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Abstract:  

Conventional head-chain but also more exotic divalent, gemini or bolaform amphiphiles have in 

common well-defined hydrophilic and hydrophobic blocks with often a predictable self-assembly 

behaviour. However, new categories of amphiphiles, like microbial biosurfactants, challenge such 
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conventional understanding, because of the poorly-defined boundaries between the hydrophilic and 

hydrophobic portions. Microbial glycolipids, like sophorolipids, rhamnolipids or cellobioselipids, 

interesting biodegradable, nontoxic, alternatives to synthetic surfactants, all represent interesting 

examples of atypical amphiphiles with partially predictable self-assembly properties. However, 

their limited molecular diversity strongly limits their application potential. For this reason, we used 

them as ready-made platform to prepare a whole class of new derivatives. In particular, a broad 

range of amino derivatives of sophorolipid biosurfactant was recently prepared with the goal of 

producing biobased antimicrobial and transfection agents, of which the efficiency strongly depends 

on their molecular structure and unpredictable self-assembly behavior. The new compounds 

contain a set of asymmetrical and symmetrical bolaamphiphiles, the latter with three or four 

hydrophilic centers, divalent amphiphiles with asymmetric polar headgroups and even a Y-shaped 

amphiphiles, bearing two sophorose groups connected to one nitrogen atom. In this contribution 

we employ small angle x-ray scattering (SAXS) to establish a relationship between their peculiar 

molecular structures and the self-assembly properties in water. We find that all divalent and Y-

shaped compounds form micelles, of which the hydrophilic shell is composed of a bulky 

sophorose-Cx(x= 8,11)-amine moiety, with aggregation numbers between 30 and 100. On the 

contrary, most symmetrical and asymmetrical bolaamphiphiles display poor self-assembly 

properties, generally showing aggregation numbers below 20, especially in the presence of either 

short spacers or large spacers containing hydrophilic centers. 

 

Introduction: 

In view of the transition towards a bio-based economy which has been initiated in the last 

two decades, bio-derived amphiphiles are regarded as interesting alternatives for classical, fossil-

based surfactants.1–4 In this respect, sophorolipids gained a lot of interest. They are glycolipid 

biosurfactants, consisting of sophorose (glucose β(1,2)) as the hydrophilic headgroup and a fatty 

acid (mostly oleic acid) as the lipid tail.5,6 Sophorolipids are produced by different yeast species 

via fermentation, with Starmerella bombicola being the standard production organism. Microbial 

production results in the production of different sophorolipid derivatives, which all differ in the 

number of acetyl groups on the sugar headgroup, the number of unsaturations in the lipid tail, the 

position of the glycosidic bond on the lipid tail ( or -1) and whether or not lactonization occurred 

towards respectively the closed lactone or open acid form. The major fermentation products are 
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diacetylated C18:1 sophorolipid lactone A and C18:1 sophorolipid acid B (Figure 1). Despite this 

apparent broad variety of compounds, the term sophorolipid generally refer to the deacetylated 

C18:1 open acidic and/or partially acetylated close lactone form, often coexisting together as well 

as with 10 % to 15 % of other congeners.7 By far, acidic C18:1 sophorolipids are the most studied 

compound for its ease to recover after simple basic hydrolysis.  

Acidic C18:1 sophorolipids can lower the surface tension of water from 72.8 to 30-40 

mN/m and have a critical micelle concentration of 40-100 mg/L.5,8,9 If the first reports on the self-

assembly of sophorolipids have shown the possibility to form micelles as well as helical 

structures,10,11 more recent work has pointed out the importance of the batch uniformity on the 

phase behaviour.7 In fact, several recent works have shown the crucial impact of the lipid structure 

(number of glucose moieties, double, mono and no unsaturation, isomerization) on the phase 

behavior and in particular on the formation of chiral ribbons, bilayers, vesicles,12–17 with a crucial 

importance of pH. 14,18,19 This short survey shows that, despite the rich phase behavior of this class 

of compounds, the diversity in terms of molecular structure remains very limited and generally 

confined to the general formula sugar-spacer-COOH, where the spacer is commonly a C18:1 or 

C18:0 hydrocarbon, although more complexity can be found in rhamnolipids and 

cellobioselipids.20,21  

To explore new properties and broaden the application potential of the natural 

sophorolipids, several chemical derivatives including alkyl esters (better emulsifiers)22–25 and 

polymers26 have been recently developed, just to cite some.27 One possible approach consists in 

modifying the double bond in the C18:1 backbone.28 Several chemical modification paths were 

developed by us starting from the diacetylated C18:1 sophorolipid lactone A (Figure 1). In a first 

step, the synthesis of a functionalized sophorolipid aldehyde building block C was accomplished 

via an ozonolysis reaction to transform the double bond in a reactive site.29 This modification 

reduces the chain length of the sophorolipid derivatives, hereby increasing their hydrophilic 

character. In a second step, the sophorolipid aldehyde building block C was transformed into a 

broad library of innovative sophorolipid derivatives. On the one hand, a whole range of nitrogen 

containing sophorolipid derivatives was synthesized, including sophorolipid quaternary 

ammonium salts 1 and sophorolipid amine oxides 2.29,30 The sophorolipid aldehyde building block 

C was used for the synthesis of a new class of nitrogen containing sophorolipid bolaamphiphiles 

3-6.31 The modifications were also extended to petroselinic acid based sophorolipids to increase 
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variation in the lipid tail.32 Most of these new compounds have only been studied in terms of their 

antimicrobial and plasmid transfection properties, but a recent work from our group31 has shown 

that these properties are observed only for those sophorolipid derivatives which are able to form 

micellar aggregates. These results demonstrate the importance of acquiring a better knowledge 

over these new compounds (1 to 6, Figure 1), in light of their non-conventional molecular structures 

(symmetrical and asymmetrical bolaamphiphiles, divalent, Y-shaped), which challenge the 

conventional idea of a classical head-tail, but also divalent, gemini and bolaform surfactants, all 

characterized by well-defined (hydro)philic/phobic portions.33–41 On the contrary, the 

hydrophilic/hydrophobic portions of the atypical amphiphiles studied here are much less defined, 

making unpredictable their self-assembly behavior, otherwise crucial to evaluate their application 

potential. 

Compounds shown in Figure 2 contain one or two sophorose groups and one or two amine 

(or ammonium and amine oxide) centers, bearing several side groups. We identify the molecular 

geometries as follows: asymmetrical (1a-1l and 2a-2g) and symmetrical (3a-3d, 4a-4d, 5a-5d, 6a-

6c) compounds; among the asymmetrical compounds, we identify the quaternary ammonium (1a-

1l) and amine oxide derivatives (2a-2g), each group being characterized by a bolaform (1a-1e, 2a-

2f) and divalent (1f-1l, 2g) molecular structure. Within the symmetrical compounds, we identify 

the ammonium/amine bolaform derivatives bearing three (3a-3d, 4a-4d) and four (5a-5d, 6a-6c) 

hydrophilic centers and two Y-shaped (3d, 4d) amphiphiles. These compounds represent a set of 

non-conventional amphiphiles, if compared to a standard (bola)amphiphile, generally characterized 

by well-defined hydrophilic-hydrophobic(-hydrophilic) portions:41–43 bolaamphiphiles 3-6 have 

several hydrophilic centers in their spacer while divalent 1f-1l, 2g and Y-shaped 3d, 4d 

amphiphiles bear an atypical sophorose-Cx(x= 8,11)-amine headgroup. In all cases, the 

hydrophilic/hydrophobic character of each portion of the molecule is unpredictable, and does not 

allow to draw immediate conclusions on the global self-assembly properties.33,43,44 In addition, the 

atypical bulkiness of the sophorose-Cx(x= 8,11)-amine headgroup may screen the positive charged 

localized on the ammonium group, having unexpected effects on the micelles-micelles 

interactions.45 In this work, we employ Small Angle X-ray Scattering to understand the impact of 

structure and chemical composition of these nonconventional amphiphiles on their aqueous self-

assembly properties. 

 



5 
 

 

Figure 1 - Diacetylated C18:1 sophorolipid lactone (A) and C18:1 sophorolipid acid (B). Chemical modification 

pathway towards sophorolipid quaternary ammonium salts (1), sophorolipid amine oxides (2) and sophorolipid 

bolaamphiphiles (3-6) 

 

Materials and Methods: 

Products: all sophorolipid derivatives have been used as such, and their synthesis and 

characterization has been reported in previous studies. Quaternary ammonium sophorolipids 1a-1l 

have been described in ref. 29,46. One should note that samples 1a-1g29 were deprotected with 

NaOH while samples 1h-1l46 were deprotected with Et3N. For comparison, samples 1f and 1g were 

also prepared in double using Et3N deprotection. Amines oxide sophorolipids 2a-2g are described 

in ref. 30. Symmetric bolaform sophorolipids with four hydrophilic centers 5a-5d and 6a-6c have 

been reported in ref. 31. Symmetric bolaform sophorolipids with three hydrophilic centers 3a-3c 

and 4a-4c and Y-shaped 3d, 4d sophorolipid are reported in ref. 31. Amine oxide samples 230 and 

the entire set of samples 3-631 were all deprotected with Et3N. Water is of milliQ grade and HCl 

and NaOH solutions to modify the pH are prepared in water. 
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General procedure for NaOH deprotection: in a flame-dried round-bottomed flask, the 

peracetylated sophorolipid quaternary ammonium salt was dissolved in dry methanol and sodium 

methoxide (0.15 eq) was added. The reaction mixture was stirred overnight at room temperature, 

concentrated under reduced pressure and recrystallized from acetone to yield the pure deprotected 

sophorolipid quaternary ammonium salt 1. 

 

General procedure for Et3N deprotection: in a 25 mL flask, the protected quaternary ammonium 

sophorolipid (0.45 mmol, 1 eq) was dissolved in a methanol/water mixture (1:1) and 13 mL Et3N 

(0.90 mmol, 2 eq) was added. The mixture was stirred for 2 h at reflux temperature and 

concentrated under reduced pressure to yield the pure deprotected quaternary ammonium 

sophorolipid 1. 

 

a) 
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b) 

 

c) 

Amine oxides derivatives of oleic acid sophorolipids

2a 2b 2c 2d

2e 2f

Bolaform (asymmetric)

2g

Divalent
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d) 

Figure 2 – Sophorolipid derivatives studied in this work.  
 

Preparation method for solution analyzed by SAXS: all solutions are freshly prepared in water at 

room temperature prior to analysis. For all compounds in a concentration series, the samples were 

first solubilized at a concentration of 100 mg/mL and then diluted by half in a concentration series 

up to 0.78 mg/mL. All concentrations (100, 50, 25, 12.5, 6.25, 3.13, 1.56 and 0.78 mg/mL) were 

analyzed at a total volume of 100 µL in a 96-well plate. For all compounds in a pH series, the 

samples were first solubilized at a concentration of 10 mg/mL and were then adjusted to a pH of 

11, 9, 7, 5 and 3 by addition of concentrated HCl or NaOh solutions (generally 0.1 M, 0.5 M or 1 

M).  

 

Critical micelle concentration (cmc) experiments: cmc experiments have been performed using A 

zetasizer Nano ZS instrument (Malvern-Panalytical) working at 633 nm in the forward scattering 

configuration (13°). All experiments have been collected at constant shutter open in the “no 

shutter” configuration. The scattered intensity is collected in terms of kilo counts per second. 

Experimentally, a concentrated solution (generally > 5 mg/mL) of the given compound is analyzed 

and further diluted until the scattered intensity is close to zero. Data are linearly fitted before and 

after the inflection point and the cmc is determined at the intersection of the fit lines. Raw data are 

shown in Figure S 1 and cmc values are given in Table S 1. 

 

Cryogenic Transmission Electron Microscopy (Cryo-TEM). These experiments were carried 

out on an FEI Tecnai 120 twin microscope operating at 120 kV equipped with a Gatan Orius CCD 

numeric camera. The sample holder was a Gatan Cryoholder (Gatan 626DH, Gatan). Digital 
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Micrograph software was used for image acquisition. Cryofixation was done on a homemade 

cryofixation device. The solutions were deposited on a glow-discharged holey carbon coated TEM 

copper grid (Quantifoil R2/2, Germany). Excess solution was removed and the grid was 

immediately plunged into liquid ethane at −180 °C before transferring them into liquid nitrogen. 

All grids were kept at liquid nitrogen temperature throughout all experimentation. 

 

Small Angle X-ray Scattering (SAXS): SAXS experiments are performed at 25°C, immediately after 

sample preparation, on the BioSAXS BM29 beamline at the ESRF synchrotron facility (Grenoble, 

France) using 12.5 KeV energy and a sample-to-detector distance of 2.867 m, imposed by the 

beamline standard configuration. The energy is calibrated by measuring the LI and LIII edges of 

platinum and the sample-to-detector distance is determined using silver behenate (dref = 58.38 

Å).47,48 For this experiment, we employ the automatic sample changer for liquids using the 96-well 

plates and about 100 L of each sample.49 The liquid sample is automatically loaded into a 1.8 mm 

quartz glass capillary and ten acquisitions of 1 s each are taken as the sample passes the beam. 

Individual frames are manually controlled for systematic changes and averaged for better statistics. 

Eventual changes can be either due to intrinsic sample heterogeneity or radiation damage. The 

signal of the Pilatus 1M 2D detector, used to record the data, is integrated azimuthally with  PyFAI 

to obtain the scattered intensity I(q) vs. q spectrum (𝑞 = 4𝜋 sin 𝜃
𝜆⁄ , where 2θ is the scattering 

angle) after masking systematically wrong pixels and the beam stop shadow.50  Absolute intensity 

units were determined by measuring the scattering signal of water (0.0163 cm-1). 

 

Analysis of the SAXS data. The general scattering function is defined as 𝐼(𝑞) ∝ (∆𝜌)2𝑃(𝑞)𝑆(𝑞), 

where 𝜌 is scattering length density involved in the contrast between the solvent and the object, 

𝑃(𝑞) is the form factor and 𝑆(𝑞) is the structure factor.51 In this work, we have used two main 

approaches to analyze the SAXS data. In the absence of any hypothesis on the morphology of the 

self-assembled form of the sophorolipid derivatives, we use a combination of model-independent 

Guinier {𝐼(𝑞) = 𝐼(0)𝑒
[

−𝑞2𝑅𝑔
2

3
]
, 𝑞𝑅𝑔 < 1, 𝑅𝑔= radius of gyration} and power law { 𝐼(𝑞) ∝ 𝑞−𝑚, 𝑚= 

dimensionless exponent >0} analyses for, respectively, the mid-𝑞 and low-𝑞 range.  
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When a reasonable hypothesis on the morphology can be formulated, we fit the data using 

the form factor of a sphere combined with a structure factor, whenever the data suggest us so. In 

general, a uniform sphere form factor quickly reveals to be useless for all the systems tested in this 

work, as it cannot fit the data. On the basis of previous studies using small angle scattering 

techniques to study sophorolipids dispersions in water,11,52 we successfully employ a core-shell 

sphere model (Figure 3) to build the form factor. Considering the charged nature of the class of 

sophorolipids used in this work, and in agreement with previous data in the literature,11,53 we use a 

Hayter-MSA structure factor, 𝑆(𝑞),54,55 which describes a repulsive screened Coulombic 

intermicellar interaction potential.  

 

Figure 3 – Core-shell sphere model at the basis of the form factor used to fit the SAXS data in this work. 
 

Both the Guinier analysis and fitting have been performed with the 3.1.2 version of the 

SasView software, available free of charge on the developer’s website. For the Guinier analysis, 

the 𝑅𝑔 is the only adjustable parameter. The core-shell spherical model in combination with a 

screened repulsive potential has a large number of variables (>10), defined in Table 1. To minimize 

the risk of error, we fix as many variables as possible (details in Table 1), in relationship to our 

systems (e.g., salt concentration, volume fraction, etc…): by doing so, we reduce the number of 

variables to four (𝑅𝑐𝑜𝑟𝑒, 𝑇, 𝜌𝑠ℎ𝑒𝑙𝑙, 𝑄). The model is used to fit the data of compound 1f (this choice 

is arbitrary), for which the model is refined and best fit parameters are retained. We iterate the 

results to fit the data corresponding to those compounds, which have the closest chemical structure: 

the fixed terms are consequently adapted while the fit only concerns the single parameter reflecting 

the structural change in the molecule. Finally, the other parameters are fitted for refinement. 

Example: the parameters obtained from the fit of 1f (chain length: C18) are used to fit compound 

T Rcore 

ρ
solvent

 

ρ
core

 

ρ
shell
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1h (chain length: C15). Since this compound has a shorter chain length, 𝑅𝑐𝑜𝑟𝑒 is the only variable 

employed to fit the data corresponding to 1h, while 𝑇, 𝜌𝑠ℎ𝑒𝑙𝑙  and 𝑄 are only fitted after  

𝑅𝑐𝑜𝑟𝑒 for refinement. When the chain length between two compounds is constant, 𝑇 and 𝜌𝑠ℎ𝑒𝑙𝑙  are 

fitted before 𝑅𝑐𝑜𝑟𝑒 and 𝑄. The use of the present model can be performed only on those systems 

for which the exact salt concentration is known, which excludes all pH-dependent experiments 

performed in this work and which are treated using the Guinier analysis. A small polydispersity 

(0.1) has been employed for the fits. Uncertainty in the fitted parameters 𝑅𝑐𝑜𝑟𝑒 and 𝑇  is estimated 

to about 15 %. 

 

Table 1 – List of the fitting parameters used with the core-shell sphere form factor 𝑷(𝒒) (Figure 3) combined 

with the screened Coulomb potential structure factor 𝑺(𝒒).  

Degree of freedom 
𝑷(𝒒)

∗ 𝑺(𝒒) 
Parameter Unit Value Description 

Fixed variable 

𝑃(𝑞) 

𝜌𝑐𝑜𝑟𝑒 nm-2 8.0 – 8.7*10-4 
Scattering Length Density of the 

core§ 

𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡  nm-2 9.4*10-4 
Scattering Length Density of the 

solvent 

𝑆(𝑞) 

𝜀 none 78.3 
Dielectric constant of water at 

25°C56 

[𝑆] M 0.10 ± 0.02 

Salt concentration. In this work, it 

refers to the concentration of the 

counterion, I-. Counterion is 

assumed to be monovalent in the fit 

𝑇 K 300 Temperature 

𝜑 none 0.09-0.10 Volume fraction° 

𝑅𝐻𝑆 nm (𝑅𝑐𝑜𝑟𝑒+ 𝑇) Hard-sphere radius 

Fitted variable 𝑃(𝑞) 

Background cm-1 

 

 

Scale factor none  

𝑅𝑐𝑜𝑟𝑒 nm Radius of the core 

𝑇 nm Thickness of the shell 

𝜌𝑠ℎ𝑒𝑙𝑙  nm-2 
Scattering Length Density of the 

shell 
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𝑆(𝑞) 𝑄 e 
Charge of the micelle, scaled to 

charge of the electron 

* The exact value depends on the 𝑀𝑊 and concentration of the compound studied; § Considering the complexity of 

the compounds explored in this work, we allow 𝜌𝑐𝑜𝑟𝑒 to vary in a narrow range, corresponding to a reasonable set of 

values expected for an aliphatic chain; ° The exact value depends on the concentration of a given compound 

 

Aggregation number. The structural parameters that characterize the micellar aggregates and that 

are obtained from the modelling of the SAXS data are used to estimate the aggregation number 

through the expression 𝑁𝑎𝑔𝑔 =
𝑉𝑚𝑖𝑐

𝑉𝑚𝑜𝑙𝑒𝑐
, where 𝑉𝑚𝑖𝑐 is the micellar volume and 𝑉𝑚𝑜𝑙𝑒𝑐 is the 

molecular volume of a single lipid. In conventional surfactant systems, including glycolipids, 

where by conventional we mean a hydrophilic headgroup connected to a lipophilic chain, 𝑉𝑚𝑜𝑙𝑒𝑐 

is generally associated to the volume of the alkyl chain, while 𝑉𝑚𝑖𝑐 represents the volume of the 

hydrophobic core.57 The sophorolipids derivatives studied in this work cannot be considered as 

conventional, because they are constituted by two hydrophilic headgroups, different in nature and 

charge (bulky neutral sophorose, small charged ammonium), connected by a Cx(x= 8, 11) spacer. 

Given such complexity, and considering that long (> 10-12 carbon atoms) spacers were shown to 

integrate the core of gemini surfactant micelles,37 we prefer not to associate the hydrophobic region 

to a specific part of the molecule. Under these circumstances, 𝑉𝑚𝑖𝑐 =
4

3
𝜋(𝑅𝑐𝑜𝑟𝑒 + 𝑇)3, which 

corresponds to the volume of the entire core-shell sphere (hydrophobic core and hydrophilic 

regions) used to model the micelles; 𝑉𝑚𝑜𝑙𝑒𝑐 will then correspond to the molecular volume of the 

entire molecular entity, including the hydration shell and counterion. Considering again the 

complexity of the molecular structures investigated here, we cannot use a simple expression to 

obtain the molecular volume (e.g, the standard Tanford formula),58 but we have to deconstruct the 

molecule into smaller parts and estimate their individual molecular volume, as proposed by 

Luzzati.59  

𝑉𝑚𝑜𝑙𝑒𝑐 for each submolecular group used in this work are given in Table 2, while the 

number of each submolecular group for selected compounds is detailed in Table S 1. For the 

hydration of sophorose and the counterion, we make the assumption that the micelle-water palisade 

is uniform.59 We also make the following approximations: 1) reported values for the hydration 

number, 𝑁𝐻, of I- in water varies between 660,61 and 961, although 6 seems the most suitable one 

and for this reason we employ 𝑁𝐻(I-)= 6. If 𝑁𝐻(I-)= 9 is used instead, 𝑁𝑎𝑔𝑔 decreases by 2 units. 
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2) 𝑁𝐻  is not known exactly for sophorose, although values for glucose and disaccharides are 

reported. Unfortunately, 𝑁𝐻 values for sugars in general vary quite a lot and for glucose 𝑁𝐻 is given 

to vary between 10 and 30.62 We have already reported a detailed discussion on which 𝑁𝐻 would 

best suit to sophorose52 and we concluded that values between 16 and 22 in the presence of salt are 

not outrageous. For this work we use 𝑁𝐻= 20, although one should consider an error of at least ±5 

on the final aggregation number. 3) The volumes estimated for the aliphatic region (CH, CH2, CH3) 

are based on molten paraffin,59 which was found to be a reasonable approximation;63 nonetheless, 

slight discrepancies can be found in the literature. For instance, values as low as 0.0021 nm3 for 

CH2 are reported for glycoglycerolipids.63 The molecules studied in this work have a large number 

of CH2 groups and small variations on the volume of CH2 can induce non-negligible variations of 

𝑁𝑎𝑔𝑔. For instance, if 𝑉𝑚𝑜𝑙𝑒𝑐(CH2)= 0.021 nm3, one should expect 𝑁𝑎𝑔𝑔 to increase by about 7 

units. 4) We neglect the contribution of nitrogen to the entire 𝑉𝑚𝑜𝑙𝑒𝑐 for the nitrogen center, since 

all compounds studied here only have one or two nitrogen atoms. This approximation is reasonable 

and will not affect 𝑁𝑎𝑔𝑔; for instance, 𝑉𝑚𝑜𝑙𝑒𝑐 for N(CH3)3 in alkylammonium salts is in the order 

of 0.6 nm3.59 5) It is known that the hydration number of CH2 and CH3 are respectively 0.999 and 

0.58664 and up to 3 CH2 groups from the polar head can be hydrated.65–67 In this work, considering 

the uncertain boundaries of the headgroup and actual hydration numbers of the Cx(x=8, 11) spacer, 

we prefer not to consider the hydration of CH2 groups. However, in the hypothesis that CH3 groups 

are hydrated and at least two CH2 groups are also hydrated on each side of the nitrogen atom and 

next to the glycosidic bond, one expects 𝑁𝑎𝑔𝑔 to decrease by at least 7 units. 

The uncertainty on the estimation of 𝑉𝑚𝑜𝑙𝑒𝑐 as well as the consequent impact on the value 

of 𝑁𝑎𝑔𝑔 are reported in Table 2. All in all, the values of 𝑁𝑎𝑔𝑔 provided throughout this work are 

based on the 𝑉𝑚𝑜𝑙𝑒𝑐 data in Table 2, while the maxima and minima are respectively calculated by 

adding all positive and negative uncertainties given in Table 2. 

Two final remarks: 1) x-rays are generally poorly sensitive to water and counterions in the 

hydrophilic shell; if the hydration shell of sophorose and counterion are not included in the 

calculation, the values of 𝑁𝑎𝑔𝑔 are about 1.6 times higher than the values reported here. In this 

case, 𝑁𝑎𝑔𝑔 should be considered as an upper limit; 2) if only the hydrophobic core of the micelle 

and the aliphatic chain of the lipids are used to evaluate 𝑁𝑎𝑔𝑔 (as commented above), 𝑁𝑎𝑔𝑔 is 
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contained between 10 and 30. These values are too low to be realistic, thus making our initial 

assumption of using the Luzzati approach more plausible. 

 

Table 2 – Values of the molecular volume, 𝑉𝑚𝑜𝑙𝑒𝑐, used to calculate 𝑉𝑚𝑜𝑙𝑒𝑐  for the molecules given in Figure 2. 

𝑉𝐻= hydration volume, 𝑁𝐻= hydration number 

Moiety 𝑉𝑚𝑜𝑙𝑒𝑐/nm3 Limits 
Uncertainty 

on 𝑁𝑎𝑔𝑔 
Ref 

Sophorose 0.384a   63,68 

CH2 0.027b Lowest: 0.021 nm3 +7 
59 

CH3 0.054b   

I- 0.037c   69 

H2O 0.030d    

𝑉𝐻(sophorose) 0.598e 
16< 𝑁𝐻< 22 

0.48< 𝑉𝐻/nm3< 0.66 
±5 52 

𝑉𝐻(I-) 0.179f 
Highest 𝑁𝐻: 9 

Highest 𝑉𝐻: 0.269 nm3 
-2 60 

𝑉𝐻(CH2, CH3) 0.214g  -7h 64–67 

a) Taken as 2*𝑉𝑚𝑜𝑙𝑒𝑐(glucose)= 0.192 nm3. As a comparison, the 𝑉𝑚𝑜𝑙𝑒𝑐  of maltose, a common disaccharide, was 

estimated to 0.382 nm3; 

b) Known from molten paraffin and successfully employed to estimate 𝑉𝑚𝑜𝑙𝑒𝑐  of alkylammonium surfactants in a 

micellar environment; 

c) Obtained from the radius of I- anion; 

d) Calculated on the basis of the molar volume of 18 cm3/mol; 

e) 𝑉𝐻  (sophorose)= 𝑉𝑚𝑜𝑙𝑒𝑐(H2O)* 𝑁𝐻(sophorose); 𝑁𝐻(sophorose)= 20; 

f) 𝑉𝐻  (I-)= 𝑉𝑚𝑜𝑙𝑒𝑐(H2O)* 𝑁𝐻(I-); 𝑁𝐻(I-)= 6 

g) For samples 1 and 2, 𝑉𝐻  (CH2, CH3) is calculated as follows: 𝑉𝐻  (CH2, CH3)= 𝑉𝑚𝑜𝑙𝑒𝑐(H2O)*𝑁𝐻(CH2) *0.999 + 

𝑉𝑚𝑜𝑙𝑒𝑐(H2O)* 𝑁𝐻(CH3) *0.586; 𝑁𝐻(CH2)= 6, 𝑁𝐻(CH3)= 2. For samples 3, 5 and 6, the number of hydrated CH2 and 

CH3 could be estimated to be in the range between 10 and 12 altogether. 

h) This value is estimated for samples 1 and 2. Estimation for samples 3, 5 and 6 provides an uncertainty on 𝑁𝑎𝑔𝑔 ~ -

3. 

 

Results and Discussion 

Quaternary ammonium derivatives of oleic acid SL.  
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In this work, we have studied a series of quaternary ammonium sophorolipid derivatives 

bearing a C8 spacer between the ammonium and sophorose headgroups. They are bolaform 

compounds bearing a positive charge on the nitrogen, which has various degrees of substitution 

(Figure 4), with increasing headgroup size: trimethyl (1a), tributyl (1b), methyl-dibutyl (1c), 

methyl-butyl-benzyl (1d), methyl-dibenzyl (1e), dimethyl-octadecyl (1f) and methyl-butyl-

octadecyl (1g). The progression from 1a to 1e accounts for a small (trimethyl) to a much bulkier 

(methyl-dibenzyl) headgroup, while 1f and 1g mean to show the influence of a long aliphatic chain 

for two headgroup substitutions (dimethyl, 1f, and methyl-butyl, 1g). 

The SAXS data presented in Figure 4 show that samples from 1a through 1e (C= 100 

mg/mL) have a similar profile characterized by a low- 𝑞 scattering and a mostly flat, poorly-

defined, signal above ~0.4 nm-1. The same trend is confirmed for a broader range of concentrations, 

varying from 0.78 mg/mL to 100 mg/mL (Figure S 2), although in most cases no signal is detected 

below 6 mg/mL. One can interpret the signal as the coexistance of small objects having a radius of 

gyration, 𝑅𝑔, varying between 0.3 nm and 1.1 nm (Table 1), and assembled structures larger than 

120 nm. In the hypothesis of spherical objects, the radius is about 1.3 ∗ 𝑅𝑔 (𝑅 = √
5

3

2
𝑅𝑔). For 

compounds 1a through 1c, 𝑅 is centered around 0.4 nm, while compounds 1d and 1e have larger 

radii, ranging between 0.7 nm and 1.4 nm (Table 3a). According to the Tanford formula,58 defining 

the length, 𝐿, of an aliphatic chain (𝐿 =  1.54 +  1.265 ∗ 𝑛, 𝑛 being the number of CH2 groups), 

one expects the size of 1a through 1e to be at least 1.1 nm (distance from nitrogen to CH). One 

should add 1 nm to account for sophorose and at least 0.5 nm to consider the size of the largest 

headgroups (butyl, benzyl). The overall size of 1a through 1e should then be expected to be in the 

order of 2 nm, if one assumes an elongated configuration of sophorose with respect to the aliphatic 

chain. Bolaform surfactants are known to form smaller micelles than classical surfactants,41,70 and 

this is commonly explained by the fact that bolaform surfactants interpenetrate and bend to keep 

the hydrophilic headgroups towards the micelle outer boundary. We have ourselves described the 

possible orientations of acidic C18:1 sophorolipids within ellipsoidal micelles in a previous work.52 

Nonetheless, even under these assumptions, the micellar radius 𝑅 estimated for compounds 1a 

through 1c roughly corresponds to ¼ of the length of the molecule, which either means that these 

compounds do not actually form micelles or, if they do, the lipid is in an uncommon configuration. 

The first hypothesis if probably more reasonable as the calculated molecular volume of 1a (data in 
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Table 2 are used) is actually larger than the volume of a sphere having a radius of 0.4 nm. On the 

contrary, compounds 1d and 1e have a value of the radius, which is compatible with an 

interpenetrated and/or U-shaped molecular configuration in the micelle. A qualitative consideration 

on the basis of molecular volumes compared to the volume of a sphere having a radius between 1 

nm and 1.4 nm suggests aggregation numbers between 5 and 10, which are compatible with 

previous works on small quaternary ammonium bolaamphiphiles.70  

 

 

Figure 4 – SAXS profiles of bolaform asymmetric (1a through 1e) and divalent (1f, 1g) sophorolipid quaternary 
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ammonium derivatives (C= 100 mg/mL). The fits for 1f and 1g have been obtained using the core-shell sphere 

form factor combined with a screened Coulomb potential structure factor. 

 

The bulkiness of the headgroup does not seem to play a significant role on the overall 

morphology, unless mono- (1d) and dibenzyl (1e) groups are introduced. The micellear size of 

these compounds increases by a factor two or more with respect to the methyl and butyl system 

(1a-1c). The benzyl group could then either promote molecular packing through π-π stacking, or it 

could be solubilized at the interior of the micellar aggregate, thus increasing its size. Solubilization 

of an hydrophobic group on the polar head of surfactants has been discussed before for 

alkylammonium compounds with bulky headgroups,45 and in that case, aryl groups (e.g., 

trimethylbenzene) increased the size of quaternary ammonium surfactants micelles.71 Finally, the 

origin of the low-𝑞 scattering signal is quite unclear: it could either be associated to minor amounts 

of an unidentified type of aggregation, as it was shown for the nanoplatelets/micelles coexistence 

in the case of acidic oleic-acid sophorolipids at high pH,72 or to a superstructure composed of the 

individual objects described above. Further work will be needed to explore these hypotheses. 

Very differently from the samples treated above, 1f and 1g have a well-defined signal 

characterized by a broad hump centered around 0.5 nm-1 and two oscillations above 0.8 nm-1 in a 

broad concentration range (Figure S 2), and particularly highlighted at C= 100 mg/mL in Figure 4. 

A similar signal is common for micelles with repulsive interactions. In this case, a model-dependent 

analysis could be employed to determine the micelles structural characteristics. For the form factor, 

the simplest assumption is to suppose a homogeneous sphere, while for the structure factor, the 

positive charge of the lipids suggests the presence of a screened Coulomb interaction potential. 

However, any attempt to fit the data, especially the broad oscillation above 0.5 nm-1, using a 

homogeneous spherical form factor does not lead to satisfactory results. In fact, the chemical 

structure of 1f and 1g suggests an inhomogeneous electron density distribution along the molecule, 

and consequently, within a micelle. For this reason, we have employed a core-shell spherical 

(Figure 3) form factor, which has been used before to study the micellar structure of acidic 

sophorolipids.11,52,53 The core-shell model accounts for sophorose, the more hydrophilic part of 

sophorolipids, and for the aliphatic chain, the hydrophobic region. In the case of 1f and 1g, such a 

distinction is less marked, because the C8 spacer between the ammonium and sophorose makes the 

identification of the hydrophilic shell less clear. The typical fit is superimposed to the 
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corresponding SAXS curves in Figure 4 (C= 100 mg/mL) and the structural values are provided in 

Table 3b.  

Fit of the concentration-dependent profiles for 1f are shown in Figure S 2. One should note 

that a spherical model with polydispersity seems enough to model the SAXS profiles of 1f and 1g, 

while this was not the case for standard oleic acid acidic sophorolipids, which require a core-shell 

ellipsoid model instead.52 The best fit values show that both 1f and 1g have a comparable 𝑅𝑐𝑜𝑟𝑒 

(respectively 1.7 nm and 1.6 nm) but a different shell thickness and charge. 1g has a larger 

hydrophilic shell (𝑇= 2.2 nm) and a charge, 𝑄, close to zero. The aggregation number is slightly 

larger for 1g than 1f and both are in the order of 100, a value which is compatible both with 

glycosylated surfactants with long tails57 and in the order of magnitude of alkylammonium 

surfactants having a comparable chain length.73 Finally, analysis of the fits for the concentration-

dependent data for 1f (Figure S 2) shows an expected decrease in the aggregation number, which 

varies from 93 at 100 mg/mL to 75 at 6.25 mg/mL. Interestingly, the entire dataset can be fitted 

using the same spherical shape, with no need to use anisotropic morphologies (e.g., ellipsoid of 

revolution). 

Table 3 – Structural parameter values extracted from the SAXS profiles in Figure 4. a) Radius of gyration, 𝑹𝒈, 

obtained through the Guinier approximation and equivalent sphere radius, 𝑹, calculated for samples 1a 

through 1e. b) Values obtained for 1f and 1g using the core-shell sphere form factor combined with a screened 

Coulomb potential structure factor. All parameters are explained in Table 1 and Table 2 

 

Sample 𝑹𝒈/nm 𝑹/nm  

1a 0.4 0.5  

1b 0.3 0.4  

1c 0.3 0.4  

1d 0.7 0.9  

1e 1.1 1.4 a) 

 

 

The experiments above demonstrate that: 

Sample 𝑹𝒄𝒐𝒓𝒆/nm 𝑻/nm 𝑸/e 
𝝆/10-4 nm-2 

[𝑰]/M 𝝋 𝑽𝒎/nm3 𝑵𝒂𝒈𝒈 
𝑵𝒂𝒈𝒈 (max,

min) 

 

𝝆𝒔𝒉𝒆𝒍𝒍 𝝆𝒄𝒐𝒓𝒆 

1f 1.7 1.9 6.0 9.94 8.30 0.11 0.09 2.14 92 104,78  

1g 1.6 2.2 0.4 9.80 8.30 0.11 0.10 2.22 104 116,90 b) 
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1) when the modified quaternary ammonium sophorolipids stay in the bolaform 

configuration with a short (C8) spacer, 𝑅𝑔 is smaller than about 1 nm, thus indicating the presence 

of small micelles with aggregation numbers below 10. The literature on bolaform surfactants is 

quite consistent on the fact that short-chain bolaamphiphiles are water-soluble at room temperature 

and form micelles, the diameter of which is equal to the molecular length, which involves 

molecular bending and intramicellar crossing.41,42,74 Interestingly, the self-assembly process is even 

doubtful for some specific compounds (1a-1c, 𝑅𝑔< 0.5). Introduction of a long (C18) aliphatic tail 

on the nitrogen atom transforms the bolaform into a divalent surfactant (two headgroups separated 

by a spacer with asymmetric chain lengths)39 and it drives the formation of well-defined micelles 

through a standard hydrophobic interaction.33,34,43,58 Critical micelle concentration (cmc) values are 

contained between 0.5 mg/mL and about 1 mg/mL for samples 1e and 1g (Table S 1), and their 

micellar self assembly is consistent with these values. On the contrary, although we do not dispose 

of the cmc values for samples 1a-1e, their concentratrion-dependent small angle scattering (Figure 

S 2) shows a mild, if no, evolution of the scattering profile, indicating either high (> ~10 mg/mL) 

cmc values, or even no cmc at all. Whatever the case, this behavior has little practical interest for 

applications. 

2) The substitution of chemical groups on the nitrogen atom plays a minor role in the 

bolaform systems (1a through 1c), except for a slight increase in 𝑅𝑔, probably due to the 

solubilisation of the arene moiety (1d, 1e). For the divalent derivatives, substitution of a methyl 

(1f) with a more hydrophobic butyl (1g) group screens the intermicellar repulsive interactions, 

which is sing of a reduced charge density on the micelles. This effect has been observed both for 

linear45 and gemini75 cationic surfactants with bulky headgroups (tripropyl, tributyl). However, 

despite some analogies with divalent surfactant systems, one should not overinterpret the analogies 

between the lipids studied here and more classical cationic surfactants studied in the literature. The 

complexity of the headgroup in 1f and 1g is much harder to rationalize with respect to the broad 

amount of existing work.36,37,39,45,76 For instance, the micellar charge for 1f is only 6e, which is 

between two and three times smaller than the charge of cationic surfactant micelles:76 the bulky 

sophorose-C8-ammonium headgroup has certainly an important screening effect of the charge.  

3) The thickness of the hydrophilic region in 1f and 1g is of the order of 2 nm, a value 

which can only be explained if the length of hydrophilic sophorose adds to the extended size of the 
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C8 spacer. In this sense, our hypothesis to use a core-shell containing a single shell composed of 

sophorose+C8 does not seem to be outrageous. 

These same conclusions can be applied to a set of amine oxide derivatives (2a-2g) of C18:1 

sophorolipids, the data of which are shown in Figure S 3 at pH 5 and pH 11 and in a broader pH 

range in Figure S 4. This set of compounds has the exact features of the quaternary ammonium 

derivatives described above (𝑅𝑔 corresponding to pH 5 are given in Table S 2), except for the 

presence of an amine oxide headgroup instead of the quaternary ammonium. When the compound 

is in the bolaform configuration (C8 spacer), either no or small aggregates are formed. In the 

presence of a C18 alkyl chain, the typical signal of micelles undergoing repulsive interaction is 

detected. One can reasonably conclude that the nature of the substitution on the headgroup leads 

the self-assembly of this class of sophorolipid derivative. 

 

Quaternary ammonium derivatives of SL: effect of spacer and chain length. 

In the previous section we have shown that the octadecyl substitution on the ammonium 

group changes the structure of the lipid from bolafrom to divalent and it drives the formation of 

micelles. In the following, we show the influence of the length of the alkyl chain (C18, C15, C12, 

respectively in samples 1f, 1h, 1i and in samples 1j, 1k, 1l) but also of the length of the spacer (C8, 

C11) between sophorose and the ammonium headgroup for the same alkyl chain variation (C8 in 

samples 1f, 1h, 1i and C11 in samples 1j, 1k, 1l). The SAXS data are reported in Figure 5 for C= 

100 mg/mL and in Figure S 5 for lower concentrations. At a first glance, all samples display the 

typical scattering profile of micelles with repulsive interactions, similarly to 1f, and for this reason 

the same core-shell sphere model with screened Coulomb repulsive potential has been used to fit 

the SAXS curves (fits are shown in Figure 5). The fit has been contained above q= 0.2 nm-1, so to 

leave out the low- 𝑞 scattering region, indicating attractive interactions. Nonetheless, it can be 

easily shown that the entire curve can be fitted if an additional power law term is added to the 

general scattering equation I(q). This is illustrated for sample 1j in the inset of Figure 5 but will 

not employed any further, due to the limited number of points in the low-𝑞 region. 
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Figure 5 – SAXS profiles of divalent sophorolipid quaternary ammonium derivatives (C= 100 mg/mL). The fits 

have been obtained using the core-shell sphere form factor combined with a screened Coulomb potential 

structure factor. 

For both the C8 (1f, 1h, 1i) and C11 (1j, 1k, 1l) systems, Figure 5 shows the systematic 

shift of the SAXS profiles towards the high-𝑞 region when the size of the alkyl chain decreases. 

High-𝑞 shift is expected with decreasing micellar size, a fact that is confirmed by the modelling 

data in Table 4. 𝑅𝑐𝑜𝑟𝑒 decreases from 1.7 nm to 1.0 nm in the C8-spacer series and from 1.6 nm to 

1.0 nm in the C11-spacer series, confirming that the alkyl chain drives the self-assembly and the 

size of the chain is directly connected to the micellar core size. Interestingly, the shell thickness is 

practically constant in the 1.6 nm – 1.9 nm range throughout all samples, despite the difference in 

the spacer length. This fact suggests that the sophorose-alkyl spacer does not assume an elongated 

configuration, which would induce a thicker shell for the C11 samples (1j, 1k, 1l), but it rather fills 

the shell volume homogeneously, with the alkyl spacer assuming a flexible configuration. If similar 

data on analogous divalent surfactants lack in the literature, we must outline that this behavior is 
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rather different than what has been reported in dimeric surfactants, where long spacers (above 10 

carbon atoms) become part of the micellar core.37 This hypothesis seems to be confirmed by the 

constant scattering length density (SLD) of the shell, ρshell, which is practically constant at around 

9.9*10-4 nm-2 for all samples. This value is consistent with an average SAXS SLD expected from 

hydrated sophorose (> 10*10-4 nm-2)52 and an aliphatic chain (aliphatic chains with densities in the 

range of 0.8 g/cm3  are expected to have SLD < 9*10-4 nm-2).  

If the charge, Q, is particularly affected by the change in chain length and spacer, deeper 

considerations should be done. Q seems to be overall higher for the C8 than for the C11 series, 

however, the calculated micellar surface charge density (
𝑄

𝑆
≡

𝑄

4𝜋(𝑅𝑐𝑜𝑟𝑒+𝑇)2
) is very close for both 

systems, as it lies between 0.02 and 0.03 e/nm2. Q has a well-defined trend in the C8 samples, 

increasing with increasing length of the alkyl chain; the corresponding charge density varies as 

follows: 0.020, 0.031 and 0.037 e/nm2 for, respectively, C12, C15 and C18 samples (1i through 

1f). Interestingly, the same trend has been described for alkyltrimethylammonium surfactants by 

Zana.76 For the C11 samples, if the trend is respected for the C12 (1l) and C15 (1k) samples 

(respectively 0.021 and 0.022 charges/nm2), the charge is strangely low for C18 (1j). To explain 

this failure, one should look at the 1j SAXS profile in Figure 5: 1j has the strongest low-𝑞 scattering 

signal, which masks the broad hump due to the structure factor, and the charge is undoubtedly 

underestimated in the model that we have employed. Modelling the entire profile (inset in Figure 

5) unfortunately does not produce different parameters, including the charge. Finally, despite the 

uncertainty (please, refer to the comments on the calculation of 𝑁𝑎𝑔𝑔 in the materials and method 

section), 𝑁𝑎𝑔𝑔 increases with increasing alkyl chain length for both C8 and C11 spacers, as 

expected for both alkylammonium76 (decreasing of surface area per headgroup with number of 

carbons in the chain) and glycosylated57 surfactants. In light of this, the surface per surfactant 

molecule, estimated as S/𝑁𝑎𝑔𝑔, decreases with increasing the chain length, as expected, and it 

ranges at around 2 nm2/molecule, a value which is consistent with the bulky dimension of the 

sophorose-Cx(x= 8, 11)-ammonium moiety. Interestingly, the surface area per molecule is slightly 

larger for C11 (2.36 - 2.01 nm2/molecule) than for C8 samples (2.10 - 1.81 nm2/molecule). This 

shows that, although the thickness of the hydrophilic region is comparable for the short and long 

spacers, the C11 molecules occupy a larger surface area, as one would expect. 
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Sp C Sample 
𝑹𝒄𝒐𝒓𝒆/

nm 
𝑻/nm 𝑸/e 

𝝆/10-4 nm-2 
[𝑰]/M 𝝋 𝑽𝒎/nm3 𝑵𝒂𝒈𝒈 𝑵𝒂𝒈𝒈 (max,min) 

𝝆𝒔𝒉𝒆𝒍𝒍 𝝆𝒄𝒐𝒓𝒆 

C8 

C18 1f 1.7 1.9 6.0 9.94 8.30 0.11 0.09 2.14 92 104,78 

C15 1h 1.5 1.8 4.2 9.92 8.28 0.12 0.10 2.06 73 85,59 

C12 1i 1.0 1.8 2.0 9.93 8.00 0.12 0.10 1.98 48 60,34 

C1

1 

C18 1j 1.6 1.7 1.5* 9.87 8.44 0.12 0.10 2.22 70 82,56 

C15 1k 1.4 1.7 2.7 9.94 8.25 0.12 0.10 2.14 55 67,41 

C12 1l 1.0 1.6 1.8 9.96 8.00 0.12 0.10 2.06 37 49,23 

 * This value is underestimated due to the strong scattering at low q-values of the corresponding SAXS profile. 

The strong scattering masks part of the structure factor between 0.1 nm-1 and 0.8 nm-1 

 

Quaternary ammonium derivatives of SL: symmetrical bolaamphiphiles with three hydrophilic 

centers (sophorose-nitrogen-sophorose).  

The structural complexity of the sophorolipids derivatives has been brought one-step 

further by replacing one of the substituent on the nitrogen atom by an alkyl sophorose group. The 

resulting set of compounds is composed of a symmetrical bolaform sophorolipid containing a 

nitrogen atom in the middle, either in the form of tertiary amine (3a, 3b, 3c, 3d) or in the form of 

ammonium (4a, 4b, 4c, 4d). In the amines, methyl (3a), butyl (3b), benzyl (3c) and octadecyl (3d) 

are introduced as side groups, which become dimethyl (4a), methyl butyl (4b), methyl benzyl (4c) 

and methyl octadecyl (4d) in the ammonium derivatives. We have evaluated the self-assembly 

properties of this set of compounds as a function of pH (from pH 3 to pH 11 for 3a, 3b, 3c, 3d at 

C= 10 mg/mL) and concentration (4a, 4b, 4c, 4d). The entire set of pH and concentration data are 

shown in Figure S 6, while a representative set of experiments at pH 3 and pH 11 for 3a, 3b, 3c, 

3d (C= 10 mg/mL) and C= 12.5 mg/mL for 4a, 4b, 4c, 4d is shown in Figure 6. 

Tertiary amines generally have a pKa around 10 and for this reason, Figure 6 shows the 

SAXS data collected at a pH lower and higher than the supposed pKa, where one expects the amine 

to be respectively protonated and neutral. For the methyl derivative (3a), the SAXS profile is pH-

independent and it closely resembles to the asymmetric bolaform SL shown in Figure 4, with a 𝑅𝑔 

in the order of 1 nm (Table 5a), a size which is not compatible with a potential aggregation of this 

compound in water, at least not in a micellar form. The low-𝑞 scattering also suggests the presence 

 

Table 4 - Structural parameter values extracted from the SAXS profiles in Figure 5. Values are obtained using the 

core-shell sphere form factor combined with a screened Coulomb potential structure factor. Sp= length of the alkyl 

spacer between sophorose and nitrogen; C= length of the alkyl chain on nitrogen. All other parameters are explained 

in Table 1 and Table 2 
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of larger aggregates. Similar results are obtained for charged 3b (pH 3) sample and for the 

corresponding quaternary ammonium derivatives (4a, 4b). In particular, the scattering profile of 

4a and 4b is quite atypical and it strongly suggests the coexistence of two types of self-assembled 

objects of very distinct size. Any attempt to use simple numerical models (sphere, cylinder, flexible 

cylinders, core-shell, etc…) that could fit the data was useless, although we could perform a 

satisfactory fit using a combination of small cylinders and flexible “infinitely” long cylinders, as 

shown in Figure S 7. Being aware of the arbitrary fitting strategy in this case, we conclude that 

SAXS alone cannot dissipate the doubts about the actual concomitant structures of samples 4a, 4b, 

but it shows the complexity of the self-assembly of this set of molecules. 

All in all, samples 3a, 3b, 4a, 4b confirm that this class of bolaform amphiphiles with small 

substituents on the nitrogen atom are not good amphiphiles; exception is made for the butylamine 

(3b, pH 11) derivative, for which the qualitative size of the aggregate shows 𝑅𝑔  ~2 nm, confirmed 

by fitting the data using a core-shell sphere model (numerical data in Table S 3). In this case, the 

number of molecules in the aggregate can be estimated to about 10, which is compatible with a 

micelle composed of interpenetrated molecules, as discussed above. Similar conclusions are drawn 

from the benzylamine (3c, pH 11) sample: in its neutral form this compound forms small aggregates 

composed of less than 20 molecules (Table S 3), in the hypothesis that a core-shell model best suits 

the description of the corresponding SAXS data (Figure 6).  

The charged benzyl derivative, both in its benzyl ammonium (3c, pH 3) and methyl benzyl 

ammonium (4c) forms provides a SAXS profile, which is not compatible with a micellar system, 

but rather with a more complex morphology. I(q) varies with q following a power law with an 

exponent contained between -1.6 and -1.8 (Table 5a) and a peak centered at 2.3 nm-1. The value of 

the exponent in the log-log representation of I(q) is commonly associated to specific, although 

simple, morphologies (-1: cylinders; -2: flat surface; -4: sharp interface).51 For exponents having 

non-integer values, the interpretation is less straightforward, as they can be associated to fractals,77 

semiflexibles system including wormlike micelles,38,78 or to polydispersity. The peak in the region 

of 2 nm-1 of samples 3c and 4c is not uncommon in sophorolipid systems, as it was observed for 

fibrillary but also lamellar and vesicular morphologies.15,18,19 An exponent value of -2 was found 

in both lamellar and fibrillary sophorolipid aggregates,15,18 and half-integer values were even 

observed for polydisperse fibrillary systems.79 Considering the previous data collected by us on 

both fibrillary and lamellar assemblies of sophorolipids,15,79 the SAXS profiles of 3c and 4c are 
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safely attributed to polydisperse fibers, in which the lipid forms a semi-crystalline arrangement 

within the plane of the fiber.15,79 Bilayer lamellar systems are, on the contrary, characterized by 

two well-defined, sharp, diffraction peaks with lamellar order.18 In the present case, we only 

observe a small, broad, peak, the actual interpretation of which is matter of debate (liquid 

crystalline vs. crystalline packing) in the literature for self-assembled fibers composed of low 

molecular weight compounds.80  

 

Quaternary ammonium derivatives of SL: Y-shaped surfactants with three hydrophilic centers. 

The octadecyl amine/ammonium (3d, pH 11/pH 3) and methyl ammonium (4d) derivatives 

show the same profiles of core-shell micelles under repulsive interactions (Figure 6). Addition of 

the octadecyl chain to the symmetric bolaamphiphiles has the same effect as observed on the 

asymmetric ones: the long alkyl chain enhances the hydrophobic component in the free energy of 

micellization,33,34 driving the formation of micelles. Samples 3d and 4d cannot be considered as 

divalent surfactants as some samples in the 1-series and sample 2g in Figure 2, but rather atypical 

Y-shape surfactants, having a small hydrophilic center (the nitrogen atom) and two bulky 

headgroups composed of alkyl sophorose. Interestingly, the ammonium derivative (3d) at pH 3 and 

methyl ammonium (4d) in water provide the same SAXS profiles, both characterized by the typical 

interaction hump centered at about 0.5 nm-1 (Figure 6), indicative of repulsive interactions due to 

the positive charges on the ammonium center. This is confirmed by the fact that the hump is absent 

in the profile of the amine sample at pH 11. The same core-shell sphere model with screened 

Coulomb potential has been used to fit the data (fits are shown in Figure 6) and it confirms that 4d 

and 3d at pH 11 are composed of charged micelles having a comparable 𝑅𝑐𝑜𝑟𝑒 (~ 1.1 nm) and a 

hydrophilic shell with thickness in the order of 2 nm (Table 5b). The aggregation number is below 

40 and in the same order for both systems, considering the uncertainty. 𝑁𝑎𝑔𝑔 is not less than half 

than what was found for the single sophorose divalent lipids above, which is not surprising, 

considering that the molecular weight of the Y-shaped lipids is about 1.5 larger than for the divalent 

ones. The surface-to-molecule ratio increases by a factor 1.6 when going from the divalent (~ 2 

nm2/molecule) to the Y-shaped lipids (~ 3.3 nm2/molecule), as one would expect from a compound 

with a much bulkier headgroup. Interestingly, the thickness of the shell is practically the same 

between the Y-shaped (Table 5b) and divalent (Table 4) lipids, confirming that the bulkier 

headgroup in the Y-shaped occupies larger volume. In the absence of the positive charge (3d, pH 
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11), 𝑁𝑎𝑔𝑔 is almost doubled (60), which is consistent with a denser molecular packing per unit area 

(surface-to-molecule ratio is about 2.5 nm2/molecule in the amine against ~ 3.3 nm2/molecule for 

the ammonium derivative). This observation is also consistent with the loss in the electrostatic 

repulsion for the amine derivatives. 

 

Figure 6 – SAXS profiles of bolaform symmetric with three hydrophilic centers (3a through 3c, 4a through 4c) 

and Y-shaped (3d, 4dg) sophorolipid quaternary ammonium derivatives. Concentration for samples 3: 10 

mg/mL; concentration for samples 4: 12.5 mg/mL. The fit for 3d and 4d have been obtained using the core-shell 

sphere form factor combined with a screened Coulomb potential structure factor. 

 

In conclusion for this section, we can argue that the self-assembly in water of both charged 

and uncharged symmetrical bolaform sophorolipids is limited for small-sized substituents (methyl 

butyl) but it becomes relevant for the benzyl group in the ammonium form only (ammonium and 

methyl ammonium). These specific conditions seem to promote fibrillation, the most plausible 

morphology on the basis of the SAXS signal, a fact which could only be explained by the promotion 

of intermolecular π-π stacking.81 On the contrary, a long alkyl chain induces the formation of a Y-
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surfactant and it drives the formation of well-defined micellar aggregates, where the double alkyl 

sophorose moieties are contained in the hydrophilic shell. Interestingly, the micellar charge, which 

is still small relatively to alkyltrimethylammonium surfactants, can nonetheless be modulated with 

pH for the amino derivative, which nicely demonstrates the double hydrophilic role of the both the 

ammonium and sophorose moieties. Simple alkyl amines do not have an amphiphilic behavior, in 

contrast to the more hydrophilic ammonium derivative. On the contrary, the self-assembly behavior 

of compound 3d at both pH 3 and pH 11, respectively in its ammonium and amine configurations, 

shows that micelles form even for the amino derivative, thus demonstrating the strong hydrophilic 

role of the two sophorose moieties. The influence of the third hydrophilic center is also 

demonstrated at low pH for 3d and 4d compounds: the positive charge on the ammonium 

headgroup introduces repulsive interactions between the micelles.  

Table 5 - Structural parameter values extracted from the SAXS profiles in Figure 6. a) Radius of gyration, 𝑹𝒈, 

obtained through the Guinier approximation. b) Values are obtained using the core-shell sphere form factor 

combined with a screened Coulomb potential structure factor. All parameters are explained in Table 1 and 

Table 2 

Sample pH 𝑹𝒈/nm 

Power 

law 

exponent 

Peak 

position/nm-

1 

 

3a 
11 1.2    

3 1.2    

3b 
11 1.9    

3 1.2    

3c 
11 2.3    

3  -1.6 2.3  

4a  1.2    

4b  1.2    

4c   -1.8 2.3 a) 

 

 

§ This sample contain Cl- instead of I-. Vm is calculated using the Cl- ionic radius (0.181 nm)82 and a hydration 

number of 683 

Sample 𝑹𝒄𝒐𝒓𝒆/nm 𝑻/nm 𝑸/e 
𝝆/10-4 nm-2 

[𝑰]/M 𝝋 𝑽𝒎/nm3 𝑵𝒂𝒈𝒈 𝑵𝒂𝒈𝒈 (max,min) 
 

𝝆𝒔𝒉𝒆𝒍𝒍 𝝆𝒄𝒐𝒓𝒆 

4d 1.1 2.0 3.9 9.86 8.34 0.009 0.011 3.38 40 52,26  

3d 

(pH11) 
1.3 2.3 0.0 9.76 8.00 0 0.009 3.00 62 74,48 

 

3d 

(pH3) 
1.2 1.6 5.2 9.78 8.70 0.008§ 0.009 3.21 31 43,17 b) 
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Quaternary diammonium derivatives of SL: symmetrical bolaamphiphiles with four hydrophilic 

centers. 

Bolaform amphiphiles are generally characterized by a hydrophobic linker connecting two 

hydrophilic headgroups. Compounds 5a-5d and 6a-6c  (Figure 7) are atypical, as they are 

characterized by two intra-alkyl amine/ammonium centers, unpredictably affecting the 

hydrophilic/hydrophobic balance. In this set of samples, we want to test the amphiphilic character 

for two inter-nitrogen spacers (C2 against C6) for the methyl and butyl derivatives. 

 

Figure 7 – SAXS profiles of bolaform symmetric quaternary ammonium sophorolipid derivatives with four 

hydrophilic centers. Concentration for samples 5: 10 mg/mL; concentration for samples 6: 12.5 mg/mL. The fit 

for 5c and 5d have been obtained using a core-shell sphere form factor (no structure factor used) and the 

corresponding structural parameters are provided in Table S 4. 

 

The typical SAXS profiles for 5a and 5d (C= 10 mg/mL, pH 11 and pH 3 in Figure 7, and 

pH 3, pH 5, pH 7, pH 9, pH 11 in Figure S 8) and for 6a through 6c (C= 12.5 mg/mL and Figure S 

9) show a scattering pattern of low intensity, as observed previously throughout this work. 
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Similarly, the estimated 𝑅𝑔 are below 0.8 nm (Table 6), which, compared to the size of the 

molecules, expected to be in the order of 4 nm, do not make this set of samples compatible with 

micellar aggregates. The only exception is observed for samples 5c and 5d at pH 11, having 

different spacers (respectively C2 and C6) but the same butyl substitution. At pH 11, the 

compounds are in the amine form, less hydrophilic than the ammonium derivatives (5a, 5b, 6a-

6c). Under these conditions, 𝑅𝑔 becomes reasonably high (above 2 nm, Table 6) and a core-shell 

model (fits are given in Figure 7) suggests the presence of a small core (𝑅𝑐𝑜𝑟𝑒= 0.7 nm) compared 

to the shell (~ 2 nm). 𝑁𝑎𝑔𝑔 is evaluated to be below 30 (Table S 4). The small 𝑅𝑐𝑜𝑟𝑒 is equivalent 

to an alkyl chain containing between 5 and 6 CH2 groups, a fact which could only be explained by 

a strong hydration of the spacer between the sophorose groups in 5c and 5d. If the butyl groups 

increase the hydrophobic character of the core, thus driving micelles formation, the difference in 

the inter-nitrogen spacer (C2 vs. C6) only seems to impact shell size (respectively 1.8 nm vs 2.0 

nm, Table S 4), as one can see by the slight, but noticeable, difference in the oscillation profile of 

the SAXS curves above 1 nm-1 (Figure 7). One should note that the butyl groups are not 

hydrophobic enough to counterbalance the ammonium positive charge at pH< 8, which contribute, 

as expected, to reduce the hydrophobic character of the entire sophorose-to-sophorose spacer. This 

is also confirmed by the poorly-contrasted scattering profile of the methyl butyl ammonium 

derivative (6c). These hypotheses are confirmed by the difference in the scattering profile between 

6a and 6d (Figure 8): the longer nitrogen-to-sophorose spacer (C11) of 6a compared to 6d (C8 

spacer) enhances the hydrophobic character of the entire sophorose-to-sophorose spacer, reducing 

the hydration and adding more contrast (the signal of 6a has a higher intensity). In summary, 

bolaform systems having more hydrophilic centers lose their amphiphilic character unless the 

bulky groups and longer spacers are introduced, but even in this case, the amphiphilic character is 

quite mild and small interpenetrated micelles with relatively low aggregation numbers are formed. 

Table 6 - Structural parameter values extracted from the SAXS profiles in Figure 7. a) Radius of gyration, 𝑹𝒈, 

obtained through the Guinier approximation. 

Sample pH 𝑹𝒈/nm 

5a 
11 0.7 

3 0.6 

5b 
11 0.8 

3 0.7 

5c 
11 1.9 

3 0.6 
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5d 
11 2.4 

3 0.6 

6a  0.7 

6b  0.8 

6c  0.9 

 

 

Figure 8 – SAXS profiles recorded for sample 6a (C11 nitrogen-to-sophorose spacer) and 6d (C8 nitrogen-to-

sophorose spacer). Both samples are bolaform symmetric quaternary ammonium sophorolipid derivatives with 

four hydrophilic centers  

 

 The entire set of compounds studied in this work was initially conceived to develop 

new biobased antimicrobial and transfection agents.29,31,84 We have recently shown that it exists a 

good correlation between the antimicrobial and transfection efficiency and the self-assembly 

properties of the compounds,31 and the present work provides a more general outlook on the latter 

aspect of this new family of sophorolipid derivatives. On another level, bolaamphiphiles have 

certainly been investigated for years,42 but the molecular design is generally the same: two 

symmetric or asymmetric hydrophilic headgroups are separated by a hydrophobic spacer. In this 

work, we go beyond this construction and we show a set of data collected on atypically molecules 

like hydrophobic spacers containing three or four hydrophilic centers, Y-shaped or divalent 

bolaamphiphiles with two different headgroups separated by a long Cx(x= 8,11) spacer. 

All in all, the entire set of SAXS data can be summarized into three main scattering profiles 

depicting: 1) well-defined micelles of total radius above 3 nm, generally characterized by repulsive 

interactions (typical profile of sample 1f, Figure 4) and with aggregation numbers above 50; 2) 
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poorly-defined aggregates with total radius generally well below 1.5 nm and small aggregation 

numbers (typical profiles are shown for samples 3a-c at pH 11, Figure 6); 3) semi-crystalline 

fibrillar aggregates (typical profile is shown for sample 3c at pH 3, Figure 6). To confirm these 

attributions, we have run cryo-TEM experiments on three representative samples. Figure 9a,b 

show, indeed, the presence of twisted fibers for sample 3c pH 3. These images confirm that the 

typical SAXS pattern (3c pH 3, Figure 6) is characteristic of these morphologies, as hypothesized 

above on the basis of the similarities between the SAXS patterns in Figure 6 and the ones recorded 

on stearic acid derivatives of sophorolipids.15,79 Figure 9d, recorded on sample 1f, shows the 

presence of spheroidal micelles of typical size between 3 nm and 4 nm, in agreement with the 

corresponding SAXS analysis (sample 1f, Figure 4 and Table 4). Finally, in Figure 9c, recorded on 

sample 3c pH 11, one can hardly observe the presence of micellar aggregates (dark grey spheres) 

of size below 2 nm, even if one should keep in mind that the resolution of our microscope under 

cryogenic conditions reveals to be limited to provide a clear-cut observation of such small 

aggregates. For this reason, cryo-TEM of aggregates of even smaller sizes (e.g., samples 1a-1d) is 

practically useless. Nonetheless, if compared to the image in Figure 9d, taken at the same 

magnification (40000x), one can safely state that sample 3c pH 11 produces micellar aggregates of 

smaller size than sample 1f, in agreement with the corresponding SAXS analysis (Table 5). Finally, 

cryo-TEM of micellar samples 1f and 3c pH 11 also shows the spurious presence of much larger 

aggregates of undefined shape (not shown). These are clearly part of the sample but their rarity on 

the TEM grid does not allow a clear-cut attribution. Nonetheless, their presence is in total 

agreement with the intense low-q scattering signal characterizing their corresponding SAXS data 

and, in fact, characterizing the SAXS patterns of almost all samples studied here. The spurious 

(less than about 5% in term of number of scattering objects) presence of large-scale (micron) 

aggregates coexisting with micellar solution of sophoro and glucolipids is not uncommon; it was 

reported before13,18,19,72 and, according to the type of compound, we identified either nanoscale 

platelets (in sophorolipids)72 or bilayers (in glucolipids).18,19  
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Figure 9 – Cryo-TEM images recorded on samples a-b) 3c pH 3 (C= 10 mg/mL; corresponding SAXS pattern 

and description are respectively given in Figure 6 and Table 5), c) 3c pH 11 (C= 10 mg/mL, Figure 6 and Table 

5) and d) 1f (C= 25 mg/mL, corresponding SAXS pattern and description are respectively given in Figure 4 and 

Table 4) 

 

Figure 10 summarizes the global impact of nitrogen substitutions in sophorolipid 

derivatives. All C8 asymmetric (1a-1e and 2a-2f), as well as symmetric derivatives with three (3a, 

3b, 4a, 4b) or four (5a-5d, 6a-6c) hydrophilic centers, mainly in the ammonium (charged) form, 

containing aliphatic substitutions on the nitrogen atom(s) have poor, if no, self-assembling 

capacity. The aggregates are generally smaller than the size of the molecule itself and the 

aggregation numbers lay below 10-20 molecules. We suppose that hydrophobic interactions are 

not important enough to decrease the overall free energy of micellization.34,58 Uncharged 

symmetric derivatives with either two or three hydrophilic centers bearing bulky substituents have, 

a)

b)

c)

d)
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on the contrary, the ability to form well-defined micellar aggregates (e.g., 3b-3c or 5c-5d at basic 

pH). In this case, the thickness of the hydrophilic shell is larger than the core radius, indicating that 

an important portion of the molecule, composed of sophorose and part of the spacer, lay in the 

hydrophilic region. When these same compounds are charged, they have the tendency to form 

fibrillar systems, the structure and mechanism of formation of which needs further clarification. 

Finally, Y-shaped (3d, 4d) and divalent (1f-1l, 2g) derivatives have more classical micellization 

properties with aggregation number above 50; these are attributed to the enhanced hydrophobic 

interactions carried by the long aliphatic chain. Interestingly, the size of the hydrophilic shell 

corresponds to the typical size of sophorose-Cx-ammonium indicating that the effective headgroup 

is composed of the charged ammonium headgroup, the spacer and sophorose. The data acquired 

on 3d at acidic and basic pH as well as on the amine oxide 2g sample actually indicate that the 

charge of the ammonium headgroup is not necessary to the purpose of micellization.   

 

 

Figure 10 – Summary of the self-assembly properties of the set of bolaform compounds studied in this work: 

asymmetric, symmetric with three hydrophilic centers, symmetric with four hydrophilic centers. Divalent and 

Y-shaped surfactants. The former have poor self-assembly properties; in the presence of an amine center and 

bulky substituents, symmetric bolaform compounds form small hydrated micellar aggregates with aggregation 

number below 20. Divalent and Y-shaped surfactants have good self-assembly properties: well-defined micellar 

aggregates with aggregation numbers above 50 are formed. 
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Conclusion 

We have studied the solution self-assembly properties of a broad family of amino-

derivatives of sophorolipid biosurfactant: asymmetric (sophorose-ammonium and sophorose-

amine oxide) and symmetric (sophorose-sophorose bearing three and four hydrophilic centers) 

bolaamphiphiles are studied as a function of the substitution on the nitrogen atom. Many of these 

compounds have shown poor tendency to self-assemble into micelles, which, in the best case 

scenario and only for the most hydrophobic substituents (butyl, aryl), are stable and characterized 

by small (< 20) aggregation numbers. The compounds are most likely to adopt an interpenetrated 

configuration within the micelles, characterized by a small hydrophobic core. Meanwhile, divalent 

and Y-shaped sophorolipid amino derivatives, composed of an alkylammonium hydrophobic 

backbone and a complex alkylsophorose hydrophilic headgroup, systematically self-assemble into 

micelles of aggregation numbers contained between 30 and 100, as a function of the size of the 

hydrophobic chain and spacers between sophorose and nitrogen. Modelling of SAXS data shows 

that the size of the aliphatic chain has an expected influence on the total micellar size, where larger 

micelle have longer chains, with a total micellar radius (core radius + shell thickness) contained 

between 2.5 nm and 4 nm. These experiments also highlight that the hydrophilic shell is most likely 

composed of the complex headgroup constituted by sophorose, nitrogen and the corresponding 

aliphatic spacer, the length of which has little influence on the shell thickness but it rather impacts 

the aggregation number (the shorter the spacer, the higher the aggregation number). In few cases, 

and out of any prediction, we observe an atypical SAXS signal, which we attribute to the formation 

of fibrillary, semi-crystalline, aggregates. 

Unmodified acidic sophorolipids are known to form micelles in water and these 

experiments clearly show that modification of acidic sophorolipids does not necessarily improve 

their aggregation behavior in water, unless a long aliphatic chain is introduced to bring the 

hydrophobic interaction, necessary to drive the formation of well-defined micelles. This piece of 

information is to be taken into account in future development of amino derived sophorolipid 

derivatives with potential application as transfection or antimicrobial agents. 
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Table S 1 – Decomposition of selected samples into submolecular groups for the calculation of the respective 

molecular volumes. 𝑽𝒎𝒐𝒍𝒆𝒄 of each subgroup is given in Table 2. The 𝑽𝒎𝒐𝒍𝒆𝒄 of each compound is indicated 

throughout the main text in Table 3, Table 4 and Table 5. Mw is in g/mol. CMC values are in mg/mL. 

§ CH2 and CH groups in sophorose are not included in this column 

 
 
 
 

Compound Mw CMC N° sophorose N° CH2
§ N° CH3

 N° CH§ N°I- NH(sophorose) NH(I-) 

1g 933.4 0.7 1 27 4 1 1 20 6 

1f 891.5 1.4 1 24 4 1 1 20 6 

1i 807.9 - 1 18 4 1 1 20 6 

1h 849.9 8.5 1 21 4 1 1 20 6 

1l 849.9 - 1 21 4 1 1 20 6 

1k 891.5 2.5 1 24 4 1 1 20 6 

1j 933.5 1.2 1 27 4 1 1 20 6 

2g 765.6 1.4 1 26 3 11 0 20 0 

4c 1182.5 - 2 15 3 7 0 20 0 

4d 1344.5 2.7 2 31 4 2 1 20 6 

3b 1005.6 - 2 17 3 2 0 20 0 

3c 1039.6 2.0 2 15 2 7 0 20 0 

3d 1201.8 - 2 31 3 2 0 20 0 

5c 1104.7 - 2 22 4 2 0 20 0 

5d 1160.7 - 2 26 4 2 0 20 0 

6a 1388.5 - 2 22 6 2 2 20 6 

6d 1305.1 - 2 16 6 2 2 20 6 
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Figure S 1 – Light scattering experiments as a function of concentration of the sophorolipid derivatives 

(Figure 2) in water measured at 25°C. The critical micelle concentration (cmc) is determined by the 

intersection of the linear fits.   
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Figure S 2 – Concentration-dependent SAXS profiles for compounds 1a through 1g. For 1f, the typical SAXS 

profile recorded for C= 100 mg/mL using two deprotecting strategies is also shown. The data show that use of 

NaOMe flattens the SAXS curve, which is a sign that positive charges of the micelle are screened by the 

negatively-charged -OMe deprotecting group. All SAXS data for all other samples have then been recorded 

after Et3N deprotection. 
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Figure S 2 (continued) - Concentration-dependent SAXS profiles for compounds 1g. For 1f, the typical SAXS 

profile recorded for C= 100 mg/mL using two deprotecting strategies is also shown. The data show that use of 

NaOMe flattens the SAXS curve, which is a sign that positive charges of the micelle are screened by the 

negatively-charged -OMe deprotecting group. All SAXS data for all other samples have then been recorded 

after Et3N deprotection. 

  

0.1 1
10

-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

I/
c

m
-1

q/nm-1
0.1 1

10
-2

10
-1

10
0

10
1

Et
3
N deprotection

I/
c

m
-1

q/nm-1

NaOMe deprotection



49 
 

 

Figure S 3 - Concentration-dependent SAXS profiles for amine oxide sophorolipid derivatives (2a through 2g).  
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Table S 2 - Structural parameter values extracted from the SAXS profiles in Figure S 3: radius of gyration, 𝑹𝒈, 

is obtained through the Guinier approximation 

Sample 𝑹𝒈/nm 

2a 0.4 

2b 0.3 

2c 0.3 

2d 0.4 

2e 0.4 

2f 0.5 

2g 3.9 
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Figure S 4 – pH-dependent SAXS profiles for amine oxide derivatives 2a through 2g recorded at C= 10 

mg/mL 
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Figure S 5 – Concentration-dependent SAXS profiles for divalent quaternary ammonium sophorolipids 1f 

and 1h through 1j.  
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Figure S 6 - pH-dependent SAXS profiles for compounds 3a through 3d (C= 10 mg/mL) and concentration-

dependent SAXS profiles for compounds 4a and 4b 
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Figure S 6 (continued) - Concentration-dependent SAXS profiles for compounds 4c and 4d 

 

 

Table S 3 - Structural parameter values extracted from the SAXS profiles in Figure S 6. Values are obtained 

using a core-shell sphere form factor (no structure factor employed). All parameters are explained in Table 1 

and Table 2 in the main text. 

 

 

 

 

 

 

 

 

Figure S 7 – Full-scale fit for sample 4a (C= 12.5 mg/mL). The fit has been performed using a model composed 

of the sum of a cylinder and flexible cylinder form factors. The fit is merely meant to be indicative of the 

complexity of the signal. 
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Figure S 8 – pH-dependent SAXS profiles for compounds 5a through 5d (C= 10 mg/mL) 

 

Table S 4 - Structural parameter values extracted from the SAXS profiles in Figure S 8. Values are obtained 

using a core-shell sphere form factor (no structure factor employed). All parameters are explained in Table 1 

and Table 2 in the main text.  
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Figure S 9 - Concentration-dependent SAXS profiles for compounds 6a through 6d 
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