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ABSTRACT 

The purpose of this research has been to explore the native monorhamnolipid 

(mRL) mixture produced by Pseudomonas aeruginosa ATCC 9027, as well as newly-

synthesized monorhamnolipid diastereomers (R,R)-Rha-C10-C10, (R,S)-Rha-C10-C10, 

(S,S)-Rha-C10-C10 and (S,R)-Rha-C10-C10, to understand their aggregation and phase 

behavior in aqueous solution. This work is in response to the consideration that 

biosurfactants offer a “greener” alternative to conventional surfactants.  

Relationships between chemical structure of the diastereomers and surface 

activity were studied using surface tension measurements. It was found that the critical 

aggregation concentration (CAC) values are lower for deprotonated (R,S)-Rha-C10-C10 

and higher for protonated (R,S)-Rha-C10-C10 compared to the other diastereomers or the 

native mRL mixture. Furthermore, the 1:1:1:1 diastereomeric mixture has the overall 

lowest cross-sectional area for deprotonated rhamnolipids. 

Dynamic light scattering (DLS) was used to study the hydrodynamic radii (Rh) of 

the mRL aggregates and the four diastereomers in aqueous solution. In all five surfactants 

studied, each observed at pH 8.0 and 4.0, three aggregate populations were observed. For 

all deprotonated rhamnolipids the micelle, at a hydrodynamic radius of ~2 nm, was found 

to be in the highest abundance where the two lower abundant other population take on a 

lamellar aggregate structure. Data to support this were collected using fluorescence 

probing techniques. For the surfactants in the protonated state, pH 4.0, it was found that 

all form primarily lamellar structures, also confirmed using fluorescence probing.  

The average aggregation numbers (Nagg) of the micelles for the deprotonated 

native mRL mixture and the four diastereomers were studied using steady-state and time-
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resolved fluorescence quenching measurements. Somewhat unexpectedly, the Nagg values 

were observed to be a strong function of the rhamnolipid concentration for all systems. 

At low concentrations, pre-micellar aggregates with aggregation numbers too small for 

micelles were observed. A critical concentration is identified at which a critical 

aggregation number is defined; this is proposed to be the smallest fully-formed micelle in 

solution with values of ~25-30 molecules/micelle for the native mRL mixture and all four 

diastereomers. Thus, the aggregation properties of the native mRL mixture and the four 

diastereomers are generally similar at this critical concentration. However, the increase in 

aggregation number above this critical point varies for all the surfactants, where the 

(R,R)-Rha-C10-C10 diastereomer has the greatest increase in monomers with 

concentration and the (S,S) and (R,S) diastereomers have the lowest. 

The increased observed aggregation number is consistent with the computational 

work showing increased growth with concentration for the deprotonated rhamnolipid 

micelles. Furthermore, these computations have confirmed the ability of protonated 

rhamnolipids to form lamellar structures in solution.  

Fluorescence probing work was also used to study rhamnolipid phase behavior as 

a function of varying solution conditions, such as ionic strength, solution pH, surfactant 

concentration, and temperature. Steady-state fluorescence methods are utilized to probe 

the surfactant microenvironment using the polarity-sensitive dyes prodan and laurdan. By 

dissolving the dye within the rhamnolipid aggregates and observing their solvatochromic 

behavior, all surfactants studied are known to form more micellar aggregates at high pH 

and low surfactant concentration, whereas elongation of the micelle is observed at low 

pH and moderate to high surfactant concentration.  
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CHAPTER 1  
 

 

INTRODUCTION 

Surfactants are surface-active agents that are commonly considered to be highly 

versatile chemicals. They are consumed daily in foods, drugs, detergents, cosmetics, 

paints, etc.1, 2 In 2015, more than 8 million tons of surfactants were produced, and the 

market is expected to exceed $41 billion in revenue by 2018.3 Surfactants are amphiphilic 

molecules that consist of both a hydrophilic polar headgroup and hydrophobic nonpolar 

tailgroup, Figure 1.1; where headgroups are usually polar groups that like water and 

tailgroups are hydrocarbon chains that are poorly hydrated.  

 

Surfactant Structural Classification 

The surfactant headgroup can vary in structure and chemical composition 

resulting in four major classifications of surfactants: nonionic, zwitterionic, cationic, and 

anionic, Figure 1.1. Each classification, due to its charge state, has different applications 

in industry. The most widely used surfactants are anionic, which bear a negatively 

charged headgroup that typically utilize a sodium or potassium counter ion.2 Anionic 

surfactants are most commonly used as detergents, soaps, foaming agents, wetting agents, 

and dispersants.1, 4 Most anionic surfactants can further be classified into types of 

carboxylic acids, sulfonic acids, and phosphonic acids. Nonionic surfactants bear no 

charge on the headgroup and are the second most abundant surfactant in production.4 

Nonionic surfactants are commonly used in mixtures of surfactants and are not sensitive 

to pH or ionic strength; these are generally used as dispersing agents but act as poor  
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Figure 1.1. General classification of surfactants determined by the charge on the polar 
head group. 
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foaming agents.4 

Cationic and zwitterionic surfactants have the lowest production. Cationic 

surfactants contain a positively charged headgroup consisting of mainly quaternary 

ammonium salts. Cationic surfactants are typically used for corrosion prevention due to 

their high affinity for metal surfaces. Zwitterionic surfactants carry both a positive and 

negatively charged headgroup, which allows them to mix well with other surfactants and 

adsorb to both positive and negatively charged surfaces. Zwitterionic surfactants are 

generally less irritating to sensitive organs, such as skin or eyes, and therefore, are used in 

some facial products.4 

Surfactant tailgroups usually consist of hydrophobic hydrocarbon chains. 

Headgroups are linked to tailgroups of differing tail lengths and possibly unsaturation 

points, and some surfactants contain two lipid tails.5, 6 Variations in the tail can affect the 

adsorption of the surfactants at an interface and alter aggregation in bulk solutions.  

 

Surfactant Characteristic Features 

Due to the unique structure of surfactants, they tend to adsorb to an interface 

between two immiscible layers and aggregate in solution such that their tailgroups and 

headgroups interact with the nonpolar and polar environments, respectively. With 

multiple headgroup and tailgroup combinations, these surfactants can be used for a wide 

variety of applications.7  

When dissolved in aqueous solution, surfactants will tend to adsorb to the 

air/water interface where the tailgroups orient toward the air and the headgroup stays in 

contact with the water as shown in Figure 1.2. This adsorption disrupts the hydrogen- 
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Figure 1.2. Surfactant adsorption to the air-water interface and their aggregation in 
solution showing four common aggregate types.
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bonding network of the water at the surface, and the surfactant-water attractive forces 

decrease the overall surface tension (γ) of the solution. 

Aggregation of surfactants in bulk solution occurs at concentrations above the 

critical micelle concentration (CMC), concentration when just micelles form in solution, 

or critical aggregation concentration (CAC), concentration when any type of aggregate 

forms in solution. These aggregates can take on different structural forms depending on 

the structure of the surfactant molecule. For example, sodium dodecyl sulfate (SDS) 

molecules possess a conical structure and form spherical micelles.8 Other surfactants 

have been observed to take on ellipsoidal, bilayers, or vesicle shapes, as shown Figure 

1.2.9, 10 

 

Methods for Characterizing Surfactants 

Surface Tension and Critical Aggregation Concentration. Surface tension measurements 

are used to characterize the ability of a surfactant to lower the surface tension of water 

and identify the concentration at which aggregates form. These measurements are 

typically done using one of two methods: the du Noüy ring or Wilhelmy plate methods as 

shown in Figure 1.3. Both involve submerging a ring or plate in solution and applying an 

upward force (F) to pull the object out. Equation 1.1 is then used to determine the surface 

tension (γ),  

 𝛾 =  
𝐹

𝐿 ∗ cos(𝜃) (1.1) 

 
where F is the force required for the object to break contact with the solution surface, L is 

the length of the object, and θ is the contact angle of the solution with the object .  
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Figure 1.3. Two methods for measuring surface tension, du Noüy ring (left) and 
Wilhelmy plate (right). 
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The surface tension of water is ~72 mN/m.2 Increasing the surfactant 

concentration in solution will result in monomer adsorption that results in lowering of the 

surface energy. When surface tension is measured as a function of surfactant 

concentration, a plot similar to that shown in Figure 1.4 is generated. The behavior in 

four regions is illustrated. Region 1 shows the surface tension of water at 72 mN/m. As 

surfactant is added in Region 2, the surface tension is lowered due to the adsorption of 

surfactant at the solution surface. This behavior continues in Region 3 up to the point at 

which aggregates form in solution, the critical CMC. This term is also referred to as the 

critical aggregation concentration (CAC) throughout this dissertation since many of the 

surfactants form aggregates other than micelles at this point in the surface tension 

measurements. After the CMC, in Region 4, the surface tension plateaus, because it is 

more energetically favorable for surfactant monomers to form micelles than to adsorb at 

the air-water interface. At the CMC, the γmin is defined; this value identifies how well the 

surfactant lowers the overall surface energy. Typical γmin values of most surfactants range 

from 25-40 mN/m.2 

The CMC can also be identified using several other techniques that are commonly 

found in the literature. These techniques utilize light scattering,11 fluorescence 

spectroscopy,12, 13 and conductivity measurement.2 Each of these identifies the CMC 

based on a change in the sample properties when micelles are formed. 

 

Aggregation Size and Shape. Dynamic light scatting (DLS) techniques can be used to 

identify the hydrodynamic radii (Rh) of the surfactant aggregates but do not provide any 

information about shape.14, 15 Secondary techniques, such as small angle neutron 
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Figure 1.4. Plot to demonstrate the decrease in surface tension as the concentration of 
surfactant is increased. 
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scattering (SANS) are typically used to identify aggregation shape.16, 17 However, the 

shape of the micelle can be estimated using two independent methods developed by 

Israelachvili9 and Tanford10.  

The first method attributed to Israelachvili9 involves predicting a packing 

parameter (P) using the following equations: 

 𝑃 =
𝑉𝐻

𝑎0𝑙𝑐
 (1.2) 

 𝑉𝐻 = 27.4 + 26.9(𝑛𝑐) (1.3) 

 𝑙𝑐 = 1.5 + 1.265(𝑛𝑐) (1.4) 

 
where VH is the volume of a single surfactant tail, a0 is the cross-sectional area of the 

molecule lc is the length of a single hydrocarbon chain, and nc is the number of carbons in 

the lipid tail. The cross-sectional area (S) of the molecule is calculated using the Gibbs 

adsorption isotherm relating surface coverage (Γ) to surfactant concentration (C), 

equations 1.5 and 1.6. 

 𝛤1 = −
1

n𝑅𝑇
(

𝜕𝛾
𝜕𝑙𝑛𝐶

) (1.5) 

 
S =

1016

𝑁𝛤
 

(1.6) 

 

where R is the gas constant, T is temperature, n is the Gibbs prefactor, and N is 

Avogadro’s number. Values 0 ≤ P ≤ 0.33 are predicted to form spherical micelles, 0.33 ≤ 

P ≤ 0.5 form rod-like/ellipsoidal micelles, and 0.5 ≤ P ≤ 1 form lamellar aggregates.9, 18 

Also reported by Israelachvili is evidence to suggest that surfactants with bulky 
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tailgroups, when VH/a0 approaches lc/2, form micelles that assume a prolate ellipsoidal 

shape.9  

In 1972, Tanford made predictions about the shape of micelles from their long 

and short axes.10 The long axis can be measured using DLS to identify Rh. The short axis 

of the micelle is estimated by calculating the length of the lipid tail (equation 1.4) and 

adding the length of the headgroup calculated using a molecular modeling program. 

Assuming that the hydrophobic center of the micelle consists entirely of hydrocarbon 

chains with terminal CH3 groups, no solvent can penetrate into the micelle, and the 

density of the hydrophobic core is predictable based on equation (1.3). Then, the micelle 

shape can be estimated; spherical micelles have a long-to-short axis ratio of 1, and 

ellipsoidal micelles have a long-to-short axis ratio > 1. 

 

Measuring Average Aggregation Number. Fluorescence quenching methods, first 

theorized by Infelta in 197419 and later by Turro in 1978,20 can be used to determine the 

average aggregation number (Nagg) of the surfactant aggregates. These methods can be 

done using time-resolved or steady-state fluorescence measurements, respectively; the 

more common approach is steady-state measurements.20-22 In a solution with surfactant 

concentration [S] > CMC, the micelle concentration [M] can be determined using 

equation 1.7: 

 [𝑀] =
[𝑆] − 𝑓𝑟𝑒𝑒 𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑠

𝑁𝑎𝑔𝑔
 (1.7) 

 
where the concentration of free monomers in solution is a value equal to the CMC. This 

method utilizes hydrophobic probes and quenchers that have high affinities for the 
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interior of the micelles. In a system in which the probe and quencher distribution within 

the micelles is predictable based on Poisson statistics, a probe concentration is chosen 

such that no more than one probe occupies any given micelle and there is an average of 

no more than one quencher per micelle.14, 20 In a solution adhering to these conditions, 

quencher is added in aliquots to measure fluorescence with (I) and without (I0) the 

quencher, and equation 1.8 is used to calculate Nagg by fitting a plot of ln(I0/I) as a 

function of quencher concentration [Q].20, 23  

 𝑙𝑛 (
𝐼0

𝐼
) = [𝑄]

𝑁𝑎𝑔𝑔 + 𝑘−
𝑘+

⁄

[𝑆] − 𝐶𝑀𝐶
 (1.8) 

 
Here k- and k+ are the rate constants for exit from and entrance to the micelle by the 

quencher, respectively. Assuming k- >> k+ then this term is negligible and equation 1.8 

simplifies to the modified Stern-Volmer relationship: 

 𝑙𝑛
𝐼0

𝐼
= [𝑄]

𝑁𝑎𝑔𝑔

[𝑆] − CMC
 (1.9) 

 
In order to derive equation 1.9, Poisson statistics are appropriately used to understand the 

probability (Pn’) of finding n quenchers associated with a given micelle:24  

 𝑃𝑛
′ =

〈𝑄〉𝑛

𝑛!
𝑒−〈𝑄〉 (1.10) 

 
where <Q> = [Q]/[M] and n is the number of quenchers per micelle. For n=1 and [Q]/[M] 

< 2, the probability of finding no more than one quencher per micelle approaches unity. If 

a probe fluoresces only when it occupies a quencher-free micelle, the probability of 

finding no quenchers per micelle can be used (equation 1.11) to relate the fluorescence 
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intensity measured in the presence of quencher (I) and without quencher (I0) to micelle 

and quencher concentration. 

 𝑃0
′ =

𝐼
𝐼0

= 𝑒−[𝑄]
[𝑀] (1.11) 

 
Micelle concentration can be related to aggregation number through equation 1.7. 

Combining equations (1.11) and (1.7) gives the Stern-Volmer equation (1.9), which can 

be plotted to derive Nagg. 

The average aggregation number can also be determined using the Infleta-Tachiya 

method utilizing time-resolved fluorescence quenching (TRFQ).19, 23 This method relates 

the fluorescence decay curves of a probe before and after addition of quencher to Nagg. 

The decay curves are fit to equation 1.12 to relate the intensity at time 0 (I0) and some 

time t after excitation (I(t)) to parameters A1, A2, and A3 that are functions of the rate 

constants of the various processes that take place in the time-dependent changes. 

 ln
𝐼(t)
𝐼0

= −𝐴1𝑡 −  𝐴2[1 − 𝑒𝑥𝑝(−𝐴3𝑡)] (1.12) 

 𝐴1 = 𝑘0 +
𝑘𝑞𝑘−

𝑘𝑞 + 𝑘−
𝑛 (1.13) 

 𝐴2 =
(𝑘𝑞)

2

(𝑘𝑞 + 𝑘−)
2 𝑛 (1.14) 

 𝐴3 = 𝑘𝑞 + 𝑘− (1.15) 

 
Here, k- is the exit rate of the quencher from the micelle, kq is the rate constant for 

quenching, k0 is the fluorescence rate constant of the probe, and n is the quencher to 
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micelle concentration ratio [Q]/[M] assuming KQ (k+/k-) is large. By fitting the probe 

lifetime decay curves before and after the addition of quencher, the average aggregation 

number can be determined from equation 1.7, since the quencher concentration is known. 

Another technique commonly used to determine aggregation number is small 

angle neutron scattering (SANS). This technique utilizes elastic neutron scattering off 

aggregates/particles in solution.17 The scatter patterns off the aggregates in solution can 

then be fit to identify aggregate size in and, therefore, estimate its aggregation number. 

This technique is limited in measuring Nagg of micellar aggregates due to instrumental 

limitation based on the size of the particle.17 

 

Wettability. The wetting ability of a surfactant, that is its ability to spread solvent on a 

planar substrate, can be determined using contact angle measurements of the solvent on 

the solid surface.2 Solutions containing surfactants are dropped onto a solid surface and 

the contact angle of the solution with the surface is measured. Young’s equation 

(equation 1.16) is used to describe the contact angle (θ) and is related to the surface 

tensions between the liquid (L), vapor (V), and solid (S) interfaces.25 

 𝛾𝐿𝑉 cos 𝜃 = 𝛾𝑆𝑉 − 𝛾𝑆𝐿 (1.16) 

 
The effectiveness of a surfactant at promoting wetting of a surface can be evaluated by 

measuring the contact angle of a solution containing a known amount of surfactant. The 

contact angle is then a useful measure for determining the potential of a surfactant to 

decrease the interfacial tension between two interfaces. 
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Foaming Ability. Surfactants are known to foam in solution when work is applied to the 

bulk. The Ross-Miles method is one of the most widely used methods to study the 

foaming of a surfactant.26 The method relates work (W) applied to a surfactant solution to 

the total surface area (A) produced and the surface tension (γ) according to equation 1.17: 

 𝑊 =  𝛾𝐴 (1.17) 

 
When a known amount of work is applied to a solution by dropping the solution from a 

known height, the foam height is a measure of the foaming ability of the surfactant. The 

foaming ability of a surfactant is a necessary measure for some commercial and industrial 

applications, as some application require large foaming in order to facilitate separation of 

the surfactant form the bulk solution.26 

 

Surface Adsorption. Surfactants are known to adsorb to interfaces, and attenuated total 

reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy is a widely used 

technique to study this surfactant behavior. This method is performed by allowing 

surfactants to adsorb to a solid surface and measuring absorption of an IR beam. The 

infrared reflection-absorption intensity can then be related to the surfactant adsorption 

isotherm, and by fitting the experimental data to the proper isotherm model, the 

magnitude of the absorption constant can be determined. The ability of a surfactant to 

adsorb to a solid surface is a useful measure, as some applications require solid-liquid or 

solid-air interfacial bridging. 

 

Surfactant Phase Behavior. Surfactants are known to aggregate in multiple phases 

depending on the type of surfactant and solution conditions, Figure 1.2.2 The types of 
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surfactant phases that are most observed are micellar, vesicle, biontinuous, lamellar and 

multi-lamellar.2 For example, anionic surfactant aggregates are known to grow with 

increasing solution ionic strength.27, 28 The ions in solution shield the charged headgroup 

decreasing the Coulombic repulsion between surfactants in the aggregate allowing the 

surfactant to take on more of a cylindrical shape.2 This cylindrical shape then facilitated 

the formation of larger aggregates.18 Since these surfactant structures, or phases, can 

change with changing solution conditions fluorescence spectroscopy utilizing probes that 

are sensitive to various attributes of their microenvironments have been used to study 

this.29 This technique utilizes a solvatochromic dye that changes its fluorescence 

excitation or emission spectra as a function of the surfactant phase. For example, vesicle 

and lamellar surfactant aggregates are going to have a much more nonpolar 

microenvironment than a micelle. Utilizing a solvatochromic dye that has a high affinity 

to the interior of the aggregates and is sensitive to the polarity of its microenvironment 

the surfactant phase can be identified.29 

Prodan and laurdan have been used extensively to determine surfactant aggregate 

phase since they both have a high affinity for the interior of surfactant aggregates,29, 30 

and their emission spectra is known to shift ~135 nm depending on the polarity of their 

microenvironment.31 For example, these probes dissolved in dodecane will have an 

emission λmax value at ~390 nm and while dissolved in methanol will have a λmax at ~525 

nm.30, 31 In this way, these dyes are dissolved into the surfactant aggregate at a given 

solution condition. The emission of the probe can then be measured and the solution 

conditions then changed. By measuring the emission spectra before and after changing 

the solution conditions any observed shift in the probes emission can be used to 
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qualitatively, unless phase association constants and quantum efficiencies are known, 

characterize phase behavior of the surfactant.29 

 

Emulsion Stability. Emulsions are the mixing of two or more solutions that are normally 

immiscible.2 Their stability refers to the ability to stay suspended without the coalescent 

to form distinct layers. The rate at which droplets coalesce can be used to determine the 

stability of the emulsion. This rate can be measured by measuring the number of droplets 

over a period of time using a haemocytometer cell under a microscope.2, 32 

 

Aggregate Microenvironment. The microenvironment of a surfactant aggregate changes 

depending on the aggregate structure, or phase, and measuring this microenvironment is a 

useful tool for studying surfactant aggregate microviscosity.2, 30 Fluorescence 

spectroscopy techniques are commonly used for probing aggregate microenvironment. 

These techniques utilize solvatochromic dyes that shift emission spectra with polarity to 

identify phase state of the surfactant.30, 33 Fluorescent probes can also be used to identify 

the microviscosity of an aggregate utilizing time-resolved polarization measurements to 

determine its rotational diffusion coefficient within the aggregate by applying the Stokes-

Einstein equation.34 

 

Biosurfactants and Rhamnolipids 

Biosurfactants. Due the large quantity of surfactants produced, 7.5 million tons, in 2010, 

an inexpensive, green and highly biodegradable surfactant is in high demand.35-37 Many 

toxicity and environmental concerns revolve around the currently used synthetic 
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surfactants.38, 39 For example, most surfactants on the market are synthesized from 

petroleum feedstock.7, 40 As a result, scientists have turned toward studying naturally-

produced biosurfactants as potential safer alternatives.38, 39 

Biosurfactants are surface-active agents primarily produced naturally by 

microorganisms. The appeal of biosurfactants has been inspired by these surfactants’ 

ability to biodegrade in the environment.41 The biodegradability of a surfactant is 

measured by monitoring the production of CO2 and consumption of O2 as the surfactant 

degrades.42 Besides high biodegradability, biosurfactants offer typically lower CMC 

values (in the μM range) requiring less material in industrial and commercial 

applications.41 Biosurfactants are typically produced bio-synthetically using renewable 

resources such as plant oil. For example, bacteria are grown and the production of 

biosurfactants is achieved by feeding the bacteria plant oils to facilitate surfactants 

production.43, 44 In this way, the bio-synthesis process is more environmentally friendly 

than using petroleum feedstock. A drawback to biosurfactant use is the long growth 

process and low production yields contributing to their limited use in industry.45-47 

Biosurfactants typically consist of a hydrophobic portion containing a straight-

chain fatty acid, hydroxyacid or α-akylalkanoate-β-hydroxy fatty acid; the headgroup 

consists of a sugar, amino acid, peptide, or phosphate group.48 Unlike the synthetic 

surfactants that are classified by charge on the headgroup, biosurfactants are typically 

classified by the microbe that produces them and their biochemical nature.49 The five 

major classifications of biosurfactants are: glycolipids, phospholipids, 

lipopeptide/proteins, polymeric surfactants, and siderolipids.48, 50 Examples of each 

classification can be found in Figure 1.5. 
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Figure 1.5. Representative structures of the major biosurfactant classes: a) sophorolipid 
(glycolipid), b) phosphatidylcholine (phospholipids), c) surfactin (lipopeptides/proteins), 
d) emulsan (polymeric surfactants), e) 9S-9S- siderolipid (siderolipids). 
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Glycolipids have been the most widely studied biosurfactants in which a mono- or 

di-saccharide group is coupled to a fatty acid chain.48 Examples of bacteria that produce 

glycolipids are Pseudomonas aeruginosa, Candida bombicala, and Rhodococcus 

erithropolis Arthobacter producing rhamnolipids, sophorolipids, and trehaloselipids, 

respectively.48, 51-53 

Phospholipids are commonly found in food products; for example, lecithin is 

located in egg yolks.54 These surfactants are typically used as wetting agents with a fatty 

acid consisting of 12-14 carbon units in their lipid tail.55 Phospholipids are also the 

primary component of cell membranes and are not excreted as extracellular byproducts.55 

Lipopeptides and lipoproteins consist of a peptide or protein headgroup and are 

commonly produced by Bacillus subtilis.48 These surfactants are known for their 

antimicrobial and anti-adhesive activity and are used mainly in the pharmaceutical 

field.56-58 Therefore, these are a widely studied biosurfactants. 

Polymeric surfactants are high molecular weight compounds with typically high 

viscosities, tensile strength and shear resistance.48 The most well-known polymeric 

biosurfactants are emulsan (Figure 1.5), biodispersan, and liposan. Emulsan is commonly 

used as a powerful emulsification stabilizer.32 Biodispersan, produced by Acinetobacter 

caloaceticus, has applications in paints and ceramics, while liposan, produced by 

Candida lipolytica, is another emulsifier and stabilizer.59  

Flavolipids area a class of biosurfactants produced by the Flavobacterium 

genus.50, 60 These surfactants contain a citric acid moiety with varying lipid tails lengths.50 

Siderolipids show strong surfactant activity and have been identified as good metal 

remediators.50 
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Rhamnolipid Introduction. Rhamnolipids are among the glycolipid class of biosurfactants 

and are produced by the bacteria Pseudomonas aeruginosa, which are found naturally in 

soil, water and plants.51 Rhamnolipids were first discussed by Bergström in 1946.61 Their 

structure involves a rhamnose sugar headgroup connected to a β-hydroxyalkanoic acid 

tail via a glycosidic linkage. This structure is known to adopt an R confirmation of the 

stereochemistry at the lipid tail, for both tails.62 This stereochemistry is found on all 

rhamnolipid congeners. The production of rhamnolipids by bacteria results in a mixture 

of congeners containing either one or two sugars and varying lengths of lipid tails. The 

most common congeners are the mono- and dirhamnolipids containing two lipid tails that 

are 10 carbon units long, Rha-C10-C10 and Rha-Rha-C10-C10, respectively, as shown in 

Figure 1.6.  

Rhamnolipids can be produced at levels up to 100g/L in fermentation quantities of 

20 to 100 m3.63, 64 The current costs of rhamnolipids are estimated to be higher than the 

comparable synthetic surfactants;63, 64 therefore, improved production efficiency is 

needed for more widespread use of rhamnolipids.44 Currently, the biosynthetic pathways 

involve fermentation of the bacteria with carbon and nitrogen sources, such as glucose 

and nitrate, respectively.65-67 however, the details of this process will not be discussed, as 

they are not the focus of this dissertation.  

Despite the high production costs of rhamnolipids, they have been shown to have 

desirable surface properties. For example, rhamnolipids are known to drop the surface 

tension of water from 72 to ~25 mN/m.68, 69 Furthermore, they have CMC values reported 

from 50 to 200 μM whereas some common household synthetic surfactants, such as SDS, 
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Figure 1.6. Chemical structures of the two common forms of the L-α-rhamnopyranosyl-β-
hydroxydecanoyl-β-hydroxydecanoate, monorhamnolipids (Rha-C10-C10) and 
dirhamnolipid (Rha-Rha-C10-C10).
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have CMCs reported in the mM range under commonly used commercial conditions.69-72 

It should be noted that of the two rhamnolipid types mono- and di-, monorhamnolipid is 

known to have more surface activity but a higher CMC compared to the dirhamnolipid 

due to its decreased monomer solubility. Rhamnolipids are also known for their 

emulsifying power since they have good solubility in both oil and aqueous solutions.73 

They are known to have good stability by maintaining their surface activity over a range 

of pH values.  

Some uses for rhamnolipids involve the remediation of heavy metals from soil or 

other sources. Metals do not biodegrade in soils, and in locations where high metal 

content is present, such as mine tailings, remediation is needed to clean the 

environment.74 Rhamnolipids have been shown to have a preferred affinity toward heavy 

metals over common metal cations making them ideal for the removal of toxic metals, 

such as lead, mercury, or cadmium.74, 75 Therefore, rhamnolipids have the potential to be 

utilized in a variety of different commercial applications for heavy metal cleanup. 

Biosynthesized rhamnolipids are currently produced by Agae Technologies 

(Corvallis, OR). Zonix, a biofungicide, contains rhamnolipids and is commonly sold as a 

wetting and dispersing agent for agricultural chemicals.76 Another application of 

rhamnolipids is in a product designed to kill mildew-producing plant pathogens.76 

Rhamnolipids are also sold for their use in oil cleaning and recovery for refining and 

storage tanks by creating emulsions that can be pumped out and separated from larger 

particulates in the tanks.77 
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Monorhamnolipid Properties. Multiple researchers have reported CMC results from 

surface tensiometry in the μM regime for monorhamnolipids.69, 78, 79 Dynamic light 

scattering has provided insight into solution aggregate size, with aggregates of 

hydrodynamic radii ranging from several nm to a few hundred nm reported.17, 69, 79 SANS 

studies have provided the most definitive information about aggregate size and shape in 

solution,6, 16, 17, 80, 81 with aggregates of ~47 monomers/micelle reported for 20 mM 

monorhamnolipids in pH 9.0 aqueous borax buffer.17 These results are consistent with the 

small micelles observed using cryo-TEM in solutions of basic pH at 60 mM.82 At 

concentrations greater than 20 mM, the monorhamnolipid aggregates have been said to 

assume structures that are more lamellar,17 which limits the ability of SANS to further 

probe micelle environment at these higher concentrations.17 In addition, despite the 

power of SANS, nothing is deduced about monorhamnolipid aggregation properties at 

concentrations below 20 mM but above the CMC.  

Small angle X-ray scattering (SAXS) was utilized to characterize rhamnolipids,83 

and rhamnolipid/dipalmitoyl phosphatidyl choline vesicle bilayer sizes and zeta 

potentials.84 Neutron reflectivity has been used to study air-water interface interactions 

and adsorption layers of rhamnolipids.16, 17, 85 And transmission electron microscopy 

(TEM)86 has been employed to understand rhamnolipid aggregation as a function of pH 

and ion concentrations.82 Furthermore, a substantial increase in computational power has 

also made molecular dynamics (MD) simulations have a crucial component in recent 

years in providing microscopic details of the structural properties of surfactant 

aggregates. Most noteworthy, these simulations have been performed on 
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monorhamnolipids at the air-water interface.87 However, a need still exists to model these 

surfactants in bulk aqueous solution to help characterize the aggregation behavior.  

 

Monorhamnolipid Production by P. aeruginosa ATCC 9027. The mutant strain of P. 

aeruginosa ATCC 9027 is known to produce exclusively monorhamnolipids (mRLs) due 

to the lack of the rhlC gene.88 This specific strain has been identified to produce over 40 

mRL congeners with varying tail lengths and points of unsaturation. The most common 

congener is Rha-C10-C10 (504 g/mol) at about 75-85%, depending on the batch. Most of 

the mRL congeners have been previously separated and identified using HPLC-MSn 

techniques, and a structural list is given in Figure 1.7.74, 89 

The laboratory of Dr. Raina Maier at the University of Arizona has conducted 

extensive research on these mRLs, some of it in collaboration with this laboratory.63, 88, 90-

93 From these studies, mRLs are implicated in playing an important role in promoting the 

irreversible adsorption of cells in sandy soil.93 Rhamnolipids can dramatically increase 

the dispersion of octadecane and thus enhance the biodegradation of this hydrocarbon.88 

In fact, rhamnolipids have been used more extensively recently for the remediation of 

hydrocarbons for improving biodegradation of contaminated areas.94, 95 Also, the Maier 

lab has expanded research on the use of rhamnolipids for metal remediation of species 

such as Cd2+ and Pb2+.96, 97 

Much of the work performed in this laboratory has focused on the interfacial 

properties of these mRLs in aqueous solutions. Work has been performed to identify the 

pKa of the free native mRL monomers and their aggregates at 4.28 ± 0.16 and 5.50 ± 

0.06, respectively.5 Dr. Hui Wang has characterized native mRL to better understand its 
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Figure 1.7. Chemical structures in the native mRL mixture identified by HPLC-MSn. 
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Figure 1.7. (cont.) Chemical structures in the native mRL mixture identified by HPLC-MSn. 
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Figure 1.7. (cont.) Chemical structures in the native mRL mixture identified by HPLC-MSn. 
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surface and aggregation properties. The study of these properties is needed in order to 

utilize rhamnolipids in commercial and industrial applications. He has determined the 

CMC, γmin, and cross-sectional area of native mRLs using surface tension measurements; 

values are reported at 190 ± 10 μM, 28.1 ± 0.6 mN/m and 83 Å2, respectively.89 It has 

been determined that the pH of the mRL solution has an affect on the adsorption of mRLs 

to silica and goethite as well as an effect on metal remediation.74 Furthermore, mRL 

mixtures with Tween-20 and cetylpyridinium chloride were also studied using surface 

tension measurements and dynamic light scattering to identify the CMC behavior and 

aggregate hydrodynamic radii.74 

 

Chemically Synthesized Rhamnolipids. In response to the high production cost of 

rhamnolipids, efforts have been made to improve yields.45, 98-100 These efforts have 

focused on using renewable resources,101-103 cheap substrates to grow the bacteria,101-103 

optimizing conditions,66, 104, 105 or reducing processing steps.106-108 Recently, a method for 

the chemical synthesis of rhamnolipids was reported by Bauer et al. to synthesize 

rhamnolipids at a cost of several hundred dollars per gram less than the current 

biosynthesized processes.35, 109 At the University of Arizona, a synthesis was recently 

developed jointly by this laboratory and that of Dr. Robin Polt by Coss; this method 

lowers the potential cost of monorhamnolipids to only a few dollars per gram.35 With this 

new method, specific congeners can be manufactured at high purity for 1000 times less 

than the cost of the current native rhamnolipid biosynthesis production methods.35 

With these new methods, congeners can be studied individually without costly 

separation procedures. Furthermore, specific questions about how the structure of the 
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rhamnolipid affects performance can be addressed. For example, does changing the 

length or stereochemistry of the lipid tails affect surface activity or aggregation 

performance? The most abundant congener present in the native mRL production is Rha-

C10-C10, and it is known to have a (R,R) tail configuration.62 Previously in this 

laboratory, Wang studied the surface activity of four chemically synthesized 

diastereomers with the Rha-C10-C10 structure as shown in Figure 1.8. His work 

identified the CMC, γmin and cross-sectional area of each diastereomer, as tabulated in 

Table 1.1.89 This work is the first step to identifying the most effective rhamnolipid 

structure for industrial applications. Further studies of these diastereomers need to be 

performed to identify how stereochemistry affects aggregation, wetting, foaming, etc. 

Furthermore, work has to be done to identify other structural variations of the 

rhamnolipid that could improve surfactant performance.  

 

Research Goals 

Rhamnolipids are considered to be “greener” alternatives to conventional 

synthetic surfacetants;36, 37 however, their use in industrial applications is low, due to high 

production costs and manufacturing time.35, 37 By improving the current growth 

procedures of the microorganisms that biosynthesize rhamnolipid mixtures, this cost and 

time can be reduced; however, the new synthetic methods developed at the University of 

Arizona offer an attractive alternative to extraction of biosynthesized rhamnolipids from 

Pseudomonas aeruginosa.35 Little is known about how the structure of the rhamnolipid 

affects the surfactant performance, and with the new chemical synthesis methods 

available, these questions can be systematically addressed. 
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Figure 1.8. Chemical structure of synthesized Rha-C10-C10 diastereomers. 
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Table 1.1. CMC, γmin, and cross-sectional area of the native mRL and diastereomers 
previously collected by Dr. Hiu Wang from this laboratory. 

Surfactant CMC (μM) γmin (dyn/cm) Cross-sectional 
area 

(S,S)-Rha-C10-C10 187 ± 16 29.4 ± 0.1 91 

(S,R)-Rha-C10-C10 164 ± 6 28.8 ± 0.1 95 

(R,S)-Rha-C10-C10 56 ± 2 27.9 ± 0.1 56 

(R,R)-Rha-C10-C10 294 ± 6 27.9 ± 0.1 109 

Native mRL 190 ± 10 28.1 ± 0.6 83 
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In this laboratory, we have previously investigated the surface activity of the 

native monorhamnolipid mixture produced by P. aeruginosa ATCC 9027, and some 

solution behavior such as the critical micelle concentration. To date, a thorough 

understanding of aggregation behavior in aqueous environments has not been fully 

realized for this biosynthesized natively monorhamnolipid mixture or the chemically 

synthesized diastereomers of the most common Rha-C10-C10 congener [(R,R)-Rha-C10-

C10, (R,S)-Rha-C10-C10, (S,S)-Rha-C10-C10, and (S,R)-Rha-C10-C10)]. Furthermore, 

the aggregation behavior as a function of solution conditions such as solution pH, ionic 

strength, surfactant concentration and temperature has not been explored. Therefore, the 

goals addressed in the work described here are the following: 

1) Investigation of the biosynthesized native mRL mixture from P. 

aeruginosa ATCC 9027 in both its anionic and nonionic forms at pH 8.0 

and 4.0, respectively, to study the solution aggregation behavior. Here, 

surface tension measurements, DLS, and fluorescence spectroscopy are 

used for this task.  

2) Study the four chemically synthesized Rha-C10-C10 rhamnolipid variants 

((R,R)-Rha-C10-C10, (R,S)-Rha-C10-C10, (S,S)-Rha-C10-C10, and 

(S,R)-Rha-C10-C10) in their anionic and nonionic states using the same 

techniques used to study the native mRL mixture. This work is done to 

compare with the native mixture since the synthetic variants are of a pure 

form a better understanding of how the mixture and the surfactant 

structure plays a role in aggregation. 
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3) The phase behavior of native mRL and all four diastereomers are probed 

using solvatochromic dyes in order to study the effect of solution 

conditions such as ionic strength, surfactant concentration, pH, and 

temperature on aggregation properties. The two solvatochromic 

fluorescent dyes, prodan and laurdan, which preferentially accumulate in 

the rhamnolipid aggregates, are used for this purpose.  

4) Preliminary investigations of the ability of the native mRL mixture to bind 

metal ions were undertaken using mass spectrometry, isothermal titration 

calorimetry and capillary electrophoresis. 
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CHAPTER 2  
 

 

EXPERIMENTAL 

Materials 

Water was purified using a Milli-Q-UV system at 18.2 MΩ (Millipore Corp.). 

Sodium dodecyl sulfate (SDS, MP Biomedicals, ≥99.5%), pyrene (Sigma Aldrich, 

≥99.0%), and benzophenone (BP, Alfa Aesar, 99%) were all further purified by 

recrystallization in a solution of ethanol and 1-2% water.110 Fluorescence solutions were 

made in phosphate buffer from sodium monobasic (EMD, 98%) and sodium dibasic 

phosphate anhydrous (EMD, 99%) in water. Hydrochloric acid (EMD, 36.5-38%) and 

sodium hydroxide (J.T. Baker, 98%) were used for further pH adjustment if needed.  

The crude monorhamnolipid (mRL) mixture was extracted from Pseudomonas 

aeruginosa American Type Culture Collection (ATCC) 9027 and was received from 

Professor Raina Maier’s laboratory at the University of Arizona. This crude mRL mixture 

was purified using gravity column chromatography on silica (Sigma Aldrich, 60 Å) with 

a mobile phase consisting of 30% (v/v) hexanes (EMD, 98.5%), 30% (v/v) ethyl acetate 

(EMD, 99.5%), 30% (v/v) dichloromethane (EMD, 99.5%), 5% (v/v) chloroform (EMD, 

99.8%), 5% (v/v) methanol (J.T Baker, ≥99.9%) and 0.1% (v/v) glacial acetic acid 

(EMD, 99.5%).89 A solution of sulfuric acid (EMD, 95%) and anthrone (Sigma Aldrich, 

>93%) was used to detect mRL eluent on a silica-coated, aluminum-backed thin layer 

chromatography (TLC) sheet (EMD). For some experiments, the mRL mixture was 

further purified by HPLC on a XTerra RP18 3.9 x 190 mm column (Waters) with a 

XTerra RP18.5 μm 3.9 x 20 mm guard column (Waters) using a 60% (v/v) acetonitrile 
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(EMD, ≥99.8%), 40% (v/v) purified water, and 0.1% (v/v) glacial acetic acid (EMD, 

≥99.7%) mobile phase. 

Silanization of glassware was accomplished using 97.5% (v/v) of dry toluene 

(EMD, 99.5%), 0.5% (v/v) pyridine (Sigma Aldrich, ≥99%), and 2% (v/v) (tridecafluoro-

1,1,2,2-tetrahydrooctyl)triethoxysilane (Gelest). Before silanization, glassware was 

cleaned using a solution consisting of 4:1:1 (v/v) water, 70% v/v hydrogen peroxide 

(EMD), and concentrated ammonium hydroxide (EMD, 14.5 M). 

Polystyrene latex microspheres of 0.2 and 0.05 μm dia 2.5% (w/w) suspended in 

water (Alfa Aesar) were used as standards for dynamic light scattering prior to the start of 

every day’s experiments to check the accuracy of the instrument. 

6-propionyl-2-dimethylaminoaphthalene (prodan, Molecular Probes) and 6-

dodecanoyl-2-dimethylaminoaphthalene (laurdan, Molecular Probes) were used as 

fluorescent probes for phase determination. NaCl (EMD, ≥99%) was used to vary ionic 

strength. 

Cu(NO3)2y3H2O (Strem Chemicals, 99.5%), Pb(NO3)2 (Aldrich, 99.999%) and 

Ni(NO3)2y6H2O (Aldrich, 99.999%) were all used for metal binding experiments. 

Sodium Borate Decahydrate (EMD, 99.5%), Boric Acid (Spectrum Chemical 

Corporation, 99.5%) and Potassium hydrogen Phthalate (Fisher Scientific, 99.5%) were 

used for buffering some metal binding experiments. 

 

Instrumentation 

Surface Tensiometer. Surface tension measurements were performed on a Fisher 

Scientific model 21 Surface Tensiomat using a Pt-Ir du Noüy ring (Fisher Scientific, 
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mean circumference = 6.001cm). The torsion balance arm of the tensiometer was 

calibrated with pure water at ~72 mN/m before each experiment. 

 

High Performance Liquid Chromatography (HPLC). HPLC qualitative and quantitative 

measurements were performed on an HPLC using a Waters 600E high-pressure pump 

controller. All samples were eluted through a XTerra RP18 3.9 x 190 mm analytical 

column (Waters) and XTerra RP18.5 μm 3.9 x 20 mm guard column (Waters) using a 

60:40:0.1 (% v/v) acetonitrile/water/glacial acetic acid mobile phase. Detection was 

accomplished with a Polymer Laboratories evaporative light scattering detector (ELSD, 

model PL-EMD 960). The detector was set to a temperature of 70 °C and a N2 flow rate 

of 4 L/min. Data analysis was carried out on a PeakSimple SRI Chromatography model 

203 with PeakSimple Chromatography software. 

 

Fluorescence Spectroscopy. A Photon Technologies, Inc. (PTI) Quanta Master 40 system 

was used for steady-state (SS) and time-resolved fluorescence spectroscopy 

measurements. A block diagram is shown in Figure 2.1. This instrument is capable of 

collecting SS data using a Xe arc lamp and a PTI Model 814 PMT detector. Fluorescence 

lifetime data were acquired using a 1554-LED, 180 kHz pulsed diode laser source at 340 

nm (PTI) and a PMT photon counter (Becker & Hickl GmbH, Model PMH-100-4). 

Measurements were taken in either a 1.0 cm or a 0.4 cm quartz cell that had been 

previously silanized with a fluorosilane coating to prevent surfactant adsorption to the 

cell walls. The coating procedure is described in detail below. The temperature of the cell 

was maintained at 25 °C, unless otherwise specified, using a TLC 50TM Quantum 
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Figure 2.1. Block Diagram of the PTI fluorometer used for steady-state and time-
correlated single photon counting fluorescence quenching experiments.
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northwest thermoelectric temperature control system. The sample chamber was purged 

with a constant stream of Ar to displace any O2 that could potentially quench the 

fluorescent probes. Felix GX software (version 4.1) was used to collect all data. 

SS measurements were collected using a Xe arc lamp source. Excitation 

wavelengths were selected using a Czerny-Turner f/4 single monochromator with a 200 

mm focal length, a bandpass of 0 to 25 nm with an accuracy of ±1 nm, a resolution of 0.5 

nm, step size of 0.25 nm, and a 1200 lines/mm grating blazed at 300 nm. Slit widths in 

the excitation monochromator were set to 0.5 mm, unless otherwise specified, for both 

the entrance and exit. A real-time correction method was used to correct for fluctuations 

in the Xe arc lamp; this is accomplished by redirecting ~10% of the excitation beam into 

the “excitation corrector”, where the voltage control box corrects the emission according 

to the excitation gain. All gains were set to give a source voltage of 1.00 V at the 

excitation correction filter. The emission monochromator has the same specifications as 

the excitation monochromator except that the grating was blazed at 400 nm. Emission 

monochromator slits were held at 0.5 mm, unless otherwise specified, for both the 

entrance and exit. All emitted light was detected using a PTI Model 814 PMT. 

Lifetime measurements were determined using time correlated single photon 

counting (TCSP) with a PTI 1554-LED, 180 kHz pulsed diode laser source at 340 nm. 

After excitation, fluorescence is collected at 90° by the same emission monochromator 

used in the SS measurements above. This monochromator is set to pass light at the 

maximum intensity observed in the SS experiments (usually 372-373nm for pyrene). Slit 

widths were set at 2-3 mm, which produces an ADC signal at 3-5% of the LED pulse 

repetition rate. The light was then detected using a Becker & Hickl GmbH Model PMH-
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100-4 PMT detector. Instrument response functions were taken at the end of experiments 

on a given day using a dilute scattering solution of SiOx nanoparticles (Nanostructured & 

Amophous Materials, Inc.) suspended in water. 

 

UV-Visible Spectroscopy. Fluorescence intensities were corrected for the inner filter 

effect111 using UV-Vis absorbance data acquired at the excitation and emission 

wavelengths on a Thermo Scientific Evolution Array UV-Vis Spectrophotometer using 

VISION collect software (version 1.5.) Absorbance values represent an average of 30 

scans with an integration of 1 nm and no baseline correction. 

 

Dynamic Light Scattering (DLS). DLS measurements were performed with a Viscotek 

model 802 instrument, equipped with a 50 mW fiber optic-coupled diode laser at 830 nm. 

A schematic diagram is shown in Figure 2.2. Scattered light was collected at 90° with 

respect to the incident light beam in a sample cell maintained at 20 °C. Each 

measurement was made in 150 µL of solution in a Sub-Micro quartz fluorometer cell 

(Starna Cells). OminiSIZE 3.0 software was used to analyze the autocorrelation functions 

of the scattered light. Particles diffuse by random Brownian motion in solution, and the 

Z-averaged translational diffusion coefficient (D) was calculated by the OmniSIZE 

software after measuring the scattered light fluctuations at different time intervals. The D 

value is then used to calculate the mean hydrodynamic radius (Rh) using the Stokes- 

Einstein relationship:15 

 ! = !"
6!"!!

 (2.1) 
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Figure 2.2. Schematic of the Viskotek model 802 dynamic light scattering instrument.
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where k is the Boltzmann’s constant, T is the temperature (held at 293 K), and η is the 

solution dynamic viscosity (1.0 mPa*s for water at 293 K.112) 

 

Isothermal Titration Calorimetry (ITC). Binding experiments were performed on a 

MicroCal VP-ITC MicroCalorimeter, utilizing a variable speed paddle stirrer and syringe. 

A diagram is shown in Figure 2.3. Temperature differences were compared between two 

1.5 mL capacity coin-shaped teflon coated cells where one acts as a references cell filled 

with pure water and the other acts as the sample cell. Measurements were carrier out cell 

temperatures of 25 °C. Data was collected using MicroCal VPViewer 1.0 software and 

data work up was done on the MicroCal Origin 5.0 software. Before experiments were 

performed all samples were purged of gas using a MicroCal ThermoVac sample 

degasser.  

 

Capillary Electrophoresis (CE). To study metal binding to monorhamnolipid a Beckman 

Coulter P/ACE MDQ capillary electrophoresis system was used utilizing a P/ACE MDQ 

diode array detector module. Fused silica capillary tubing with a 50 μM I.D. with a total 

length of 49 cm was used for separations. A detection aperture of 100 x 800 μm was used 

as a viewing window for detection. All data was collected with 32 Karat 8.0 software. 

 

Linear Quadrupole Mass Spectrometry (MS). All MS studies were performed on a 

Finnigan linear quadrupole mass spectrometer equipped with an electrospray ionization 

(ESI) source. Samples were sprayed with an initial ESI voltage of +4.5 kV for positive 

mode ionization. All data was collected using Xcalibur 3.1 software. For collision 
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Figure 2.3. Diagram of MicroCal VP-ITC MicroCalorimeter instrument.
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induced dissociation of parent ions energies between 10-30 eV were used to observe 

fragment ions. 

 

Procedures 

Surface Tension Measurements. Stock solutions of 5 mM mRL were prepared in 10 mM 

phosphate buffer and allowed to equilibrate over night. The buffer was either used at pH 

8.0 or 4.0 depending on the experimental needs. The tensiomat utilized a du Noüy ring, 

which was stored in chloroform and rinsed with methanol and Milli-Q water and allowed 

to dry before use. Before experiments each day, the tensiomat was calibrated against 

Milli-Q water to verify a surface tension of 72 mN/m. Three independently prepared 

samples were tested starting with 5 mL of Milli-Q water with 10 mM phosphate buffer. 

Aliquots of the 5 mM mRL stock solution were then added to each sample increasing the 

mRL concentration. This solution was allowed to stir for 3 min and then allowed to settle 

for 3 min before the surface tension was measured. The concentration of mRL in the 

measured solution was then calculated and the surface tension was measured. This 

procedure was repeated for a range of mRL concentrations to identify the inflection point 

for critical aggregation concentration determination.  

 

pH Measurements. Solution pH was measured using a ThermoOrion model 4 star pH/ISE 

meter equipped with a ThermoOrion model 911600 glass pH electrode. The pH meter 

was calibrated daily with standard solutions (VWR) at pH 4.0, 6.0, and 10.0. 
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Rhamnolipid Purification. The mRL purification process has been described previously 

from this laboratory and is described briefly below.113, 114 mRLs are extracted from a 

mutant strand of the Pseudomonas aeruginosa ATCC 9027 bacteria that is first grown 

and harvested by Dr. Raina Maier’s laboratory at the University of Arizona as described 

by Mulligan et al.115 A gravity chromatography column (30 cm x 2.2 cm) is used for 

separation and purification. A silica slurry is made by mixing ~40 g of silica with a 

slightly polar mobile phase (hexanes 30%, dichloromethane 30%, chloroform 5%, ethyl 

acetate 30%, methanol 5%, acetic acid 0.1%). This slurry is dripped into the column in a 

circular pattern to allow for even packing throughout the column. The column is washed 

5 times with mobile phase for efficient packing without letting the column dry. Next, no 

more than 1.8 g of crude mRL is dissolved in a minimum amount of the mobile phase and 

deposited at the top of the column.  

After ~120 mL of mobile phase is washed through the column (dead volume), the 

first anthrone test is performed. The anthrone testing solution is made by dissolving a few 

crystals of anthrone in concentrated HCl. Column eluent is dripped onto an aluminum-

backed silica TLC plate. The mobile phase is allowed to dry and the anthrone solution is 

dripped on top. The plate is then heated using a heat gun. When anthrone comes in 

contact with sugar groups (e.g. rhamnose), a blue/green color forms. Once the presence 

of mRL is detected, the column eluent is collected.  

The fraction containing mRL is then subjected to rotovaporation to remove 

mobile phase solvents. This step is followed by lyophilization of the nearly-dried mRL to 

produce the purified mRL mixture (a clear, colorless, oily product). This purified product 

is then characterized with HPLC using a reversed phase C18 column and an 
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acetonitrile/water/glacial acetic acid (60:40:0.1 v/v) mobile phase as described above. 

The chromatogram reveals a mixture of mRL congeners containing different tail lengths. 

The major congeners include Rha-C10-C8 (~10%), Rha-C10-C10 (~85%), and other 

mRL congeners (~5%) that elute at different times.89 

 

Silanization of Fluorescence Cuvettes. Toluene was first dried to eliminate water. 20-30 g 

each of silica and alumina were then dried in a muffle furnace at 350 °C for 3 h. The 

toluene was flowed through a gravity column (30 cm x 2.2 cm) filled 1/3 full of dry silica 

and 1/3 full of dry alumina. A diagram of the drying apparatus is shown in Figure 2.4. 

Glassware was washed and dried in a vacuum oven at 100 °C for 1 h. The toluene eluent 

was collected in a sealed bottle maintained under constant N2 flow through a needle. Dry 

toluene was stored in desiccator inside a sealed glass bottle until use. 

Next cuvettes were pretreated with the cleaning solution consisting of 4:1:1 (v/v) 

water, 30% (v/v) hydrogen peroxide and concentrated ammonium hydroxide (14.5 M). 

The cuvettes were boiled in the cleaning solution for at least 45 min, followed by 

thorough rinsing with Milli-Q water and then dried in the vacuum over for 2-3 h at 120 

°C. Next, the silanizing solution was made in an environmental control box under 

constant Ar and N2 flow to eliminate water contamination. This solution was made by 

mixing dry toluene 97.5% (v/v), dry (tridecafluoro-1,1,2,2-tetrahydrooctyl) 

triethoxysilane 2% (v/v), and dry pyridine 0.5% (v/v) for 10 min and immediately added 

to the cuvettes, which were filled for an even coating. The solution was allowed to sit in 

the cuvette for 4 h. The glassware was then rinsed with several aliquots of dry toluene, 

followed by sever aliquots of absolute ethanol (Decon). Glassware was then placed in a 
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Figure 2.4. Diagram of the apparatus to dry toluene.
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vacuum over for 12 h at 100 °C to allow the coating to cure. 

 

Rhamnolipid Solution Preparation. All native mRL and monorhamnolipid diastereomer 

solutions were prepared in buffer or Milli-Q water. Buffer solutions used for fluorescence 

experiments include 10 mM phosphate buffer (pH 8.0 or 4.0) unless otherwise stated. 

Buffer solutions for metal binding studies included 5 to 15 mM borate buffer (pH 8.0) 

and 5 to 15 mM potassium hydrogen phthalate (pH 4.0). For all experiments, solutions 

were first filtered sequentially through Acrodisc® 25 mm syringe filters with 0.45 μm, 

0.2 μm, and 0.1 μm Supor® membranes before the addition of rhamnolipid. Rhamnolipid 

solutions were made by massing purified mRL or rhamnolipid diastereomers into a 

Teflon vial and mixing with the appropriate amount of buffer using a teflon coated stir 

bar. This solution was allowed to stir overnight (~12 h) to establish equilibrium. All mRL 

solutions were prepared and stored in Teflon labware to reduce loss by adsorption. 

 

Fluorescence Quenching. Pyrene and benzophenone stock solutions were made in 

ethanol at ~1 mM and ~100 mM, respectively. A probe solution of rhamnolipid and 

pyrene was then prepared by first adding an aliquot of pyrene stock to a Teflon vial and 

allowing the ethanol to evaporate followed by addition of the mRL stock solution to 

reach the desired pyrene concentration. This solution was allowed to stir overnight using 

a Teflon-coated stir bar to establish equilibrium. Solutions of benzophenone were made 

in the same manner as the pyrene solutions followed by addition of the equilibrated mRL 

+ pyrene solution. These solutions were then stirred for 2 h to establish equilibrium. All 

solutions were then subjected to a freeze-pump-thaw (FPT) process to eliminate 
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dissolved O2, since O2 is known to quench pyrene.116 Solutions were stored in an 

environmental control box (purged with Ar and N2) and stirred for an additional 2 h. 

Next, the solutions were transferred through a septum to a sealed 0.4 cm cuvette that had 

been previously silanized and purged with N2. The cuvette was immediately taken to the 

fluorometer for SS and time-resolved measurements. Three independently prepared 

surfactant/pyrene/benzophenone samples at each concentration were measured, and three 

sets of data for each sample were acquired and averaged. 

 

Fluorescence Probing. Prodan and laurdan stock solutions were first made at ~1 mM in 

ethanol. A probe solution with rhamnolipid was prepared using the same procedure above 

for rhamnolipid with pyrene. This solution was then stirred overnight (~12 h) using a 

Teflon coated stir bar to establish equilibrium. The solutions were then transferred to a 

Teflon coated cuvette before SS experiments. Studies that varied solution temperature 

were adjusted to an appropriate temperature between 5 to 90 °C and stirred using a teflon 

vial for 30 minutes before data was collected. Studies that varied solution ionic strength 

were adjusted to the appropriate ionic strength with a minimal amount of NaCl stirred for 

30 minutes before fluorescence data was collected. To study the phase change with pH, 

solutions were measured at the initial pH, ~5, then adjusted with a minimal amount of 

NaOH or HCl as needed, stirred for 30 minutes to establish equilibrium before data was 

collected. 

 

Prodan pKa Determination. In order to determine the pKa of prodan a stock solution of 

2.5 μM prodan was first made in purified water with a 100 mM supporting electrolyte 
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solution (NaCl). Since the pH of this stock solution was ~6.0 (from the dissolved CO2) 

aliquots were taken out, where half was pH adjusted with a minimal amount of NaOH 

and the other half was adjusted with minimal amounts of HCl. After pH adjustment the 

solution was stirred for 30 minutes and the fluorescence intensity of the probe in water 

was measured. Triplicate experiments were taken on solutions varied between pH ~2.0 to 

8.0 and the pKa was determined through the inflection of the titration curve. 

 

Inner Filter Effect Correction. Gauthier et al. have provided a method for correcting for 

the inner filter effect to generate a corrected fluorescence intensity (Fcorr) from the 

observed fluorescence intensity (Fobsd) using Equation (2.2)111: 

 
𝐹𝑐𝑜𝑟𝑟

𝐹𝑜𝑏𝑠𝑑
=

2.3𝑑𝐴𝑒𝑥

1 − 10−𝑑𝐴𝑒𝑥
10𝑔𝐴𝑒𝑚

2.3𝑠𝐴𝑒𝑚

1 − 10𝑠𝐴𝑒𝑚
 (2.2) 

 
where Aex and Aem are the absorbance values at the excitation and emission wavelengths, 

respectively, d is the cuvette path length, s is the beam thickness, and g is the distance 

between the beam and the edge of the cuvette. A diagram describing these distances is 

shown below in Figure 2.5. The inner filter effect correction measurements were done 

with the same excitation parameters used when measuring fluorescence. The values for s 

and g using a 1.0 cm (d) cuvette are 0.063 ± 0.008 and 0.468 ±0.039 cm, respectively, 

and using a 0.4 cm (d) cuvette s and g are 0.063 ± 0.008 and 0.169 ± 0.019 cm, 

respectively. Fcorr values were used in place of Fobsd for all further calculations 

throughout this thesis.  
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Figure 2.5. Diagram describing the cuvette path length values of g and s used to correct 
for the inner filter effect.
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Dynamic Light Scattering. Before each day’s experiments, polystyrene particle standard 

solutions of 0.20 and 0.05 μm dia particles were run to insure instruments accuracy. 

Stock solutions of mRL were made at ~100 mM using Milli-Q water or 10 mM 

phosphate buffer that had been filtered sequentially through an Acrodisc® 25 mm syringe 

filters with 0.45, 0.2, and 0.1 μm Supor® membranes. This stock solution was allowed to 

stir overnight to establish equilibrium. The stock solution was then used to make 

sequential dilutions covering a mRL concentration range from ~5 μM to 100 mM using 

filtered Milli-Q water. These solutions were then allowed to stir overnight before 

measurements were made. Measurements were taken on a 150 μL aliquot in a Sub-Micro 

quartz fluorometer cuvette (Starna Cell) held at 20 °C. 

 

Metal Binding using ITC. Stock solutions of 15 mM monorhamnolipid and ~100 mM 

Cu(NO3)2, Pb(NO3)2, and Ni(NO3)2 were made in Milli-Q water or 10 mM phosphate 

buffer solution and equilibrated overnight. The reference cell was filled with Milli-Q 

water and the sample cell was rinsed 3 or more times with pure water followed by buffer 

if needed before experiments. All solutions were degassed prier to measurements using 

the MicroCal ThermoVac degasser for 20 minutes. Typically 3-10 μL of titrant was 

delivered over 360 s between injections to all for equilibration. Titrations continued tell 

no additional complexes were formed resulting in zero change in cell temperature per 

injection unless otherwise stated. 

 

Metal Binding using CE. Stock solutions of 2 mM monorhamnolipid and 1 mM 

Cu(NO3)2 were made in 20 mM borate buffer at pH 8.0. The monorhamnolipid and metal 
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stock solutions were then diluted, mixed and stirred overnight to establish equilibrium. 

All columns were pre-treated using the following steps before data was collected: 1) rinse 

with a 1 μM HCl solution for 45 min at 20 psi, 2) rinse with Milli-Q water for 5 minutes 

at 20 psi, 3) rinse with a 1 μM NaOH solution for 45 min at 20 psi, 4) rinse with a 20 mM 

buffer solution for 20 min at 20 psi. Experiments were run after pre-treatment by first 

injecting a plug of sample at 0.5 psi for 4 s followed by separation using 20-30 kV for 40 

min or until all sample had migrated through the column. 

 

Rhamnolipid-Metal Complexes Observed with MS. Stock solutions of 1 mM 

monorhamnolipid, Pb(NO3)2  and Cu(NO3)2 were prepared in 5 mM potassium hydrogen 

phthalate. Rhamnolipid-metal solutions were then mixed for molar ratios between 0.1 and 

3 and stirred overnight to establish equilibrium. Samples were then diluted by to 0.1 mM 

with a 50:50 methanol-water (2% acetic acid) solution before data was collected. 

Samples were analyzed by direct infusion through a syringe pump for positive mode 

electrospray ionization on a Finnigan linear quadrupole MS. 
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CHAPTER 3  
 

 

AGGREGATION BEHAVIOR OF ANIONIC AND NONIONIC 

MICROBIALLY-PRODUCED AND CHEMICALLY-SYNTHESIZED 

MONORHAMNOLIPIDS 

Surfactants are used extensively in a wide array of products including foods, 

drugs, detergents, cosmetics, and paints.1, 2 Glycolipid surfactants are of emerging interest 

due to their potential as alternatives to surfactants derived from petroleum feedstocks.117 

Rhamnolipids, glycolipid biosurfactants produced predominantly by Pseudomonas 

aeruginosa, are of particular note within this class due to their attractive surfactant 

properties and production in relatively large quantities, making them increasingly viewed 

as green alternatives to conventional synthetic surfactants.118-120  

Rhamnolipids produced by P. aeruginosa (ATCC) 9027 possess only a mono-

rhamnose headgroup coupled to a (R,R)-β-hydroxyalkanoyl-β-hydroxyalkanoic acid tail 

(see Figure 1.4). More details on monorhamnolipid (mRL) are given in Chapter 1. 

Numerous previous studies have reported the behavior of rhamnolipids at the air-water 

interface16, 17, 85, 121 However, far fewer studies have been undertaken in an attempt to 

define the detailed solution aggregation properties of these systems. Investigation of the 

early stages of aggregation and a detailed analysis of the evolution of aggregate structure 

with concentration is especially lacking. Given the potential of rhamnolipids as green 

surfactants, a thorough understanding of both their interfacial and bulk solution 

aggregation properties is needed to advance their utilization. One limitation that has led 
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to this dearth of fundamental information about aggregation is the need for highly 

purified rhamnolipids, requiring procedures that are time and labor intensive and costly.  

This work focuses on the evolution of aggregate structure for monorhamnolipids, 

since, of the two classes of rhamnolipids (see Chapter 1), monorhamnolipids are known 

to exhibit stronger surface activity.17, 79, 80, 122 Furthermore, the carboxylic acid moiety on 

the backbone tail of this molecule has a pKa of 5.5 when in an aggregate form.5 Due to 

the increased solubility of native monorhamnolipid (mRL) in its ionic form,5, 89 many 

studies have been undertaken to understand its aggregation at higher pH levels,6, 69, 79, 84, 

101 above the pKa. As a result, studied in this chapter will consist of characterization of 

both anionic and nonionic mRL.  

Multiple researchers have reported critical micelle concentration (CMC) results 

from surface tensiometry in the upper μM regime for deprotonated mRL.69, 78, 79 Some 

studies have reported CMC in the low μM range from surface tensiometry, for non-pH 

adjusted water,17, 78 and in solutions at pH of 4.0121 and 5.0.122 Dynamic light scattering 

(DLS) has provided insight into solution aggregate size, with aggregates of 

hydrodynamic radii ranging from several nm to a few hundred nm reported.17, 69, 79 Small 

angle neutron scattering (SANS) studies have provided the most definitive information 

about aggregate size and shape in solution,6, 16, 17, 80, 81 with aggregates of ~47 monomers 

reported for 20 mM monorhamnolipids in pH 9.0 aqueous borax buffer.17 These results 

are consistent with the small micelles observed using cryo-transmission electron 

microscopy (Cryo-TEM) in solutions of basic pH at 60 mM.82 At higher concentrations, 

the monorhamnolipid aggregates assume structures that are more lamellar, which limits 

the ability of SANS to further probe micelle environment at these higher 
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concentrations.17 In addition, despite the power of SANS, nothing is deduced about 

monorhamnolipid aggregation properties at concentrations below 20 mM but above the 

CMC for mRL in its deprotonated state.  

For mRL in its protonated state cross-polarized light has shown aggregates in a 

lamellar phases in pure water.123 For solutions at pH 5.5 in 1% NaCl, small angle neutron 

scattering (SANS) has shown that mRLs aggregate in large, polydisperse vesicles with 

radii of ~600 Å.124 Cryo-TEM has been performed on mRL aggregates at pH 5.5, 

adjusted using a minimal amount of HCl,82 and pH 5 in an unknown buffer solution.125 

mRL aggregates at these pH values were observed to take on primarily larger vesicle or 

multilamellar structures, for which increasing the pH decreased their abundance relative 

to a micellar population.82, 125 

The published literature contains notable inconsistencies about native 

monorhamnolipid aggregation behavior, some of which arise from the use of widely 

varying solution conditions (ionic strength and pH) as well as rhamnolipid congener 

mixtures grown and harvested from different bacterial strains using different extraction 

procedures.17, 69, 78, 79, 82 Nonetheless, a need still exists to fully characterize the 

aggregation properties of these surfactants in solution as well as to probe the chemical 

microenvironments within these aggregates, especially at concentrations below ~20 mM. 

Toward this end, this chapter reports the combined use of surface tensiometry, 

fluorescence spectroscopy,30, 126 fluorescence quenching,20, 127 and DLS to better 

understand the aggregation properties of anionic and nonionic monorhamnolipids in 

aqueous solution at a basic and acidic pH, respectively.  
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Furthermore, newly developed synthetic methods have recently been published 

that allow for the study of highly purified monorhamnolipids.35 This synthetic approach 

was first published from Coss et al.35 and has been improved upon by Ricardo Palos-

Pacheco in the Dr. Jeanne Pemberton and Dr. Robin Polt labs at the University of 

Arizona. It involves first acetylation of the rhamnose sugar moiety followed by a 

glycosylation reaction to add the first lipid tail forming a single chain rhamnolipid. This 

product forms two racemic lipid units that are separated then, to each, the addition of the 

second tail. The double chain rhamnolipids are separated since they will also form 

racemic mixtures where the lipid tail was added.35 Along with high purity of 

monorhamnolipid molecules, these methods allow for the synthesis of four diastereomers 

of the most abundant congener from the biosynthesized monorhamnolipid (Rha-C10-

C10), Figure 3.1.  

The 3D chemical structures of the four chemically-synthesized Rha-C10-C10 

diastereomers are shown in Figure 3.1b. From this figure differences in the molecular 

shape can be seen which are expected to result in changes in the surfactant behavior. For 

example, It is well known that surfactant molecular shape can play a significant role in 

critical micelle concentration (CMC), aggregation number (Nagg), and size and shape of 

the aggregates, further discussed in Chapter 1.2 As a result, the newly synthesized Rha-

C10-C10 monorhamnolipids are studied to identify any variation in surfactant properties 

invoked by the presence of two chiral carbon centers yielding four distinct diastereomer 

species. Their surfactant performance metrics are then compared to those of the other 

diastereomers and to those of the native mRL mixtures to identify any differences that 

arise due to their stereochemistry. 
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Figure 3.1a) 2D chemical structures of chemically synthesized (R,R)-Rha-C10-C10, 
(R,S)-Rha-C10-C10, (S,S)-Rha-C10-C10 and (S,R)-Rha-C10-C10 diastereomers.
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Figure 3.1 (cont). b) 3D chemical structures of chemically synthesized (R,R)-Rha-C10-C10, (R,S)-Rha-C10-C10, (S,S)-Rha-C10-C10 
and (S,R)-Rha-C10-C10 diastereomers. Figure used from Wang89 with permission.

Side View 

    

Top View 

  
 

 

Side View 
(Space Filling) 

    
  

(R,R)-Rha-C10-C10 
 

(R,S)-Rha-C10-C10 
 

(S,S)-Rha-C10-C10 
 

(S,R)-Rha-C10-C10 



 

 

88 

Critical Micelle Concentration 

Surface tension measurements utilizing the du Noüy ring method were used to 

determine the critical micelle concentration (CMC), the lowest concentration at which 

mRL aggregates form in solution. All experiments were performed at either pH 8.0 or 4.0 

in phosphate buffer to ensure complete deprotonation or protonation of the carboxylic 

acid moiety, respectively.5 For both deprotonated and protonated mRL the CMC is herein 

referred to as the critical aggregation concentration (CAC), as it is believed aggregates 

other than micelles form at these concentrations. Furthermore, It is noted that this native 

mRL mixture is comprised of a complex array of almost 40 congeners at varying relative 

abundances, with the Rha-C10-C10 congener the most abundant at typically 75-85% 

(more details on the mixture can be found in the introduction in Chapter 1). As a result, 

any given batch of purified mRLs will have slightly different ratios of congeners, leading 

to small variances in measured CAC value. 

 

Deprotonated mRL. A plot of surface tension (γ) vs. mRL surfactant concentrations is 

shown in Figure 3.2. From this plot, a CAC for the native mRL mixture at pH 8.0 in a 

protonated state is determined to be 201 ± 12 μM. It is believed based on results 

described below in the fluorescence spectroscopy results, that deprotonated mRL forms 

pre-micellar aggregates at this concentration, with full micelles not observed until higher 

concentrations.  

A summary of previously reported CMC values and other parameters extracted 

from the surface tension results for mRLs is reported in Table 3.1. Of these values, none 

have been reported previously for mRLs collected from P. aeruginosa ATCC 9027. The 
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Figure 3.2. Surface tension measurements collected with a du Noüy ring tensiometer as a 
function of native mRL mixture concentration. Solutions were prepared in 10 mM 
phosphate buffer at pH 8.0. Error bars represent the standard deviation from three 
independently prepared samples, where some error bars are smaller then the symbols. 
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Table 3.1. Surface physiochemical properties of mRLs. 

 

Solution Conditions CMC (μM) γmin (mN/m) S (Å2) Γ (mol/cm2) Kads Reference 

pH 8.0 in 10 mM phosphate buffer 201 ± 12 29.0 ± 0.5 86 ± 2 1.94 (± 0.04) x 10-10 1.11(± 0.43) x 105 This work 

pH 7.0 in 0.063 M K2PO4/0.037 M 
NaOH 180 ± 20 28.7 66 2.5 x 10-10  17 

pH 9.0 in 0.023 M borax/0.008 M 
HCl 360 ± 20 31.2 77 2.2 x 10-10  17 

H2O 40 ± 20 27.8 53 3.1 x 10-10 1.8 x 106 17 

0.5 M NaCl 30 ± 20 27.8 52 3.2 x 10-10  17 

pH 6.8 in 59.5 μM NaHCO3/0.01 
M NaCl 120 27.6 66 2.1 x 10-10  79 

pH 7.4 in 5 mM HEPES/0.10 M 
NaCl 70 ~33 57 2.9 x 10-10  121 

pH 6.8 in a minimal amount of 
NaOH 100 30.0 135 1.2 x 10-10  122 

pH 5.0 in a minimal amount of 
CH3COOH 40 28.2 59 2.8 x 10-10  122 

pH 6.8, no electrolyte added 150 29.7    123 

pH 7.0, 0.1 M phosphate buffer 79 29    88 
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value reported here at pH 8.0 in 10 mM phosphate buffer is consistent with values 

collected under generally similar solution conditions. It should be noted that these 

materials are highly hygroscopic; thus, varying amounts of water in the native materials 

can alter true mRL concentrations unless adequate care is taken during solution 

preparation. A minimum surface tension (γmin) of 29.0 ± 0.5 μM is observed for these 

mRLs. Additionally, a cross-sectional area (S) of 86 Å2, surface coverage (Γ) of 1.9 x 10-

10 mol/cm2, and air-water interface adsorption coefficient (Kads) of 1.1 x 105 are also 

extracted from the surface tension data by application of the Gibbs (prefactor = 2) and 

Langmuir adsorption isotherms, equations 2 and 3 respectively.2, 17, 122, 128  

 𝑑γ = −𝑛𝑅𝑇Γ(𝑑 ln 𝐶1) (3.1) 

 Γ1 =
Γ𝐶1

𝐶1 + α
 (3.2) 

Here, dγ is the change in surface tension, n is the prefactor, 2 for a dissociated surfactant 

of 1:1 electrolyte type,2 R is the gas constant, T is temperature, d(logC1) is the change in 

surface concentration, Γ1 is the surface coverage at a given surfactant concentration (C1), 

and α is equal to 55.3exp(ΔG/RT). For surface-active solutes, the Gibbs equation can be 

used to determine Γ, which is related to S through S = 106/NΓ, where N is Avogadro’s 

number. Next, the Gibbs and Langmuir equations can be combined to form the 

Szyszkowski equation (3.3),2, 129 which can be fit to the surface tension curve to 

determine the adsorption coefficient (Kads). 

 γ0 − 𝛾 = 4.606𝑅𝑇𝛤 log(1 + 𝐾𝑎𝑑𝑠𝐶1) (3.3) 
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The γmin value measured here is comparable to those observed under other 

solution conditions indicating that pH and electrolyte concentration have a minimal 

impact on mRL ability to reduce surface tension. The cross-sectional area reported here is 

slightly higher than other values in Table 3.1, but similar to the value of 77 Å2 reported 

previously by Chen for pH 9 solutions.17 Many previous studies were done in solutions of 

higher ionic strength or at lower pH, both of which are known to decrease CMC values 

for rhamnolipids; in fact, mRLs exhibit greater sensitivity to effects of pH and added 

electrolyte than diRLs.17  

The surface coverage value is also similar to previously reported values. The Kads 

value is an order of magnitude lower than the previously determined value; however, that 

value was measured for mRL in pure water, presumably at a pH of ~6 (dissolved CO2), in 

which a mixture of anionic and neutral forms of the monorhamnolipids would exist. This 

would suggest that the anionic form adsorbs less strongly to the air-water interface as the 

result of ionic repulsion from other surfactants at the surface.  

 

Protonated mRL. mRL in its protonated form has a CAC of 21.2 ± 2.8 μM, observed 

from the surface tensiometry data in Figure 3.3. Table 3.2 provides a summary of 

previously reported CMC values and other parameters of partially or fully deprotonated 

native mRLs. The parameters reported here for native mRLs from P. aeruginosa ATCC 

9027 are in good agreement with previously reported values. The CAC value reported in 

this work is slightly lower than other values in Table 3.2. This is likely due to differences 

in congener distribution among mRL producers and the methods used to harvest and 

purify these mixtures. Also some of the other values come from studies in solutions of 
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Figure 3.3. Surface tension as a function of native mRL concentration buffered with 10 
mM phosphate at pH 4.0. Error bars represent the standard deviation from three 
independently prepared samples, where some error bars are smaller then the symbols. 
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Table 3.2. Surface physiochemical properties of nonionic mRL. 

Solution Conditions CMC (μM) γmin (mN/m) S (Å2) Γ (mol/cm2) Kads Reference 

pH 4.0 in 10 mM phosphate 
buffer 21.2 ± 2.8 28.0 ± 0.1 23.2 ± 1.9 7.17 (± 0.60) x 10-10 2.10 (± 0.20) x 106 This Work 

pH 4.0 in 100 mM sodium 
citrate and 100 mM NaCl 50  63.2   87 

H2O 52   2.01 x 10-10  130 

H2O 40 ± 20 27.8 53 3.1 x 10-10 1.8 x 106 17 

0.5 M NaCl 30 ± 20 27.8 52 3.2 x 10-10  17 

pH 5.0 in a minimal amount of 
CH3COOH 40 28.2 59 2.8 x 10-10  131 
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slightly higher pH, which could result in some deprotonation of the mRL headgroups 

causing steric repulsion and increasing the CAC.17 A minimum surface tension (γmin) of 

28.0 ± 0.1 mN/m was obtained from this work and is also in good agreement with 

previously reported values. Given that this value is similar to that obtained for fully 

deprotonated mRLs this indicates that the ability of mRLs to reduce the surface tension of 

water is not a sensitive function of protonation state of the molecule or ionic strength of 

the solution. 

The surface tension plot in Figure 3.3 was fit using Gibbs (prefactor = 1, for a 

nonionic surfactant) and Langmuir (equations 3.1 and 3.2, respectively) adsorption 

isotherms in order to calculate the cross-sectional area (S) and surface coverage (Γ) for 

nonionic mRLs at the air-water interface, respectively. Here, S is calculated to be 23.2 Å2 

and Γ to be 7.2 x 10-10 mol/cm2. Using the Szyszkowski (equation 3.3),2, 111 Kads is 

calculated to be 2.1 x 106.  

For protonated mRL the calculated value of S is unreasonably low and Γ is higher 

than the previously reported values in Table 3.2. In fact, based on ChemDraw 15.0 

software the average cross-sectional area of the headgroup on an energy minimized 

(R,R)-Rha-C10-C10 (the most common congener in the native mixture) molecule is ~55 

Å2. The proposed explanation for the low calculated value of S could be that there are 

strong interactions between the mRL headgroups through H-bonding with neighboring 

molecules at the interface. As a result, as the surface monolayer fills in, these strong 

interactions force the water to curve, thereby increasing its effective surface area, Figure 

3.4 It should be noted that this is also one proposed mechanism for the formation of 

surfactant aggregates where the strong intermolecular forces here could be increasing this
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Figure 3.4. Cross-sectional cartoon representation of the proposed curve at the air-water 
interface caused by the strong monorhamnolipid intermolecular interactions.  
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effect.2, 132 This surface curve would result in a lower S value and higher Γ value than 

expected when fitting the surface tension data. Kads values obtained by fitting the surface 

tension results may also be biased due to these effects; however, the adsorption 

coefficient is approximately the same as previously reported by Chen et al. in pure 

water,17 presumably at a pH of ~6 due to dissolved CO2.  

 

Aggregate Shape and Size of Deprotonated and Protonated mRL 

Packing Parameter Predictions. For simple surfactants, micelle shape can be predicted 

by a packing parameter (P) based on cross-sectional area of the headgroup (a1) and length 

(lc) and volume (VH) of a single alkyl tail according to:9, 18 

 P =
VH

a0lc
 (3.4) 

 VH = 27.4 + 26.9 nc (3.5) 

 lc = 1.5 + 1.265 nc (3.6) 

 
P values fall into different regimes for aggregates of different shape:  0 ≤ P ≤ 0.33 

corresponds to spherical aggregates, 0.33 ≤ P ≤ 0.5 indicates rod-like/ellipsoidal 

aggregates, and 0.5 ≤ P ≤ 1 corresponds to lamellar aggregates.9 With bulky tails for 

which VH/a0 approaches lc/2, the P values suggest that the micelles should take on 

globular or ellipsoidal shapes.9 Using the most abundant Rha-C10-C10, Figure 1.6, 

congener of native mRL as a representative model for the mixture, the packing parameter 

of deprotonated mRL can be calculated using nc = 7, and a0 = 86 Å2. Here P = 0.48, 

which suggests ellipsoidal aggregates.  
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For protonated mRL, with a cross-sectional area of 52 Å2/molecule, value 

determined previously17 since the area reported above in unreasonably low, and a value 

for nc of 7, corresponding to the most abundant Rha-C10-C10 congener, the packing 

parameter is calculated to be 0.80. This would predict the shape of the mRL aggregates to 

be lamellar. These aggregate shape predictions for mRL in their protonated state are 

consistent with previously collected cryo-TEM data82 and with the fluorescence and 

molecular dynamic simulations discussed below where protonated mRL aggregates are 

found to form large lamellar structures. This high P value compared to that of mRL in its 

deprotonated state is likely a result of the decrease in coulombic repulsion of the 

headgroups allowing the molecular shape to take on a more cylindrical shape. This 

cylindrical shape then lends itself to forming more lamellar structures, more detail on this 

is provided in the computational work below.  

 

Dynamic Light Scattering (DLS) of Deprotonated mRL. DLS was used to identify 

aggregate populations of deprotonated mRL and to estimate their sizes in solutions above 

the CAC. Representative DLS intensity and number distributions are shown for 

deprotonated mRL solutions of 0.25, 1.0, 5.0, 20 and 50 mM, Figure 3.5 and Figure 3.6 

respectively. It can be seen from these figures that three aggregate populations were 

reproducibly observed. Based on the DLS number distributions, the predominant 

population under these conditions is the pre-micelles/micelles with average 

hydrodynamic radii (Rh) of ~2.4 nm with almost negligible numbers of the two 

populations of larger aggregates, likely unilamellar and multilamellar vesicles, with 

average Rh of ~20 and 90 nm, respectively; where a better representation of the 
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Figure 3.5. Representative stacked normalized intensity 
distribution at a) 0.25 mM, b) 1.0 mM, c) 5.0 mM, d) 20 mM 
and e) 50 mM mRL at pH 8.0/10 mM phospahte buffer. 
 

 
Figure 3.6. Representative stacked normalized number 
distribution at a) 0.25 mM, b) 1.0 mM, c) 5.0 mM, d) 20 mM 
and e) 50 mM mRL at pH 8.0/10 mM phospahte buffer. 
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populations relative abundance is found in Figure 3.7 From this data at all mRL 

concentrations studied the hydrodynamic radius of the pre-micelle/micelle is very 

reproducible compared to the other larger aggregates, which suggest the larger structures 

are much more dynamic. This dynamic nature is consistent with larger lamellar 

structures, further supported in the cryo-transmission electron microscopy (cryo-TEM) 

data. 

The previously acquired cryo-TEM data also shows three native mRL 

populations, Figure 3.8.82 At the highest pH value studied, Champion et al.,82 found that 

the dominant aggregate form is the micelle at pH 8.0, in pH adjusted water, with radii 

between 1.5 to 2.5 nm, Figure 3.8f. The DLS data here show Rh values of the micelle on 

the upper end of this range due to the added hydration layer around the aggregates. 

Furthermore, two larger structures labeled as the vesicle and lamellar aggregate in the 

cryo-TEM results show radii on the order of 25 nm, and between 25 to 125 nm, 

respectively.82 These two populations are consistent with the two larger populations 

observed in the DLS data within this work and their relatively low abundance in the cryo-

TEM at pH 8.0 is also consistent with results here. 

Another estimate of micelle shape comes from comparing Rh values from the 

DLS to the molecular length (plus a variable hydration layer), estimated by adding the 

lipid tail length and the length of the surfactant headgroup (calculated with molecular 

modeling).10 Since no free volume exists within the interior of the micelle, the radius of a 

perfectly spherical micelle (the so-called short axis) would be the length of one surfactant 

molecule; which for Rha-C10-C10 would be 1.6 nm, the length of the lipid tail (lc) plus 

the length of the headgroup estimated with 3D ChemDraw 15.0 software. If the ratio of 
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Figure 3.7. a) Dependence of Hydrodynamic radii of pre-micelles/micelles on mRL 
concentration at pH 8.0 in 10 mM phosphate buffer. b) % of aggregate population from 
integrated number distribution for micelles (black) and vesicles (red and blue). 
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Figure 3.8. Cryo-TEM micrographs of the native mRL populations present in solution as 
a function of pH; G, grid; I, ice crystal; L, lamellar bilayer sheet; M, micelle; T, tubule; 
V, vesicle. (a) pH 5.5, (b) pH 6.0, (c) pH 6.5, (d) pH 6.8, (e) pH 7.0, (f) pH 8.0. The size 
bar represents 200 nm. Figure used from Champion et al.82 with permission.
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Rh to the short axis is 1, the micelle is predicted to be spherical; if this ratio is >1, the 

micelle is predicted to be ellipsoidal. From the DLS data, the Rh of mRL micelles is  ~2.4 

nm and the short axis is calculated to be 1.6 nm. Thus, the ratio of these values is >1, 

leading to the prediction of an ellipsoidal micellar shape. This method is in good 

agreement with the fluorescence spectroscopy experiments below as well as 

computational work done by the group of Dr. Steven Schwartz at the University of 

Arizona, discussed below, which indicate an ellipsoidal structure for aggregates of larger 

monomer number. 

Previously reported results for mRLs suggest a growth in aggregate size as 

surfactant concentration increases.16, 79 Thus, mRLs were further studied across a range of 

concentrations between 0.1 and 100 mM to further explore this behavior. The size and 

population abundance of aggregates observed as a function of mRL concentration is 

shown in Figure 3.7b. The relative abundances of these populations exhibit essentially no 

change within this concentration range; similarly, the observed micelle radii range from 

2-3 nm with little to no systematic growth observed. Discussed below is experimental 

evidence from fluorescence quenching measurements that supports a slight growth in 

aggregation number across this concentration range. This growth is believed to be 

primarily elongation along one axis of the micelle; however, the Rh determined from 

fitting the DLS autocorrelation function is less sensitive to such anisotropic growth,133, 134 

which explains its essentially constant value across this range of concentrations. Further, 

given the assumption of spherical shape in the analysis of the DLS data by the OmniSIZE 

3.0 software, the absolute sizes derived from DLS measurements should be considered as 

only estimates or apparent values. 
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The micelle population exhibits number densities 108 and 1011 times more 

prevalent than the next largest (Rh ~20 nm) and largest aggregates (Rh ~90 nm). Despite 

the potential error introduced in conversion of light scattering intensities to number 

densities by the assumption of spherical shape (up to 104 difference by the most 

conservative estimate135), the micelle population clearly dominates under all solution 

concentrations studied here, with larger aggregates only present in trace quantities. This 

is consistent with the cryo-TEM data collected previously,82 Figure 3.8, where at pH 8.0 

the dominant species is the micelle. Based on the propensity of mRLs to pack in lamellar 

structures as suggested by the previous SANS work of Chen et al.,17 cryo-TEM of 

Champion et al.,82 and by the packing parameter calculation described above, it is likely 

that these larger aggregates are unilamellar or multilamellar vesicles. In fact, the cryo-

TEM data shown in Figure 3.8 shows the presence of larger unilamellar and 

multilamellar vesicles, which have a size that approximately matches that of the larger 

populations observed in the DLS data above. 

Previously reported Rh values for mRLs at pH 9 in borax buffer include the 

observation of micelles at lower concentrations (~20 mM) and lamellar structures at 

higher concentrations (up to 100 mM).16 Other studies have shown lamellar structures for 

concentrations above the CMC at pH 7.4 in 5 mM HEPES/100 mM NaCl,121 and pre-

micelles at low concentrations (0.06 mM), with both micelles and lamellar structures 

present at higher concentrations (up to 5.0 mM) at pH 6.8 in 59.5 μM sodium 

bicarbonate/10 mM NaCl.79 Our results are consistent in that they indicate the presence of 

both micelles and lamellar structures, but at pH 8.0 in 10 mM phosphate buffer, the 

propensity for micelle formation is high. The different observations made in this work 
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and previous studies suggest that micelle and lamellar populations are highly sensitive to 

pH and electrolyte concentration. 

 

Dynamic Light Scattering of Protonated mRL. As discussed above, mRL in its protonated 

state takes on lamellar structures; however, previously reported is evidence that mRL 

may form smaller aggregates as well.17, 82 As a result, DLS was used to determine the size 

of the major mRL aggregates. All DLS data were acquired at pH 4.0 for complete 

protonation of the mRL. Figure 3.9 and Figure 3.10 show representative intensity and 

number distributions, respectively, for varying concentrations of mRL solutions. Seven 

experiments on three replicate solutions demonstrated three reproducible aggregate 

populations at all mRL concentrations studied. The most abundant of these populations, 

according to the DLS result, is the smallest aggregate at ~2.1 nm, which would take on a 

micellar form. This population exists in number densities 103 and 108 times more 

prevalent than the next largest (Rh ~13 nm) and largest aggregates (Rh ~94 nm) according 

to the number distribution calculations. However, it should be noted that previously 

reported cryo-TEM results, Figure 3.8, in the literature and data below in this chapter, 

provide evidence for lamellar structures being in higher abundance than the micelles.82 

Other fluorescence evidence described below also suggests that lamellar structures 

dominate in solution. The errors in the DLS results are likely caused by inappropriate 

applications of assumptions inherent in the software in conversion of the light scattering 

intensities to number densities. The largest contributor to these errors is likely the 

assumption of spherical aggregate shapes, which can lead to abundance errors of up to 

104 as previously reported.135 Furthermore, it is possible that the largest lamellar 
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Figure 3.9. Representative stacked normalized intensity 
distribution at a) 0.05 mM, b) 0.5 mM, c) 1.0 mM, d) 5.0 mM, 
e) 10 mM mRL at pH 4.0/10 mM phosphate buffer. 
 

 
Figure 3.10. Representative stacked normalized number 
distribution at a) 0.05 mM, b) 0.5 mM, c) 1.0 mM, d) 5.0 mM, 
e) 10 mM mRL at pH 4.0/10 mM phosphate buffer.
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aggregate, which has been previously reported with radii >> 200 nm,82, 124 may not be 

detectable using DLS. This would be consistent with the fluorescence spectroscopy and 

fluorescence quenching measurements below that suggest the lamellar phase is in the 

highest abundance. Previous reported DLS work performed at pH 6.8 in 59.5 μM sodium 

bicarbonate/10 mM NaCl suggests larger lamellar structures exist in solution.136 At this 

pH, mRL is mostly in its anionic form; however, a significant population will be in the 

nonionic neutral form. As a result this work is consistent with the work performed here. 

Changes in mRL aggregate size and shape with changing concentration have been 

previously reported.16, 136 Thus, native mRL aggregates at pH 4.0 were studied over a 

range of concentrations from the CAC to 15 mM (Figure 3.11), at which point a new 

phase of mRLs phase separates (discussed below). The relative population abundance of 

the three aggregates reported by DLS exhibits essentially no change over this 

concentration range. However, due to the limitations in the DLS detection it is believed 

that the larger structures, likely taking on a unilamellar or multilamellar form, dominate 

in solution, and therefore, its relative abundance compared to these smaller aggregates is 

unknown.  

 

Fluorescence Quenching for Aggregation Number Determination for Deprotonated 

mRL 

Results in this section describe a more accurate estimate of aggregate size for the 

deprotonated mRL pre-micelle/micelle population. This can be obtained through 

determination of the aggregation number (Nagg), the number of monomers in the average 

pre-micelle/micelle at any given concentration, which can be readily obtained from 
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Figure 3.11. Relative number distribution abundances for the three aggregate populations 
observed by DLS for native mRL. The small aggregate are shown in black, the middle 
and largest lamellar populations are shown in red and blue respectively. All solutions 
were studied at pH 4.0/10 mM phosphate buffer. Error bars represent the standard 
deviation from three independently prepared samples.  
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steady-state (SS) fluorescence measurements using the method of Turro and Yekta.24 

Utilizing a probe and quencher pair that have a high affinity for the micelle interior, Nagg 

can be determined from a decrease in probe fluorescence with increasing quencher 

concentration, in which quenching can occur by one of two mechanisms as shown in 

Figure 3.12.24 As discussed in Chapter 1, fluorescence intensities measured as a function 

of quencher concentration allow development of a modified Stern-Volmer plot, which 

can be fit to identify Nagg. 

This method is predicated on several critical assumptions: 1) the probe and 

quencher follow a Poisson distribution within the micelles,24, 137 2) the dynamic 

quenching rate constant (kq) is large relative to the fluorescence rate of the probe (k0 = 

1/W0, where W0 is the fluorescence lifetime) such that kq/k0 >10,14, 138 3) the probe and 

quencher have a high affinity for the micelle interior,24, 139 4) micelles are relatively 

monodisperse and small (Nagg < 500),139, 140 and 5) P and Q residence time in aggregates 

is >> 1/W0 (i.e. migration is minimal).139, 140  

The experiments conducted here utilized quenching of a pyrene fluorescent probe 

with benzophenone (BP). Both pyrene and BP are known to have high affinities for 

hydrophobic micellar cores.21, 141 Since BP is known to quench polycyclic aromatic 

hydrocarbons such as pyrene, it has been used extensively to identify Nagg values for 

multiple surfactants.116, 141, 142 

The SS results are discussed first for the system of pyrene and BP in SDS 

micelles in order to validate the method. The Nagg value determined for SDS using this 

probe and quencher combination is reported in the literature to be ~60 

molecules/micelle.14, 20 Since the probe and quencher are forced to interact within a 
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Probe Association into the Micelle 

 
Quencher Association into the Micelle 

Figure 3.12. Fluorescence mechanisms. P is the probe, hQ is the incident light, P* is an 
excited probe, Q is the quencher, M is the micelle and K0, Kq, Ks, KP, KQ are the 
equilibrium constants for decay of the excited probe without quencher, dynamic 
quenching, static quenching, and probe and quencher association into the micelle, 
respectively. k0, k0-, k+, k- are the rate constants of exciting the probe relaxation of 
excited probe, entrance of quencher into the micelle and exit of quencher, respectively. 
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sphere of radius ~1.4 nm, purely static quenching is expected.20 SDS and pyrene 

concentrations are 50 mM and 5 µM, respectively, with BP concentrations ranging 

between 0 and 2 mM. 

SS fluorescence spectra were collected for each aliquot of BP added to generate 

the spectral data shown Figure 3.13. These data document a clear decrease in 

fluorescence intensity as BP concentration increases, indicating pyrene and 

benzophenone interaction. A Stern-Volmer plot can be generated from these spectral data 

using equation (1.9), which is shown in Figure 3.14. From the SS Stern-Volmer plot, an 

increase in ln (I0/I) with increasing quencher concentration is observed. This plot can then 

be used to determine Nagg according to equation (1.9). For SDS, this plot yields a Nagg 

value of 59.2 ± 1.6 molecules/micelle, in excellent agreement with previously published 

values of ~60 molecules/micelle.14, 20  

 

Measuring mRL Aggregation Numbers. The pyrene and BP probe-quencher pair has been 

used extensively to identify Nagg values for multiple surfactants,116, 141 and hence, their 

adherence to these assumptions is likely. However, potential effects from changes in 

microenvironment and polydispersity of the mRLs are explored herein. Here, solution 

concentrations of fluorescent probe and quencher are chosen to ensure a Poisson 

distribution such that no more than one probe occupies a micelle; for this, [P]/[M] must 

be <0.05.14 If [Q]/[M] is then varied between 0 and 2, a Poisson distribution exists 

validating the method.21, 116, 141 Also, a zeroth order assumption is that kq/k0 >10 over the 

entire mRL concentration range studied; the validity of this assumption is addressed in 

more detail below. Finally, the association constant of the quencher with mRL micelles at 
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Figure 3.13. Effect of benzophenone on pyrene fluorescence intensity in SDS micelles. 
All solutions were made in nano-pure water at 50 mM SDS and 5 μM pyrene 
concentrations. 
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Figure 3.14. Stern-Volmer plots of 5 μM pyrene quenched by benzophenone in a 50 mM 
SDS solution. The slope of 1.41 is used to calculate Nagg. Error bars represent the 
standard deviation from three independently prepared samples.
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concentrations >7.5 mM is 1.47 x 104 M-1, discussed below, and the association constant 

for the probe (KP) is 1.94 x 104 M-1, as determined independently using a method 

developed by Quina and Toscano.143 

For a probe with a high affinity for the interior of the micelle and whose 

fluorescence intensity changes due to a change in polarity of its microenvironment, 

increasing the micelle concentration allows more probe uptake, thereby changing the total 

fluorescence intensity. The relationship between the change in intensity with increasing 

micelle concentration is given by:143  

 
𝐼∞ − 𝐼0

𝐼𝑡 − 𝐼0
= 1 +

1
𝐾𝑃[𝑀] (3.7) 

 
where I∞, I0, and It are the fluorescence intensities at high (i.e. approaching infinite) 

micelle concentration, zero micelle concentration, and at a given micelle concentration, 

respectively. For a surfactant with Nagg values that are known or can be estimated using 

Tanford’s methods,144 and [M] can be calculated using equation (1.7), Kp can be 

estimated from the slope of a plot of I∞-I0/It-I0 versus 1/[M], Figure 3.15, with Nagg 

estimated by Tanford’s method and the assumption that N is constant over the studied [S] 

range. Association constants ≥104 for the probe and quencher have been identified as 

having appropriately high affinities for micellar interiors, and hence, suitable for 

measuring Nagg.145-147 Therefore, minimal error should be incurred when using equation 

(1.9) to estimate Nagg using SS fluorescence at concentrations >7.5 mM. 

 

The association constant (KQ) of a quencher for the micelle interior can be 

determined using the method of Tachiya that more fully describes the fluorescence 
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Figure 3.15. Fluorescence plot to determine the association constant of pyrene into native 
mRL micelles. All solutions held at pH 8.0/10 mM phosphate buffer. Error bars represent 
the standard deviation from three independently prepared samples. 
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quenching behavior according to148 

 ln
𝐼0

𝐼
=

[𝑄]

{([𝑆] − 𝐶𝑀𝐶)
𝑁𝑎𝑔𝑔

⁄ + 1
𝐾𝑄

⁄ }
= 𝑛 (3.8) 

 𝛼 =
1

{([𝑆] − 𝐶𝑀𝐶)
𝑁𝑎𝑔𝑔

⁄ + 1
𝐾𝑄

⁄ }
 (3.9) 

 
In fact, the method of Turro and Yekta using equation (1.9) is an approximation in which 

the 1/KQ term is assumed to be negligible. Defining α to be the slope of a plot of n versus 

[Q], a plot of 1/α vs. [S]-CMC (Figure 3.16), can be used to estimate KQ and Nagg from 

the intercept and slope of a fit of the linear portion of the values, respectively. The results 

in Figure 3.16 suggest that at concentrations <7.5 mM, the KQ value for BP is lower than 

that for concentrations >7.5 mM. As described within this chapter native mRL adopts a 

pre-micellar form at low mRL concentrations, which is consistent with the low value of 

KQ <7.5 mM since pre-micelles lack the structure of a fully formed micelle and would 

not be able to uptake BP as readily. In fact, the transition when BP has a high affinity 

toward the interior of the micelle occurs at the same critical concentration, 7.5 mM, as 

shown in the observed Nagg data below.  

Increasing the concentration of mRL above 7.5 m shows a high KQ value just 

above this concentration, which is consistent with fully formed micelles. At this 

concentration, fully formed micelles exist which then grow with increasing concentration, 

as discussed within this chapter. In fact, tangents to the curve in Figure 3.16 for high 

mRL concentrations begin to have larger intercepts, indicating lower values of KQ of BP. 

This growth in micelle size is shown to lower the KQ value from 1.47 x 104 M-1 at 7.5 
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Figure 3.16. 1/α values calculated from equations (3.8) and (3.9) as a function of mRL 
concentration. All solutions contained 250 nM pyrene with 0 to 300 μM BP in pH 8.0/10 
mM phosphate buffer. Dashed lines are guides to see the inflection point and the change 
in slope at higher concentrations. Error bars represent the standard deviation from three 
independently prepared samples. 
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mM to 7.99 (± 0.15) x 103
 at the highest mRL concentrations studied, likely due to a 

more crowded micellar center of mass decreasing BP uptake. Evidence to this crowded 

center of mass of the micelle at higher concentrations is given in the fluorescence probing 

experiments below. However, even at the highest concentrations studied BP has a 

sufficiently high KQ value to use equation 1.9 to determine Nagg. 

Pyrene and BP were then used to determine Nagg for native mRL in its 

deprotonated state. First an estimate of the Nagg was determined using the Tanford 

method described above to determine micelle shape also allows estimation of Nagg.144 

Using the most abundant congener (Rha-C10-C10) in the native mRL mixture as 

representative, Nagg is estimated to be 25-45 monomers/micelle.144 

Using the method of Turro and Yekta, values of Nagg as a function of mRL 

concentration are shown in Figure 3.17. This plot exhibits two distinct regions of values 

in which Nagg changes approximately linearly with mRL concentration, but with very 

different slopes. The first region has a steep positive slope at concentrations <7.5 mM and 

the second region has a shallower positive slope at concentrations >7.5 mM. The first 

region is proposed to represent the formation of pre-micellar aggregates that grow rapidly 

in size with mRL concentration. The formation of pre-micellar aggregates from multiple 

monomers prior to the formation of full micelles has been observed previously for 

surfactant systems.149, 150 The pre-micellar mRL aggregates here likely take on a loosely 

packed structure of several monomers. Pre-micellar aggregation of mRLs is facilitated by 

the possibility of not only hydrophobic interactions between mRL chains but also 

hydrogen bonding between rhamnose headgroups. These arguments are strengthened by 

determination of the BP association constant (KQ) as well as spectral characteristics of 
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Figure 3.17. Nagg values from steady-state fluorescence (black squares), where open 
squares represent pre-micelles and closed squares are fully formed micelles, and time-
resolved (red squares) fluorescence quenching of pyrene with BP as a function of mRL 
concentration in 10 mM phosphate buffer at pH 8.0. Error bars represent the standard 
deviation from three independently prepared samples.  
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pyrene, prodan and laurdan probes, which report on aggregate microenvironment polarity 

as discussed below.  

Since the system is dominated by micelles, an assertion that is strengthened by the 

discussion on the polydispersity of aggregates below, the intersection point of two 

straight lines drawn through the data points in the two regions in Figure 3.17 provides an 

accurate prediction of the smallest stable true micelle. Nagg at this point is defined herein 

as the critical aggregation number (Nagg,crit), that for the native mRL mixture is 26 ± 1 

monomers/micelle. Although for anionic surfactants, this value is quite small, it matches 

well with the values predicted by the Tanford model of ~25-45 monomers/micelle,144 and 

is consistent with the relatively small size of the major mRL congener in the mixture, 

Rha-C10-C10. 

Chen et al. reported an aggregation number of 47 mRL monomers/micelle using 

SANS for a mRL concentration of 20 mM at pH 9.0 in 0.023 M borax/0.008 M HCl; 

larger lamellar structures were reported at higher mRL concentrations.6, 17 Our Nagg value 

from SS fluorescence quenching measurements at 20 mM mRL is 31 monomers/micelle. 

This difference in aggregation number is likely due to the higher ionic strength in the 

work of Chen, which is known to increase aggregation number for anionic surfactants.151, 

152  

Nagg values determined using SS fluorescence quenching, along with the attendant 

assumptions, can be further validated using the Infelta-Tachiya method of time-resolved 

fluorescence quenching (TRFQ)138, 153 under similar probe and quencher conditions. 

These experiments are described in detail in Chapter 1. By fitting the pyrene lifetime 

decay curves (representative intensity-time curves are shown in Figure 3.18) Nagg can be 
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Figure 3.18. Representative TCSPC curves of 250 nM pyrene in micelles at 15, 30 and 50 
mM native mRL. BP concentrations were maintained at a [Q]/[M] of ~1. All solutions 
held at pH 8.0/10 mM phosphate buffer. Red dotted line fit to TCSPC curve without 
quencher to the following expression, I(t)=I0exp(-t*k0).Black dotted line fit to 50 mM 
mRL TCSPC curve to equation 1.12. 



 

 

122 

determined if the quencher concentration is known. Additional assumptions to those 

discussed above for the SS fluorescence measurements are that kq/k0 > 10 and that 

contributions from static quenching are minimal. Based on previous work using this 

fluorescent probe-quencher pair, the benzophenone-pyrene quenching kinetics are likely 

to satisfy these conditions.135 

Time-resolved fluorescence measurements were also made on solutions of 15, 30 

and 50 mM mRL, where their lifetime decay curves are shown in Figure 3.18. Pyrene 

concentrations of 250 nM were used and BP concentrations were maintained at a [Q]/[M] 

of ~1, for which the [M] concentration is approximated using Tanford’s method144 and 

the SS data above. The Nagg values observed for these three mRL concentrations are 

shown as the red symbols in Figure 3.17. They are in close agreement with the Nagg 

values determined in the SS experiments, further validating the above results. 

The time-resolved fluorescence method also provides insight into kq and k- values, 

allowing validation of the kq/k0 and minimal migration assumptions above. Values of 

kq/k0 and k- at different mRL concentrations are given in Table 3.3. A negligible k- value 

for benzophenone suggests the same for the more nonpolar pyrene, as it has a greater 

association with the hydrophobic aggregate interior. For mRL concentrations >7.5 mM, 

wherein fully formed micelles are observed, the kq/k0 values are all >10 thereby 

validating use of the Turro-Yekta SS method. However, at mRL concentrations <7.5 mM 

for which pre-micelles exist, these values are <10 indicating that errors in the absolute 

values of Nagg are likely. Alargova et al. have estimated the error from kq/k0 <10 and 

stated that ratios of 5 could have an underestimated Nagg as much as 25%, where ratios of 

2 see an underestimated error of ~70%.14 Accounting for this error, the greatest possible 
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Table 3.3.  kq/k0 and k- values for different concentrations of mRL. 

[mRL] (mM) kq/k0 k- (s-1) 

1 1.6 ± 0.2 6.8 (± 1.1) x 10-4 

3 1.9 ± 0.3 6.9 (± 0.6) x 10-4 

5 3.3 ± 0.3 4.5 (± 0.4) x 10-4 

10 13 ± 1 3.5 (± 1.3) x 10-4 

15 26 ± 3 2.8 (± 0.3) x 10-4 

30 25 ± 4 2.8 (± 0.1) x 10-4 

50 27 ± 2 1.2 (± 0.2) x 10-4 
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observed Nagg at 1 mM mRL is ~6 monomers/micelle, which would still suggest pre-

micellar aggregates are dominant at lower concentrations.  

 

Fluorescence Spectroscopy Probing of mRL Aggregates. To further understand polarity 

of the microenvironment within the aggregates formed at different concentrations, the 

emission behaviors of three polarity-sensitive probes, pyrene, prodan, and laurdan, were 

studied. Fluorescence spectra from each of these probes in ethanol are shown in Figure 

3.19. All three probes are known to partition into hydrophobic regions of surfactant 

aggregates,33, 141, 154 and their emission intensities or wavelength maxima (λmax) depend 

sensitively on polarity of the aggregate microenvironment.126 One common measure of 

microenvironment polarity is the intensity ratio of the third (III) to first (I) vibronic bands 

of pyrene; this ratio ranges from values >1 in more nonpolar environments to ~0.5 in 

extremely polar environments.12 Both prodan and laurdan exhibit a blue shift in their λmax 

as their environments become more nonpolar.154 This shift in λmax has been observed to 

be as large as 120 nm when dissolved in methanol compared to n-heptane,155 and as much 

as 80 nm when dissolved in a glycolipid micelle compared to its vesicle aggregate.126 

The pyrene III/I intensity ratio and the emission maxima for prodan and laurdan 

as a function of mRL concentration are shown in Figure 3.20. For pyrene, the III/I ratio 

increases quickly up to 10 mM mRL. Since this method probes the microenvironment of 

aggregates, it can report changes in aggregate forms that coincide with a change in 

polarity, making this a more sensitive technique for detecting pre-micellar aggregates 

compared to the surface tension measurements above.156 In this low concentration 

regime, the λmax for prodan (red symbols) decreases from near its aqueous solution value 
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Figure 3.19. 250 nM Pyrene (black), prodan (red) and laurdan (blue) emission spectra in 
ethanol. Excitation at 340 nm for all three probes. 

 



 

 

126 

 

 
Figure 3.20. a) Prodan and b) laurdan λmax values and c) pyrene III/I intensity ratio as a 
function of mRL concentration. Fluorophore concentration 250 nM in all cases. λex = 340 
nm for all fluorophores. All Error bars represent the standard deviation from three 
independently prepared samples. 
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of 525 nm to 495 nm, as observed previously for octyl glucoside micelles.126 In contrast, 

the λmax for laurdan (black symbols) at mRL concentrations <10 mM remains 

approximately constant. The rapid change in these indicators for pyrene and prodan in 

this concentration regime suggests loosely packed pre-micellar aggregates that create 

increasingly more nonpolar environments as their size increases. In contrast, laurdan, 

which is relatively insoluble in water,154 is likely self-aggregating due to the low 

abundance of fully formed micelles, hence having little association with the loosely-

packed pre-micelles.  

At mRL concentrations >7.5 mM, the pyrene peak intensity ratio levels off while 

the λmax for prodan and laurdan quite surprisingly increases slightly before leveling off at 

>30 mM. This slight increase is indicative of an additional change in aggregate structure 

where the red shift is likely caused by the increased size of the micellar aggregates, as 

observed below in the molecular dynamic simulations. The larger micelles force both 

prodan and laurdan probes to reside farther outside the most hydrophobic core of the 

micelles, experiencing more polarity from the hydrated rhamnose headgroup region of 

the micelles. This probe emission behavior is indicative of a transition in this region in 

which water penetration of the aggregates decreases as fully formed micelles emerge at 

~10 mM mRL with elongation of the micelles at higher concentrations. Elongation of the 

mRL micelles is consistent with previous work done at concentrations above 20 mM in 

which lamellar structures were shown to exist.17  

 

Polydispersity of Aggregate Populations. For concentrations >7.5 mM, the polydispersity 

of the aggregates must also be assessed to confirm the DLS results of a predominantly 
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micellar system. The Nagg values reported above represent average values across all 

aggregate populations occupied by the quencher. Therefore, in a system of aggregates 

with multiple populations (i.e. micelle and lamellar), the aggregation number varies as a 

function of <Q> = [Q]/([S] – CMC).135 For example, if a system has a population that is 

polydisperse, statistically the quencher will first load into aggregates with more total 

mass, lamellar aggregates,133, 134 and then at higher <Q>, quenchers will occupy 

aggregates with less total mass, here the micelles. 133-135 By varying quencher 

concentration, a weighted average aggregation number (Nagg,w) can be calculated, and if 

significant polydispersity exists, then Nagg and Nagg,w will differ. This relationship can be 

experimentally determined by fitting the following relationship:135 

 𝑁𝑎𝑔𝑔 = 𝑁𝑎𝑔𝑔,𝑤 −
𝜎2〈𝑄〉

2
+

𝜉〈𝑄〉2

6
 (3.10) 

 
where ξ is the skewness and σ is the standard deviation. Therefore, if σ is zero and Nagg,w 

≈ Nagg, then significant polydispersity does not exist. By plotting Nagg as a function of 

<Q>, as shown in Figure 3.21a for a 15 mM native mRL solution at pH 8, it can be seen 

that Nagg does not significantly change with changing <Q>, and fitting Figure 3.21a 

shows σ ≈ 0.  

To further evaluate polydispersity, the kinetics of the quenching rates are 

observed through equation (1.12) in the lifetime measurements above. If significant 

polydispersity exists, then a change in the A3 fitting term will vary with <Q>, due to the 

loading of larger aggregates by quencher first.133, 134, 139, 157 Figure 3.21b shows the 

A3/A3,min ratio vs. <Q> as well as the fraction of micelles (fm = number of micelles/total 

number of aggregates) to get a quantitative value for polydispersity. This plot shows very 
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Figure 3.21. a) Average aggregation number, fit with dotted line, and b) A3/A3,min vs. 
<Q> (black points) for a 15 mM mRL solution to evaluate polydispersity. Predicted fm 
values of 0.75 (purple trace), 0.9 (blue trace), and 1 (red trace) correspond to 75%, 90%, 
and 100% micelles in solution, respectively. All solutions maintained at pH 8.0/10mM 
phosphate buffer. All Error bars represent the standard deviation from three 
independently prepared samples. 
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little change with <Q> indicating that negligible polydispersity exists in this system. 

These results are consistent with the DLS data above indicating a system dominated by 

micelles. 

 

Aggregation of Protonated mRL 

Fluorescence Spectroscopy of Microenvironment Polarity. To study the phases present at 

different concentrations of protonated mRLs at pH 4, the fluorescence emission of prodan 

was observed. The emission λmax values that correspond to prodan dissolved in an 

aqueous environment are ~525 nm,155 where prodan dissolved in the nonpolar region of a 

mRL lamellar structure emits at ~445 nm. 

The λmax values of prodan in pH 4.0 solutions of different mRL concentrations are 

shown in Figure 3.22. This figure shows prodan emission intensity normalized to the λmax 

of the highest prodan emission intensity (prodan in the lamellar phase). Prodan has the 

highest intensity when in the lamellar phase, relative to micellar and water, since its 

quantum effiency increases with the decrease in polarity of its microenvironement.158, 159 

From this figure it can be seen that for solutions with no mRL present all prodan is 

dissolved in the aqueous phase with λmax ~525 nm. At the lowest concentrations of 

protonated mRL, 0.05 mM, lamellar phase begins to form. This emission at a lower 

wavelength is shown to be emission of prodan dissolved in a lamellar structure were λmax 

~445 nm. This suggests that some lamellar phase is present even at low mRL 

concentrations, but not enough to uptake all prodan despite its high affinity to the 

nonpolar environment.29, 30, 155 The presence of lamellar phase at these low concentrations 

is consistant with the low CAC value determined by surface tension. It should be noted 
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Figure 3.22. Prodan emission spectra as a function of mRL concentration. Prodan 
concentrations held at 1 μM and all solutions maintained a pH of 4.0/ 10 mM phosphate 
buffer. All spectra normalized to the highest prodan intensity.  
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that it is possible for smaller pre-micelles/micelles to be forming at these low 

concentrations as a transition for mRL aggregates to the lamellar phase. This has been 

observed previoulsy and is a common mechanism to form lamellar structures for many 

surfactants systems.2, 160 Prodan emission at these low concentraions does not suggest the 

presence of a smaller aggregates. However, some DLS data above does suggest the 

presence of smaller micellar and even vesicle structures. As a result a more sensitive 

technique may be required to detect thier low abundance relative to the lamellar structure. 

mRL concentrations from 50 μM up to ~3 mM the lamellar phase becomes more 

abundant uptaking more prodan as seen in Figure 3.22. In fact, most of the prodan is 

dissolved into the lamellar phase at 1 mM. At concentrations >2 mM, the prodan 

emission maximum remains constant, and only increases in intensity as more prodan is 

dissolved into the lamellar phase, indicating that the mRL phase does not change with 

increasing concentration up to 15 mM. This work is consistent with the turbidity 

experiments below that show the increased abundance of lamellar phase in the same 

concentration range. Furthermore, it is consistent with previously performed cryo-TEM 

data (Figure 3.8) that shows the existence of larger lamellar and multilamellar mRL 

structures when in its protonated state.82  

At concentrations of protonated mRL >15 mM the solution will phase separate 

into a visible gel type structure while still maintaining a cloudy lamellar bulk solution as 

shown by the photograph in Figure 3.23. The bulk solution consists of primarily lamellar 

phase, where the bottom separated gel layer needs further probing experiments to fully 

understand its structure. Karukstis et al.126 have performed fluorescence microscopy on 

these higher order surfactant phases utilizing the prodan probe where smaller sampling 
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Figure 3.23. Nonionic mRL at an effective concentration of 20 mM to show the phase 
separation in 10 mM phosphate buffer, pH 4.0.
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volumes are possible. In order to fully build the phase diagram of protonated mRL at 

these high concentrations, low volume microscopy techniques should be employed. This 

would allow the investigation of this gel phase and any other phases present at even 

higher concentrations. More details about this approach are discussed below in the 

chapter on future directions. 

 

Turbidity Experiments. Previously reported in the literature are several examples of 

“cloudiness” of nonionic mRL solutions,5, 83, 84 for which the cloudiness has been 

observed at concentrations as low as the CMC.5 This cloudiness is light scattering due to 

the presence of the large lamellar phases of mRLs. Here, turbidity experiments are 

preformed for investigating the relative abundances of these lamellar phases using UV-

Vis absorption spectroscopy to study the observed increased abundance of the lamellar 

phase. Turbidity experiments have been performed on many surfactant systems to detect 

the presence of vesicle or lamellar aggregates due to their larger size and light scattering 

capability making this a complementary technique to the fluorescence measurements 

above.161, 162 On three independently prepared solutions, the effective absorbance was 

measured at varying concentrations of mRL from the CAC to 10 mM, with the results 

shown in Figure 3.24. 

These results indicate an increase in cloudiness, and hence effective absorbance, 

up to a concentration of ~4 mM, after which the effective absorbance levels off. This 

behavior clearly indicates that from the CAC up to ~4 mM, the lamellar phase grows 

substantially in abundance, making the solution cloudier. At concentrations >4 mM, no 

further increase in effective absorbance is observed. This leveling off could be due to 
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Figure 3.24. Effective absorbance at 800 nm of varying concentrations of mRL prepared 
at pH 4.0/10mM phosphate buffer. Error bars represent the standard deviation from three 
independently prepared samples. 
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increased formation of smaller aggregates at these concentrations or simply the lack of 

response of turbidity as the existing lamellar structures grow in size. It should be noted 

that at even higher concentrations, >15 mM, a phase separation of what is possibly a gel 

phase is visibly observed. This phase separation is seen more clearly in the photograph 

above in Figure 3.23. These results are completely consistent previously collected data 

that suggest mRL takes on a lamellar structure in its protonated state,82, 124 and with the 

prodan fluorescence experiments above, which suggest that the lamellar phase increases 

in abundance from the CAC up to ~3 mM where full uptake of the prodan is present. 

 

Polydispersity of Aggregate Populations. Here the relative abundance of the lamellar 

phase will be investigated in light of the DLS data that suggest some aggregates take on a 

micellar form. Time-resolved fluorescence quenching (TRFQ) has been used extensively 

in the literature to study surfactant systems,157, 163 and is described above to explore the 

polydispersity of native mRL in its deprotonated state. As discussed in previous 

liturature82 and above in this chapter, the aggregation of native mRLs in their protonated 

state results in lamellar structures, and therefore, fails the inherent assumptions needed to 

use this method for Nagg determination.19, 23 However, using the fluorescence quenching 

techniques, insight into the polydispersity of mRL aggregates in solution can be 

successfully investigated.133, 134 

By plotting Nagg as a function of <Q>, as shown in Figure 3.25a for a 10 mM 

mRL solution at pH 4.0, it can be seen that Nagg decreases significantly with changing 

<Q> with a value for σ of 117. These results would indicate that significant 

polydispersity does exist, which is consistent with the multiple populations observed in 
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Figure 3.25. a) Average aggregation number, fit with dotted line and b) A3/A3,min vs. <Q> 
(black points) for a 10 mM mRL solution at pH 4.0 in 10 mM phosphate buffer to 
evaluate polydispersity. Predicted fm values of 0.1 (orange trace), 0.25 (pink trace), 0.5 
(cyan trace), and 0.75 (blue trace), 0.9 (green trace), and 1.0 (red trace) correspond to 
10%, 25%, 50%, 75%, 90%, and 100% micelles in solution, respectively. Error bars 
represent the standard deviation from three independently prepared samples.
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the DLS data.  

To further evaluate the polydispersity, the kinetics of quenching can be assessed 

through the A3 term, from equation 1.12. If significant polydispersity exists, then the A3 

fitting term will vary with <Q>, due to the loading of larger aggregates first.133, 134, 139, 157 

For quenchers dissolved in larger lamellar aggregates compared to smaller aggregates, 

the quenching rate constant (kq) will be smaller, since it will take longer for a probe and 

quencher to diffuse together to cause quenching. Thus, varying <Q> in a polydisperse 

system will result in a varying value of A3.  

The approach of Miller and Evans133 allows predictions of the relative amounts of 

lamellar and micellar phases using this change in A3. They first predicted the relative 

change in the A3 term as a function of <Q> for various fractions of micellar aggregates to 

larger populations, fm. Their predicted values are shown as dashed lines in Figure 3.25b. 

The experimental A3 data for nonionic mRLs is also displayed in Figure 3.25b as solid 

black symbols superimposed on these predicted values. It can be seen from these results 

that ~85% of the aggregates are lamellar structures; however, within the error of the 

experiment, a higher percentage of lamellar structures is possible. It should be noted that, 

due to the expectedly large size of the lamellar structures, at ~85% abundance, nearly all 

mRL go to make up the lamellar aggregates. These results, then, are consistent with 

previously reported results82, 124 and the fluorescence spectroscopy and turbidimetry 

experiments described above, suggesting a high abundance of lamellar aggregates.  

 

Molecular Dynamic Simulations of Deprotonated and Protonated mRL 
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Simulations of Deprotonated mRL. Through a collaboration with Dr. Elango Munusamay 

in the Schwartz laboratory at the University of Arizona, the aggregation properties of 

monorhamnolipids have been confirmed. Using the most common congener in the native 

mRL mixture (Rha-C10-C10, Figure 1.6), simulations of 10, 20, 25, 30, 40, 70, 80, and 

100 deprotonated (R,R)-Rha-C10-C10 monomers charge balanced by sodium ions were 

undertaken in order to gain insight into its aggregation properties. Simulations start from 

a 10x10x10 nm3 simulated box; then, the appropriate number of mRL molecules and a 

corresponding amount of water are added and arranged in a homogenous manner. Finally, 

a series of computational annealing steps are imposed, allowing formation of the 

aggregates.  

In all cases of the 10-monomer simulation, Rha-C10-C10 aggregates, into a stable 

7 monomer aggregate. This 7-monomer aggregate lacks the structured core found in most 

micellar systems and has much more water penetration into the center of mass compared 

to larger aggregates. This simulated aggregate is consistent with experimental data above 

that indicates the formation of pre-micellar aggregates for which water penetration 

explains the poor association of benzophenone.  

From simulations involving 20 monomers, the most common aggregate observed 

is ~20 monomers. Simulations of 25, and 30 monomers are shown to form aggregates of 

20 and 25, and 20 and 29 monomers, respectively. In fact, simulations of larger mRL 

monomer numbers were shown to form larger aggregates in which some broke up into 

aggregates of ~25 monomers. These simulations are generally consistent with 

experimental Nagg,crit values that suggest that the smallest micelle is 26 ± 1 monomers. 
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Larger aggregate structures are observed in both the experimental results and the 

simulated results at higher mRL concentrations.  

The radii of the most common simulated aggregate, 20 monomers, was calculated 

to be ~1.8 nm. This size is consistent with both the cryo-TEM82 and DLS data described 

above. The DLS results indicate slightly larger hydrodynamic radii due to the hydration 

layer. It should be noted that this radius grows slightly to ~3 nm at 55 monomer 

aggregates. Although the growth in size is expected based on the simulations, it is not 

observed in the DLS data, since the correlation functions derived by the instrumentation 

is less sensitive to the anisotropic growth of the mRL aggregates.133, 134 

Snapshots of representative aggregates consisting of 25, 39, 55, and 95 monomers 

are shown in Figure 3.26. These simulated structures support the conclusion of slight 

growth in aggregate size with increasing monomer number. In fact, they are also 

consistent with the elongated micelle predictions described above for aggregates shape. 

The eccentricity of the aggregates determined from these simulated structures is defined 

as: 

 𝑒 = 1 −
𝐼𝑚𝑖𝑛

𝐼𝑎𝑣𝑔
 (3.11) 

where Imin is the moment of inertia along the x, y or z-axis with the smallest magnitude 

and Iavg is the average of all three moments of inertia. Figure 3.27 shows the calculated e 

values for different times during the simulation. For spherical objects, the e value is zero; 

therefore, given the non-zero e values at all times during the simulations, it is evident that 

no Rha-C10-C10 aggregates are spherical, and the larger aggregates show even greater 

eccentricity due to the elongation reflected in the structures in Figure 3.26. Also notable 
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Figure 3.26. Representative structures of aggregates comprised of a) 25, b) 39, c) 55 and 
d) 95 monomers. Water omitted for clarity. C atoms are green, H atoms are white, O 
atoms are red. Aggregates 25, 39 and 55 are shown in two views. 95-mer aggregate 
structure is shown at two different simulation times. This figure kindly provided by Dr. 
Elango Munusamay and used with permission.   
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Figure 3.27. Eccentricity data of all the aggregate structures calculated over a period of 1 
ns. The dotted line represents the behavior of the pre-micellar structure and the solid line 
is the micellar structure. This figure kindly provided by Dr. Elango Munusamay and used 
with permission.   
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is that the eccentricity values for the 7-monomer aggregate vary widely over the time of 

the simulation, consistent with what would be expected for a pre-micellar aggregate with 

an undefined aggregate structure. 

 

Simulations of Protonated mRL. The aggregation of nonionic (R,R)-Rha-C10-C10 

monomers was also simulated using molecular dynamics. Two simulations involving 285 

and 800 (R,R)-Rha-C10-C10 monomers and a corresponding amount of water were 

performed. Representative structures of the aggregates formed are shown in Figure 3.28. 

In the simulation of 285 monomers, a large unilamellar vesicle water is formed with in 

the center. In the simulation of 800 monomers, what appears to be a multilamellar 

vesicle, also with internal water, is formed. Interestingly, in simulations of fewer 

molecules was run and aggregation was observed; however, larger lamellar structures 

such as those shown in Figure 3.28 are more favored. It should be noted, that due to 

computational limitations, the structure from 800 monomers with a radius of ~4.0 nm is 

only a fraction of the size predicted for actual experimental lamellar structures, which are 

expected to adopt structures with radii >> 200 nm. Thus, collectively, these results 

suggests that aggregates of protonated Rha-C10-C10 monomers are more energetically 

stable in larger structures, likely due to the decreased accessible area of the hydrophobic 

core as the aggregate structure gets larger. Larger aggregates and the trend towards 

increasingly more lamellar aggregates suggest that protonated mRLs do indeed form 

lamellar structures in good agreement with the experimental results discussed above. 
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a 

 

   b 

 

Figure 3.28. Molecular dynamic simulations of a) 285 and b) 800 protonate (R,R)-Rha-
C10-C10 molecules showing a representative aggregate structure in a two different 
lamellar forms. Water molecules are removed for clarity. C atoms are displayed in green, 
H atoms are in white, and O atoms are in red. Courtesy of Dr. Elango Munusamy of the 
Schwartz laboratory at the University of Arizona. 
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Characterization of Synthetic-Monorhamnolipids in their Deprotonated and 

Protonated State 

Newly developed synthetic methods have recently been published that allow for 

the study of highly purified monorhamnolipids.35 These methods allow for the synthesis 

of four diastereomers of the most abundant congener from the biosynthesized 

monorhamnolipid (Rha-C10-C10), Figure 1.6, where the structure of the synthetic 

rhamnolipids can be found in Figure 3.1. In the Dr. Jeanne Pemberton lab at the 

University of Arizona, Ricardo Palos-Pacheco has improved upon the original synthetic 

methods35 and has provided all the materials studied within this section. 

 

Critical Micelle Concentration. Surface tension measurements were made on each of the 

Rha-C10-C10 diastereomers using the methods described above. Plots of surface tension 

(γ) as a function of Rha-C10-C10 concentration at pH 8.0 and 4.0 are shown in Figure 

3.29a and b, respectively. This plot contains surface tension measurements of all four 

pure diastereomers as well as a 1:1:1:1 mixture of all four. CACs at each pH are 

displayed in Table 3.4 for each diastereomer and the 1:1:1: mixture. In total, the CAC 

values reported here match closely with those preliminary values reported previously 

from this laboratory by Dr. Hui Wang for Rha-C10-C10 (TB), Rha-C10-C10 (TT), Rha-

C10-C10 (BB) and Rha-C10-C10 (BT) of 294, 56, 187 and 164 μM, respectively.89 The 

(BB), (BT), (TB) and (TT) diastereomers refer to the thin layer chromatography 

migration time where B (bottom) has a lower Rf value than T (top).89 These 

diastereomers have since been identified as the Rha-C10-C10 diastereomers (R,R)-Rha-

C10-C10, (R,S)-Rha-C10-C10, (S,S)-Rha-C10-C10, (S,R)-Rha-C10-C10, respectively,
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Figure 3.29. Surface tension as a function of Rha-C10-C10 diastereomer concentration. a) 
Solutions adjusted to pH 8.0/10 mM phosphate buffer, and b) adjusted to pH 4.0/10 mM 
phosphate buffer. Error bars represent the standard deviation from three independently 
prepared samples, where some error bars are smaller then the symbols.
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Table 3.4. Surface tension results for the monorhamnolipid diastereomers at pH 4.0 and 8.0. apH 4.0 values calculated from data in 
Figure 3.29a. bpH 8.0 values calculated from data in Figure 3.29b. 

Rha-C10-C10 pH CAC (PM) γmin (mN/m) S (Å2) Γ (mol/cm2) Kads 

(R,R) 
4.0a 16 ± 4 27.5 ± 0.1 21 ± 4 7.91 (± 1.52) x 10-10 2.12 (± 0.67) x 106 

8.0b 270 ± 77 28.1 ± 0.2 117 ± 12 1.42 (± 0.02) x 10-10 1.83 (± 0.69) x 105 

(R,S) 
4.0a 25 ± 1 28.8 ± 0.1 23 ± 1 7.22 (± 0.31) x 10-10 1.64 (± 0.43) x 106 

8.0b 79 ± 3 27.4 ± 0.2 80± 1 2.08 (± 0.03) x 10-10 1.90 (± 0.66) x 105 

(S,S) 
4.0a 18 ± 3 27.5 ± 0.1 21 ± 2 7.91 (± 0.75) x 10-10 1.94 (± 0.66) x 106 

8.0b 201 ± 51 29.5 ± 0.2 93 ± 7 1.79 (± 0.13) x 10-10 1.32 (± 0.54) x 105 

(S,R) 
4.0a 15 ± 1 28.2 ± 0.1 21 ± 2 7.91 (± 0.38) x 10-10 2.41 (± 0.82) x 106 

8.0b 180± 24 28.5 ± 0.2 103 ± 4 1.61 (± 0.06) x 10-10 2.18 (± 0.21) x 105 

1:1:1:1 Mixture 
4.0a 15 ± 1 28.8 ± 0.2 21 ± 1 8.02 (± 0.66) x 10-10 2.04 (± 0.19) x 106 

8.0b 277 ± 21 27.9 ± 0.3 73 ± 2 2.27 (± 0.08) x 10-10 1.57 (± 0.13) x 105 
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by Ricardo Palos-Pacheco from the Dr. Pemberton lab at the University of Arizona using 

a Moshe ester analysis164 for the (BB), (BT), (TB) and (TT) TLC spots. 

For pH 8.0, the (R,R)-Rha-C10-C10 congener has the highest CAC and (R,S)-

Rha-C10-C10 has the lowest, where (S,S)-Rha-C10-C10 and (S,R)-Rha-C10-C10 are 

comparable. These values would suggest that the (R,S)-Rha-C10-C10 congener has a 

molecular structure best suited to form aggregates in solution, which could be due to its 

more compact structure compared to the others or the tails orienting in a way that allows 

closer packing as observed from Figure 3.1b. As discussed below it has the lowest cross-

sectional area, which could increase the intermolecular interactions and decreasing the 

CAC compared to the other diastereomers. From the molecular structures above it is 

hypothesized that (S,S)-Rha-C10-C10 would pack more tightly which suggests that it 

would have the lowest CAC; however, it is possible that its compact structure does not 

lend itself as well to increasing intermolecular interactions as readily as (R,S)-Rha-C10-

C10. Therefore, the lipid tail orientation on the diastereomer seems to play a significant 

role in the packing and aggregation behavior. Furthermore, the 1:1:1:1 diastereomer 

mixture has the highest CAC at pH 8.0 suggesting the intermolecular interactions 

between the different diastereomers is not as strong as the pure forms. Since the shape of 

each is different, according to Figure 3.1, they may not pack as neatly, which would 

result in a higher CAC. 

For pH 4.0, the (R,S)-Rha-C10-C10 congener has the highest CAC and the others, 

including the 1:1:1:1 mixture, have comparable values ~10 μM lower. For all the 

diastereomers, making the headgroups nonionic at pH 4.0 eliminates Coulombic 

repulsion and lowers the CAC. However, since the (R,S)-Rha-C10-C10 diastereomer has 
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the highest CAC, where it had the lowest in its deprotonated state compared to the others, 

one or two conditions must be changing: 1) it must undergo some type of structural 

change in the molecule as a result of protonating the carboxylic acid moiety, or 2) 

eliminating the Coulombic repulsion for this molecule does not have the same effect in 

CAC decrease as for the other diastereomers making it less energetically favorable to 

form aggregates compared to the other congeners when protonated. 

The relatively low CAC values for the diastereomers highlight the strong 

interactions between the hydrophobic tails, which is similar to the results found for the 

native mRL. Chen et al. have reported CMC values for native monorhamnolipids (made 

up primarily of the (R,R)-Rha-C10-C10 congener) of 180 PM and 360 PM for pH 7 and 

9, respectively.17 These values fall above and below the value of 270 PM measured for 

the (R,R)-Rha-C10-C10 diastereomer at pH 8.0 as reported in Table 3.4, where the CMC 

is known to decrease with decreasing pH.79 Furthermore, the CAC of native mRL within 

this work is 201 PM, although within the error of the replicates, Table 3.1, is statistically 

the same as the (R,R)-Rha-C10-C10 congener. These results would suggest that the 

mixture of rhamnolipid congeners not of the form (R,R)-Rha-C10-C10, ~15-25% which 

differ in tail length and saturation (discussed in Chapter 1), has statistically little effect on 

the aggregation concentration when compared to the pure (R,R)-Rha-C10-C10 form.  

The minimum surface tension values achieved for these diastereomers are all 

similar. These similar values suggest that, along with pH and electrolyte concentration (as 

discussed above), the structure of the diastereomers has minimal impact on the ability of 

the surfactants to reduce surface tension. Furthermore, protonation of the carboxylic acid 

moiety also seems to have little effect on the reduction of surface tension of these Rha-



150 
 

 
 

C10-C10 diastereomers and the 1:1:1:1 mixture at the air-water interface. Also of note, is 

that the minimum surface tension values achieved by solutions of these surfactants is on 

the same order as values reported for the native mRL mixture in this work, Table 3.1 and 

Table 3.2, as well as many previously reported values for the native mixture.17,79,131 This 

suggests that structure of the diastereomers and the mixture of the native congeners does 

not have a significant impact on the surface activity. 

The surface coverage (Γ) and cross-sectional (S) areas at the air-water interface 

are calculated from the surface excess values and are reported in Table 3.4. At pH 8.0 

(R,S) Rha-C10-C10 has the lowest cross-sectional area where each diastereomer, in the 

order (S,S), (S,R), and (R,R), increases by about 10 Å2/molecule. These values would 

suggest that the (R,S) tail orientation lends itself well to packing at the interface 

compared to the other diastereomers. For example, it is possible that the tail orientation 

on this diastereomer facilitates close packing, possibly due to a folding of the lipid tails 

between neighboring molecules. The 1:1:1:1 diastereomer mixture has the lowest cross-

sectional area suggesting that the mixture allows for closer packing at the air-water 

interface compared to the other diastereomers. This is possibly due to an ability to puzzle 

together where open spaces on the surface can choose the most energetically favorable, of 

four molecules to pack at the interface. 

Previous literature reports the cross-sectional area for the native monorhamnolipid 

mixture isolated from a mixture of mono- and dirhamnolipids to be ~66 and 77 

Å2/molecule at pH 7 (0.063 M K2PO4 and 0.037 M NaOH) and 9 (0.023 borax and 0.008 

M HCl), respectively.17 Furthermore, The cross sectional area of native mRL at pH 8.0, 

above, is 86 Å2/molecule. The previously reported S (and S reported in this dissertation), 
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are lower than those of the pure (R,R) Rha-C10-C10 diastereomer reported in Table 3.4 

which is a possible result of the difference in buffers used or the increased interactions 

from the longer chain congeners of the native mRL mixture.  

At pH 4.0 the protonated forms of the diastereomers show a smaller cross-

sectional area of ~20 Å2/molecule. Since the rhamnolipids are nonionic at this pH there is 

reduced repulsion allowing them to pack more tightly at the air-water interface. However, 

as discussed above for protonated native mRL, these values are much lower than 

expected, since the ChemDraw 15.0 software calculated the average cross-sectional area 

of the headgroup on an energy minimized (R,R)-Rha-C10-C10 molecule at ~55 Å2. It is 

possible that the rhamnolipid diastereomers at pH 4.0 cause the air-water interface to 

curve as a result of the high molecular interaction, which is a common mechanism for the 

formation of micelles.2, 132 This is further discussed above for protonated native mRL, 

where a cartoon representation of the air-water interface curve is shown in Figure 3.4 as a 

result of the strong monorhamnolipid intermolecular interactions. The adsorption 

coefficients for each diastereomer closely match those for the native mRL mixture in its 

deprotonated and protonated states, respectively, as described above, suggesting that 

there is little dependence of the diastereomer tail orientation on adsorption to the air-

water interface. However it should be pointed out that there is an order of magnitude 

increase in the adsorption coefficient for monorhamnolipids in their protonated form 

which is likely a result in the decrease Coulombic repulsion between monomers at the 

interface. 

 

Aggregate Shape and Size of Rha-C10-C10 Diastereomers.  
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Packing Parameter Predictions. The value of the packing parameter (P, equation 3.4) is 

dependent on the cross-sectional area of the molecule, which is given in Table 3.4 for 

each diastereomer. The P values for each diastereomer are displayed in Table 3.5 at pH 

8.0. Rhamnolipids in their protonated state, pH 4.0, likely curve the air-water interface 

resulting in the very low cross-sectional area, Table 3.4. The packing parameters for the 

deprotonated diastereomers all suggest a rod-like/ellipsoidal aggregate shape with the 

exception of (R,S)-Rha-C10-C10 which suggests a probable lamellar structure. However 

it should be noted that the P values increase with increasing cross-sectional area from the 

(R,R) tail orientation at 0.36 to (R,S) at 0.52, since it has the largest S. Due to these 

packing parameter predictions the (R,R) diastereomer form is expected to pack in the 

most spherical shape, where an increasing P value is expected to elongate the aggregates. 

Table 3.5 displays the axis ratio of each diastereomer and the predicted shape of 

the micelle according to the Tanford model, discussed above. Axis ratios are determined 

from the hydrodynamic radii from the DLS data of each diastereomer, below, and the 

lipid tail length with the length of the surfactant headgroup (calculated with molecular 

modeling). From the axis ratios, these methods can predict possible aggregation numbers. 

The predicted aggregation number from each diastereomer is ~20 to 40 

molecules/micelle. 

 

Dynamic Light Scattering. Using DLS the aggregate populations were studied for each 

diastereomer at pH 4.0 and 8.0. For each diastereomer studied, three aggregate 

populations were observed independent of protonated state. For pH 8.0, in all 

diastereomers the most abundant population is the micelle, with a Rh of ~2 nm, at ~106  
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Table 3.5. Surface tension results for the monorhamnolipid diastereomers at pH 4.0 and 8.0. apH 4.0 values calculated from data in 
Figure 3.29a. bpH 8.0 values calculated from data in Figure 3.29b. 

Rha-C10-C10 pH S (Å2) P (mol/cm2) P value 
Predicted Shape Axis Ratio Tanford Predicted 

Shape 

(R,R) 8.0b 117 ± 12 0.36 Rod-Like / 
Ellipsoidal ~1.2 Ellipsoidal 

(R,S) 8.0b 80± 1 0.52 Lamellar ~1.2 Ellipsoidal 

(S,S) 8.0b 93 ± 7 0.45 Rod-Like / 
Ellipsoidal ~1.2 Ellipsoidal 

(S,R) 8.0b 103 ± 4 0.40 Rod-Like / 
Ellipsoidal ~1.2 Ellipsoidal 



 

 

154 

and 1012 times larger abundance than the next two populations. However, for pH 4.0, all 

diastereomers still show three aggregate populations, but the most abundant population 

exhibits number densities that are ~103 and 1010 times more abundant than the next two 

populations, respectively. It is likely that, similar to the native mRL mixture, the most 

abundant population is a larger lamellar aggregate. This hypothesis is supported by the 

data that has been collected previously for the native mRL mixture in its protonated state 

that suggest it takes on a lamellar structure,81, 82 and evidence later in this later in this 

chapter. 

Figure 3.30 shows relative distributions at multiple diastereomer concentrations 

for each surfactant at pH 8.0. Here, the micelle can be observed at a RH value of ~2 nm 

and the two larger aggregates at ~17 and 113 nm, respectively. Figure 3.31 shows both 

hydrodynamic radii of the micelle with changing surfactant concentration and relative % 

area of the micelle relative to the two other aggregates at pH 8.0. Figure 3.32 shows 

relative distributions at multiple diastereomer concentration for each surfactant at pH 4.0. 

The micelle is observed at ~2 nm and the two larger aggregates at ~24 and 134 nm, 

respectively. Figure 3.33 shows % area data for the three populations observed at varying 

diastereomer concentration at pH 4.0. 

From Figure 3.31 it can be seen that the relative abundances of the diastereomer 

populations at pH 8.0 exhibit essentially no change within the concentration range 

studied; similarly, the observed micelle radii at ~2 nm exhibits essentially no growth 

detectable by the DLS. Furthermore, all diastereomers have similar results indicating that 

the tail orientation does not affect the aggregate populations or size in their deprotonated 

state. From Figure 3.33 it can be seen that the relative abundances of each population of 
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Figure 3.30. Representative normalized number (red) and intensity (black) distributions form DLS on the diastereomers at pH 8.0/10 
mM phosphate buffer. a) (R,R)-Rha-C10-C10 at 5 mM, b) (R,R)-Rha-C10-C10 at 25 mM, c) (R,S)-Rha-C10-C10 at 5 mM, d) (R,S)-
Rha-C10-C10 at 25 mM, e) (S,S)-Rha-C10-C10 at 5 mM, f) (S,S)-Rha-C10-C10 at 25 mM, g) (S,R)-Rha-C10-C10 at 5 mM, and h) 
(S,R)-Rha-C10-C10 at 25 mM.
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Figure 3.31. a), c), d) and g) Hydrodynamic radii of pre-micelle/micelle vs. diastereomer concentration at pH 8.0/10 mM phosphate 
buffer. b), d), f), and h) % of aggregate population from integrated number distribution for micelles (black) and vesicles (red and blue) 
at pH 8.0/10 mM phosphate Buffer of (R,R)-Rha-C10-C10, (R,S)-Rha-C10-C10, (S,S)-Rha-C10-C10 and (S,R)-Rha-C10-C10, 
respectively. All error bars represent the standard deviation from three independently prepared samples.
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Figure 3.32. Representative normalized number (red) and intensity (black) distributions form DLS on the diastereomers at pH 4.0/10 
mM phosphate buffer. a) (R,R)-Rha-C10-C10 at 0.5 mM, b) (R,R)-Rha-C10-C10 at 10 mM, c) (R,S)-Rha-C10-C10 at 0.5 mM, d) 
(R,S)-Rha-C10-C10 at 10 mM, e) (S,S)-Rha-C10-C10 at 0.5 mM, f) (S,S)-Rha-C10-C10 at 10 mM, g) (S,R)-Rha-C10-C10 at 0.5 mM, 
and h) (S,R)-Rha-C10-C10 at 10 mM. 
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Figure 3.33. a), b), c) and d) % of aggregate population from integrated number distribution for micelles (black) and vesicles (red and 
blue) at pH 4.0/10 mM phosphate buffer of (R,R)-Rha-C10-C10, (R,S)-Rha-C10-C10, (S,S)-Rha-C10-C10 and (S,R)-Rha-C10-C10, 
respectively. All error bars represent the standard deviation from three independently prepared samples.
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diastereomer at pH 4.0 exhibit essentially no change within the concentration range 

studied. This observation again suggests that the diastereomer tail orientation does not 

play a significant role in the size of the populations detectable by DLS. 

At pH 8.0, all diastereomers have a micelle hydrodynamic radius range that falls 

slightly below that of the native mRL mixture. This is likely due to the presence of only 

the Rha-C10-C10 congener in the synthetic diastereomers where the native mRL contains 

many congeners, Figure 1.7. Some of the native mRL congeners contain lipid tails that 

are shorter then C10-C10, but some are longer; therefore, the longer congeners must 

affect the aggregate size to a greater extent. At pH 4.0 the native mRL exhibits essentially 

the same populations and distribution in the DLS as the synthetic diastereomers, 

suggesting the pure diastereomers does not play a significant role in lamellar aggregation 

detectable by the DLS. 

 

Fluorescence Measurements  

Measuring Aggregation Number for the Diastereomers in their Deprotonated State. 

Fluorescence quenching experiments were utilized to determine the average aggregation 

number (Nagg) of the four Rha-C10-C10 diastereomers using the method of Turro and 

Yekta20 with pyrene as the fluorescent probe and benzophenone as the quencher. These 

experiments are carried out for the deprotonated diastereomers since protonated 

rhamnolipid forms primarily lamellar structures. From the observations of aggregation of 

the deprotonated native mRL, the apparent aggregation number of all diastereomers was 

studied over a range of surfactant concentrations to identify the critical aggregation 
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number (Nagg, crit) in 10 mM phosphate buffer at pH 8.0. Figure 3.34 shows the observed 

aggregation number versus diastereomer concentration for each Rha-C10-C10 molecule. 

In Figure 3.34, two linear regions of Nagg are observed with increasing surfactant 

concentration. This first linear region is steeply sloped and the conditions in this 

concentration region fail the inherent assumptions needed to determine accurate Nagg 

values. The assumptions fail, since this low concentration region is dominated by pre-

micellar aggregates as described below in the fluorescence data. However, in this region 

the pre-micellar aggregates are believed to grow with increasing concentration for all 

diastereomers until a sufficient concentration of the surfactant is reached to for fully 

formed micelles. 

The second linear region exhibits a much smaller increase in Nagg as the 

concentration of Rha-C10-C10 is increased due to a slight increase in aggregate size from 

an elongation of the micelles with the addition of a few monomers into the aggregate. In 

this region the (R,R) diastereomer has the greatest slope at 0.624 ± 0.022 

monomers/concentration. It should be noted that with 95% confidence this slope is the 

same as the (S,R) diastereomer at 0.570 ± 0.064 monomer/micelle. Therefore, the growth 

of these two surfactant aggregates is increasing in this region more rapidly compared 

with the other two diastereomers. This is likely a result of their molecular structure where 

it is possible that the orientation of the lipid tail furthest from the sugar could influence 

the micelle packing. The (S,S) and (R,S) diastereomers have the next lowest and the 

lowest increase in monomer number with concentration at 0.386 ± 0.030 and 0.186 ± 

0.49 monomers/concentration, respectively. This may be a result of the S stereochemistry 

of the lipid tail furthest from the rhamnose moiety, which could allow for a more 
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Figure 3.34. Observed Nagg values as a function of Rha-C10-C10 concentration for the 
four diastereomers: a) (R,R)-Rha-C10-C10, b) (R,S)-Rha-C10-C10, c) (S,S)-Rha-C10-
C10 and d) (S,R)-Rha-C10-C10. All solutions were made in pH 8.0/10 mM phosphate 
buffer with 250 nM pyrene and 0 to 300 μM BP. All error bars represent the standard 
deviation from three independently prepared samples.
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Figure 3.34 (cont). Observed Nagg values as a function of Rha-C10-C10 concentration for 
the four diastereomers: a) (R,R)-Rha-C10-C10, b) (R,S)-Rha-C10-C10, c) (S,S)-Rha-
C10-C10 and d) (S,R)-Rha-C10-C10. All solutions were made in pH 8.0/10 mM 
phosphate buffer with 250 nM pyrene and 0 to 300 μM BP. All error bars represent the 
standard deviation from three independently prepared samples.
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energetically stable smaller aggregates compare to the other two diastereomers. 

Since at low surfactant concentrations, fully-formed micelles are not present, and 

at high surfactant concentrations, the aggregates grow slightly in size, the intersection of 

these two linear regions is taken to be the most accurate prediction of the smallest stable 

aggregation number for the Rha-C10-C10 micelles, Nagg, crit. This number is determined 

from the data in Figure 3.34 for each Rha-C10-C10 diastereomer and given in Table 3.6. 

All experimental values reported in this table are consistent with the predicted 

aggregation numbers from the Tanford model of 20 to 40 molecules/micelle. Further, all 

four diastereomers and the native mRL mixture exhibit similar Nagg, crit values suggesting 

that the details of the stereochemistry plays only a minimal role in formation of the 

minimally stable aggregate in solution.  

Aggregation numbers of 47 and 30 molecules/micelle have been reported 

previously for a native mRL mixture and a native dirhamnolipid mixture, respectively, on 

the basis of SANS measurements.6, 17 The SANS data in these previous studies were 

collected in solutions of pH of 9.0 prepared using 0.023 M borax and 0.008 M HCl. 

Increasing the ionic strength on a surfactant solution is known to increase shielding on an 

ionic surfactant aggregate allowing the headgroups to pack more closely together.27, 28 As 

a result, this difference in solution conditions, higher salt concentration compared to 10 

mM phosphate buffer, could account for the slightly higher aggregation numbers 

observed in this study compared to those reported here. As a result, the Nagg, crit values 

observed in this work are in general agreement with those previously reported for 

rhamnolipid systems. 
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Table 3.6. Nagg crit. values for the four Rha-C10-C10 diastereomers and the native mRL 
mixture. 

Surfactant Nagg, crit (molecules/micelle) 

(R,R)-Rha-C10-C10 25.2 ± 3.2 

(R,S)-Rha-C10-C10 26.4 ± 3.2 

(S,S)-Rha-C10-C10 25.8 ± 2.7 

(S,R)-Rha-C10-C10 27.9 ± 2.8 

Native mRL mixture 26.4 ± 0.9 

 



 

 

165 

Pyrene Fluorescence for Probing Aggregation. Further confirmation of the existence of 

pre-micelles at low deprotonated Rha-C10-C10 concentrations was explored through the 

use of the sensitivity of pyrene fluorescence through its III/I vibronic band intensity ratio 

to the polarity of its microenvironment. Pyrene is known to have a high affinity for the 

interior of surfactant aggregates due to its nonpolar environment.13 The pyrene peaks 

have been found to give informative data to suggest incorporation into a nonpolar 

region.165 Here, an increasing III/I ratio shows pyrene dissolved in a more nonpolar 

environment, where ratios at ~1.05 have been found for pyrene dissolved in fully formed 

rhamnolipid micelles, above. Figure 3.35 shows stacked representative pyrene spectra at 

increasing concentrations of mRL, where the vibronic band (III/I) ratio is shown in 

Figure 3.36. This figure shows that all diastereomers exhibit a steadily increasing III/I 

peak intensity ratio starting at concentrations above the CAC and then leveling off when 

concentrations >7.5 mM are reached for each diastereomer. This peak intensity ratio 

attains the same value at its maximum for all four diastereomers suggesting that full 

incorporation of the pyrene probe does not occur until concentrations well above the 

CAC are reached. This further supports the formation of pre-micellar aggregates for 

concentrations above the CAC but below ~7.5 mM.  

Above 7.5 mM, fully formed micelles are present for all diastereomers as well as 

the native mRL. It should be noted, that the pyrene peak ratio suggests these micelles are 

present for all diastereomers at concentrations >7.5 mM but slight differences in these 

micelles are observed and discussed in more detail above in the fluorescence quenching 

experiments. 
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Figure 3.35. Representative pyrene emission spectra for a) (R,R)-Rha-C10-C10, b) (R,S)-Rha-C10-C10, c) (S,S)-Rha-C10-C10, and d) 
(S,R)-Rha-C10-C10. All Spectra collected using 250 nM pyrene at pH 8.0 in 10 mM phosphate buffer.
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Figure 3.36. Pyrene III/I peak intensity ratios for all diastereomers as a function of 
surfactant concentration using 250 nM pyrene at pH 8.0 in 10 mM phosphate buffer. 
Error bars represent the standard deviation from three independently prepared samples. 



168 
 

 

Conclusions 

Native mRL in its Deprotonated and Protonated State. This work represents the first 

attempt to explore the early stage aggregation behavior of mRLs in detail. The results 

show that the solution aggregation behavior of mRLs is surprisingly complex. Purified 

native mRL produced by P. aeruginosa ATCC 9027 in its anionic state has the ability to 

lower the surface tension of water to 29.0 ± 0.5 mN/m, has a cross-sectional area of 86 ± 

2 Å2, surface coverage of 1.94 (± 0.04) x 10-10 mol/cm, an adsorption coefficient of 1.11 

(± 0.43) x 105, and exhibits a critical aggregation concentration (CAC) of 201 ± 12 μM. 

At the CAC, pre-micellar aggregates form, but fully formed micelles do not form until 

mRL concentrations >7.5 mM are reached.  

The native mRL mixture in its nonionic state, pH 4.0, exhibits a CAC of 21.2 ± 

2.8 μM with a γmin of 28.0 mN/m and adopts a lamellar structure by the packing 

parameter predictions. This low CAC value for mRLs is thought to be caused by strong 

interactions of the two tail groups, increasing hydrophobicity to increase intermolecular 

interaction at low monomer concentrations. The cross-sectional area of the mRL 

molecules in the monolayer was deduced from application of the Gibbs adsorption 

isotherm to the surface tension data.2 The cross-sectional area of the mRL molecule in an 

aqueous solution was determined to be 23.2 Å2/molecule; however, this value is 

unreasonably low given the simulated cross-sectional area of ~55 Å2/molecule and 

compared to previous studies.17, 87, 131 This low value is possibly caused by a curving of 

the air water interface or a folding of the lipid tails between mRL molecules due to the 

strong intermolecular interactions as determined through the Gibbs adsorption equation. 

By fitting the adsorption isotherm to the Szyszkowski equation2, 111 the adsorption 
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coefficient was determined to be 2.1 x 106, which is in good agreement to previously 

determined values.17 

The native mRL has a measured hydrodynamic radius for the micelles at ~2.4 nm 

at pH 8.0. Two larger aggregates denoted as vesicles are also observed in solution with 

hydrodynamic radii of ~20 and 90 nm, respectively. These larger aggregates are present 

in fractional abundances that are 108 and 1011 times lower than the micelles, respectively. 

The packing parameter as described by Israelachvili et al. indicates that the mRL 

aggregates should have an ellipsoidal or lamellar shape.9  

At pH 8.0, micelles predominate in solution at all concentrations between the 

CAC and 100 mM, becoming increasingly elongated and/or lamellar as their size and 

monomer number steadily increase with mRL concentration. These fully formed micelles 

have a critical aggregation number of 26 monomers/micelle based on fluorescence 

quenching measurements. This value is in general agreement with previously reported 

values collected from Chen and Penfold on similar rhamnolipid samples.6, 17 

The microenvironment of these micelles was probed using the polarity sensitive 

pyrene, prodan and laurdan fluorescent dyes. The results of the studies using pyrene 

confirm environments that are typical of pre-micelles at mRL concentrations <7.5 mM 

and micellar environments >7.5 mM. The spectral responses of prodan and laurdan 

confirm the presence of elongating micellar structures with increasing mRL 

concentration.  

Packing parameter predictions and previous literature evidence have been given to 

suggest native mRL in its protonated state takes on a lamellar atructure.82 As a result 

fluorescence probing and turbidity experiments were performed to investigate the 
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lamellar phase. It was found that from the CAC up to ~3 mM prodans emission from a 

more nonpolar lamellar structure increased. This suggests the presence of lamellar 

aggregates at concentrations as low as the CAC and increasing in abundance with 

concentration. These results are also observed in the turbidity experiments where the 

solution is noticeably opaque at concentrations just above the CAC and increasing in 

opaqueness up to ~3 mM. At concentrations >3 mM the probe is fully dissolved in the 

lamellar phase and its emission does not change at higher concentrations, which suggests 

no further phase changes tell ~15 mM where a visible phase separation occurs. At 

concentrations >15 mM the native mRL solutions phase separate into a gel type phase 

that aggregates toward the bottom of the container. 

Using dynamic light scattering three aggregate populations were observed at 

hydrodynamic radii at ~2.1, 13 and 94 nm. The micelle, at 2.1 nm, was shown to be in the 

highest abundance exhibiting number densities 103 and 108 times more prevalent then the 

larger ~13 nm and 84 nm aggregate, respectively. Previous studies have suggested that 

native mRL is predominantly lamellar in its deprotonated state,5, 81, 82, 124, 125 which is 

contradictory to the DLS data. Two explanations are therefore possible: 1) the lamellar 

aggregates that are actually in higher abundance are not detectable by the DLS instrument 

due to their large size, or 2) the exact population abundance of the aggregates is biased 

due to inherent instrumental error when calculating the number densities from the light 

scatting intensities based on a spherical shape. The first explanation is most likely since 

previously collected cryo-TEM and SANS data of the lamellar structures have been 

shown to exhibit radii that are >>200 nm.82, 124 Therefore, the dominant aggregate is 

likely to be the lamellar structure, which is in agreement with all other experimental 
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results. Furthermore, to estimate the fraction of lamellar phase that exists relative to the 

smaller aggregates for mRLs in its protonates state, fluorescence quenching techniques 

were used. By studying the change in quenching rate constants with increasing quencher 

concentrations the predicted percent lamellar phase is ~85% relative to other smaller 

aggregate phases in solution. 

Molecular dynamics simulations on the most abundant congener of the mRL 

mixture, Rha-C10-C10, indicate the formation of stable mRL aggregates of varying size 

ranges. Aggregates with N=10 are taken to be a stable pre-micellar structure, where the 

most frequently observed micellar aggregate has an aggregation number of ~25 

monomers/micelle, which is in agreement with the critical aggregation number 

determined with fluorescence measurements.  

 

Synthetic mRL in its Deprotonated and Protonated State. Reported in this work are the 

first examples of characterizing and understanding the surfactant behavior of newly 

synthesized and pure rhamnolipid diastereomers. These molecules have been compared 

to one another and the native mRL mixture to explore structure function relationship and 

better understand the role tail orientation can have on the surfactant properties. Values for 

the CAC, γmin, cross-sectional area, Rh, shape predictions, and Nagg for (R,R)-Rha-C10-

C10, (R,S)-Rha-C10-C10, (S,S)-Rha-C10-C10, and (S,R)-Rha-C10-C10 are reported 

here. In their deprotonated state, pH 8.0, (R,S)-Rha-C10-C10 has the lowest CAC value, 

which would suggest the (R,S) conformation of the chiral carbons linking the lipid tails 

plays a role in structuring the molecule where it is more energetically favorable to form 

aggregates than remain as monomers at low concentrations in aqueous solutions. Also, 
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the similarity of γmin values suggests that the stereochemistry at either chiral carbon does 

not have a pronounced effect on surface energy minimization by surfactant adsorption at 

the air-water interface. For the diastereomers in their protonated state, pH 4.0, all exhibit 

about one order of magnitude decrease in CAC likely due to the decrease coulombic 

repulsion of the head group compared to pH 8.0. (R,S)-Rha-C10-C10 has the highest 

CAC value at pH 4.0 suggesting when protonated this tail orientation is less energetically 

desirable for aggregation formation compared to the other diastereomers.  

The Rha-C10-C10 variants in their protonated state were found to aggregate in a 

lamellar type of structure where the deprotonated molecules form micellar structures. In 

fact at pH 8.0 Nagg, crit. values were determined for all Rha-C10-C10 diastereomers. 

Fluorescence quenching experiments lead to Nagg, crit values of ~26-27 molecules/micelle 

for all diastereomers. Although the Nagg, crit values are similar for all the diastereomers the 

rate of growth for each above the critical concentration is greatly different suggesting tail 

orientation plays a significant role in micelle formation.  
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CHAPTER 4  
 

 

PHASE BEHAVIOR OF MONORHMANOLIPIDS AS A FUNCTION OF 

VARYING SOLUTION CONDITIONS 

A key feature of surfactants is their ability to self aggregate in aqueous 

environments in order to lower the overall free energy of the system.2 Surfactant 

molecular structure plays a critical role in the aggregation behavior, where the presence 

of bulky tail groups leads to the formation of more lamellar structures and the presence of 

bulky head groups supports the formation of micellar structures.2 Another factor that 

influences surfactant aggregation behavior includes charge state of the headgroup, since 

aggregate structures with greater surface curvature result in order to minimize Coulombic 

repulsive forces.2, 27 For many surfactants, the aggregation behavior varies with solution 

conditions such as concentration of the surfactant,166, 167 ionic strength of the solution,27, 

28 and temperature,126 and the types of aggregates that can form range from micelles to 

ordered phases to larger lamellar or multilamellar forms, Figure 1.2, which are a direct 

result of these solution condition, governed by the free energy of the system.2  

Prodan and laurdan (Figure 4.1) are solvatochromic fluorescent probes that have 

been used extensively to study the phase behavior of many different lipids30, 31, 168 and 

surfactant systems.29, 126, 169 These dyes have identical fluorescence excitation and 

emission behavior; however, laurdan has a surfactant like molecular structure. This 

structure forces the fluorescent moiety of the probe farther from the surfactant center of 

mass making it a needed complementary probe to prodan in some cases.31, 170 Prodan and 

laurdan are very sensitive to polarity, solvent dipoles, and hydrogen bonding, which
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Figure 4.1. Chemical structures of a) prodan and b) laurdan.
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result in wide spectral shifts in their excitation and emission spectra.31, 171 Differences in 

solvent polarity from ethanol to hexane blue shifts the emission spectra by ~125 nm.31 

Also of note, is a decrease in the quantum efficiency of these probes with a decrease in 

solvent polarity, were this decrease is significantly when in a solvent such as water 

compared to micelles, Figure 3.22. Furthermore, quantum efficiency of these probes has 

been observed to change slightly when the phase state of the surfactant changes,31 making 

quantitative determination of relative phases difficult. However, since these probes are 

known to have a high affinity for the interior of surfactant aggregates,126 their spectral 

shifts with polarity can be used to qualitatively identify multiple surfactant phases since 

the quantum efficiencies will be similar, but not the same, between phases.31 

Furthermore, the ability to modify solution conditions and monitor these shifts makes 

fluorescence an extremely powerful tool in order to build surfactant phase diagrams.  

In this chapter, the phase behavior of monorhamnolipid aggregates is investigated 

as a function of varying solution conditions. Chapters 3 showed work in which the 

emission maxima wavelengths of prodan and laurdan were observed while the 

concentration of native monorhamnolipid mixture (mRL) was varied. To this end, these 

probes are used more extensively here to better understand monorhamnolipid phase 

behavior. The native mRL mixture is known to shift from a dominant lamellar phase to a 

micellar phase when transitioning from the protonated to deprotonated states.81, 82 Also 

reported in the literature is evidence that ionic strength affects the aggregation behavior 

of native mRLs.87, 172 The temperature of the aqueous environment is also known to alter 

the phase state of many glycolipid and surfactant systems.2, 126, 173 Furthermore, many 

inconsistencies exist in the literature when reporting native mRL aggregate sizes.17, 84, 87, 
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174 These reports are a direct result of the different solution conditions used in order to 

study mRL and, as discussed in the section on the computational results in Chapter 3, the 

lack of defined aggregate structures as seen for many other surfactant systems.10 For 

example, deprotonated mRL micelles are expected to grow slightly with increasing 

concentration and protonated mRL aggregates are mostly lamellar structures with 

significant polydispersity. As a result, a more thorough understanding of how these 

aggregation phases behave with varying solution conditions is needed. 

Six rhamnolipid surfactants are studied here using this approach, the native mRL 

mixture, all four of the synthetic Rha-C10-C10 diastereomers, and a 1:1:1:1 mixture of 

the Rha-C10-C10 diastereomers. These surfactants are probed using the solvatochromic 

dye prodan and in some cases laurdan to help identify the phase behavior as the solution 

conditions of acidity, ionic strength and temperature are varied. Since both the emission 

and excitation spectra of prodan shift with microenvironment, it is possible to 

preferentially excite probes in one phase over another.155 Therefore, in most cases prodan 

is excited and emission is observed at multiple wavelengths in order to better understand 

monorhamnolipid phase behavior. 

 

pKa Determination of Prodan  

The alkylamine group on the prodan molecule is known to be protonated at low 

pH values.175, 176 The pKa of this group has been previously reported to be 4.5 using an 

unidentified method175 and 4.3 determined with Scifinder modeling software.176 Since no 

analytical technique has been used to determine the prodan pKa, fluorescence methods 

are used herein to identify this value. By protonating the alkylamine group on the prodan 
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molecule the dye becomes non-fluorecent.176 By varying the solution pH between ~2.0 

and 8.0 three replicate titration curves were created, Figure 4.2. Derivatives of each are 

used to identify the inflection point, and therefore the pKa, at 3.66 ± 0.09. This pKa 

indicates that all experiments performed on monorhamnolipid solutions at pH 4.0 will 

result in protonation of most prodan resulting in lower signal intensity compared to 

experiments at pH 8.0. However, protonated prodan does not have an impact on 

understanding phase behavior, since it is non-fluorescent and does not dissolve into the 

interior of the aggregate in its cationic form. 

 

Determining Phases at Varying Solutions Conditions 

Effect of Native Monorhamnolipid (mRL) Concentration on Phase Behavior. As 

discussed in Chapter 3, the aggregation behavior of the native mRL mixture changes as a 

function of concentration. Data in Chapter 3 suggests that deprotonated native mRL 

mixture forms pre-micellar aggregates at concentrations <~7.5 mM and micellar 

aggregates >~7.5 mM. Figure 4.3 shows the fluorescence response of prodan in solutions 

of the native mRL mixture at varying concentrations, where all spectra are normalized to 

the λmax value of the probe emission at the highest mRL concentration. The emission 

wavelength at the maximum intensity provides important insight into the phases of the 

surfactant aggregates existing in solution for a given set of conditions. While these values 

were plotted in Chapter 3 for changing mRL concentration at pH 8, here whole spectra 

are shown for more detail. 

Prodan dissolved in a glycolipid (octylglucoside) micellar aggregate has been 

shown previously to fluoresce at a λmax of ~500 nm with its corresponding emission in a  
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Figure 4.2. Three normalized fluorescence intensity of prodan in a 100 mM NaCl 
solution. The pH was adjusted with minimal amounts of HCl and NaOH to determine the 
pKa of prodan using the three different trials (shown in read blue and black). 
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Figure 4.3. Emission spectra of a) 2.5 μM prodan and b) 2.5 μM laurdan dissolved in 
varying concentrations of native mRL maintained at pH 8.0/10 mM phosphate buffer. All 
spectra excited at 345 nm. Concentration ranged from top to bottom corresponding to 
mRL concentrations of 0, 0.3, 0.6, 1, 3, 5, 10, 15, 20, 25, 30, and 50 mM, where the 
arrow in plot a) shows change in spectra with increasing concentration (red spectra). 
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lamellar phase at a much lower wavelength.126 This λmax value can shift depending on the 

position of the prodan probe within the aggregate, with prodan farther from the center of 

mass of a micelle existing in a more polar environment with its consequent higher λmax. 

Results presented in Chapter 3 of this dissertation indicate that monorhamnolipid 

aggregates are disordered, making prediction of prodan location within the aggregates 

difficult. Nonetheless, as shown in Figure 4.3, prodan in monorhamnolipid micelles 

fluoresces at a λmax of ~500 nm while prodan in the lamellar phase emits at the much 

lower wavelength of ~445 nm (Figure 4.4). It should be noted that the relative association 

constants and quantum efficiencies of the probes between these two phases is likely 

different since the two phases will have different microenvironements;158 however, 

Parasassi et al. has suggested these values are similar.30, 31 As shown below in this chapter 

the quantum efficiencies appear to be higher for prodan in the lamellar phase relative to 

prodan in the micelle. As a result, this would limit quantitative phase determination. In 

order to get more accurate quantitation the association constants and quantum efficiencies 

for the probes in each phase is needed; regardless, some attempts at quantitation are made 

by observed fluorescence intensity ratios of prodan emission in lamellar (intensity at 445 

nm) and micellar (intensity at 500 nm) phase below. 

Figure 4.3a further shows that the prodan emission becomes more intense with 

increasing concentration of mRL aggregates due to an increased fraction dissolved in the 

aggregates. Also observed from these spectra is a shift in λmax from prodan dissolved in 

water (λmax ~525 nm) to prodan dissolved in pre-micellar aggregates to micellar 

aggregates (discussed in more detail in Chapter 3). This transition through a pre-micellar 

aggregate phase has been observed for other surfactants as well,160, 177 and is reasonable 
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Figure 4.4. Emission spectra of 2.5 μM prodan dissolved in varying concentrations of 
native mRL maintained at pH 4.0/10 mM phosphate buffer. All spectra excited at 345 
nm. Concentration ranged from top to bottom corresponding to mRL concentrations of 
0.05, 0.1, 0.2, 0.3, 0.5, 0.75, 1, 2, 3, 4, 6, 8, 10, and 15 mM, where the arrow shows 
change in spectra with increasing concentration (red spectra).
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given the significant intermolecular interactions between the monomers. In contrast, 

Figure 4.3b shows very little emission of laurdan at its lowest concentrations, due to its 

poor solubility in water,30 and then an increased emission from micellar aggregates as the 

monorhamnolipid concentration increases. It should be noted that the emission spectra of 

these two probes at all native mRL concentrations have a shoulder at lower wavelengths 

suggesting that a fraction of the prodan and laurdan is dissolved in a lamellar structure. 

As reported above in Chapter 3, monorhamnolipids aggregate into multiple populations; 

therefore, this shoulder is likely attributable to the emission of these probes dissolved in 

this lamellar fraction of the monorhamnolipids. However, these two probes mostly 

suggest a high abundance of mRL pre-micelles below ~7.5mM and micelles at 

concentrations above ~7.5 mM, which is in good agreement with work in Chapters 3 and 

reported in the literature.82  

Many surfactants are known to form more complex structures at very high 

concentrations.2 Therefore, it is possible that native mRL may form different phases 

above the concentrations studied; however, a smaller volume fluorescence technique, 

such as fluorescence microscopy,126 may be needed to probe this in order to use less 

sample.  

In order to understand the phase behavior of native mRL in its protonated state, 

prodan emission was studied as a function of mRL concentration at pH 4.0; 

representative spectra for these conditions are shown in Figure 4.4. As discussed in 

Chapter 3, the native mRL mixture forms primarily lamellar structures, which is in 

agreement with the prodan emission spectra that exhibit a λmax at ~ 445 nm. As the mRL 

concentration increases, the abundance of lamellar structures also increases up to 15 mM. 
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A second phase is suggested by the data for native mRL at concentrations above ~15 

mM, as shown in Chapter 3. However, this phase was not explored further using prodan 

emission due to the need for a large amount of monorhamnolipids. Fluorescence 

microscopy on a small volume sample would therefore be useful to better understand the 

phase that exists above 15 mM at pH 4.0, discussed in more detail in Chapter 6. 

 

Effect of pH on Native Monorhamnolipid and Diastereomer Aggregate Phase Behavior. 

Since monorhamnolipids are known to shift from lamellar to micellar structures with 

increasing pH,82 the relative abundance of these two phases was studied using prodan 

fluorescence on all forms of the native and synthetic monorhamnolipids. Each surfactant 

was probed with prodan over a pH range from ~3.0 to 9.0; the spectral results over this 

pH range are shown in Figure 4.5 through Figure 4.10 for the native mRL, (R,R)-Rha-

C10-C10, (R,S)-Rha-C10-C10, (S,S)-Rha-C10-C10, (S,R)-Rha-C10-C10, and the 1:1:1:1 

diastereomer mixture, respectively. All spectra are normalized in the same way as Figure 

4.3. The excitation and emission spectra of prodan are known to shift with polarity, 

solvent dipole moment, and hydrogen bonding.31, 171 As a result, it is possible to 

preferentially excite the prodan present in a particular phase, lamellar or micellar. For 

example, Krasnowska et al.178 has shown that the excitation wavelengths shift from ~360 

nm when in a nonpolar lamellar like microenvironment to slightly higher wavelengths 

when in a more polar environment. Although the shift in excitation wavelengths is not 

large and the excitation bands are very broad is still possible to excite prodan residing in 

a lamellar phase preferentially over prodan in a micellar phase since it has a decreased 

polarity in its microenvironment. Thus, the emission spectra of prodan within the 
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Figure 4.5. Spectra of 2.5 μM prodan in 10 mM of the native mRL mixture as a function 
of pH, adjusted with minimal amounts of NaOH or HCl. Emission spectra excited at a) 
315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation spectra observed at e) 435 nm 
and f) 500 nm. pH ranged from top to bottom corresponding to pH of 3.65, 3.84, 4.00, 
4.33, 4.66, 5.01, 5.40, 5.66, 5.92, 6.26, 6.50, 6.82, 7.30, 7.87, 9.19 and 9.99, where 
arrows in plot b show change in spectra with increasing pH (red spectra).  
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Figure 4.6. Spectra of 2.5 μM prodan in 10 mM (R,R)-Rha-C10-C10 aggregates as a 
function of pH, adjusted with minimum amounts of NaOH or HCl. Emission spectra 
excited at a) 315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation spectra observed at 
e) 435 nm and f) 500 nm. pH ranged from blue to red spectra corresponding to pH of 
4.54, 4.98, 5.49, 6.03, 6.28, 6.50, 7.05, and 8.05, where arrows in plot b show change in 
spectra with increasing pH (red spectra). 
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Figure 4.7. Spectra of 2.5 μM prodan in 10 mM (R,S)-Rha-C10-C10 aggregates as a 
function of pH, adjusted with minimum amounts of NaOH or HCl. Emission spectra 
excited at a) 315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation spectra observed at 
e) 435 nm and f) 500 nm. pH ranged from blue to red spectra corresponding to pH of 
3.75, 4.04, 4.47, 5.01, 5.44, 6.12, 7.13, 7.35, and 8.01, where arrows in plot b show 
change in spectra with increasing pH (red spectra). 
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Figure 4.8. Spectra of 2.5 μM prodan in 10 mM (S,S)-Rha-C10-C10 aggregates as a 
function of pH, adjusted with minimum amounts of NaOH or HCl. Emission spectra 
excited at a) 315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation spectra observed at 
e) 435 nm and f) 500 nm. pH ranged from blue to red spectra corresponding to pH of 
4.12, 4.66, 4.96, 5.50, 6.01, 6.35, 6.55, 7.13, 8.32, and 9.59, where arrows in plot b show 
change in spectra with increasing pH (red spectra).
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Figure 4.9. Spectra of 2.5 μM prodan in 10 mM (S,R)-Rha-C10-C10 aggregates as a 
function of pH, adjusted with minimum amounts of NaOH or HCl. Emission spectra 
excited at a) 315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation spectra observed at 
e) 435 nm and f) 500 nm. pH ranged from blue to red spectra corresponding to pH of 
4.17, 4.43, 4.99, 5.50, 5.99, 6.39, 6.54, 6.93, 7.14, and 8.32, where arrows in plot b show 
change in spectra with increasing pH (red spectra). 
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Figure 4.10. Spectra of 2.5 μM prodan in 10 mM of a 1:1:1:1 diastereomeric mixture of 
aggregates as a function of pH, adjusted with minimum amounts of NaOH or HCl. 
Emission spectra excited at a) 315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation 
spectra observed at e) 435 nm and f) 500 nm. pH ranged from blue to red spectra 
corresponding to pH of 4.49, 4.96, 5.46, 5.92, 6.22, 6.56, 7.12, and 8.27, where arrows in 
plot b show change in spectra with increasing pH (red spectra). 
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surfactants were studied at four excitation wavelengths, and the excitation spectra were 

observed at two emission wavelengths to ensure that no one phase was excited 

preferentially 

From the emission spectral results shown in Figure 4.5 to Figure 4.10, it can be 

seen that all monorhamnolipid systems aggregate into a lamellar phase at pH 4 based on 

the prodan emission maximum at ~445 nm. With increasing pH, the monorhamnolipids 

become increasingly deprotonated and Coulombic repulsion makes the micellar phase 

more energetically favorable. The emission maximum of prodan dissolved in this phase 

shifts to ~500 nm due to the increased polarity of the micellar microenvironment. For all 

rhamnolipids studied the intensity of the prodan emission is slightly higher when 

dissolved in the lamellar phase, which is unsurprising since this microenvironment is 

more nonpolar increasing prodans quantum efficiency.158 It should be noted that for all 

the diastereomers and the 1:1:1:1 diastereomer mixture the decrease in fluorescence 

intensity of prodan when in the micellar phase is approximately the same. However, this 

decrease it greater for native mRL, which could suggest that the native mixture, with 

different congeners, lends itself to forming larger (more nonpolar) lamellar structures 

compared to the diastereomers. The formation of larger lamellar structures could be 

facilitated by the congeners in the native mixture with longer tail lengths forming more of 

a cylindrical surfactant structure, discussed in the packing parameter prediction in 

Chapter 3, compared to the C10-C10 tails 

Since excitation wavelength does not have an effect on this transition, prodan 

must be dissolved in essentially a single phase at all pH values. In fact, a slight difference 

in excitation spectra is observed between plots e and f in the above figures. However, 
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since these excitation bands are so broad it does not have a significant effect on 

preferential phase excitation in the emission spectra. As a result any of the emission 

spectra in the above figures a through d can be used to observe this transition pH for the 

monorhamnolipids, where plot b will be used for all further discussion. 

The shift in wavelength observed for each diastereomer suggests a phase 

transition, where a better approximation of the transition pH can be observed in Figure 

4.11. This plot shows the intensity ratio at 445 nm to 500 nm for comparing the relative 

abundance of prodan in the lamellar (λmax = 445 nm) to micellar (λmax = 500 nm) phase. 

All intensity data was pooled from the prodan emission spectra excited at 345 nm, plots 

b, to represent all emission data, since each will have essentially identical results. From 

these plots the intensity ratio at low pH values, prodan dissolved in lamellar aggregates, 

is ~1.4 for each rhamnolipid studied. For all diastereomers and the 1:1:1:1 mixture this 

ratio decreases slightly with increasing pH to ~6.0. At this pH all diastereomers show a 

shift in the intensity ratio to ~0.35, prodan dissolved in micellar aggregates. The 

transition pH for the (S,S)-Rha-C10-C10 diastereomer is slightly higher compared to the 

others suggesting that the S stereochemistry on the lipid tail may have a conical shape, 

Figure 3.1, allowing for more lamellar aggregation. It should be noted that the (R,S)-Rha-

C10-C10 and the 1:1:1:1 diastereomer mixture have slightly lower prodan intensity ratios 

at the lowest pH values. This suggests that the (R,S) diastereomer is less energetically 

stable in close-packed lamellar structures and more readily forms more open micelle 

structures, consistent with the observation that it exhibits the highest CAC of the four 

diastereomers at pH 4.0 but the lowest at pH 8.0 as discussed in chapter 3. 

The ratios observed for the native mRL at low pH values is slightly higher, ~1.6, 
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Figure 4.11. Prodan intensity ratio at 445 nm (prodan in lamellar) to 500 nm (prodan in 
micellar) to quantitate the two phases. All ratios collected from a single trial of prodan 
emission spectra excited at 345 nm for a) native mRL mixture, b) (R,R)-Rha-C10-C10, c) 
(R,S)-Rha-C10-C10, d) (S,S)-Rha-C10-C10, e) (S,R)-Rha-C10-C10, and f) 1:1:1:1 
diastereomeric mixture, where the vertical dashed line shows the inflection point to 
highlight the transition pH..
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than the diastereomers suggesting a higher abundance of lamellar structures in its 

protonated state. The high abundance of lamellar structures has been attributed to the 

abundance of congeners with conical molecular shapes in the native mixture and is 

observed throughout this chapter. By increasing the pH the lamellar phase stays in high 

abundance until pH ~6.7, slightly higher than the diastereomers, further evidence for the 

native mRLs ability to form more lamellar aggregates compared to the diastereomers. At 

pH values higher than ~6.5 the intensity ratio levels off at ~0.35 similar to the 

diastereomers.   

 

Effect of Ionic Strength on Native Monorhamnolipid and Diastereomer Aggregate Phase 

Behavior. The effect of ionic strength on aggregation behavior was probed as a function 

of NaCl concentration for the deprotonated monorhamnolipids at pH 8.0. The results are 

shown in Figure 4.12 to Figure 4.17. Each rhamnolipid solution containing the prodan 

probe and varying concentrations of NaCl, to vary ionic strength, was excited at four 

wavelengths and observed at two wavelengths in order to ensure that prodan within one 

phase was not preferentially excited over that in a different phase. All spectra are 

normalized to the highest intensity prodan emission, similar to Figure 4.3.   

In the Figure 4.12 to Figure 4.17 the excitation spectra (plots e and f) show broad 

bands that only shift slightly at the two observed emission wavelengths. Therefore, it can 

be said that the prodan probe will not be preferentially excited in one phase over another. 

Nonetheless, prodan was excited using four wavelengths to insure similar transitions for 

all emission spectra. In fact, it can be seen that for all plots a through d the emission of 

prodan does not change much due to its broad excitation bands. As a result, any of the 
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Figure 4.12. Spectra of 2.5 μM prodan in 10 mM native mRL aggregates at pH 8.0/10 
mM phosphate buffer as a function of ionic strength, adjusted with NaCl. Emission 
spectra excited at a) 315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation spectra 
observed at e) 435 nm and f) 500 nm. Ionic strength ranged from top to bottom 
corresponding to ionic strengths of 10, 15, 20, 30, 40, 50, 60, 80, 100, 125, 150, 175, 200, 
225, 250, and 300 mM, where the arrow in plot b show change in spectra with increasing 
ions (red spectra). 
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Figure 4.13. Spectra of 2.5 μM prodan in 10 mM (R,R)-Rha-C10-C10 aggregates at pH 
8.0/10 mM phosphate buffer as a function of ionic strength, adjusted with NaCl. 
Emission spectra excited at a) 315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation 
spectra observed at e) 435 nm and f) 500 nm. Ionic strength ranged from top to bottom 
corresponding to ionic strengths of 10, 15, 20, 30, 40, 60, 80, 100, 150, 200, and 300 
mM, where the arrow in plot b show change in spectra with increasing ions (red spectra).
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Figure 4.14. Spectra of 2.5 μM prodan in 10 mM (R,S)-Rha-C10-C10 aggregates at pH 
8.0/10 mM phosphate buffer as a function of ionic strength, adjusted with NaCl. 
Emission spectra excited at a) 315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation 
spectra observed at e) 435 nm and f) 500 nm. Ionic strength ranged from top to bottom 
corresponding to ionic strengths of 10, 15, 20, 30, 40, 60, 80, 100, 150, 200, and 300 
mM, where the arrow in plot b show change in spectra with increasing ions (red spectra).
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Figure 4.15. Spectra of 2.5 μM prodan in 10 mM (S,S)-Rha-C10-C10 aggregates at pH 
8.0/10 mM phosphate buffer as a function of ionic strength, adjusted with NaCl. 
Emission spectra excited at a) 315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation 
spectra observed at e) 435 nm and f) 500 nm. Ionic strength ranged from top to bottom 
corresponding to ionic strengths of 10, 15, 20, 30, 40, 60, 80, 100, 150, 200, and 300 
mM, where the arrow in plot b show change in spectra with increasing ions (red spectra).
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Figure 4.16. Spectra of 2.5 μM prodan in 10 mM (S,R)-Rha-C10-C10 aggregates at pH 
8.0/10 mM phosphate buffer as a function of ionic strength, adjusted with NaCl. 
Emission spectra excited at a) 315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation 
spectra observed at e) 435 nm and f) 500 nm. Ionic strength ranged from top to bottom 
corresponding to ionic strengths of 10, 15, 20, 30, 40, 60, 80, 100, 150, 200, and 300 
mM, where the arrow in plot b show change in spectra with increasing ions (red spectra).
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Figure 4.17. Spectra of 2.5 μM prodan in 10 mM of a 1:1:1:1 diastereomeric mixture of 
aggregates at pH 8.0/10 mM phosphate buffer as a function of ionic strength, adjusted 
with NaCl. Emission spectra excited at a) 315 nm, b) 345 nm, c) 372 nm and d) 390 nm, 
excitation spectra observed at e) 435 nm and f) 500 nm. Ionic strength ranged from top to 
bottom corresponding to ionic strengths of 10, 15, 20, 30, 40, 60, 80, 100, 150, 200, and 
300 mM, where the arrow in plot b show change in spectra with increasing ions (red 
spectra).
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emission spectra can be used to reach the same conclusions of the monorhamnolipids as a 

function of ionic strength. 

For all monorhamnolipids at pH 8.0 with no additional NaCl added, the most 

prevalent aggregate is the micelle. However, with increasing ionic strength up to 300 

mM, the relative abundance of the lamellar phase increases slightly for all four 

diastereomers and the 1:1:1:1 mixture, where a greater change is observed for the native 

mRL. This can be observed in the increased intensity of the shoulder at ~445 nm for all 

surfactants. It should be noted that since these experiments were carried out using 

sequential additions of a concentrated NaCl solution a decrease in fluorescence intensity 

is observed at higher ionic strengths from the sample dilution. As observed in Chapter 3 

the micelle is in high abundance at all concentrations of rhamnolipid at pH 8; therefore, 

this slight dilution should not change the relative abundance of the micellar to lamellar 

phase. As a result the increased abundance of lamellar aggregates is due to the increased 

ionic strength shielding the anionic charge of the monorhamnolipids by the added ions, 

thereby decreasing the effective Coulombic repulsion. This results in closer packing of 

the headgroups, making the lamellar structures more energetically favorable. This 

shielding effect has been reported previously for similar anionic surfactants2, 27 and for 

native mRL mixtures for which a 23 mM borax/8 mM HCl solution results in larger 

aggregates17 than observed in a 10 mM phosphate buffer (see Chapter 3.)  

It is noted that the effect of ionic strength is considerably more pronounced for the 

native mRL mixture than for the pure Rha-C10-C10 diastereomers or their 1:1:1:1 

mixture. This can be seen more clearly in the relative prodan intensity plot, Figure 4.18. 

Here all diastereomers suggest a high abundance of micellar aggregates, ratio ~0.35, at 
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Figure 4.18. Prodan intensity ratio at 445 nm (prodan in lamellar) to 500 nm (prodan in 
micellar) to quantitate the two phases at pH 8/10 mM phosphate buffer. All ratios 
collected from at single trial of prodan emission spectra excited at 345 nm for a) native 
mRL mixture, b) (R,R)-Rha-C10-C10, c) (R,S)-Rha-C10-C10, d) (S,S)-Rha-C10-C10, e) 
(S,R)-Rha-C10-C10, and f) 1:1:1:1 diastereomeric mixture. 
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the lowest ionic strength. Native mRL has a slightly higher ratio, ~0.4 which suggests 

more lamellar aggregates compared to the diastereomers due to the congener mixture in 

the native mRL to promote lamellar structures, which is further discussed below. 

Increasing the ionic strength has a similar effect on all the diastereomers, where an 

increase in lamellar abundance is observed due to the increased shielding from the ions. 

However, the effect of increasing ionic strength on the native mRL is much greater, 

where the prodan ratio is ~1.15 at the highest ionic strength (~1.4 observed for native 

mRL at room temperature and pH 8, above). This could suggest an increased abundance 

of lamellar structures or possibly a mid-sized aggregate phase for native mRL since 

prodans emission is very broad. This mid-sized aggregate would be consistent with the 

prodan λmax value, which falls between micellar and lamellar, ~500 and 445 nm, 

respectively. However since this peak is very broad it could suggest that the micellar and 

lamellar phases are also in a high relative abundance at these ionic strengths. The high 

abundance of the lamellar or mid sized aggregates in the native mRL relative to the 

diastereomers is likely the result of the congeners present in the native mixture, which 

confers different shapes on the individual monomers. Discussed in Chapter 1, the native 

mRL mixture contains congeners with longer lipid tails, which can assume a more 

cylindrical shape based on the predictions of their packing parameters. The presence of 

these congeners in the native mixture can then energetically promote packing into 

lamellar structures in contrast to the Rha-C10-C10 diastereomers or their 1:1:1:1 mixture. 

Although the abundance of congeners in the native mixture is low, ~15-25% depending 

on batch production,74, 89 the small fraction of congeners with bulkier tails seems to have 

an effect on promoting the formation of lamellar aggregates. 
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Interestingly, the (S,R)-Rha-C10-C10 diastereomer also has a slightly greater 

abundance of lamellar structures at higher ionic strengths, ratio ~0.65, compared to ~0.45 

for the other three diastereomers. Therefore, the (S,R) structure, seen in Figure 3.1, must 

allow for more interactions with the ions in solution making it more energetically 

favorable to form lamellar structures. It could be that the (S,R) diastereomer has greater 

headgroup exposure when aggregated increasing the effect of the high ionic strength in 

solution compared to the other diastereomers.  

Finally, the excitation spectra do not change significantly for any of the 

monorhamnolipids studied, suggesting that the increased abundance of lamellar structures 

at higher ionic strengths does not have a considerable impact on the excitation spectrum 

of prodan. 

As expected, all of the aggregates formed from fully protonated 

monorhamnolipids at pH 4.0 are lamellar structures regardless of ionic strength based on 

the prodan emission spectra in Figure 4.19 through Figure 4.24. However, based on an 

increase in the noise associated with the emission and excitation spectra, consistent with 

greater light scattering of these increasingly turbid solutions, increasing the ionic strength 

must increase the average size of the lamellar structures. Although the prodan probe does 

not report this change, it is consistent with observation of increasing visual cloudiness of 

these solutions and the decease in prodan intensity at higher ionic strength. This increased 

noise is particularly noticeable in the spectra for the (S,S)-Rha-C10-C10 and (S,R)-Rha-

C10-C10 diastereomers, suggesting that the S stereochemistry of the lipid tail closest to 

the rhamnose moiety forms a molecular structure allowing the formation of larger 

lamellar aggregates compared to the other Rha-C10-C10 diastereomers. 
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Figure 4.19. Spectra of 2.5 μM prodan in 10 mM native mRL aggregates at pH 4.0/10 
mM phosphate buffer as a function of ionic strength, adjusted with NaCl. Emission 
spectra excited at a) 315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation spectra 
observed at e) 435 nm and f) 500 nm. Ionic strength ranged from top to bottom 
corresponding to ionic strengths of 5, 10, 15, 20, 30, 40, 50, 75, and 100 mM. where the 
red spectra have higher ionic strengths. 
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Figure 4.20. Spectra of 2.5 μM prodan in 10 mM (R,R)-Rha-C10-C10 aggregates at pH 
4.0/10 mM phosphate buffer as a function of ionic strength, adjusted with NaCl. 
Emission spectra excited at a) 315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation 
spectra observed at e) 435 nm and f) 500 nm. Ionic strength ranged from top to bottom 
corresponding to ionic strengths of 5, 10, 15, 20, 30, 40, 50, 75, and 100 mM, where the 
red spectra have higher ionic strengths.
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Figure 4.21. Spectra of 2.5 μM prodan in 10 mM (R,S)-Rha-C10-C10 aggregates at pH 
4.0/10 mM phosphate buffer as a function of ionic strength, adjusted with NaCl. 
Emission spectra excited at a) 315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation 
spectra observed at e) 435 nm and f) 500 nm. Ionic strength ranged from top to bottom 
corresponding to ionic strengths of 5, 10, 15, 20, 30, 40, 50, 75, and 100 mM, where the 
red spectra have higher ionic strengths. 
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Figure 4.22. Spectra of 2.5 μM prodan in 10 mM (S,S)-Rha-C10-C10 aggregates at pH 
4.0/10 mM phosphate buffer as a function of ionic strength, adjusted with NaCl. 
Emission spectra excited at a) 315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation 
spectra observed at e) 435 nm and f) 500 nm. Ionic strength ranged from top to bottom 
corresponding to ionic strengths of 5, 10, 15, 20, 30, 40, 50, 75, and 100 mM, where the 
red spectra have higher ionic strengths. 
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Figure 4.23. Spectra of 2.5 μM prodan in 10 mM (S,R)-Rha-C10-C10 aggregates at pH 
4.0/10 mM phosphate buffer as a function of ionic strength, adjusted with NaCl. 
Emission spectra excited at a) 315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation 
spectra observed at e) 435 nm and f) 500 nm. Ionic strength ranged from top to bottom 
corresponding to ionic strengths of 5, 10, 15, 20, 30, 40, 50, 75, and 100 mM, where the 
red spectra have higher ionic strengths.  
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Figure 4.24. Spectra of 2.5 μM prodan in 10 mM of a 1:1:1:1 diastereomeric mixture of 
aggregates at pH 4.0/10 mM phosphate buffer as a function of ionic strength, adjusted 
with NaCl. Emission spectra excited at a) 315 nm, b) 345 nm, c) 372 nm and d) 390 nm, 
excitation spectra observed at e) 435 nm and f) 500 nm. Ionic strength ranged from top to 
bottom corresponding to ionic strengths of 5, 10, 15, 20, 30, 40, 50, 75, and 100 mM, 
where the red spectra have higher ionic strengths. 
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Figure 4.25. Prodan intensity ratio at 445 nm (prodan in lamellar) to 500 nm (prodan in 
micellar) to quantitate the two phases at pH 4/10 mM phosphate buffer. All ratios 
collected from at single trial of prodan emission spectra excited at 345 nm for a) native 
mRL mixture, b) (R,R)-Rha-C10-C10, c) (R,S)-Rha-C10-C10, d) (S,S)-Rha-C10-C10, e) 
(S,R)-Rha-C10-C10, and f) 1:1:1:1 diastereomeric mixture.
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Figure 4.25 shows the prodan intensity ratios for prodan dissolved in a lamellar 

phase and micellar phase. From this figure it can be seen that all monorhamnolipids 

reside in mostly a lamellar phase that stays constant with changing ionic strength. 

However, native mRL is shown to have the highest ratio at ~1.6 due to its ability to form 

more lamellar structures with less polarity due to its congener mixture, discussed above. 

The (S,S) diastereomer has the next highest ratio at ~1.45, which could suggest this tail 

orientation packs more tightly preventing water penetration and decreasing the observed 

polarity within the lamellar aggregates compare to the other diastereomers. (R,S) and 

(S,R) have the next lowest value at ~1.4 and (R,R) and the 1:1:1:1 diastereomer mixture 

has the lowest at ~1.35, which could also tell something about these surfactants packing 

structure and ability to prevent water penetration. 

 

Effect of Temperature on Native Monorhamnolipid and Diastereomer Aggregate Phase 

Behavior. Prodan emission and excitation spectra were also studied over a range of 

temperatures for all six monorhamnolipid samples at both pH 8.0 and 4.0. After adjusting 

the rhamnolipid and probe solution to the appropriate temperature four excitation spectra 

and two emission spectra are shown for each monorhamnolipid sample at pH 8.0 in 

Figure 4.26 to Figure 4.31. As observed for all other phase transitions studied the 

excitation spectra are broad decreasing the likelihood of preferentially exciting prodan in 

one phase over another. 

It can be seen from the emission spectra of the deprotonated monorhamnolipids at 

pH 8.0 at the coldest temperature, 5 °C, the micellar phase dominates for all 

monorhamnolipids studied. However, a slight abundance of lamellar phase is present at 
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Figure 4.26. Spectra of 2.5 μM prodan in 10 mM native mRL aggregates at pH 8.0/10 
mM phosphate buffer as a function of temperature. Emission spectra excited at a) 315 
nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation spectra observed at e) 435 nm and f) 
500 nm. Temperature ranged from top to bottom corresponding to temperatures of 5, 10, 
15, 20, 25, 30, 35, 40, 45, 50, 60, 70, and 90 °C, where the arrow in plot b shows change 
in spectra with increasing temperature (red spectra).
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Figure 4.27. Spectra of 2.5 μM prodan in 10 mM (R,R)-Rha-C10-C10 aggregates at pH 
8.0/10 mM phosphate buffer as a function of temperature. Emission spectra excited at a) 
315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation spectra observed at e) 435 nm 
and f) 500 nm. Temperature ranged from top to bottom corresponding to temperatures of 
5, 10, 15, 20, 30, 40, 50, 60, 70, and 90 °C, where the arrow in plot b shows change in 
spectra with increasing temperature (red spectra).
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Figure 4.28. Spectra of 2.5 μM prodan in 10 mM (R,S)-Rha-C10-C10 aggregates at pH 
8.0/10 mM phosphate buffer as a function of temperature. Emission spectra excited at a) 
315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation spectra observed at e) 435 nm 
and f) 500 nm. Temperature ranged from top to bottom corresponding to temperatures of 
5, 10, 15, 20, 30, 40, 50, 60, 70, and 90 °C, where the arrow in plot b shows change in 
spectra with increasing temperature (red spectra).
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Figure 4.29. Spectra of 2.5 μM prodan in 10 mM (S,S)-Rha-C10-C10 aggregates at pH 
8.0/10 mM phosphate buffer as a function of temperature. Emission spectra excited at a) 
315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation spectra observed at e) 435 nm 
and f) 500 nm. Temperature ranged from top to bottom corresponding to temperatures of 
5, 10, 15, 20, 30, 40, 50, 60, 70, and 90 °C, where the arrow in plot b shows change in 
spectra with increasing temperature (red spectra).
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Figure 4.30. Spectra of 2.5 μM prodan in 10 mM (S,R)-Rha-C10-C10 aggregates at pH 
8.0/10 mM phosphate buffer as a function of temperature. Emission spectra excited at a) 
315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation spectra observed at e) 435 nm 
and f) 500 nm. Temperature ranged from top to bottom corresponding to temperatures of 
5, 10, 15, 20, 30, 40, 50, 60, 70, and 90 °C, where the arrow in plot b shows change in 
spectra with increasing temperature (red spectra).
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Figure 4.31. Spectra of 2.5 μM prodan in 10 mM of a 1:1:1:1 diastereomeric mixture of 
aggregates at pH 8.0/10 mM phosphate buffer as a function of temperature. Emission 
spectra excited at a) 315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation spectra 
observed at e) 435 nm and f) 500 nm. Temperature ranged from top to bottom 
corresponding to temperatures of 5, 10, 15, 20, 30, 40, 50, 60, 70, and 90 °C, where the 
arrow in plot b shows change in spectra with increasing temperature (red spectra). 
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these temperatures, as observed from a shoulder at ~445 nm. It should be noted, the 

native mRL mixture shows a much larger abundance of lamellar structures compared to 

the others at 5 °C. This observation clearly indicates the strong influence of the relatively 

small abundance of congeners with longer alkyl chains and greater hydrophobic 

interactions that strongly promote lamellar aggregation compared to the pure Rha-C10-

C10 diastereomers with shorter alkyl chains. These results are consistent with those 

described above for the differential effects of ionic strength as the results of these 

structural differences. More relative details of the increased abundance of the native mRL 

lamellar phase are shown in Figure 4.32. From this figure it can be seen that the lamellar 

to micellar intensity ratio for the native mRL at the coldest temperature is ~0.8, where the 

other diastereomers and the 1:1:1:1 diastereomer mixture are approximately half that 

value. 

For all monorhamnolipids, increasing solution temperature results in a decrease in 

relative abundance of the lamellar phase, where no observable change in the prodan 

emission dissolved in the micellar phase is observed. It should be noted that increasing 

the temperature of the solution also shows a decrease in emission intensity of the prodan 

probe. This is caused by two effects: 1) an increase in the micellar phase decreasing the 

quantum efficiency of the probe since it is in a more polar environment and 2) the 

temperature also decreases the quantum efficiency of the probe, which has been observed 

previously for other fluorescent probes.179 It should be noted, the change in quantum 

efficiency of the probe with change in temperature has not been thoroughly quantified in 

the literature; however, this change in efficiency will not have an impact on the prodan 

emission spectra other than intensity,31, 33, 180 validating the use of prodan to probe 
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Figure 4.32. Prodan intensity ratio at 445 nm (prodan in lamellar) to 500 nm (prodan in 
micellar) to quantitate the two phases at pH 8/10 mM phosphate buffer. All ratios 
collected from at single trial of prodan emission spectra excited at 345 nm for a) native 
mRL mixture, b) (R,R)-Rha-C10-C10, c) (R,S)-Rha-C10-C10, d) (S,S)-Rha-C10-C10, e) 
(S,R)-Rha-C10-C10, and f) 1:1:1:1 diastereomeric mixture.
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monorhamnolipid aggregates with changing temperature. The decreased abundance of the 

lamellar aggregates at these higher temperatures is a result of the increasing energy in the 

system, which allows for increased solubility of the surfactant monomers overcoming 

some of the intermolecular interactions in the lamellar aggregates and increasing micellar 

abundance. From this data, a phase transition temperature can be estimated for the 

lamellar to micellar phase transition by extrapolating the linear regions for each plot. The 

transition temperatures from micelle into lamellar aggregates are tabulated in Table 4.1 

for all monorhamnolipids. From this table it can be seen that the native mRL has the 

highest transition temperature, which is expected due to the congeners in the native 

mixture that promote lamellar aggregate formation. The (R,R) diastereomer has the 

lowest transition temperature suggesting that the R configuration promotes micelle 

formation. This is surprising since the native mRL adopts the (R,R) configuration; 

therefore the small abundance of congeners in the native mixture must be playing a 

greater role in lamellar aggregation. At the warmest temperatures, all monorhamnolipids 

exhibit exclusively micellar phases, observed in the plateau region of the prodan intensity 

ratio, Figure 4.32. This phase transition can also be observed in the excitation spectra for 

each monorhamnolipid; however, the change is less apparent. 

Each monorhamnolipid was also studied as a function of temperature in its 

protonated state at pH 4.0; these results are shown in Figure 4.33 through Figure 4.38. At 

the lowest temperatures, the prodan emission suggests that all monorhamnolipids 

aggregate into lamellar phases. With increasing temperature, a decrease in fluorescence 

intensity is observed in all cases. This is caused by the explanation, 2), given above for 

varying temperature at pH 8. Also observed with increasing temperature, the
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Table 4.1. Transition temperatures of the monorhamnolipids from micellar to lamellar 
aggregates tabulated from the intersection of the linear regions in Figure 4.32 at pH 8/10 
mM phosphate buffer. No error is give since data are collected from only one trail. 

Monorhamnolipid Transition Temperature 

Native mRL 34.6 

(R,R) )-Rha-C10-C10 27.6 

(R,S) )-Rha-C10-C10 31.0 

(S,S) )-Rha-C10-C10 31.6 

(S,R) )-Rha-C10-C10 28.9 

1:1:1:1 Mixture 29.1 
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Figure 4.33. Spectra of 2.5 μM prodan in 10 mM native mRL aggregates at pH 4.0/10 
mM phosphate buffer as a function of temperature. Emission spectra excited at a) 315 
nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation spectra observed at e) 435 nm and f) 
500 nm. Temperature ranged from top to bottom corresponding to temperatures of 5, 10, 
20, 30, 40, 50, 60, 70, 80, and 90 °C, where the arrow in plot b shows change in spectra 
with increasing temperature (red spectra).
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Figure 4.34. Spectra of 2.5 μM prodan in 10 mM (R,R)-Rha-C10-C10 aggregates at pH 
4.0/10 mM phosphate buffer as a function of temperature. Emission spectra excited at a) 
315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation spectra observed at e) 435 nm 
and f) 500 nm. Temperature ranged from top to bottom corresponding to temperatures of 
5, 10, 20, 30, 40, 50, 60, 70, 80, and 90 °C, where the arrow in plot b shows change in 
spectra with increasing temperature (red spectra).
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Figure 4.35. Spectra of 2.5 μM prodan in 10 mM (R,S)-Rha-C10-C10 aggregates at pH 
4.0/10 mM phosphate buffer as a function of temperature. Emission spectra excited at a) 
315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation spectra observed at e) 435 nm 
and f) 500 nm. Temperature ranged from top to bottom corresponding to temperatures of 
5, 10, 20, 30, 40, 50, 60, 70, 80, and 90 °C, where the arrow in plot b shows change in 
spectra with increasing temperature (red spectra).
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Figure 4.36. Spectra of 2.5 μM prodan in 10 mM (S,S)-Rha-C10-C10 aggregates at pH 
4.0/10 mM phosphate buffer as a function of temperature. Emission spectra excited at a) 
315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation spectra observed at e) 435 nm 
and f) 500 nm. Temperature ranged from top to bottom corresponding to temperatures of 
5, 10, 20, 30, 40, 50, 60, 70, 80, and 90 °C, where the arrow in plot b shows change in 
spectra with increasing temperature (red spectra).
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Figure 4.37. Spectra of 2.5 μM prodan in 10 mM (S,R)-Rha-C10-C10 aggregates at pH 
4.0/10 mM phosphate buffer as a function of temperature. Emission spectra excited at a) 
315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation spectra observed at e) 435 nm 
and f) 500 nm. Temperature ranged from top to bottom corresponding to temperatures of 
5, 10, 20, 30, 40, 50, 60, 70, 80, and 90 °C, where the arrow in plot b shows change in 
spectra with increasing temperature (red spectra).
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Figure 4.38. Spectra of 2.5 μM prodan in 10 mM of a 1:1:1:1 diastereomeric mixture of 
aggregates at pH 4.0/10 mM phosphate buffer as a function of temperature. Emission 
spectra excited at a) 315 nm, b) 345 nm, c) 372 nm and d) 390 nm, excitation spectra 
observed at e) 435 nm and f) 500 nm. Temperature ranged from top to bottom 
corresponding to temperatures of 5, 10, 20, 30, 40, 50, 60, 70, 80, and 90 °C, where the 
arrow in plot b shows change in spectra with increasing temperature (red spectra). 
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emission spectra maximum intensity changes systematically to higher wavelengths, 

indicating that prodan exists in an increasingly polar environment. The excitation spectra 

also show similar transitions, where these observations are likely a result of the 

increasing temperature causing an increase in fluidity of the lamellar phase resulting in 

increased water penetration and hence, polarity of the prodan microenvironment. This is 

substantiated since there is a systematic change in wavelength maximum in all the 

emission spectra rather than two distinct aggregate populations reported by prodan as 

seen in many other phase changing studies in this chapter. These changes in wavelengths 

are caused by the increase in energy in the system, increasing monorhamnolipid 

solubility since the higher energy can overcome some of the intermolecular interactions 

between the surfactant molecules in the aggregate. Although, not enough energy is 

supplied to fully dissociate the aggregate into monomers. 

The wavelength intensity ratios for prodan at 445 nm to 500 nm has been 

calculated at the coldest temperature (5 °C) to be ~0.4 higher compared to lamellar 

intensity ratios at room temperature, ~1.4, above. The native mRL has the highest ratio at 

5 °C further supporting the argument that the congeners in the native mixture facilitate 

the formation of lamellar aggregates. For all monorhamnolipids increasing the 

temperature lowers the intensity ratio suggesting the formation of more fluid lamellar 

structures. Due to the systematic change in λmax observed in the above spectra it is 

believed that the lamellar phase is dissolving at higher temperatures rather than forming a 

new phase population; therefore, the intensity ratios are not a valid representation at these 

higher temperatures. However the λmax values are plotted in Figure 4.39 to show this 

change with temperature more clearly. From this plot three regions can be observed for 



229 
 

 

 
Figure 4.39. Prodan λmax values as a function of temperature at pH 4/10 mM phosphate 
buffer. All ratios collected from at single trial of prodan emission spectra excited at 345 
nm for a) native mRL mixture, b) (R,R)-Rha-C10-C10, c) (R,S)-Rha-C10-C10, d) (S,S)-
Rha-C10-C10, e) (S,R)-Rha-C10-C10, and f) 1:1:1:1 diastereomeric mixture.
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each monorhamnolipid. The first shows a slow increase in λmax at low temperatures then 

the λmax increases quickly around 30-40 °C. In this region the slope is estimated where 

the (R,S) diastereomer and the native mixture have the highest increase in λmax with 

temperature at 0.95 and 0.85 nm/°C, respectively. This would suggest these two 

monorhamnolipids have the lowest intermolecular interactions at these temperatures 

facilitating the melting of the lamellar phase. It should be noted that in the emission 

spectra, Figure 4.33 to Figure 4.38, a systematic decrease in fluorescence intensity is 

observed for the (R,R), (S,S), and (S,R) diastereomers with increasing temperature but 

this is not observed for the other monorhamnolipids. This could be an effect of the 

change in quantum efficiency with temperature convoluted with the change in quantum 

efficiency with polarity, since the slopes in Figure 4.39 are slightly different for each 

monorhamnolipid. The third region observed for each shows a slight increase in λmax with 

increasing temperature. This shows the melting of the lamellar phase is still occurring at 

the higher temperatures, >60 °C, but at a slower rate. 

 

Conclusions 

This work is the first to better understand how the phase behavior of aggregates of 

the native mRL mixture, four synthetically pure diastereomers, and the 1:1:1:1 mixture of 

those diastereomers varies with changing solution conditions. Phase properties of these 

six surfactant systems were understood using the known sensitivity of the fluorescence 

properties of the reporter prodan to its microenvironment. Results show that varying 

native mRL concentration, from the critical aggregation concentration to 50 mM, for 

deprotonated monorhamnolipids shifts the aggregate population from a pre-micellar form 
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below ~7.5 mM to a micellar form above ~7.5 mM. Also observed for deprotonated 

mRLs is evidence of a low abundance lamellar population at all concentrations. Both of 

these results are consistent with the results discussed above in Chapter 3. Native mRLs in 

their protonated state at pH 4.0 form lamellar structures that increase in abundance with 

increasing concentration, up to 15 mM, consistent with results discussed in Chapter 3. 

All six rhamnolipid surfactants where then probed at varying pH levels to observe 

the transition of phases through the pKa. For all six surfactants at low pH levels, prodan 

emission revealed a dominant lamellar population. Increasing the pH shifts the emission 

of prodan to a value that suggests a dominant micelle population. This transition occurs 

for all the diastereomers and the 1:1:1:1 mixture at a pH ~6.0, where the transition for 

native mRL is slightly higher. This would suggest that the congeners in the native 

mixture influence this phase transition pH, but the stereochemistry of the lipid tails and 

the mixture of the diastereomers does not have a significant impact on the point when this 

phase transition occurs. 

By increasing the concentration of NaCl in a solution of rhamnolipid prodan was 

used to study all six surfactants phase behavior as a function of ionic strength. For 

deprotonated rhamnolipids the dominant micellar aggregate decreased in relative 

abundance compare to the lamellar population as ionic strength increased, up to 300 mM. 

The higher ionic strength allowed for shielding of the anionic headgroups causing closer 

packing, which formed larger aggregates. This occurred for each rhamnolipid studied, but 

was most apparent for native mRL due to the abundance of congeners in the native 

mixture, which many have a much larger packing parameter (P) value. The congeners 

present with an increased P value would facilitate the formation of lamellar structures 
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compared to the synthetic rhamnolipids. Next all six rhamnolipids were probed in their 

protonated state to understand how increasing ionic strength, up to 100 mM NaCl, 

affected the lamellar populations. The prodan spectra did not change significant at any 

value of ionic strength for any of the six rhamnolipids studied. This is unsurprising since 

the neutral headgroup would be less affected by increased ions compared to the anionic 

monorhamnolipid headgroup. It should be noted that spectra tended to get noisier as NaCl 

concentrations increased. This could be a result of larger lamellar structures forming 

increasing cloudiness therefore increasing noise in the spectra, however a different 

analytical technique is need to better understand this behavior. 

Phase diagrams of the six rhamnolipids were built at varying temperatures. For 

deprotonated rhamnolipid at the coldest temperature, 5 °C, all prodan spectra show a 

dominant micellar phase with a shoulder at lower wavelengths suggesting some lamellar 

phase is present. The relative abundance of this lamellar peak is much larger for the 

native mRL compared to all other synthetic rhamnolipids. This would suggest that the 

congeners present in the native mixture facilitate the formation of lamellar aggregates 

likely due to the congeners present in native mRL, similar to its behavior at higher ionic 

strengths. By increasing the temperature of the solution more energy is supplied to the 

aggregates, which are all shown to increase the relative micellar abundance compared to 

the lamellar. In fact, at the warmest temperature, 90 °C, all prodan spectra suggest 

micellar aggregates are in exclusive abundance at pH 8. Prodan intensity ratios were 

further used to identify phase transition temperatures of each monorhamnolipid 

transitioning from lamellar to micellar aggregates. Protonated rhamnolipids were also 

studied at varying temperatures, where at the coldest temperature all rhamnolipids 
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aggregate in a lamellar phase. Increasing the temperature, up to 90 °C, increases the 

fluidity of the lamellar structures allowing more water penetration, which suggests that 

the lamellar aggregates are dissolving at these higher temperatures.   
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CHAPTER 5  
 

 

SPECIATION BEHAVIOR OF METAL BINDING BY RHAMNOLIPID 

CHELATORS 

Many metal ions, including rare earth metals, are becoming an increasingly 

needed material for advancing technologies.181, 182 These metals are found in a wide 

variety of consumer goods including, modern cell phones, renewable energy, and electric 

cars.183, 184 The market for most highly sought after elements is growing at a rate of 15% 

each year.185 Some of these metal ions, including rare earth metals, are in a relatively 

high abundance in the earths crust; however, their density in any one region is 

considerably low.181, 183 This makes these specific metals challenging and costly to mine. 

As a result, mining technologies are needed to better extract rare earth ions in higher 

yields. Current mining procedures involve time consuming ore extraction, large quantities 

of water waste, then ore grinding, toxic acid digestions, followed by electrochemical 

separations to process the materials.181 After all this is done, a portion of the metals are 

left behind in the water or rock waste, unrecoverable due to its trace quantities.181 Also of 

note, is the toxicity associated with these trace metals in the waste water.181 Metals 

unrecoverable by current mining technologies as well as metal contaminated soil from 

industrial waste and landfills is of major concern.186-188 being able to remove these metals 

in high yields is desirable. 

Soil washing is a process that involves scrubbing soils ex situ to remove 

contaminates such as toxic hydrocarbons or extraction of wanted metal ions. 186, 189 Many 

soil washings for extraction of wanted metal ions involves utilizing a chelating compound 



235 
 

 

to bind and better extract the metals.186, 189 This process has the potential to better extract 

trace metals that would otherwise be unrecoverable and potentially toxic. One of the 

biggest challenges with this process is to preferentially bind metals of interest and not 

common environmental ions. One common metal chelator used for this process is 

ethylenediaminetetraacetic acid (EDTA).186, 190 EDTA is known to chelate metal ions 

with high overall binding affinity (β), while leaving behind less technologically desirable 

environmental ions such as Mg2+ and K+.190 This binding process can be a combination of 

multiple EDTA molecules binding to larger metal ions, where the overall reaction 

formula is shown in equation 7.1. 

 𝑀 + 𝑥𝐿 ⇌  𝑀𝐿𝑥 (7.1) 

 
𝛽 =

[𝑀𝐿𝑥]
[𝑀][𝐿]𝑥 

(7.2) 

 
Here (M) is the metal of interest (L) is the ligand, EDTA, and x denotes the number of 

bound species. EDTAs ability to bind these metals well comes from the multiple binding 

sites present on the molecular structure. This chelation allows for effective soil washing 

where metal ions can be stripped and recovered from the ETDA using an electrochemical 

method. One of the biggest drawbacks of EDTA metal extraction is its acute toxicity to 

the environment.186 As a result, a greener alternative to EDTA soil washing is needed. 

Native monorhamnolipid (mRL) in known to be environmentally friendly186, 191 

and recently it has been studied for its rare metal binding abiltiies.188 Ochoa-Loza in 2001 

investigated binding trends using a competitive binding method with many environmental 

metal ions.188 A trend was found that mimicked the Irving-Williams metal binding 

trends,192 allowing for preferential binding with binding affinities of ~1010 for Al3+ 
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decreasing in the order Cu2+, Pb2+, Cd2+, Zn2+, Fe3+, Hg2+, Ca2+, Co2+, Ni2+, Mn2+, Mg2+, 

K+. Common environmental ions such as Mg2+ and K+ had low overall binding affinities 

to ~102.5 and 101, respectively, making native mRL a desirable chelating agent for 

extracting more desirable metals. Lebron Paler in 2008 also studied native mRL metal 

binding of Pb2+ and Cd2+ using a mass spectrometry (MS) to understand the complexed 

species after binding.193 This investigation was able to identify 1:1 and 2:1 ion 

complexes, mRL to metal, for both Pb2+ and Cd2+. It was found later in 2013 that the 

metal ions bind within a pocket that the native mRL creates in order to chelate.194 The 

coordination chemistry was studied using attenuated total reflectance Fourier transform 

infrared spectroscopy and hydrogen-deuterium exchange experiments to determine that 

two of the hydroxyl groups on the sugar complex to the metal ion and the carboxylic acid 

moiety on the backbone wraps around to bind, described as native mRL’s metal “binding 

pocket”.194 Furthermore, for larger metal ions, it was found that the native mRL has the 

ability to bind 2:1 or even 3:1 mRL to metal ions with a sufficiently large size.188 

However, to this date little is known about the individual binding affinities for this 

binding process.  

To investigate the individual binding events a purified rhamnolipid diastereomer 

(R,S)-Rha-C10-C10 was used throughout this chapter. The use of the pure diastereomer 

was needed in some case due to its high purity over the native mRL, as described in 

Chapter 1 of this dissertation.  

First the binding of this diastereomer with Cu2+ and Pb2+ ions was investigated to 

verify similar binding trend as observed for native mRL using MS. Careful consideration 

has been taken to perform experiments at low pH levels as to study only metal ions and 
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not any hydrolysis products of copper or lead.195-198 Native mRL is known to bind 1:1 and 

2:1, mRL to metal, for both of these metal ions.188, 193 As a result the individual metal 

binding affinities K1 and K2, as described in the reaction formula (7.3) and (7.5), will be 

investigated. 

 𝑀 + 𝐿 ⇌  𝑀𝐿 (7.3) 

 
𝐾1 =

[𝑀𝐿]
[𝑀][𝐿] 

(7.4) 

 𝑀𝐿 + 𝐿 ⇌  𝑀𝐿2 (7.5) 

 𝐾2 =
[𝑀𝐿2]

[𝑀𝐿][𝐿] 
(7.6) 

 

Mass Spectrometry of Metal Bound Complexes 

Native mRL has been previously found to bind to metal ions by observing 

complexed species in a mass spectrometer (MS),193, 194 and detecting the binding 

association constants through ion exchange methods.97 In fact, native mRL is known to 

bind to many metal ions,188 of which Cu2+ and Pb2+ will be studied throughout this 

chapter. Due to the complexity of the native mRL mixture, discussed in Chapter 1, the 

synthetically pure diastereomer (R,S)-Rha-C10-C10 is investigated to identify if similar 

binding events are present in the MS when mixed with Cu(NO3)2 and Pb(NO3)2. A 

mixture of 39 μM (R,S)-Rha-C10-C10 to 30 μM metal ion was made in 1:1 MeOH/H2O 

and stirred overnight to establish equilibrium. Solutions were ionized by electrospray 

ionization and mass separated using a quadrupole MS. The results of (R,S)-Rha-C10-C10 

mixed with Cu(NO3)2 and Pb(NO3)2 are shown in Figure 5.1 and Figure 5.2, respectively. 
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Figure 5.1. Mass spectrum of a 1.3 molar ratio of (R,S)-Rha-C10-C10 to Cu(NO3)2. Total solution concentration is 69 μM made in a 
1:1 MeOH/H2O
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Figure 5.2. Mass spectrum of a 1.3 molar ratio of (R,S)-Rha-C10-C10 to Pb(NO3)2. Total solution concentration is 69 μM made in a 
1:1 MeOH/H2O. 
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For (R,S)-Rha-C10-C10 complexed to Cu2+ ions the MS spectra reveal free sodiated 

(R,S)-Rha-C10-C10 at m/z 527, a 1:1 and a 2:1 (R,S)-Rha-C10-C10 to metal ion at m/z 

566 and 1031, respectively. These copper complexed peaks can easily be identified from 

the ratio of the two stable copper isotopes 63Cu and 65Cu at ~70% and ~30% relative 

abundance, respectively. A copper ion cluster can also be spotted at m/z 924 since it also 

has appropriate isotopic ratio; however, this cluster does not seem to be bound to the 

(R,S)-Rha-C10-C10 molecule in any way. Furthermore, MS data of (R,S)-Rha-C10-C10 

complexed to Pb2+ ions  show the same sodiated peak at m/z 527, a 1:1 and a 2:1 (R,S)-

Rha-C10-C10 to lead peak are also observed. Therefore the (R,S)-Rha-C10-C10 

molecule does bind to these metal ions similarly as the native mRL, 188, 193 where a 

complete list of labeled ions can be found in Table 5.1 and Table 5.2 for Cu(NO3)2 and 

Pb(NO3)2, respectively. It should be noted that the cluster ions defined in these tables are 

based on the isotopic ratios found in the MS spectra. 

Furthermore, the complexed species should change in relative abundance to one 

another by varying the ratios of the (R,S)-Rha-C10-C10 to metal. To study this the molar 

ratio of these molecules was varied between 0.1 and 3.3 ((R,S)-Rha-C10-C10 to metal) 

and MS data was collected. The relative abundance of the sodiated, 1:1 and 2:1 species is 

plotted in Figure 5.3 and Figure 5.4 for (R,S)-Rha-C10-C10 to Cu and (R,S)-Rha-C10-

C10 to Pb, respectively. From Figure 5.3 it can be seen that the relative abundance of the 

2:1 complex goes up with increasing molar ratio. This is expected since more (R,S)-Rha-

C10-C10 is present for the formation of 2:1 species. Unexpectedly the 1:1 complex does 

not change in abundance significantly for any molar ratio studied, which would suggest 

the stability constant for the 2:1 species is large relative to the 1:1 species for (R,S)-Rha- 
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Table 5.1. MS peaks and labeled molecular ions observed from Figure 5.1. 

m/z value Ion Molecular Formula 

527.3 [((R,S)-Rha-C10-C10)Na]+ 

566.0 [(((R,S)-Rha-C10-C10)-H)Cu]+ 

653.3 Background Ion 

924.0 Copper Cluster Ion 

1031 [((R,S)-Rha-C10-C10)2Na]+ 

1070 [(((R,S)-Rha-C10-C10)2-H)Cu]+ 
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Table 5.2. MS peaks and labeled molecular ions observed from Figure 5.2. 

m/z value Ion Molecular Formula 

527.3 [((R,S)-Rha-C10-C10)Na]+ 

565.0 [((R,S)-Rha-C10-C10)-H)NaK]+ 

711.0 [(((R,S)-Rha-C10-C10)-H)Pb]+ 

1031 [((R,S)-Rha-C10-C10)2Na]+ 

1215 [(((R,S)-Rha-C10-C10)2-H)Pb]+ 

1420 
Proposed Cluster Ion:                                     

[((R,S)-Rha-C10-C10)-H2)Pb]+                               
+ [((R,S)-Rha-C10-C10)-H)Pb]+ 
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Figure 5.3. Relative abundance of the MS peaks for [((R,S)-Rha-C10-C10)Na]+ (black, 
m/z 527.3) [(((R,S)-Rha-C10-C10)-H)Cu]+ (red, m/z 566.0) and [(((R,S)-Rha-C10-C10)2-
H)Cu]+ (blue, m/z 1070). All MS data was collected on varying concentrations of (R,S)-
Rha-C10-C10 while maintaining Cu2+ concentration at 30 μM in 1:1 MeOH/H2O. 
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Figure 5.4. Relative abundance of the MS peaks for [((R,S)-Rha-C10-C10)Na]+ (black, 
m/z 527.3) [(((R,S)-Rha-C10-C10)-H)Pb]+ (red, m/z 711.0) and [(((R,S)-Rha-C10-C10)2-
H)Pb]+ (blue, m/z 1215). All MS data was collected on varying concentrations of (R,S)-
Rha-C10-C10 while maintaining Pb2+ concentration at 30 μM in 1:1 MeOH/H2O. 
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C10-C10 to Cu complexes. Furthermore, the (R,S)-Rha-C10-C10 to Pb2+ complexes 

increase in abundance with increasing amounts of (R,S)-Rha-C10-C10. However, the 1:1 

and 2:1 complexes have comparable abundances at all ratios studied, suggesting the first 

and second binding vents have approximately the same association constants assuming 

the similar ionization of both species in these experiments. 

 

Rhamnolipid-Metal Association Constant Determination 

Isothermal Titration Calorimetry. Isothermal titration calorimetry (ITC) is a technique 

that detects the heats of binding when a reactant is titrated into a sample of analyte.199-201 

This process can either be done by injecting one large injection and identifying the 

overall heat of binding or, more commonly, by a series of smaller volume injections 

where the instrument detects the change in heat with respect to a reference cell for each 

injection.199 When binding occurs between the titrant and the analyte heat is given off as 

bonds form. The instrument detects this heat with respect to a reference cell and takes 

energy (in the form of heat) away form the sample cell to compensate for this exothermic 

process, which is then plotted as heat per injection. As binding sites fill up the heat per 

injection drops to zero and a thermogram can be built, which can be fit to equation (7.7) 

or (7.8) for a process with one or two binding events, respectively.199 

 𝑄𝑖 = [𝑆]𝑉0𝑛𝜃(𝛥𝐻) (7.7) 

 𝑄𝑖 = [𝑆]𝑉0(𝑛1𝜃1(𝛥𝐻1) + 𝑛2𝜃2(𝛥𝐻2)) (7.8) 

 
Here, Qi is the heat of the ith injection, [S] is the sample concentration in the cell, V0 is 

the volume of analyte in the sample cell, n is the number of binding sites, θ is the fraction 
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of sites occupied by ligand, ΔH is enthalpy and the subscripts 1 and 2 refer to the first and 

second binding events, respectively.  

Typically ITC is used to study binding events for biological processes between a 

receptor molecule and a ligand.199, 201 The large number of binding interactions for 

biological complexation results in high heats of binding and has strong binding 

affinities,199, 202 which is desired for ITC measurements; since Qi, a product of these 

properties, has a limit of detection at 1.5 μcal per injection due to the instruments 

thermocouple temperature sensitivity. Here, ITC will be used to study binding between 

(R,S)-Rha-C10-C10 and metal ions, specifically Cu2+ and Pb2+. Since the overall binding 

between native mRL and these two metal ions is height, 109.27 for Cu2+ and 108.58 for 

Pb2+,188 and small molecule metal binding has been detected previously using ITC,203, 204 

this method should be appropriate for studying the binding events between (R,S)-Rha-

C10-C10 and metal ions. 

Experiments were first conducted using 5 mM Cu(NO3)2 which was titrated into 

0.5 mM (R,S)-Rha-C10-C10. Each addition of titrant revealed an endothermic process 

and an exothermic process in the ITC response. The instruments response (which is the 

energy supplied to or from the sample cell to compensate for a change in temperature for 

each injection) is shown in Figure 5.5a, where the variations from the baseline are the 

result of the start of an injection. Each injection is shown to produce a downward peak 

and an upward peak, which is the result of an exothermic and endothermic process, 

respectively. The exothermic peak is hypothesized to be a result of the deformation of 

(R,S)-Rha-C10-C10 aggregates due to the dilution of the sample during the titration. The 

observed endothermic peak is likely a combination of the (R,S)-Rha-C10-C10 molecules 
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Figure 5.5. ITC instrument response during titrations of a) 5 mM Cu(NO3)2 into 0.5 mM 
(R,S)-Rha-C10-C10 and b) 5 mM Pb(NO3)2 into 0.5 mM (R,S)-Rha-C10-C10 made in 
purified H2O.
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Figure 5.6. ITC instrument response during titrations of a) purified water into 1 mM 
(R,S)-Rha-C10-C10 and b) 8 mM (R,S)-Rha-C10-C10 into a sample of purified water. 
All (R,S)-Rha-C10-C10 solutions were made in purified water.
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re-aggregating and the formation of (R,S)-Rha-C10-C10 to metal ion bonds. In fact, both 

endothermic and exothermic peaks can be observed when a water solution is titrated into 

(R,S)-Rha-C10-C10 or (R,S)-Rha-C10-C10 is titrated into purified water, Figure 5.6a and 

b respectively. Indicating that the deformation and formation energies of the surfactant 

aggregate overlaps that of the binding heats. This background signal could be subtracted, 

however the deformation and formation energies do not seem to be systematic with each 

addition of titrant making background subtraction inaccurate. Figure 5.5b shows the heats 

for 5 mM Pb(NO3)2 titrated into 0.5 mM (R,S)-Rha-C10-C10, which show similar results 

to that of copper binding. 

Many of these experiments were performed in solutions of pure water since the 

pH is ~6 due to dissolved CO2 and the pKa of (R,S)-Rha-C10-C10 is 5.5.5 however in 

some cases potassium hydrogen phthalate was used to buffer solutions to pH 4.0. In 

either case the metals, copper and lead, should be primarily in their free ion form for all 

experiments.195, 197, 204 For both water and buffered pH 4.0 solutions, the results were 

similar showing ITC instrument responses of both endothermic and exothermic peaks. In 

an effort to minimize the background signal metal titrant was studied at concentrations 

between 20 mM and 0.1 mM and (R,S)-Rha-C10-C10 analyte concentrations between 10 

to 0.1 mM. It should be noted, that in all cases the concentration of the titrant should be 

much larger than that of the analyte to observed all binding events in the ITC injection 

volumes are small (~0.5 μL) compared to the sample cell (1.5 mL). Furthermore, some 

experiments were performed titrating (R,S)-Rha-C10-C10 into metal solution. Any 

combination of concentration between the titrant and the analyte revealed the same or 

similar thermodynamic peaks in the ITC response. Unfortunately the critical aggregation 
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concentration of (R,S)-Rha-C10-C10 surfactant is low, ~ 25 μM at pH 4.0, making these 

experiments impossible to perform on the monomer form limited by the instruments 

sensetivity.199 As a result this technique seems to be incapable of determining individual 

binding constants for (R,S)-Rha-C10-C10 with Cu2+ and Pb2+ metal ions.  

It is possible that by modifying the (R,S)-Rha-C10-C10 molecule to eliminate its 

ability to aggregate that the binding affinities may be identified. A newly synthesized 

rhamnolipid molecule has been made by Ricardo Palos-Pacheco from the Dr. Pemberton 

lab at the University of Arizona that does not contain the lipid tail (Rha-C3-C3), Figure 

5.7. This would eliminate many of the intermolecular interaction that makes it 

energetically favorable to aggregates. Before ITC data can be collected for this newly 

synthesized molecule metal chelation must be investigated using MS. Figure 5.8 shows 

data collected for a 100 μM solution of Rha-C3-C3 mixed overnight with 100 μM 

Cu(NO3)2 in a solution of MeOH/H2O 1:1. From this data, and the labeled ion peaks in 

Table 5.3 it can be seen that the Rha-C3-C3 molecule does bind with the metal ion Cu2+ 

to form 1:1 and 2:1 Rha-C3-C3 to Cu2+ complexes. Furthermore the MS binding for this 

molecule with Pb2+, shown in Figure 5.9, also shows chelation with lead ions. Both of 

these MS spectra show 1:1 and 2:1 Rha-C3-C3 to metal binding although in slightly 

different relative abundance to the MS spectra above with the Rha-C10-C10 

diastereomer. For example, the (R,S)-Rha-C10-C10 to Cu and Pb shows a higher 

abundance of the 2:1 species relative to the 1:1 species compared to the Rha-C3-C3 to Cu 

and Pb complexes. This could suggest that the lipid tail length has a slight impact on the 

first and second association constants of the metal binding assuming the ionization is the 

same for both species. Since binding between Rha-C3-C3 and metals exists the overall 
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Figure 5.7. Molecular structure of the Rha-C3-C3 modified rhamnolipid molecule used to 
determine metal binding association constants.
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Figure 5.8. Mass spectrum of a 1.1 molar ratio of Rha-C3-C3 to Cu(NO3)2. Total solution concentration is 200 μM made in a 1:1 
MeOH/H2O. 
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Table 5.3. MS peaks and labeled molecular ions observed from Figure 5.8 

m/z value Ion Molecular Formula 

225.1 Background Ion 

331.1 [(Rha-C3-C3)Na]+ 

369.9 [((Rha-C3-C3)-H)Cu]+ 

531.8 Background Ion 

677.8 [(Rha-C3-C3)2-H)Cu]+ 

691.8 Background Ion 
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Figure 5.9. Mass spectrum of a 1.1 molar ratio of Rha-C3-C3 to Pb(NO3)2. Total solution concentration is 200 μM made in a 1:1 
MeOH/H2O. 
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Table 5.4. MS peaks and labeled molecular ions observed from Figure 5.9 

m/z value Ion Molecular Formula 

331.1 [(Rha-C3-C3)Na]+ 

514.9 [((Rha-C3-C3)-H)Pb]+ 

621.2 Background Ion 

654.9 [(Rha-C3-C3)2K]+ 

822.6 [((Rha-C3-C3)2-H2)Pb]+ 
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binding using an ion-exchange method, described previously,188 can be used and 

compared to the native mRL to insure the new molecular structure is not interfering with 

chelation. If overall bind is consistent than individual binding events should be identified 

using ITC. 

 

Capillary Electrophoresis. Capillary electrophoresis (CE) is used here to separate 

charged analytes by an electric field. CE instrumentation utilizes small (< 100 μm) inner 

diameter (i.d.) fused silica capillaries with large electric fields (~30 kV) for separation.205, 

206 Here, a 50 μM i.d. fused silica capillary is used to separate non-complexed (R,S)-Rha-

C10-C10 surfactant from complexed (R,S)-Rha-C10-C10 to metal ions. In CE the high 

voltage supplied, 30 kV, between the ends of the capillary move neutral and ionic 

molecules through in the same direction due to the electroosmotic flow (EOF). EOF is a 

result of the Stern layer along the silica capillary walls, where an immobile negatively 

charged silica oxide layer exists and, due to the electroneutrality, mobile cations present 

in the buffer are allowed to migrate toward the cathode when an electric field is 

applied.206, 207 The velocity of the electroosmotic flow, νEOF, is described by the 

Smoluchowski equation 7.9:208 

 𝜈𝐸𝑂𝐹 =
𝜀𝜁

4𝜋𝜂
𝐸 (7.9) 

 
where ε is the dielectric constant, ζ is the zeta potential, η is the viscosity of the solution 

and E is the applied electric field. 

Analytes are then separated as they migrate through the capillary due to their 

electrophoretic mobility, μep, equation 7.10:205, 206 
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 𝜇𝑒𝑝 =
𝑞

6𝜋𝜂𝑟
 (7.10) 

 
where q is the charge of the analyte, and r is its radius. The μep can be related to velocity 

by the expression νep = μepE and the total velocity of the analyte can be calculated with 

equation 7.11. 

 𝜈𝑇𝑂𝑇 = 𝜈𝑒𝑝 + 𝜈𝐸𝑂𝐹 (7.11) 

 
The velocity of the analyte is a function of the charge and size of the analyte, 

therefore it is possible to separate the complexed 1:1 and 2:1 (R,S)-Rha-C10-C10 to 

metal species from each other and from free (R,S)-Rha-C10-C10; since the 1:1 should 

have a positive charge, and the 2:1 should be significantly larger than the free 

rhamnolipid. A calibration can then be built and quantitative measurements of the three 

species can be made using this method to observe their relative abundance at different 

molar ratios. With this information the association constants of the first and second 

binding events can be identified.  

The challenge in this experiment lies in the detection of the (R,S)-Rha-C10-C10 

species as they migrate through the capillary. The CE instrument is coupled to a UV 

detector and rhamnolipid molecules are known to absorbed in the low ultraviolet (UV) 

region, ~200 nm, however they are very poor absorbers.193 The absorbance spectrum of a 

1 mM (R,S)-Rha-C10-C10, pH 8.0 adjusted water, solution in a 1 cm cuvette is shown 

below in Figure 5.10. It should be noted, that for CE experiments here the capillary i.d. is 

50 μM and typical concentrations for this experiment should be performed below the 

CAC, ~20 μM at pH 4.0, to eliminate any aggregates which would migrate at different 



258 
 

 

 

 

 

 

 

Figure 5.10. Absorptivity of 1mM (R,S)-Rha-C10-C10 in water adjusted to pH 8.0 with 
minimal amounts of NaOH in a 1 cm cuvette.
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rates. As a result it is difficult to detect (R,S)-Rha-C10-C10 as it migrates through the CE 

detection window. Figure 5.11 shows the instrument response of a 2 mM mRL solution 

migrated through a 50 μM i.d. at 5 psi with a volume plug size of ~0.3 μL. Figure 5.12, 

shows the absorbance of the peak observed at ~0.65 minutes, which resembles that of the 

(R,S)-Rha-C10-C10 absorbance spectra. Therefore, it can be seen that detection of (R,S)-

Rha-C10-C10 is possible with this instrument, however complexation and detection of 

smaller sample concentrations, which would be needed for accurate association 

determination, would be difficult. As a result a modification to the (R,S)-Rha-C10-C10 

diastereomer is needed that would add a better absorber for the UV detector or 

modification adding a fluorophore then using a fluorescence detector would also be 

possible. Both of these modifications would need to not interfere with the metal binding 

process. This is described in more detail in the future directions in Chapter 6. 

 

Conclusions 

Studies conducted here were done to better understand the individual binding 

events, K1 and K2, during the binding of (R,S)-Rha-C10-C10 to metal ions Cu2+ and Pb2+. 

This work was done to further explore the binding trends previously observed,188 and 

identify a technique suitable to measure these values. Unfortunately, the ITC and CE 

methods used exhibited inherent limitations that do not allow the identification of these 

binding events.  

First, to explore the binding, MS techniques were employed to observe the 

binding between (R,S)-Rha-C10-C10 to Cu and Pb. It was found that the diastereomer 

binding to Cu ions has a strong 2:1 association constant compared to the 1:1 association 
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Figure 5.11. Screen shots of the detector response of a) the heat map of the absorbance 
spectra vs. migration time and b) a 2D representation of the heat map. Data collected for 
~ 0.3 μL of 2 mM (R,S)-Rha-C10-C10 in 50 μM i.d. fused silica capillary pressure driven 
at 5 psi. 
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Figure 5.12. Absorbance spectra observed for peak at ~0.65 minute migration time from 
data collected in Figure 5.11. 
 

A
bs

or
ba

nc
e 

nm 



262 
 

 

constant. However, the diastereomer binding to the Pb ions has a comparable association 

constant for both 2:1 and 1:1 binding events. 

ITC measurements were conducted on concentrations of (R,S)-Rha-C10-C10 

above the critical aggregation concentration, which resulted in deformation of aggregates 

during the titration process. This technique is capable of detecting the thermodynamics 

associated with aggregate deformation and formation, which result in a exothermic and 

endothermic process observed by the ITC. It was found that this background signal 

directly overlaps the exothermic signal from the (R,S)-Rha-C10-C10 to metal binding. 

Furthermore, this background signal could not be subtracted from the exothermic binding 

process since the deformation and formation processes were not systematic. To overcome 

the background thermodynamics a newly synthesized rhamnose molecule was made. This 

molecule must offer the same metal binding pocket seen in the rhamnolipids, but should 

not act as an amphiphile; therefore it should have not lipid tail. This Rha-C3-C3 molecule 

was found to chelate both copper and lead ions similarly, but not identical, to the binding 

observed for the (R,S)-Rha-C10-C10 to metal ions. Therefore it is possible that Rha-C3-

C3 could be used to better understand the individual binding events of rhamnolipid 

molecules using ITC methods.  

Separation of the bound and unbound species was performed with CE in order to 

quantitate their relative abundance and therefore determine binding constants. These 

experiments are needed to be preformed at concentrations below the CAC, ~20 μM at pH 

4.0, in order to observe only the non-aggregated species. It was found that since 

rhamnolipid is such a poor absorber,193 that the detection of these low concentrations 

would not be possible using UV absorption measurements. In fact, a modification of the 
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rhamnolipid molecule would be needed in order to improve its molar absorptivity in the 

UV region to increase detection and determine binding constants. Alternatively a 

modification could be done to add a fluorescence molecule to the rhamnolipid, and then 

CE coupled to a fluorescence detector could be used to improve sensitivity of absorbance 

measurements. 
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CHAPTER 6  
 

CONCLUSIONS AND FUTURE DIRECTIONS 

Overview of the Problem 

Surfactants are used in a wide variety of industrial applications including 

detergents, wetting agents, drug delivery vessels or foaming agents; resulting in an 

estimated $40 billion market in 2021 with ~5% annual growth.2, 40, 209 As a result, 

commonly used synthetic surfactants have been under increased scrutiny for toxicity and 

limited biodegradability.2, 48 Biosurfactants, surfactants produced naturally by bacteria or 

other living organisms, have been identified as potential “greener” alternatives to 

synthetic surfactants.48, 210 These amphiphilic molecules have been shown to display 

similar or better characteristics than commonly used surfactants.58, 77, 211 

Rhamnolipids produced by Pseudomonas aeruginosa are glycolipids that have 

been reported previously in the literature and studied in this laboratory to identify their 

potential usefulness as alternative bio-produced surfactants.74, 89, 210, 212 The goal has been 

to better characterize their surfactant performance for potential use in industrial or 

commercial applications. Most research to this point has been focused on the bacterially-

produced molecules, which are made as a complex mixture of congeners possessing 

varying tail lengths; access to high-purity variants of the specific congeners has been 

therefore limited.194, 210 Given that surfactant molecular structure is known to affect 

molecular packing, thereby changing critical micelle concentration (CMC) and micellar 

shape and aggregation behavior,9, 10, 18 industrial applications need surfactants that display 
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characteristics tailored to a given task.40 As a result, being able to alter surfactant 

molecular shapes and chemical properties would be advantageous.  

Currently, little is known about how the CMC, minimum surface tension (γCMC), 

size, shape, and average aggregation number (Nagg) changes with glycolipid structure. To 

this end, Coss has recently developed a method for synthesizing highly pure single 

glycolipids.35 This synthetic process is possible due to a glycosylation reaction that links 

a sugar to a lipid tail to produce the glycolipid, thereby allowing modification of the 

molecular structure.35 With this new synthetic approach, highly pure rhamnolipids can be 

produced and studied to correlate molecular structural attributes with surfactant 

performance. As a first step in this exploration, pure rhamnolipid diastereomers of the 

most common congener, Rha-C10-10, were synthesized. These rhamnolipids varied in 

tail stereochemistry resulting in four unique molecular compounds, (R,R), (R,S), (S,S), 

and (S,R)-Rha-C10-C10. The comparison of surfactant performance for the four 

monorhamnolipid diastereomers and the naturally produced native monorhamnolipid 

(mRL) mixture is undertaken. 

 

Research Summary and Significant Conclusions 

Critical Micelle Concentration (CMC). CMC values of the native mRL mixture and the 

four Rha-C10-C10 diastereomers were determined using surface tension measurements, 

utilizing the du Noüy ring method. Since lower CMC values allow the formation of 

micelles at lower concentrations, CMC is a good metric to compare surfactants. For all 

rhamnolipids studied it was determined that the previously defined CMC is an inaccurate 

term since all surfactants tend to form pre-micellar aggregates before the formation of 
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fully formed micelles. As a result the more accurate term of critical aggregation 

concentration (CAC) is used herein. All rhamnolipids were studied at a pH 8.0 and pH 

4.0 to fully deprotonate or protonate the carboxylic acid moiety on the molecule (pKa of 

5.5 when in an aggregate form)5. For rhamnolipid in their deprotonated state, pH 8.0, 

(R,S)-Rha-C10-C10 has the lowest CAC value at 79 μM, (S,S)-Rha-C10-C10, (S,R)-

Rha-C10-C10, and native mRL have slightly higher values around 200 μM and (R,R)-

Rha-C10-C10 is the highest at 270 μM. These trends suggest that stereochemistry of the 

lipid tails plays a role in changing CAC, such that the (R,S) conformation of the chiral 

carbons results in a smaller CAC indicating a structuring of the molecule where it is more 

energetically favorable to form micelles than remain as monomers at low concentrations 

in aqueous solutions. Also note that the CAC for the native mRL is slightly smaller than 

the (R,R)-Rha-C10-C10 surfactant, which is unexpected since native mRL adopts an 

(R,R) conformation. This is likely due to the high purity of the (R,R)-Rha-C10-C10 

synthetic molecule compared to the native mRL, which seems to influence the energetics 

of forming aggregates at lower concentrations.  

Since the synthetic methods for synthesizing the diastereomers requires time 

consuming steps to separate each diastereomer the 1:1:1:1 mixture was also studied for 

comparison. At pH 8.0 the CAC of the 1:1:1:1 mixture is 277 μM which is most similar 

to the (R,R)-Rha-C10-C10 molecule. This would suggest that the (R,R) conformation 

dominated the molecular energetics for aggregate formation. 

The rhamnolipids studied at pH 4.0, (S,R)-Rha-C10-C10 and (R,R)-Rha-C10-C10 

have similar CACs at about 15 μM. (S,S)-Rha-C10-C10 has the next highest CAC at 18 

μM, then the native mRL and (R,S)-Rha-C10-C10 at 21 and 25 μM, respectively. This 
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would suggest that in their protonated state that the (S,R) and (R,R) tail stereochemistry 

lend themselves best to minimizing the energy needed for aggregation in solution. Again 

the (R,R) diastereomer has a slightly smaller CAC than the native mRL which would 

suggest that the native mixture is less desirable for aggregation at lower concentrations 

than the pure diastereomer in both the deprotonated and protonated states. The 1:1:1:1 

diastereomer mixture again has a very similar CAC to the (R,R)-Rha-C10-C10 molecule 

suggesting the (R,R) diastereomer plays a significant role in aggregation. The (R,S)-Rha-

C10-C10 molecular shape, which had the lowest CAC in the deprotonated state, has the 

highest CAC in the protonated state. This would suggest protonating the carboxylic acid 

moiety on this molecule results in a structural change that makes it less favorable to form 

aggregates compared to the remaining rhamnolipid molecules in there protonated states. 

The surface tension measurements also reveal the minimum surface tension at the 

CAC (γmin) for each surfactant and their cross-sectional areas. All minimum surface 

tensions are similar for the diastereomers, the 1:1:1:1 mixture, and the native mRL(~28 

mN/m) at both pH 8.0 and pH 4.0. Suggesting stereochemistry and the small abundance 

of congeners has very little effect on the γmin. At pH 8.0, the cross-sectional areas of the 

rhamnolipids follow similar trends as observed for the CAC values. Therefore, the 

propensity to form micelles in solution is correlated with the cross-sectional area of the 

surfactant molecules at the air water interface. At pH 4.0 for each rhamnolipid molecule 

studied the cross sectional area is below a reasonably expected value. This low value is 

believed to be the result of a curving of the air water interface after adsorption due to the 

strong intermolecular interactions between the rhamnolipid molecules. This strong 

interaction and curving of the interface has been observed through some molecular 
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dynamic simulations of adsorption done through a collaboration with Dr. Steven 

Schwartz lab at the University of Arizona. 

 

Dynamic Light Scattering and Packing Parameter Predictions. Native mRL and all four 

diastereomers all have three aggregates present in solution, a population with a small 

hydrodynamic radius (Rh) of ~1.5-3.0 nm, and two larger aggregates with Rh values of 

~10-20 nm and ~50-100 nm, respectively. This is true at both pH 8.0 and 4.0 over a 

concentration ranging from the CMC to at least 50 mM. At pH 8.0, the smallest 

aggregate, the micelle, is in higher abundance by at least 6 orders of magnitude compared 

to the middle size aggregate and 12 orders of magnitude relative to the largest aggregate 

at all concentrations. The smallest population is believed to be the micelle of interest due 

to predicted packing of the surfactants by Tanford’s method, making the micelle the most 

abundant and influential aggregate for deprotonated rhamnolipids.10 Tanford’s 

predictions along with packing parameter predictions from Israelachvili et al. suggest that 

the all rhamnolipid micelles adopt an ellipsoidal or rod-like shape; thus, there is no 

correlation to micellar shape and stereochemistry of the glycolipid.9, 10 Furthermore, the 

two largest aggregates likely take on a lamellar or vesicular shape based on the observed 

Rh.  

At pH 4.0, the DLS data still suggests that the micelle is the most dominant 

population in solution for each diastereomer and the native mRL. With a higher 

abundance by ~3 orders of magnitude compared to the middle size aggregate and ~10 

orders of magnitude relative to the largest populations. Due to work throughout this 

dissertation it is believed that the most abundant species for protonated rhamnolipid 
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aggregates is a lamellar type structure, which has also been suggested in the literature.79, 

82 Furthermore, it has been discussed previously that there is an inherent assumption in 

conversion of the light scattering intensities to number densities by the assumption of 

spherical shape (previously reported differences up to 104).15, 135 Therefore, it is likely 

that the larger lamellar structures are actually dominant in solution for protonated 

rhamnolipids. 

 

Fluorescence Quenching. As discussed in the DLS data, the micelle is dominant in 

solution for all deprotonated rhamnolipid aggregates. As a result fluorescence quenching 

methods are used to determine the average aggregation number, Nagg, (or critical 

aggregation number, Nagg, crit) of the micelles for each diastereomer and the native mRL. 

The microenvironment of the rhamnolipid micelles was probed with pyrene and 

quenched with sequential aliquots of benzophenone (BP) to identify the Nagg, crit using 

methods described by Turro and Yekta.20 The observed Nagg was determined for 

concentrations of surfactant from 1 to 90 mM and 1 to ~30 mM for the native mRL and 

the diastereomers, respectively. Over this range, two linear regions are identified for all 

rhamnolipids. The first region is due to a system dominated by pre-micelles indicated by 

the probing (pyrene, prodan and laurdan probes) emission spectrum and the low BP 

affinity at these concentrations. The existence of pre-micelles in this region has also been 

confirmed with molecular dynamic (MD) computations, done through collaboration with 

the Dr. Steven Schwartz lab at the University of Arizona. The second linear region is a 

result of a systematic elongation with increasing concentration along one axis of the 

rhamnolipid micelles from the addition of monomers to the aggregate. Therefore, an 
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intersection of these two linear regions provides an accurate prediction of the smallest 

stable true micelle. This point is referred to as the critical Nagg (Nagg crit.). 

Using Tanford’s shape prediction approach,10 Nagg is predicted to be ~20 to 40 

molecules for the diastereomer and native mRL micelles. The measured Nagg crit values for 

all the rhamnolipid micelles is ~26 molecules/micelle, in good agreement with these 

predictions. These results collectively indicate that stereochemistry and the different 

congeners present in the mRL mixture have little effect on the actual number of 

molecules that make up the micelle at the critical concentration (~7.5 mM). 

It should be noted that through the MD computations from our collaboration 

rhamnolipid aggregates were found to be energetically stable across many different sizes 

of micelle aggregates. The lack of a minimized free energy for a specific micellar 

structure results in a growth of the rhamnolipid micelles with increasing concentration. 

This growth is observed for all rhamnolipid micelles at concentrations above ~7.5 mM, 

however the (R,S)-Rha-C10-C10 diastereomer micelle does not increase as rapidly with 

concentration compared to the others. This could be caused by a slightly more 

energetically favorable form at ~30 molecules/micelle due to the (R,S) tail orientation. 

For the native mRL in its protonated state, using a similar fluorescence quenching 

experiment, the polydispersity of the aggregates was measured. Using both pyrene and 

benzophenone the observed Nagg was identified over a range of quencher concentrations. 

The results show that the Nagg value changed with changing quencher concentration. This 

can only happen when the quencher is loading into an aggregate of larger mass 

preferentially, then at higher concentrations loads into aggregates of lower mass. The 

result is that the change in observed Nagg indicates >90% of the aggregates formed are not 
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in a micellar aggregate. This is consistent with data throughout this dissertation 

suggesting lamellar structures are dominant for rhamnolipids in its protonated state. 

 

Fluorescence Spectroscopy. As previously suggested the rhamnolipid aggregates change 

with changing solution conditions. As a result the phase of the aggregates were studied 

using a solvatochromic fluorescence probe for phase identification at specific solution 

conditions. The conditions that were varied in order to study the phase behavior include 

pH, ionic strength and temperature. By varying the pH from ~3 to 9 and maintaining a 

constant surfactant concentration each diastereomer, the 1:1:1:1 synthetic mixture, and 

the native mRL are shown to transition from primarily aggregating in a lamellar structure 

to a micellar structure. This transition for all diastereomers and the native mRL occurs at 

~6.5 suggesting that the diastereomers tail orientation and native mixture of congeners 

does not play a significant role in the transition pH. 

Varying the ionic strength was done at both pH 8.0 and 4.0 for each rhamnolipid 

to study any phase dependence with increasing NaCl concentration. For pH 8.0, 

deprotonated rhamnolipid, each show an increase in the presence of a lamellar phase up 

to 300 mM NaCl. The increased lamellar phase is likely a result of increased shielding of 

the anionic rhamnolipid headgroups from the added ions in solution. The increased 

shielding decreases the effective coulombic repulsion between head groups allowing 

them to pack more closely therefore forming more lamellar structures. It should be noted 

that all diastereomers, including the 1:1:1:1 mixture, behave similarly however the 

increased presence of lamellar phase is much greater for the native mRL at higher ionic 

strengths. This suggests that the small abundance of congeners in the native mixture favor 
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the formation of lamellar structures at higher ionic strengths. At pH 4.0, protonated 

rhamnolipid, all molecules aggregates primarily in a lamellar structure. Since the 

headgroups are in a neutral state, increasing the ionic strength of the solution does not 

have any significant impact on the presence of the lamellar structure relative to the 

micellar for all rhamnolipids detectable by this probing method. 

Varying the temperature of the solution and holding all other conditions constant 

phase behavior of all diastereomers, the 1:1:1:1 synthetic mixture, and the native mRL 

were studied at pH 8.0 and 4.0. For pH 8.0 all rhamnolipids show the presence of both 

lamellar and micellar aggregates at the coldest temperature, 5 °C. By increasing the 

temperature, up to 90 °C, more energy is given to the aggregates allowing them to form 

more micelles relative to lamellar. This occurs to approximately the same extent for each 

diastereomer and the 1:1:1:1 synthetic mixture. However, there is a much larger 

abundance of lamellar phase at the coldest temperatures for the native mRL aggregates. 

Again this would suggest that the small abundance of congeners present in the native 

mixture allow for more formation of lamellar structures relative to the synthetic 

diastereomers. For pH 4.0, all rhamnolipids primarily aggregate in a lamellar structure at 

the coldest temperature. By increasing the temperature, up to 90 °C, the prodan probe 

suggest two processes are occurring: 1) the increased temperature increases fluidity of the 

lamellar phase allowing more water penetration, 2) more micelles are forming as a result 

of the increased energy supplied to the system. These results are consistent for all 

diastereomers, the 1:1:1:1 mixture, and the native mRL. 
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Rhamnolipid Metal Binding. The native mRL has been investigated previously for 

strongly chelating metal ions.188, 194 Its ability to strongly bind metal ions compared to 

common environmental ions makes rhamnolipid a desirable alternative to mining 

valuable metals. For larger metal cations the rhamnolipid is known to bind 2:1 or 3:1, 

rhamnolipid to metal, with strong overall association constants. To date little is known 

about the individual binding constants between the rhamnolipid and the metal ions. For 

this reason the first, second, and third binding association constants were investigated 

with the following analytical techniques: mass spectrometry (MS), capillary 

electrophoresis (CE), and isothermal titration calorimetry (ITC). Due to the complexity of 

the native mRL biosurfactant all metal binding experiments were performed on the 

synthetically pure (R,S)-Rha-C10-C10 diastereomer to eliminate any undesirable 

reactions from the different congeners in the native mixture. First MS experiments were 

performed to confirm metal binding with the (R,S)-Rha-C10-C10 molecule and two 

larger metal ions, Cu2+ and Pb2+. Since these are both 2+ ions we would expect to see 

both 1:1 and 2:1 complexation with these metals and in the MS spectra both ions are 

observed. Therefore, investigation of the individual binding constants between (R,S)-

Rha-C10-C10 and these two ions was explored. 

In order to determine the metal minding association constants CE was first used, 

utilizing a UV-Vis detector. The goal was to bind the (R,S)-Rha-C10-C10 molecules with 

the metals and quantitate the bound to unbound signal since they will migrate at different 

rates. Although rhamnolipid molecules absorbs slightly in the low UV region this 

detection technique proved to be insensitive in detecting the low quantities of (R,S)-Rha-

C10-C10 that would migrate through the capillary. As a result the rhamnolipid molecules 
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would need to be modified with a dye or a different detection technique would be needed 

in order to determine association constants using this method. 

ITC was used next in an attempt to identify these binding constants. This 

technique is very sensitive to small changes in heat and therefore the heats of 

complexation should be detected during a titration process and fit to determine binding 

constants. This technique was performed by titrating either metal into a solution of (R,S)-

Rha-C10-C10 or vise versa, and in all cases the signal to noise was to low for proper 

fitting. As a result the association constants were not able to be determined through this 

method. It has been hypothesized that the excess noise, signal in the form of heat, is a 

result in the deformation of (R,S)-Rha-C10-C10 aggregates during the titration process. 

And due to the low aggregation concentration of rhamnolipid the instrument is not 

sensitive enough to perform at concentration below the CAC. As a result a modified 

rhamnolipid molecule that does not aggregate would be needed in order for ITC to detect 

association constants. 

 

Future Directions 

Alternative Micelle Measurements. Although aggregate shape can be estimated using 

packing predictions, the exact morphology of the micelle can only be simulated using 

MD.9, 10 DLS is used to measure Rh, to characterize the long axis of the micelle; however, 

a more powerful technique is needed to understand the actual shape. Small angle neutron 

scattering (SANS) is a suitable technique that has been used to determine micelle 

structure in solutions.213 This technique has been used previously to study the native mRL 

in its deprotonated state,16, 85 however it has not been used to characterize the 
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diastereomers. SANS can provide more detailed data on the size and shape of the 

micelles based on neutron scattering from the micelles in solution.214 This would 

hopefully confirm previous predictions about micelle shape. Furthermore, the pure 

diastereomers can be studied for a better comparison with the native mRL. 

 

Measuring Rhamnolipid Environmental Impact. Since rhamnolipids are thought to be a 

potential alternative to common household surfactants, their environmental impacts need 

to be studied extensively to determine if they are “cleaner” surfactants. Degradability 

experiments are currently being carried out in Dr. Raina Maier’s lab at the University if 

Arizona on the native mRL and the synthetic diastereomers. This work involves 

biodegrading the rhamnolipids with bacteria through enzymatic reactions to break the 

molecules down and convert them into CO2 and H2O. The rate of biodegradability can 

depend on chemical structure; therefore, the diastereomers are being studied 

independently to compare effectiveness of the different diastereomers. 

 

Toxicity of Rhamnolipids. The need to study toxicity of the rhamnolipid molecules is just 

as great as the environmental impact due to their potential use. Currently at the university 

of Arizona, Dr. Walt Klimecki’s lab is conducting toxicity studied in order to better 

understand their impact on biological membranes and whole cell bodies. This work will 

need to continue on the native mRL molecules as well as the synthetic diastereomers 

before their use in potential commercial or industrial applications. 
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Metal binding of Rhamnolipid Molecules. The identification of the individual binding 

constants for rhamnolipid molecules and valuable metal ions is still under investigation. 

Perhaps a different analytical technique other than the ones mentioned above will be 

needed in order to identify these constants, such as quantitative MS or nuclear magnetic 

resonance (NMR). Recently a rhamnolipid molecule with no lipid tail has been 

synthesized in this lab. This molecule should not aggregate when dissolved in an aqueous 

environment, however is should still strongly bind to a metal ion since the binding 

process involves the sugar headgroup and the carboxylic backbone.194 This molecule 

could be used to identify the association constants of the rhamnolipids using the ITC 

techniques since no unwanted heat will be given off from the dissolution of aggregates 

during the aggregation process. These experiments will need to continue with both Cu2+ 

and Pb2+ ions as well as rare earth metals in order to compare with overall binding 

constants that have been identified previously for native mRL.188 This would then lead to 

studying rhamnolipids ability to better extract valuable metals for improving mining 

efficiencies. 

 

Characterization of Surfactants to Form a Structural Library. Some industrial 

applications utilizing surfactants require specific chemical properties; being able to 

manufacture a surfactant with chosen properties, such as low γCMC, would be desirable. 

For this, a better understanding of how glycolipid structure affects performance is 

needed. Since the structure of the surfactant molecule can have an impact on the 

performance of the surfactant, this work can be continued to identify how glycolipid 

structure, such as modified tail groups or varying the sugar head group will affect 
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performance. Studying a variety of glycolipids will provide a library to relate surfactant 

structure and performance for customizing optimal chemical properties. 

The rhamnolipid behavior in a non-polar environment should be studied to 

determine its usefulness in forming reverse micelles. Liquid-liquid extraction is a 

common use for reverse micelles;215 therefore, understanding rhamnolipid behavior in 

non-polar environments could be advantageous in specific applications. Since the 

rhamnolipid molecular structure mimics a cylindrical shape, it is reasonable to predict the 

behavior of the surfactant aggregates in a non-polar environment would adopt a bi-layer 

or lamellar shape; however, this will need to be studied experimentally in specific non-

polar environments. 

Furthermore, the behavior of rhamnolipids in mixtures with other surfactants has 

only been studied briefly by Dr. Soemo and Dr. Wang by mixing rhamnolipids with 

cetylpyridinium chloride74 and Tween 20,89 respectively. Rhamnolipid mixtures with 

other surfactants could form better aggregates for specific industrial applications. 

Therefore, more investigation into these mixing behaviors is needed.  
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