensity as a function of AMP concentration  

 When analyzing the correlation obtained from the two chosen wavelength the best linear 

correlation was observed for AMP at excitation of 430 nm. These results lead to the conclusion 

that AMP does emit fluorescence and that AMP structural integrity is conserved in pure water at 

least in freshly made solutions. Therefore, fluorescence spectroscopy is a valid method to detect 

AMP in aqueous solutions at both high and low concentration.        

4.2.4 Work of Compression on the DPPC Monolayer in the presence of AMP  

For this part of the study, work of compression done by the system on the DPPC 

monolayer was calculated according to equation 2.8 discussed in Chapter 2. The work of 

compression was calculated for the DPPC monolayer in pure water (WDPPC) and for each of the 

amlodipine concentrations analyzed (WAMP). Work was then plotted as a function of AMP 

concentration as displayed in figure 4.6.   
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Figure 4.6 Work of compression on the DPPC monolayer as a function of AMP concentration.    

For the low AMP concentrations (5.0 μM to 25.0 μM) the value of work of compression 

decreases when compared to the value for DPPC in pure water (43 kJ/mol). The values for work 

for the first three concentrations was found to be 14 kJ/mol for AMP at 5.0 μM, 16 kJ/mol for 

AMP at 10.0 μM and 12 kJ/mol for AMP at 25.0 μM. For AMP at 25.0 μM work of compression 

is found at the lowest value. The work plot for the two higher AMP mole fractions shows in fact, 

a rising trend in work value as the concentration increases. The work of compression increases 

from AMP at 63.1 μM with a value of 34 kJ/mol AMP at 82.2 μM with a value of 64 kJ/mol. For 

this last concentration the work of compression is indeed greater than the work required for 

DPPC in pure water (43 kJ/mol). Interestingly the work of compression seems to follow a 

concentration dependent trend. The work value starts dropping from the work of compression of 

DPPC in water to a minimum value at 12 kJ/mol for AMP at 25.0 μM. The work then starts 

rising from AMP 25.0 μM to reach the highest displayed work value of 64 kJ/mol for AMP at 

82.2 μM.  
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The calculation of ΔΔF indicates that the AMP-DPPC interaction is favorable for any 

concentrations of AMP except at 82.2 μM; at this particular concentration, the difference in work 

of compression between AMP and DPPC in pure water result in a positive value of 21 kJ/mol. 

This indicates that the AMP (82.2 μM)-DPPC monolayer interaction is not favorable. The ΔΔF 

results led to the hypothesis that there are progressively greater extents of attractive interactions 

between DPPC and AMP from low to intermediate concentrations.  These interactions would 

likely occur between the positively charged quaternary ammonium group of AMP and the 

negative phosphate group of DPPC. However, for more saturated solutions of AMP the 

interactions with DPPC would become more repulsive. This might be due to repulsion between 

the positive choline moiety of DPPC and the positive quaternary ammonium group of AMP.  

 

4.3 Conclusion: AMP Studies  

The study shows that AMP has affinity for DPPC at air-water interface and it is found to 

alter the phase behavior of the monolayer. The reduction in DPPC mean molecular area upon 

interaction with AMP for all concentrations but the higher one (82.2 μM) may indicate acractive 

interaction with the head groups of DPPC at lower concentrations. This does not apply to the 

higher AMP concentration that gives an increase in the area value possibly indicating the 

occurrence of repulsive interactions.  

The mean molecular area is found at the lower value (30 Å2molecule−1) for the 5.0 μM 

and it progressively rises as AMP becomes more concentrated in the subphase until overcoming 

the area value of the pure DPPC (41 Å2molecule−1) at 82.2 μM.  At this highest AMP 

concentration, the area is found at (49 Å2molecule−1). The reduction on area may be due to 
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interactions of the positively charged AMP quaternary ammonium group (pKa = 9.52) for the 

negatively charged phosphate in the DPPC head group. Water solvation could prevent ionic 

interactions at all charged sites, leaving nonionic hydrophobic interactions to be the sole possible 

interaction pathway amongst DPPC and AMP.  

The drop in the elasticity value for all concentrations of AMP denotes an increased 

rigidity of the monolayer. The reduction of the liquid condensed phase domain for all AMP 

concentrations is an indication for strengthening of the Van der Waals forces increasing the 

cohesiveness of the DPPC monolayer monomers14,15. Tightening of the packing of DPPC upon 

interaction with AMP could explain the reduction in the elasticity and the consequent gain in 

rigidity of the monolayer. AMP at low and intermediate concentrations (from 5.0 μM to 25.0 

μM) was found to progressively reduce the value of work with the lowering in concentrations. 

However, high AMP concentrations (63.1 μM and 82.2 μM) result in rising of the work value 

that ultimately rises above the work of compression for the monolayer in pure water. Work of 

compression for DPPC-AMP mixed monolayers was found to follow a concentration dependent 

trend. Further data points for additional concentrations are necessary to make more thorough 

assessments on this trend.  

The results for work of compression denotes that the interaction of AMP with the DPPC 

monolayer is favorable for all concentrations besides a the highest one. The most favorable 

DPPC-AMP interaction was found for the 25.0 μM concentration with a value of -31.04 kJ/mol 

This is the result might indicate the presence of attractive interactions8 between AMP and the 

phospholipids. The value of ΔFAMP (82.2μM) - ΔFW result in a positive value of 22.97 kJ/mol. This 

indicates that the interaction between the monolayer DPPC constituents and AMP is not 

favorable at this concentration and that repulsion might take place.    
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4.4 Results and Discussion: Triclosan  

4.4.1 Surface Pressure Isotherms of DPPC on Triclosan Subphases at Different Concentrations 

The isotherms of TCS show (figure 4.7) a drastic change in the phase behavior, phase 

conformation, collapse surface pressure and on the mean molecular area when compared to 

DPPC in pure water.  

 

Figure 4.7 Isotherms of DPPC in the presence of different concentrations of TCS in the 

subphase. Each trace represents an average of two trials to four trials.  

All the isotherms obtained with TCS in the subphase show complete deviation from the 

typical phase behavior obtained from the isotherm DPPC in pure water. Based on the effects on 

the areas observed it can however be noticed that the film is subjected to great extent of 

expansion when TCS is in the subphase. The phase conformation is disrupted as indicated from 

the complete disappearance of the LC phase domain. The resulting single-phase isotherms 

indicate that the film is not condensed and will remain in LE phase until the end of the 
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compression. No collapse plateau is observed at the end of the compression. A hypothetical gas 

phase could be present but no certain assessment could be made in regard because the areas 

values would be beyond our detection limits.  The values for mean molecular area observed for 

all TCS concentrations cannot be quantified because they would be found beyond the limits 

delineated for this method/ instrument. An observation can however be made: TCS area shift to 

greater values seems to be directly proportional to the concentration increase. TCS therefore, 

confers a fluidizing effect to the lipid film at all concentrations and with incremented 

concentration. These results indicate that TCS significantly decreases the condensation of the 

lipid packing7 as indicated by the expansion effect and the disappearance of the LC phase.  

Low surface pressures are obtained for all TCS concentrations. Surface pressure decrease 

doesn’t seem to follow a concentration dependent trend. However, additional data points should 

be collected to attain more certainty in this matter. The surface pressure values for TCS ranges 

between 23 dynes/cm for the concentrations of 4.8μM and 16.2μM and 32 dynes/cm for the 

32.5μM concentration. The difference in surface pressure for TCS is enormous when compared 

to DPPC in pure water. The lowering of the surface pressure  value for all TCS concentrations  is 

an indication of acquired instability of the  monolayer8.  

 

4.4.2 Elastic Modulus vs. Surface Pressure Plot of DPPC on Triclosan Subphases at Different 

Concentrations  

The plot of surface elasticity vs. surface pressure (figure 4.8) for DPPC in pure water was 

plotted against the plot of DPPC in TCS at different concentrations. Details about the DPPC plot 

can be found in details in Chapter 3 section 3.2.3.  
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Figure 4.8 Equilibrium surface elasticity vs. surface pressure plots of DPPC in the presence of 

different concentrations of TCS in the subphase. 

The presence of TCS in the subphase causes evident changes in the surface pressure and 

in surface elasticity of DPPC when compares to DPPC in pure water.  

The plot in figure 4.8 helps to more clearly identify the lowering in surface pressure at 

the end of the compression for the DPPC monolayer in the presence of TCS. As for all the 

molecules employed in this study, result analysis for TCS is done using the plot of DPPC in pure 

water. From the elastic modulus value of TCS can be assumed not to be adsorbed in the lipid 

alkyl tails11.  

The absence of collapse pressure for the TCS subphases might indicate a complete loss in 

monolayer rigidity9,10. TCS would most likely interfere with the close packing of the DPPC 

monomers by going to interpose between them and therefore decreasing rigidity of the film.  
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The elastic modulus for all TCS concentrations is found at values between 20 mN/m and 

30 mN/m for the only detected phase. Elasticity then progressively decreases as the pressure 

increases. The phase domain of the film in the presence of TCS doesn’t not meet the minimum 

elasticity requirement for the LC phase of 100mN/m to 250mN/m11,12. Moreover, the elastic 

modulus values suggest that in the presence of TCS the monolayer remains in a phase region 

between the liquid expanded with a defined elasticity range of 12.5mN/m to 50mN/m and the gas 

phase11,13.  

A noteworthy change in the value elastic modulus was observed for all TCS 

concentrations when compared to the value for DPPC in pure water.  The values of elasticity 

modulus indicate that TCS decreases the rigidity of the DPPC monolayer at all concentrations. 

Moreover, the plot of elasticity vs. surface pressure clearly underline the absence of a LC phase 

for the TCS subphrases. These results conclude that the elasticity of the film is deeply affected as 

a consequence of TCS interacting with the DPPC monolayer.    

 

4.5 Conclusion:  Triclosan Studies   

The study shows that TCS has strong affinity for the DPPC monolayer at air-water 

interface. Analysis of the results obtained may indicate that TCS completely disintegrate the 

monolayer. Expansion in monolayer mean molecular area upon interaction with TCS for all 

concentrations and especially for the higher one (32.5μM) may indicate a concentration 

dependent trend in which the extent of are expansion is directly proportional to the increase in 

TCS concentration. Because the isotherm shifts to higher areas, interaction with DPPC is 

hypothesized to occur at the phosphocholine head group. As mentioned in the previous section 
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area expansion in TCS subphrases is so drastic that it cannot be quantified. TCS has been shown 

to partially deprotonate in soil a pH range from 4 to 816 as well as in our aqueous solutions. 

Moreover, the OH group in TCS gives this molecule great bond versatility. TCS been linked to 

sulfate groups and the glucuronic acid via its OH moiety to improve its solubility when used in 

commercial drug production.  TCS has also been found to have affinity for phospholipoids in cell 

membranes17. In a study by Guillén et al., model multilamellar vesicles composed of egg yolk 

lecithin (EYL) were prepared embedding TCS at a 3:1 molar ratio and studied by NMR. This 

study results gave information about position of TCS in the lipid bilayers.  

Although TCS was found not to totally pierce through the bilayer, results indicate that 

TCS does perturbate the membrane lipid packing. TCS was found to have affinity for the polar 

head group of EYL and to align perpendicularly to the lipid acyl chains. TCS hydroxyl group 

was found to interact with the carbonyl group of the lipid chain. TCS was also found to be 

located toward the middle-upper region of the lipid. The nature of the interaction of  TCS with  

the lipid is due to its structural multiplicity  that makes  this molecule capable of having affinity 

for polar and non-polar species18.  Moreover, triclosan was found to exert rotation at the central 

ether oxygen. TCS structural mobility was as a consequence related to membrane perturbation.  

Although the lipids investigate, the nature of the sample and the techniques used in previous 

studies are different than the ones employed in this research, the results obtained for DPPC can 

be said to be representative of the formerly reported findings. Because TCS might interact with 

the phosphate heads group and with the carbonyl of the DPPC acyl chains, this might cause a 

significant lowering in the tilt of DPPC with respect of the water surface and weakening of the 

cohesive van der Waals forces17. The change in DPPC tilt and the membrane perturbation causes 

by the rotation across the ether bond could be explained by the drastic shift to higher areas, the 
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drop-in surface pressure and finally the drop in the elasticity value. The hypothetical position of 

TCS inn the monolayer is consistent with the results obtained indicate membrane loss of 

stability, loss of rigidity and TCS partitioning in between the lipids.   

  Work of compression analysis was not performed for the monolayer- TCS interaction 

because of the lack of a feasible area range in the surface pressure vs. mean molecular are plots.  

These results indicate that triclosan in water solutions disrupts the phase behavior of the 

DPPC monolayer by interacting with the polar and the non-polar DPPC constituents. The action 

of triclosan on the mode cell membrane studied has been found to have the most radical effects 

amongst the selected PPCPs.  
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Chapter 5: Conclusion and Future Direction 

 

The study presented has shown that there is interaction between pharmaceutical 

compounds and model lipid membranes. These findings can provide critical insights in 

understanding fate, transport, adsorption pathways and physical properties of pharmaceutical 

pollutants and phospholipid membranes interaction in aquatic environments. While there are 

toxicology and field studies on pharmaceutical contaminants interaction with microorganisms, as 

discussed in chapter 1, this particular study shows the importance of further research to obtain 

molecular level information about these interactions. The research that was conducted in our lab, 

and presented in this thesis, can lead to the prediction of the behavior of different pharmaceutical 

pollutants upon interaction with biological membranes in the environment.  

We found that environmentally relevant PPCPs and lipid membrane interaction can be 

monitored under natural equilibrium. Never before such a study has been conducted using the 

Langmuir trough technique. The LBT, however, required the establishment of a proper protocol 

because this is a very sensitive tool. This protocol has been discussed in details in chapter 2.  

The study denoted differences in membrane- pharmaceuticals interaction between neutral 

(CBZ and E2) and charged species (AMP and TCS). When setting the monolayer of DPPC in 

pure water as our reference, neutral species have been found to overall maintain the structure of 

the phases while altering surface pressure and mean molecular area. On the other hand, charged 

species have been found to alter, or in the case of TCS, to destroy the phases of the monolayer as 

well as to change the values of surface pressure and mean molecular area. For what concerns 

elasticity is, the value of elastic modulus denotes a significant drop in elasticity for some 

concentration of neutral species while the drop is persistent for all charged species 
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concentrations over all for TCS. Analysis of work of compression indicates that for neutral 

species work decreases for all concentrations (except CBZ 27.1 μM). For charged species (AMP 

only) work of compression is favorable at low to intermediate concentrations and non-favorable 

compression at high concentrations. Moreover, the values of ΔΔF indicate that for neutral 

species (all but CBZ 27.1 μM) lipid- PPCPs interaction is favorable. For charged species 

favorability is found at low to intermediate concentrations while for high concentrations 

interaction favorability drops. 

Finally, the last conclusion that has been established is that there is only limited 

information that can be obtained from the analysis of isotherms. However, new areas of studies 

can be opened from results obtained with the LBT.  Additionally, LBT studies could be 

complemented with other techniques such as vibrational sum-frequency generation spectroscopy 

(VSFG). This technique can supply information about the structural differences in phase 

conformation of the monolayer upon interaction with pharmaceuticals1.  Another technique that 

could be integrated with LBT studies is infrared reflection-absorption spectroscopy (IRRAS). 

This method could provide structural information at the specific lipid-pharmaceuticals binding 

sites2. Therefore, the binding affinity pharmaceuticals with the different groups in the DPPC 

molecule could be better understood with the IRRAS method.    

 

5.1 Future Direction 

In the future, the study may involve exploration of the effects of different pharmaceutical 

compounds on DPPC monolayers. In addition, the employment and exploration of different 

phospholipids of either anionic or cationic nature could provide insights on the effect of charged 
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head groups on the drug-lipid interaction. The following paragraphs describe two charged 

phospholipids that were selected for the future of this research  

 

5.1.1 1,2-dipalmitoyl-sn-glycero-3-phosphate (16:0 PA) 

The phospholipid 16:0 PA also known as 16:0 DPPA3 (figure 5.1) is a synthetic anionic 

lipid derived from DPPC.  

 

Figure 5.1 Structure of 16:0 PA  

The isotherm of 16:0 PA in 1mM KCl subphase has been found in a LBT monolayer 

study3. The authors point out that the isotherm of 16:0 PA undergoes a two-dimensional phase 

transition. The isotherm of 16:0 PA whoever differs from that of DPPC in that it does not display 

a LE-LC phase transition plateau. The value of mean molecular area of 16:0 PA was found to be 

43.6 Å². The study also reported the surface pressure at collapse to be 50 mN/m. When16:0 PA 

monolayers are formed in subphase containing amines, it was reported that the value of mean 

molecular area increases while the surface pressure increases. This research provides us with a 

good starting point for our future studies on the interaction of PA with pharmaceuticals.     
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5.1.2 1,2-dipalmitoyl-sn-glycero-3-ethylphosphocholine (16:0 EPC) 

EPC (figure 5.2) is a synthetic cationic phospholipid created by adding an ethyl 

substituent to the oxygen at the phosphate group of phosphatidyl choline4. EPC is employed in 

pharmaceutical research as a mean of genetic material delivery.  

 
Figure 5.2 Structure of EPC 

EPC has been shown to have affinity for negatively charged gold nanoparticles5. 

Therefore, this lipid could be a proper choice to explore the effect of anionic pharmaceuticals on 

monolayers fabricated with EPC.   

Limited information has been found on EPC monolayers studies in pure water. However, 

a study of EPC monolayer in aqueous subphase reports that the isotherm of EPC does not 

undergo a liquid condensed phase and remains in the liquid expanded phase until collapse6.  

The surface pressure for EPC is found at 28 dynes/cm which is a much lower value than 

the value found for DPPC. Moreover, the mean molecular is very large (about 140 Å2) when 

compared to DPPC. The study associates this large area value with repulsive electrostatic forces 

between the head groups. This research could be helpful in our future studies. Despite the limited 

information that was found, the knowledge of the possible differences of the isotherms formed 

by cationic lipids from the ones formed by zwitterionic lipids is important.    

 

O
HO

O

O

P
O

O

O N+

O

CH3



105 
 

References 

(1) Ma, G.; Allen, H. C. New Insights into Lung Surfactant Monolayers Using Vibrational 
Sum Frequency Generation Spectroscopy. Photochemistry and Photobiology 2006, 82, 
1517-1529. 

(2) Adams, E. M.; Verreault, D.; Jayarathne, T.; Cochran, R. E.; Stone, E. A.; Allen, H. C. 
Surface organization of a DPPC monolayer on concentrated SrCl2 and ZnCl2 solutions. 
Physical Chemistry Chemical Physics 2016, 18, 32345-32357. 

(3) Rudolphi-Skórska, E.; Zembala, M.; Filek, M. Mechanical and electrokinetic effects of 
polyamines/phospholipid interactions in model membranes. The Journal of membrane 
biology 2014, 247, 81-92. 

(4) Koynova, R. Lipid Phases Eye View to Lipofection. Cationic Phosphatidylcholine 
Derivatives as Efficient DNA Carriers for Gene Delivery. Lipid Insights 2008, 2, 
LPI.S864. 

(5) Sagle, L. B.; Ruvuna, L. K.; Bingham, J. M.; Liu, C.; Cremer, P. S.; Van Duyne, R. P. 
Single Plasmonic Nanoparticle Tracking Studies of Solid Supported Bilayers with 
Ganglioside Lipids. Journal of the American Chemical Society 2012, 134, 15832-15839. 

(6) Shah, S. Investigations of the Potential of Synthetic Phospholipids as Membrane Mimics: 
Interactions with Amphiphilic and Polyphilic Block Copolymers. Ph. D. Thesis, Martin 
Luther University Halle-Wittenberg, Halle, Germany, 2016. 

 

 

 

 

 

 

 

 

 

 

 

 



106 
 

Appendix – Langmuir Trough Instruction Manual and Working Procedures 

 PPE (Personal Protective Equipment) required 

• Safety glasses or goggles 

• Closed toe shoes 

• Long pants and long-sleeved shirts 

• Lab coat 

• Nitrile of latex gloves   

• Fume hood with switch on the ON position 

Safety measures 

• DO NOT wear contact lenses in any of lab rooms.  

• Work must be conducted in the fume hood when handling acids, chloroform and/or other 

corrosive/ toxic/ poisonous substances.  

• Cap chemical containing vials, flasks and bottles immediately after use.  

First Response 1-2 

The key to success in first response is to be aware of your surroundings. Know where the 

following items are located: PPE, acid containing supplies, emergency eyewash stations, 

emergency showers and sinks.     

Acid spills on surfaces and/or floors 

1) Before you start the acid spill containing procedure make sure you are wearing all the 

PPE listed above.  
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2) Neutralize the acid with sodium bicarbonate (baking soda). Start pouring the backing 

soda from the outer edges of the spill to center. 

3) Use absorbent towels to clean the spill.  

4) Rinse the towels in the sink with abundant tap water.    

Acid contact on skin 

1) Remove contaminated clothing and shoes. 

2) Find the closest sink if the area affected is small. In case of large acid contact use the 

closest emergency shower.  

3) Promptly flush skin with plenty of water for 15 minutes or more.  

4) Neutralize clothes /shoes with baking soda and rinse them well under running water. 

Wash before reuse.  

5) Seek medical attention in case the acid penetrates the skin barrier (second and third 

degrees burns).  

Acid and hazardous chemicals contact on eyes  

1) Find the closest emergency eye wash station. If an eye wash station is not immediately 

available you can go to the nearest sink.  

2) Keep your eyes opened by holding your lower and upper eyelids with your fingers.  

3) Flush eyes with plenty of water for at least 10-15 minutes.  

4) Get medical attention.  

Maintenance3 

Daily   
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Working area 

1) Ensure the surface around the instrument is clear of clutter, chemicals and dust before the 

beginning of the working day. 

2) Wipe the table surface off with MilliQ wetted napkins.  

3) After the table dries, wipe all the surfaces (shield, table, table trim, trough monitor and 

any NON TEFLON surfaces of the trough) with a dry electrostatic cloth (ex. Swiffer dry 

sweeping clots or microfiber cloths)  

4) Wipe dust off balance and around balance area before weigh samples 

Trough Surfaces  

1) Wearing gloves, grab the arms by the metal rods. DO NOT touch the Teflon. Inspect the 

Teflon surfaces looking for deformation and/ or significant dents or scratches. The parts 

affected must to be replaced if significant damage is present.   

2) Rinse the Teflon components with 99.9% pure ethanol.  

3) Avoid ethanol evaporation by following the ethanol rinse with abundant MilliQ water 

rinse.  

4) Place the arm with the Teflon surface face up on a clean napkin.  

5) Follow the same procedure to clean the base, manipulating it from the metal components 

only.  

6) Finally, dry all the trough surfaces with N2 gas.  

Wilhelmy plate 

1) Using metal tweezers pick up the Wilhelmy plate by the stem.   



109 
 

2) Clean the Wilhelmy plate with 99.9% pure ethanol immediately followed by MilliQ 

water rinse.  

3) Burn of any residual organic compounds using the butane torch. Hold the flame to the 

plate until the metal becomes red hot color.  

4) Place the plate on the hook.  

Cleaning surfactants/contaminants  

The surface of the water has to be free of surfactants/contaminants for a test run to be considered 

valid.  

1) Gently slide the base of the trough so then the screws slot into the respective notches on 

the frame paying attention not to move the frame.  

2) Place the barriers on the base.  

3) Fill the base of the instrument with 57 mL of MilliQ water.  

4) Place the Wilhelmy plate on the hook with 1/2 of its surface submerged in the water. 

Make sure the plate is placed at the center of the well.  

5) Place the shield on making sure not to move the Balance and the Position cables. For 

precaution, leave about 1inch of open space between the shield edge and the cables.  

6) Open the software on the experiment screen. Click on Zero Balance and on Zero 

Position.  

7) Click on the compress icon. Watch the B1 surface pressure reading. If the value of 

surface pressure is below 0.3mN/m, the instrument can be considered free of surfactant.  

8) If the surface pressure is above tolerance, clean the water surface aspirating it with the 

siphon vacuum cleaner while compressing it. The siphoning will produce a “raspy” 
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sound if the aspirator tip is positioned correctly on the surface. Refill the instrument base 

with pure water as needed.  

9) Open the barriers and repeat the surface pressure check procedure by compressing the 

barriers and monitoring the B1 reading.  

10) If the reading is still out of tolerance, repeat the cleaning procedure*♣.  

* If the surface pressure is significantly out of tolerance after a few cleaning procedures were 

performed, check your purification system. Make sure the maintenance up to date and that the 

filters in place are not expired.    

♣ Discharge MilliQ water from plastic spray bottles once every day and replenish them with new 

water directly from the filtration system. This is done to eliminate BPA and/or other 

contaminants that leak in the water from the plastic.       

Biannually  

Trough alignment  

Check the trough alignment using the alignment tool. Place the alignment tool at each corner 

edges of the base, NOT in the center (see fig A.1). If necessary adjust the feet of the trough until 

alignment is reached on all 4 corners. Once all 4 corners are aligned, check the center of the base 

(see fig A.2)*.  

* Alignment needs to be done every time the instrument is relocated or if the instrument base is 

accidentally moved.    
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Figure A.1: Allignment at the corners of the base, Figure A.2: Allignment at the center of the 

base  

 

Balance  

The balance calibration should be performed after the alignment is complete. Assemble the 

trough without the plate. Cover the instrument with the shield avoiding putting it in contact with 

the back cables. Open the software and click on Experiment. Go to System Diagnostic and 

Calibration.  

Click on Balance0 and then click Calibrate. Follow the step by step instructions on the screen 

(see fig 3). Stabilization is reached when the 3rd digit from the right does not change 

significantly*. 
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* Balance calibration needs to be done every time the instrument is relocated or if the instrument 

base is accidentally moved. 

 

Figure A.3: Balance 0 calibration window with step by step instructions  

Experimental set up  

How to clean glassware 

The lab wares of choice for all of your samples are: glass flasks with glass stoppers, graduated 

glass cylinders and glass pipettes. 

1) Fill the cylinders and the flasks with Aqua Regia*. Using a glass or Teflon container 

(make sure the lab ware is labelled as Teflon or PTFE) soak pipetted and glass stoppers in 

Aqua Regia. Make sure this step is carried out in a fume hood with all the required PPE. 

Let the glassware etch for 1 hour minimum. Rinse thoroughly with DI.   
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2) Proceed to remove eventual organic contaminants by rinsing all the glassware with 

99.99% pure Ethanol for 5 times. Complete the cleaning procedure with 5-10 generous 

rinses using MilliQ water. Let your glassware dry face down on a Kim wipe preferably in 

a clean cabinet with closed doors. Once dry, remove eventual dust particles using N2 gas. 

If using any solvent other that MilliQ, make sure that the inner surface of the chosen 

glassware is completely dry from water. 

3) Each specific type of chemical should be stored in designated labwares. Avoid at all 

cost using lab wares for different chemicals than what they are labeled for (ex. pouring 

water in an ethanol labeled bottle) since this will increase chances for cross 

contamination. When using glasswares label them writing the name of the solution 

components on the surface of the glass using a marker.  

4) Prime the lab wares prior to use. Perform 5 rinses using a small volume of the selected 

solution/ solvent for each designated lab ware.        

* Aqua Regia is prepared using 3:1 HCl/HNO3 ratio solution. This etchant is used to remove a 

broad class of inorganic contaminants from your glassware. Always prepare this etchant fresh 

prior to use. Watch for the color change from the initial pale yellow to deep red after 1 hour (see 

Figure 4). Aqua Regia will lose its potency and will become deactivated after a few hours. 

Deactivated Aqua Regia looks pale yellow and needs to be disposed in a designated acid 

container leaving the lid untighten. Label the beaker with a warning sign as a safety precaution 

for  your coworkers (see Figure 4).    
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Figure A.4: Aqua Regia color when active 

How to prepare samples  

DPPC/Chloroform  

DPPC/chloroform ratio is 1mg of DPPC for 2 mL of chloroform.  

DPPC/chloroform solution expires after 10-15 days from the preparation day.   

1) Prime a 25mL glass flask with glass cap and a 10mL glass graduated pipette using 

pure chloroform (refer to How to clean glassware section on page 6).  

2) Let the flask and the cap dry. Use N2 gas if necessary: make sure to hold the flask away 

from your face when drying it with the tank hose.  

3) Place the flask on the balance. Place cap on a clean Kimwipe  

4) Close all balance doors and press Tare 

5) Weight about 3.0mg (0.0030g) of DPPC directly in the flask using a clean spatula.  

6) Cap and transfer your sample in the fume hood.  
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7) Transfer 6 mL of chloroform in the flask. Cap and shake well.  

8) Store DPPC/chloroform solutions in the freezer after use. 

Note: DPPC/chloroform solutions must be acclimated to room temperature for a few minutes 

prior to use.  

Pharmaceutical compounds/ Water   

1) Prime a 500mL glass flask with glass cap with MilliQ water 

2) Rinse a plastic weighing boat with MilliQ water 4-5 times. Dry the boat with N2 gas  

3) Place the weighing boat on the balance.  

4) Close all balance doors and press Tare 

5) Weight the selected pharmaceutical compound in the boat 

6) Carefully transfer the compound in the glass flask. Use a MilliQ spray bottle to aid the 

transferring process.  

7) Fill the flask to volume with MilliQ 

8) Sonicate the solution until the solid is dissolved (refer to Table1).  

9) Pharmaceutical/water solutions are stored in the fridge. 

Notes:  

• Pharmaceutical/water solutions must to be acclimated to room temperature prior to use. 

Place the solution in the sonicator bath for 30-40min circa. 

• Best and most accurate results with pharmaceutical/water solutions are obtained on the 

same day the solution is made.  

• When possible, collect all the experimental data on the same day per each solution.   
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How to run experiments3  

Timing is the key to success and the timer is your best friend.  

H2O as a subphase 

1) Perform Daily maintenance.  

2) Prime a 100mL cylinder with MilliQ water 

3) Fill the base of the trough with 57mL of MilliQ water. Place the Wilhelmy plate on the 

hook with 1/2 of its surface submerged in the water. 

4) Inspect the surface. Use a flash light to illuminate the water surface. Look for bubbles 

and dust particles: if those are present, carefully aspirate them with the siphon making 

sure to remove as little water as possible.    

5)  Place shield on. Avoid touching the balance and position cables with the shield. 

6) Set the timer for 10min.  

7) After elapsed time, click on Zero Balance and Zero Position. Remove the shield.  

8) Remove the selected lipid solution from the freezer.     

9) Place 15uL of DPPC/ chloroform solution on the water surface. DPPC/chloroform 

solution should be distributed dropwise and uniformly on the whole surface.    

10) Set the timer for 15min. 

11) Place the lipid solution back in the freezer.  

12) After elapsed time, place the shield back on. Click on Go.  

The experiment will start after 1 minute from the Go. The total time for the experiment run is 15 

minutes.  
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Pharmaceutical compounds solutions as a subphase 

1) Start by sonicating the selected pharmaceutical/water solution for 30 min.   

2) Perform Daily maintenance.  

3) Prime a 100mL cylinder with the selected solution 

4) Fill the base of the trough with 57mL of solution. Place the Wilhelmy plate on the hook 

with 1/2 of its surface submerged in the water.   

5) Inspect the surface. Use a flash light to illuminate the surface of the liquid. Look for 

bubbles and dust particles: if those are present, carefully aspirate them with the siphon 

making sure to remove as little substrate as possible.    

6) Place shield on. Avoid touching the balance and position cables with the shield. 

7) Set the timer for 20 to 30minutes. This timing depends on the type of pharmaceutical 

studied. Refer to Table 1 for details. 

8) Place the pharmaceutical/water solution back in the sonicator. Sonicate for the whole 

time prior to the next experimental run.   

9) Remove the selected lipid solution from the freezer.     

10) After elapsed time, click on Zero Balance and Zero Position. Remove the shield.  

11) Place 15uL of DPPC/ chloroform solution on the water surface. DPPC/chloroform 

solution should be distributed dropwise and uniformly on the whole surface.    

12) Set the timer for 15min. 

13) Place the lipid solution back in the freezer.  

14) After elapsed time, place the shield back on. Click on Go.  

The experiment will start after 1 minute from the Go. The total time for the experiment run is 15 

minutes.  
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Post Experiment Procedure   

Trough  

1) Preform the Daily maintenance. 

2) Place the Wilhelmy plate in its case.  

3) Place the cover on.  

 Micro syringe  

1) Fill 3 clean vials with pure chloroform under a fume hood 

2) Aspirate chloroform from the first vial until the syringe is filled 

3) Discard the content of the syringe in a small glass beaker 

4) Repeat the procedure for the second and third flask 

5) Store the micro syringe in its case 

Waste Disposal  

• Dispose aqueous waste in the Aqueous Waste container. Write the full length name of 

the chemical species on the waste container label  

• Dispose non aqueous waste in designated Non Aqueous Waste container. Follow the 

same labeling procedure as for the aqueous waste 

• Dispose Aqua Regia in designated container. Leve the cap untighten.    
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Table 1 Quick reference table 4-7 
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Compound 
Stabilization 

Time (min) 
Solubility (μM ) 

Dissolution 

time 

Expiration after 

dissolution (weeks) 

Amlodipine 25 132.7 (water) 1h 1 

Carbamazepine 20 74.91 (water) 3h 1 

β-Estradiol   20 13.22 (water) 5h 1 

Triclosan 20 34.54 (water) 5h 1 

DPPC 15 40870(chloroform) Few seconds 2 
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