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Abstract: The microstructure of the aqueous solutions of purified acidic Sophorolipid (SL) has
previously been studied using highly sophisticated methods such as SANS and Cryo-TEM. We were
interested in whether (a) the main findings also apply to commercially available SL (which is a
mixture of acidic and lactonic SL) and (b) more readily available methods such as DLS can be used
to gain insight into the molecular aggregation of SL. Our work was motivated by the increasing
interest in biosurfactants for applications in personal and household care. Moreover, the origin
behind the more or less lack of rheological response to changes in pH is of practical relevance, as it
is somewhat unusual for a carboxylate-group containing surfactant. By using DLS microrheology,
we could elucidate the aggregation structure and dynamics of the surfactant on a microscopic scale.
Surprisingly, the different degrees of protonation only impacted the microscopic properties such as
exchange kinetics and the plateau values of the storage moduli.
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1. Introduction

Biosurfactants are surface-active materials produced by microorganisms. They have
attracted much interest in recent years due to advantages such as biodegradability, non-
toxicity and compatibility with biological materials (mildness towards enzymes and
skin) [1–4]. One of the best known biosurfactants is Sophorolipid (SL), which is basi-
cally a glycolipid consisting of a sugar and a lipid moiety that are covalently linked. As an
amphiphilic molecule, various beneficial properties have been reported, such as remarkable
surface activity, dispersing and foaming [5–7]. Hence, it is being increasingly used in
cosmetic, food, medical and detergency applications [1,8,9].

The mixture of lactone (the fatty acid moiety forms a closed lactone ring) and acidic
SL (the fatty acid has a free carboxylic acid end) (see Supplementary Information Figure S1)
reveals a synergism leading to improved performance in interfacial activities [6]. In the
work of Hirata et al., the surface tension and detergency of acidic and lactonic SLs were
tested separately and at different mixing ratios. In the end, the mixture showed a better
improvement in terms of all physicochemical properties; moreover, it was found that the
foam properties could be controlled by the ratio between two SL types [6,9]. Additionally, it
was shown before that the acidic form plays a role in increasing solubility and foamability,
while the lactone form has a significant effect on antimicrobial activity [10,11]. Moreover,
SL might serve as a platform for surfactants of the next generation, as several derivatives
have been reported and all the different types (including bola form) behave distinctly
different [12,13].

Usually, the aggregation behavior of surfactants can be predicted by using the Critical
Packing Parameter concept conceived by Israelachvili [14]. In the case of SL, the peculiar
bola architecture precludes the straight-forward application of this concept, as has been
shown recently in more detail by Baccile et al. [15].
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In previous works, particularly the isolated acidic form of SL has been studied in
terms of its interesting self-assembly behavior as a function of pH or temperature [16,17].
At lower pH as a function of concentration, SL forms spherical or rod-like micelles. It was
reported for the acidic SL that the free COOH group enables a stimuli-responsive behavior.
The degree of ionization of the COOH group changes with pH leading to sphere-to-rod or
rod-to-sphere transitions even at very low SL concentrations [17].

We have seen that solutions of the commercially available acidic/lactone SL mixture do
not show explicit viscoelastic behavior at different pH values. This is somewhat surprising,
since other surfactants containing carboxylate groups, such as fatty acids (i.e., soaps), amino
acid surfactants or rhamnolipids exhibit significant changes in phase and aggregation
behavior at different pH values, leading to noticeable changes in flow behavior [18–20].
Rhamnolipids, another increasingly popular type of biosurfactants, form lamellar structures
at a low pH, which upon an increase in pH convert into vesicles and for even higher
pH values into micelles [21]. As a consequence, the viscosity of rhamnolipid solutions
drastically changes with pH value.

One option to build viscosity in surfactant formulations is to utilize the interaction
between surfactants and co-surfactants, which is of major interest for applications in both
home care and personal care. A prominent example is the synergy between sodium lau-
rylether sulfate (SLES) and cocamidopropyl betaine (CAPB) at low pH [22,23]. Amin et al.
studied the distinct influence of rhamnolipid on the rheological behavior of formulations
containing SLES and CAPB [22]. Rheologically speaking, viscosity is generated mainly by
the two following properties of the surfactant aggregates formed: the crosslink density
of the micelles and their average lifetimes. In contrast to spherical micelles, worm-like
micelles can entangle and form crosslinks. Thus, influencing the conditions under which
distinct surfactant aggregates form is of great relevance; the kinetics of micelle formation
and of the surfactants at interfaces are dynamic processes which are of importance for
many applications [24].

The rheological parameters crosslink density and exchange kinetics can be derived us-
ing the Maxwell model; a detailed introduction and description can be found elsewhere [25].
Storage modulus G′, loss modulus G” and structural relaxation time τ are usually being ob-
tained by mechanical rheometry, since the wormlike micelles present in standard surfactant
formulations are sufficiently long and long-living to be studied by mechanical oscillatory
rheology. The attainable frequency range is, however, limited by the inertia of the measur-
ing geometry to about 10 rad/s for viscosities below 1000 mPas [26]. Therefore, in case
samples of low viscosity, when fast dynamics need to be investigated, microrheology, based
on Dynamic Light Scattering (DLS), has been employed [27]. Classically, DLS measures the
diffusion/displacement of scattering objects in a sample of known viscosity to quantify
their size via the Stokes-Einstein equation. By measuring the displacement of particles of
known size, the viscosity (and other rheological parameters) can be determined. The tracer
particles need to be added in such a concentration that the scattered light is dominated by
the particles. Their movement through the thermal fluctuations in the sample allow for the
obtention of the viscoelastic information of the sample indirectly from the Stokes-Einstein
equation [28].

Different viscoelastic systems have already been intensively studied using DLS mi-
crorheology. Among them are surfactant solutions, complex polymer hydrogels and biolog-
ical materials [29–31]. In the work of Xu and Amin, the rheological effect of rhamnolipid
on the abovementioned mixed surfactant system was studied using traditional rheology
coupled with microrheology for the higher frequency regime [22]. Thus, the viscoelastic
response to different formulation conditions such as salt and pH could be screened. In
another study, microrheology was used effectively to determine the rheology of industrially
relevant protein solutions and the viscoelastic behavior of their temperature-dependent
aggregation [32].

In our study, we have examined the micellar aggregation behavior of a commercially
available version of SL, which consists of a mixture of acidic and lactonic forms, by using
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straightforward and easily applicable rheological methods. The motivations behind our
work were the following questions: (a) Does a commercially available SL mixture behave in
principle like the highly purified samples of acidic SL investigated by SANS and electron
microscopy? [15–17,33]; (b) Can DLS microrheology be used to obtain a better understand-
ing of the fundamental micellar parameters of SL and their dynamics? This information will
be helpful to understand the comparably limited responsiveness of the viscosity to changes
in the pH value as well as how to develop formulations having appropriate viscosities.

2. Materials and Methods

Materials: Sophorolipid (SL) used in this work is a mixture consisting of 60% acid
and 40% lactone and is available as REWOFERM® SL ONE by Evonik Operations GmbH,
Essen, Germany. The active content is 40%; the pH value is 5.8.

Sample Preparation: Samples were prepared in 50 mL volume and diluted with
Millipore water to the desired concentrations. Subsequently, the pH values were adjusted
with 30% citric acid and 30% KOH for all samples. Minimal addition of acid or base was
needed for the highest dilutions of 5% and 10% to compensate the small changes in pH
upon dilution. Concentrations are given as active matter SL (in percent).

Dynamic Light Scattering (DLS): Measurements were performed with a Zetasizer
Nano ZS (Malvern Instrument Lab, Malvern, UK) equipped with a 4 mW He-Ne laser
with a wavelength of 633 nm. Samples were filtered using a 0.45 µm filter prior to the
measurements. Each measurement was repeated three times and the results are averaged.
In this method, scattered light is detected in a specific time frame to monitor the particle
movements. Depending on the particle size, scattered light intensity shows different
fluctuations. The autocorrelation function curves represent these intensities and reveal how
long a particle is present at the same location in the sample. While small particles can move
faster, the time they need to change their position is shorter. This reflects as a faster decay
on the autocorrelation function curve. Conversely, for larger particles, the decay is delayed
due to their rather slow movement. Particle sizes were obtained from the autocorrelation
functions measured by the instrument; the size distributions were determined via the
cumulant method, which is implemented in the Malvern software.

DLS microrheology: The mean square displacement (MSD) of tracer particles is mea-
sured by DLS; the data is compiled by a generalized Stokes-Einstein relationship to obtain
viscoelastic parameters [34]. The tracer particles are added in such a concentration that
the scattering intensity of the particle dominates the sample by a factor of at least 100; this
was realized by adding 6 µL of 200 nm particles (Sigma-Aldrich Chemie GmbH, Steinheim,
Germany, micro particle size standard based on polystyrene monodisperse 0.2 µm size; 2%
solid content) to 1.2 mL of the sample. After the addition of the particles, the samples were
vortexed for 30 s and then placed in an ultrasonic bath for 1 min to remove air bubbles.
Each sample has been measured three times and the values obtained (cross-over frequency
and plateau value) agreed within 10%.

A feature key of the Malvern Software is needed in order to perform microrheology
with the Zetasizer Nano ZS [35]. A detailed description of the method can be found
elsewhere [32]. The applicability to surfactant systems has already been discussed in more
detail [28]. Microrheology provides insights into the fast dynamics of samples, whereas
the behavior on a seconds, minutes and hours scale is usually probed by mechanical
rheology [36].

Oscillatory Shear Rheology: Mechanical rheology was performed on an AR-G2
Rheometer (TA Instruments, Eschborn, Germany) using a 25 mm parallel plate geom-
etry. The temperature was controlled by a Peltier device in the lower plate; the gap was set
to 0.25 mm. Worm-like surfactant micelles can well be described by the Maxwell model; the
crossover frequency that gives information on the dynamics of micelles deeply depends on
the structure of the surfactant and influences (together with the network density of the mi-
celles) the viscosity of the sample. Both parameters, i.e., crossover frequency and network
density, can be obtained by oscillatory rheological measurements, if the accessibility was
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given [37]. Any mechanical rheometer is limited by the inertia which limits the upper end
of the frequencies that can be probed, [38] even though today’s rheometers have excellent
sensitivity in terms of torque [39].

The parameters obtained from both rheological methods can be listed as: Crossover:
The frequency at which the storage modulus becomes larger than the loss modulus when
going from low frequencies to high frequencies given in rad/s (see Figure 3a; the crossover
of moduli is not exactly right since some plots have two crossovers). G0 (spectra): The
maximum value of the storage modulus G′ at high frequencies; the plateau value is given in
Pa. G0 (cole-cole): The plateau value G0 equals twice the value of the storage modulus at the
crossover frequency; the moduli at the crossover frequency are equal (and the loss modulus
is at its maximum), so the value of the moduli at crossover can be easily extracted from the
cole-cole plots (see Supporting Information). Duplicating this value then gives the plateau
value G0 (cole-cole) in Pa. Zero shear viscosity from microrheology: This viscosity can be
calculated by dividing G0 (spectra) by the crossover frequency (compare the Cox-Merz
rule [40]). Viscosity from mechanical measurement: The mechanical measurements of the
frequency spectra yield the complex viscosity; the values at low frequencies were used
(Cox-Merz rule).

3. Results and Discussion

The submicron structures formed by SL are strongly dependent on pH and concen-
tration [16,17,41]. In this regard, we have examined the viscoelastic behavior of different
SL concentrations between 5–40% (w/w) at pH 3 and pH 8. These pH values of 3 and 8
were chosen, since this covers the range from fully protonated (pH 3) to fully deprotonated
(pH 8), considering the pKa of 5.8–6.1 [17,42]. Subsequently, the impact of temperature on
these microstructures is investigated.

In Figure 1, the correlation functions from DLS measurements for the increasing con-
centrations of SL at pH 3 (Figure 1 left) and pH 8 (Figure 1 right) are presented. Comparing
the plots on the left and right sides at a first glance, the difference among the relaxation
times is clearly visible. This can be interpreted as follows: For samples up to 30% SL at
pH 8, the particle size is smaller than for the corresponding solutions at pH 3. The correla-
tion functions for samples at pH 3, as explained in the methods section, shift from a fast
monomodal decay to a slow bimodal behavior along with the concentration increase. This
means the particle size increases with increasing concentration. At pH 8, fast monomodal
decay behavior almost stagnates for concentrations up to 30%, indicating a very small size
growth. For 30 and 40% (w/w) samples, a second mode appears for pH 8, reflecting the
increased polydispersity of the particles (see Table S1 in Supplementary Information).
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Such a growth in the size and size distribution of micelles typically causes a distinct
effect on viscosity. Therefore, a deeper look into the viscoelastic properties of the samples
using DLS microrheology allowed us to understand the molecular evolution of the ag-
gregates. The trend that the lifetimes of the worm-like micelles shift to longer timescales
with increasing concentration can also be seen in the frequency-dependent measurements
of microrheology (Figure 2). The data shift to lower frequencies (i.e., longer time scales)
with increasing concentration. All the measurements show a Maxwell behavior, meaning
that the storage modulus G′ scales with a slope of 2, whereas the loss modulus G” scales
with a slope of 1. The scaling of the data as a function of frequency according to the
Maxwell model can also be seen from the Cole-Cole plots (see Supplementary Information
Figures S3 and S4). These plots show (parts of) semi-circles; the height of the semi-circle
is equal to the moduli at the crossover frequency. Figure 2 only shows the measurements
of the concentrations from which rheological parameters could be extracted (see Table 1);
additional data on samples containing 5% and 10% SL can be found in the Supplementary
Information (Figure S2 left and right).
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Table 1. Summary of the parameters obtained from (micro-)rheology measurements for different SL
concentrations at pH 3 and pH 8.

Calculated Mechanical

Concentration/% Cross-
over/rad/s

G0

(spectra)/Pa
G0

(cole-cole)/Pa

Zero shear
viscosity from mi-
crorheology/mPas

Viscosity from
mechani-
cal/mPas

pH 3

15 1430 7.7 7.3 5.4 -
20 780 9.6 10 12 7.2
30 500 12 12 24 16
40 380 19 16 50 42

pH 8

15 6390 41 41 6.0 4.1
20 5800 35 40 6.0 4.8
30 2500 39 47 16 12
40 2070 92 80 44 63

For a detailed explanation of the listed parameters, see the materials and methods section.

The frequency at which the crossover of both moduli occurs also depends on the
concentration of the samples, as can also be seen from Figure 2. The crossover frequency is
a timescale which can be used as an indicator for the average lifetime of a surfactant aggre-
gate. Following the measured data to higher frequencies shows a leveling of the storage
modulus G′. This plateau value G0 is a measure of the crosslink density (entanglements) of
the surfactant aggregates; the plateau value G0 equals twice the storage modulus at the
crossover frequency [25]. Both the crossover frequency and the plateau value influence the
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viscosity of the surfactant system; control of these parameters allows for the tuning of the
viscosity of surfactant formulations. Comparing the data at pH 3 and pH 8 shows that the
crossover frequencies at pH 3 are lower than those at pH 8; however, the plateau value
G0 for the pH 3 samples are also lower than the ones at pH 8. The general shape of the
mechanical spectra does not change but follows the modified Maxwell model (compare
also the Cole-Cole plots in Figures S3 and S4 in the Supplementary Information) [43]. The
different pH values (i.e., the state of protonation) lead to a shift of the curve in terms of both
frequencies and moduli. The samples at 5% and 10% active matter could be measured but
did not show a Maxwell-type behavior anymore due to the shifting of the curves to higher
frequencies. Thus, rheological parameters could not be extracted for these two samples.

Table 1 shows that the values of the crossover frequencies of the moduli (equivalent to
relaxation times in the millisecond range) at high pH values are higher by about a factor
of 5.

The plateau value of the storage modulus can be determined in different ways: One
option is to double the value of the storage modulus at the crossover frequency, which is
described by G0; the other option is to examine the Cole-Cole plots and draw/complete
(manually) the semi-circle and multiply the value at the maximum of the semi-circle by
two. The second method was done manually and is prone to have minor errors; however,
both values match quite well.

The viscosity at low shear rates can be computed from the crossover frequency/typical
time scale and the plateau value of the storage modulus. Although the parameters develop
differently for SL at the two different pH values, the product of the two parameters yields
similar viscosities of around 45–50 mPas for the 40% solutions. The viscosity of these
two samples have also been measured by using a mechanical rheometer, giving similar
results. One might ask the question why we took the effort to measure the viscosity by
microrheology and not by using a standard rheometer. By the extension of the frequency
range in microrheology, we could see why the macroscopic viscosity was more or less
independent of pH. At different degrees of protonation, the effects of changes in the lifetime
and crosslink density of the micelles cancel each other out.

We have used our mechanical rheometer to perform oscillatory rheology in order to see
whether these moduli compare well with the data obtained by DLS microrheology. Figure 3
shows the combination of the mechanical and the microrheological spectra for the two pH
values at their highest concentrations. Especially the loss moduli G” show no perfect scaling
but some deviation at frequencies above 10 rad/s [26,27]. The continuation of the loss
moduli matches well with the ones obtained by microrheology measurements, although
it has been reported that perfect overlays of the two methods are hard to achieve [44].
The storage moduli G′ obtained by mechanical rheology shows a scaling by a factor
of 1, which is expected if the samples respond according to the Maxwell model. The
crossover of storage and loss moduli are, however, at too low frequencies, which would not
correspond to the low viscosity (a shift of a factor of 10 in the crossover frequency would
also lead to a difference in viscosity by that factor). The shift of the storage modulus to
higher values is attributed to inertia effects. These effects depend on the gap size, and
the measured values of the storage modulus approach the true value with lowering the
gap size of the rheometer [45]. This will, however, only give an approximation of the
true value and furthermore may not allow for measurement at high frequencies to resolve
the true crossover frequencies and plateau values. The evolution of moduli at higher
frequencies develops differently, however, indicating a change in structure of the micelles
at the two pH values, as discussed above. The complex viscosity that can be derived
from the measurements shown in Figure 3 are presented in the Supporting Information
(Figures S5 and S6).



Colloids Interfaces 2022, 6, 3 7 of 11

Colloids Interfaces 2022, 6, x FOR PEER REVIEW 7 of 12 
 

 

the frequency range in microrheology, we could see why the macroscopic viscosity was 
more or less independent of pH. At different degrees of protonation, the effects of changes 
in the lifetime and crosslink density of the micelles cancel each other out. 

We have used our mechanical rheometer to perform oscillatory rheology in order to 
see whether these moduli compare well with the data obtained by DLS microrheology. 
Figure 3 shows the combination of the mechanical and the microrheological spectra for 
the two pH values at their highest concentrations. Especially the loss moduli G″ show no 
perfect scaling but some deviation at frequencies above 10 rad/s [26,27]. The continuation 
of the loss moduli matches well with the ones obtained by microrheology measurements, 
although it has been reported that perfect overlays of the two methods are hard to achieve 
[44]. The storage moduli G′ obtained by mechanical rheology shows a scaling by a factor 
of 1, which is expected if the samples respond according to the Maxwell model. The 
crossover of storage and loss moduli are, however, at too low frequencies, which would 
not correspond to the low viscosity (a shift of a factor of 10 in the crossover frequency 
would also lead to a difference in viscosity by that factor). The shift of the storage modulus 
to higher values is attributed to inertia effects. These effects depend on the gap size, and 
the measured values of the storage modulus approach the true value with lowering the 
gap size of the rheometer [45]. This will, however, only give an approximation of the true 
value and furthermore may not allow for measurement at high frequencies to resolve the 
true crossover frequencies and plateau values. The evolution of moduli at higher 
frequencies develops differently, however, indicating a change in structure of the micelles 
at the two pH values, as discussed above. The complex viscosity that can be derived from 
the measurements shown in Figure 3 are presented in the Supporting Information 
(Figures S5 and S6).  

 

Figure 3. Combination of classical rheology and microrheology illustrating the evolution of the 
frequency response of G′ (filled), G″ (open symbols) of Sophorolipid (SL) in water at 40% 
concentration (w/w %) at left) pH 3 right) ph 8. 

The structure of the micelles at the two pH values was also probed by another series 
of measurements at different temperatures. The concentration of SL was kept constant at 
40%, and the measurement at 25 °C was used to check for reproducibility of the 
measurements. The results are shown in Figure 4 and summarized in Table 2. It is obvious 
that the data points develop differently depending on the temperature for the two states 
of protonation. The moduli for SL at low pH shift to lower values, while the position of 
the crossover frequency hardly changes and stays more or less constant between 200–300 
rad/s. The crossover frequencies at pH 8, however, shift to higher frequencies with 
increasing temperature, while the level of the moduli stays constant at around 90 Pa. This 
shift of the spectra with temperature to different frequencies while the moduli stay 

Figure 3. Combination of classical rheology and microrheology illustrating the evolution of the fre-
quency response of G′ (filled), G” (open symbols) of Sophorolipid (SL) in water at 40% concentration
(w/w %) at left) pH 3 right) ph 8.

The structure of the micelles at the two pH values was also probed by another series of
measurements at different temperatures. The concentration of SL was kept constant at 40%,
and the measurement at 25 ◦C was used to check for reproducibility of the measurements.
The results are shown in Figure 4 and summarized in Table 2. It is obvious that the data
points develop differently depending on the temperature for the two states of protonation.
The moduli for SL at low pH shift to lower values, while the position of the crossover
frequency hardly changes and stays more or less constant between 200–300 rad/s. The
crossover frequencies at pH 8, however, shift to higher frequencies with increasing temper-
ature, while the level of the moduli stays constant at around 90 Pa. This shift of the spectra
with temperature to different frequencies while the moduli stay constant can also be seen if
the data are plotted as Cole-Cole plots (see Supplementary Information, SI Figures S7 and
S8). All five semicircles coincide for the measurements of the pH 8 sample, while the shift
of the samples at pH 3 can be recognized on account of the semicircles having different
diameters.
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Table 2. Summary of the parameters obtained from (micro-)rheology measurements for 40% SL
concentration at different temperatures at pH 3 and pH 8.

Calculated Mechanical

Temperature/◦C Cross-
over/rad/s

G0

(spectra)/Pa
G0

(cole-cole)/Pa

Zero shear
viscosity from mi-
crorheology/mPas

Viscosity from
mechani-
cal/mPas

pH 8

0 515 72 66 140 200
5 780 90 91 115 150
25 1571 94 96 60 60
40 2870 84 80 30 33
60 5300 90 115 17 17

pH 3

0 215 28 26 130 140
5 325 25 24 77 70
25 300 18 14 60 42
40 360 13 12 36 30
60 240 9 8 38 22

For a detailed explanation of the listed parameters, see the materials and methods section.

Rheological measurements performed at the different temperatures may be combined
to one curve (master curve). The measurement at 25 ◦C was taken as a reference. Master
curves are usually obtained in order to enlarge the accessible frequency range of (molten)
polymers; a sample is measured at different temperatures in a specified range of frequencies.
One (usually) higher temperature is taken as a reference temperature; the measurements at
lower temperatures obtained in the same frequency range behave like the polymer at the
higher temperature; the behavior is, however, shifted to longer timescales and the frequency
range can be enlarged by superposition/shifting of the obtained spectra. The micelles of
SL could in principle be measured at lower temperatures by mechanical rheology, and the
results could be shifted to the reference temperature (of, e.g., 25 ◦C) in order to enlarge the
accessible frequency range of the mechanical rheometer. The window for measurements
in aqueous systems is, however, limited to about 80 ◦C; temperatures below 0 ◦C might
lead to freezing of the sample, whereas evaporation would cause wrong results at high
temperatures. Additionally, the structure of the surfactant aggregates may change with
temperature, which would make a scaling impossible.

Figure 5 shows the master curves (dynamic rheological spectra at different tempera-
tures) of SL at low and high degrees of deprotonation. The formation of the master curve
failed for the sample at a low pH value, whereas the curves could be matched at high pH
values. This result furthermore proves that SL forms different aggregates at different pH
values (degrees of protonation); the structures of the aggregates formed at low pH values
are influenced by temperature, presumably because hydrogen bonds play an essential role
in the structures formed by the biosurfactant, whereas the influence of temperature and
thus the impact of hydrogen bonds are negligible at high pH values. The SL is charged at
high pH values and the deprotonated carboxylic acid groups are not able to interact via
hydrogen bonds with other groups such as the sugar groups anymore. Baccile et al., e.g.,
followed inter- and intramolecular H-bonds on purified SL acid at different pH values by
NMR [17,46]. Thus, the degree of protonation deeply influences the type of aggregation,
explaining the differences in the microscopic behavior.

Interestingly, the viscosity obtained from microrheology measurements (crossover
frequency and plateau moduli) are again in about the same order of magnitude for the two
different pH values and start around 130 mPas at 0 ◦C and drop to 20–30 mPas at 60 ◦C.
The measurement at 25 ◦C gave viscosities of 60 mPas which is perfectly in line with the
mechanical measurement (compare Table 1). The insights into the behavior of the SL at
different pH values by microrheology are helpful to understand why the viscosity of the
surfactant samples, which is a macroscopic effect, is quite similar at pH 3 and at pH 8.
Coincidentally, the effects of the different microscopic parameters (i.e., plateau modulus
and crossover frequency) cancel each other out to yield a similar macroscopic property.
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4. Conclusions

We have studied the aggregation behavior of commercial SL as a mixture of both
lactone and acidic forms. Interestingly, SL aggregates do not show a pronounced change
in viscosity as a function of concentration and pH, although the acidic form contains
a carboxylic acid moiety. The different degrees of protonation do not lead to a drastic
change in the aggregation behavior typical of soaps; here, rather, the effects happen on a
microscopic scale. Therefore, a deeper rheological characterization could provide insights
into the exchange kinetics of these aggregates. Despite the use of standard industrial
equipment, the general trends depending on concentration and temperature could be
derived. Recently, the DLS microrheology method has even been further improved [31].

The exchange kinetics of SL are comparably fast, although they carry a long hydropho-
bic chain, for which one would expect a lower crossover frequency [22,37]. The unusual
behavior of SL is attributed to the double hydrophilic (bola) structure of the molecule,
carrying both a sugar group and a carboxylic acid group on each side of the hydrophobic
part. Thus, it is not too surprising that attempts to describe the molecule by the concept
of critical packing parameter somewhat failed [15]. We could show by microrheology
measurements that the structure and the dynamics of the surfactant change with pH value
and temperature on a microscopic scale. The changes on a microscopic scale are, however,
not that obvious by considering macroscopic parameters like consumer-perceived viscosity,
which is in contrast to other pH-sensitive surfactants. Also, Baccile et al. saw a similar
change in behavior, namely, the increase in surface charge on SL micelles, which was
probed on a microscopic scale by SANS [47]. Furthermore, the time-dependent effects of
protonation have been reported for worm-like micelles, which can lead to different kinetic
behavior/structure and thus viscosity/rheology [48]. These changes can be followed by
macroscopic methods; in the case of the SL, however, the changes could only be detected
by microscopic parameters. Our investigations further help to understand the complex
behavior of SL, which is an interesting class of biosurfactants since their behavior can be
tuned by derivatization form highly dynamic to “frozen” type bola-SL [9].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/colloids6010003/s1, Figure S1: Chemical structures of different SL types; Figure S2: Evolution
of the frequency response of G′ and G” of SL at different concentrations at left) pH 3 right) pH 8;
Figure S3: Cole-Cole plots of SL at pH 3 (different concentrations); Figure S4: Cole-Cole plots of SL at
pH 8 (different concentrations); Figure S5: complex viscosity of 40% SL pH 3; Figure S6: complex
viscosity of 40% SL pH 8; Figure S7: Cole-Cole plots of SL at pH 3 (different temperatures); Figure S8:
Cole-Cole plots of SL at pH8 (different temperatures); Table S1: Particle size and PDI of SL from DLS.
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