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Many biological molecules are by their nature amphiphilic and have the
ability to act as surfactants, stabilizing interfaces between aqueous and
immiscible oil phases. In this paper, we explore the adsorption kinetics
of surfactin, a naturally occurring cyclic lipopeptide, at hexadecane/
water interfaces and compare and contrast its adsorption behaviour with
that of synthetic alkyl benzene sulfonate isomers, through direct mea-
surements of changes in interfacial tension upon surfactant adsorption.
We access millisecond time resolution in kinetic measurements by
making use of droplet microfluidics to probe the interfacial tension of
hexadecane droplets dispersed in a continuous water phase through
monitoring their deformation when the droplets are exposed to shear
flows in a microfluidic channel with regular corrugations. Our results
reveal that surfactin rapidly adsorbs to the interface, thus the interfacial
tension equilibrates within 300ms, while the synthetic surfactants
used undergo adsorption processes at an approximately one order of
magnitude longer timescale. The approach presented may provide oppor-
tunities for understanding and modulating the adsorption mechanism of
amphiphiles on a variety of interfaces in the context of life sciences and
industrial applications.

1. Introduction

The adsorption of surfactants at the interface between two immiscible fluids
plays an important role in many technological and industrial applications,
including mineral flotation in the recovery of valuable ores, corrosion inhi-
bition, dispersion of solids and oil recovery [1-5]. In their soluble form,
amphiphilic molecules possess the propensity to form micelles [6], which, in
general, have to dissociate prior to their adsorption onto the interfaces. Under-
standing the interplay between micelle dissociation and interfacial adsorption
of active molecules to liquid /liquid interfaces is of key importance for achieving
control of both emulsion stability and interface properties. Thus, much effort
has been devoted to studying the thermodynamics and kinetics of the adsorp-
tion process with several of quantitative models proposed [7,8]. In this paper,
we set out to probe the mechanism of adsorption of the biosurfactant surfactin
to oil/water interfaces. Surfactin is naturally produced by biologically active
microorganisms as a cyclic heptapeptide (Glu-Leu-D-Leu-Val-Asp-D-Leu-Leu).
It is a bacterial cyclic lipopeptide, known for its ability to effectively act as a
surfactant [9] along with special biological properties [10] and has emerged
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as a desired stabilizer with ideal properties in the pharma-
ceutical, cosmetics and food additives areas. In particular,
the biodegradability and low toxicity of surfactin coupled
with its ability to enhance the biodegradation and solu-
bilization of low solubility compounds has made it an
attractive additive to hydrocarbon-based surfactants and a
promising candidate for microbial-enhanced oil recovery
and bioremediation of environmental pollutants [11].
Indeed, currently most industrial applications use hydro-
carbon-based amphiphililic molecules as surface active
agents which, however, can display high toxicity or exhibit
environmentally problematic properties, making their
large-scale use potentially unsafe. In this study, we used
two isomers of sodium cetyl benzene sulfonate (SCBS) as
representative synthetic surfactants with properties analo-
gous to those of petroleum sulfonate, which is a widely
applied surfactant in enhanced oil recovery.

Here, we study the molecular events associated with
adsorption processes directly by determining the changes in
the interfacial tension of the oil/water interface as a function
of time. In order to gain insights into the mechanism of
adsorption, kinetics measurements in the millisecond range
are required. A variety of techniques have been explored for
probing the interfacial tension of liquid/liquid emulsions,
such as maximum bubble pressure [12,13], drop volume
[14,15] and dynamic interfacial tensiometry involving pen-
dant drop [16] and spinning drop approaches [17,18]. These
conventional bulk techniques, however, are limited by the
predominance of diffusion at large scales which can obscure
the dynamics intrinsic to the adsorption process itself. To elu-
cidate the mechanism and the kinetics of this adsorption
process, the measurements must be performed in kinetically
controlled or mixed regimes, which are dominant at small
volume systems or in the presence of convection. Compared
with conventional methods, microfluidics always provide
highly sensitive and accurate analytical steps [19,20]. Thus,
to overcome these limitations we employed a microfluidic
interfacial tensiometry approach [21]. This method relies on
the use of physical constrictions and expansions to measure
the deformation of a droplet in the fluid flow field. Tracking
the droplet deformation during its flow through physical
constrictions formed by varying the channel width can be
used to infer its interfacial tension and hence the amount
of surfactant molecules that are adsorbed to the interface
at a given time point. As the droplet’s interfacial tension
can be measured at a millisecond resolution, including at
the early time points immediately following the droplet
generation, this dynamic microtensiometry tool enables the
adsorption process to be followed prior to its equilibration.
Additionally, the small volume of the droplets produced,
in combination with the presence of convective currents pre-
sent in the system enable kinetically controlled regimes to be
probed. We first derived an empirical relationship between
the deformation of individual microdroplets and the inter-
facial tension at its water/hexadecane interface within the
specific geometry of our device. By combining these results
with the equilibrium measurements obtained by convention-
al spinning drop tensiometry, we obtained quantitative data
on the time resolved decay in interfacial tension and associ-
ated surfactant adsorption curves that were further used to
develop a model for obtaining the adsorption and desorption
rate of surfactants at the oil/water interface.
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Figure 1. The structure of surfactants: (a) surfactin; (b) 5-SCBS;
(c) 8-SCBS. Blue and red parts represent hydrophobic and hydrophilic
groups, respectively.

2. Material and methods

2.1. Surfactants

Surfactin was produced by Bacillus subtilis TD7 cultures [22]. To
isolate the surfactin from the culture medium, we first adjusted
the pH of the fermentation broth to 8.0 and then subjected it
to centrifugation at 5000r.p.m. to remove the bacterial cells.
In order to exploit the low solubility of surfactin in acidic
environments, we next lowered the pH to 2 through the addition
of hydrochloric acid and collected the precipitate. The surfactin
was obtained by extraction from the precipitate with diethyl
ether followed by reversed-phase high-performance liquid
chromatography. The molecular structure of surfactin is shown
in figure 1. SCBS was synthesized by Qilan company. The
results of ESI-MS, 'THNMR and *CNMR showed the purity to
be greater than or equal to 95%. All the surfactants were pre-
pared in 10mM phosphate buffer at a pH of 7.4 and the
surfactant concentrations ranged from 0.1 to 0.5 mM—all these
values are above the critical micelle concentration (CMC) of the
three surfactants [23,24] (table 1).

2.2. Methods

2.2.1. Dynamic light scattering measurement

The diameters of the micelles formed by the three surfac-
tants used in this work were determined by dynamic light
scattering (DLS) measurements (Nano-ZS; Malvern Instru-
ments Ltd, UK) at 45°C. The hydrodynamic radii were
determined at three different concentrations—C, = 0.1 mM,
0.25mM and 0.5 mM—corresponding to the values at which
the adsorption process was probed. All the measurements were
performed at a scattering angle of 173°. The average micelle
diameters are shown in electronic supplementary material,
table S1 (the values shown in the table are the averages of the
measurements at the three concentrations) and the number size
distributions are shown in electronic supplementary material,
figure S1.
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Figure 2. Device design with 110 successive chambers 150 m wide and 300 wm long, adapted from Brosseau et al. [21]. Droplets are produced in a flow focusing
droplet maker (green enlarged area) and then flowed into a series of chambers. The two-dimensional projection of the contour of the droplets remained to a good
approximation circular at the entrance to the first chamber but the observed deformation gradually increased as the droplet moved along the delay line (red
enlarged area). It takes approximately 10 ms for a droplet to flow through each chamber (blue enlarged area).

Table 1. Physicochemical properties of the surfactants.

surfactants CMC mmol I~ Voo (at 0.1mM)mNm ™" I,, mmol m 2
surfactin 23 %1077 1.985 162 % 107
5-SCBS 12x 1077 0354 497 x 10
8-S(BS 11x 1077 0.064 258 x 107
2.2.2. Spinning drop tensiometry and 300 um in length. The chambers were connected by 50 pm
The interfacial tension between hexadecane and water was w-ide and 300 pm long COl’IS’[I‘i.CtiOIlS and all the channels
measured by the spinning-drop tensiometry approach at 45°C (figure 2) were fabricated to a height of 50 pm. )
using a SVT 20 tensiometer (Dataphysics, Germany) operated at The devices were then mo.unted on a microscope with a
4500 r.p.m. The values for the interfacial tensions were recorded Femperature control.led stage ﬁxed to 45OC: The fluids were
at 5 min intervals, and were assumed to have equilibrated when Tn}ected by glass syringes (Hamilton, 1ml) using automated syr-
consecutive readings agreed to within 0.001 mN'm ™. The volu- nge pumps (.Nemesys Gmbh) to control prec1s.e1y the flow rates
metric ratio between the surfactant solution and the hexadecane of .the ﬂu.lds in the channels. Drol?let deformation was recorded
in the spinning-drop tensiometer was set to be 2000. All the using a hlg}'l-speed camera operatmg. at a frame réte.Of 15000 fps
measurements were performed in 10 mM phosphate buffer at a and all the images were processed with home-built image analy-
surfactant concentration of 0.1 mM. sis tools. The lengths and widths of droplets flowing through the

chambers were extracted by detecting the two-dimensional pro-
jection of the contour of the droplets. The relative deformation
of each droplet, §, at each specific time point was defined as
6=(L—1)/(L+1), where L and I are the major and the minor
axes of the droplet. The deformation profile in each specific
chamber (figure 3a) was used to determine the maximum defor-
mation in that chamber and the variation in the latter parameter
with time as the droplet moves along the delay line is shown in

2.2.3. Microfluidic device design and measurements

Microfluidic devices were fabricated using standard photolitho-
graphy techniques [25]. The microfluidic channels were
patterned into polydimethylsiloxane (PDMS; Sylgard184, Dow
Corning) using SU-8 photoresist (SU8-3050 Microchem) on sili-
con masters. PDMS devices were then plasma bonded to glass

) X ; | ] figure 3b—d.
microscope slides using oxygen plasma (Diener Ecectronics) to
form sealed devices. To form the hydrophilic surface, the
sealed devices were retreated in a plasma oven for 500s and
were then filled with water to maintain the hydrophilicity of i ;
the channel. Hexadecane droplets were produced in a flow focus- 3. Resu ltS and dISCUSSIOn
ing microfluidic device. Droplet formation was followed by a We first characterized the interfacial tensions of the synthetic

delay line with 110 successive chambers each 150 pm in width surfactants and the biosurfactant solutions under equilibrium
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Figure 3. (a) The relative deformations of the droplets flowing in the chambers are quantitatively described using the relationship 6 = (L — /)/(L 4 /). Maximum
deflections were defined as the peak values in each of the chambers. The dashed lines show the boundaries of the chamber. The variation in (b) the maximum
deformation, (c) droplet dimension and (d) velocity in time when the droplet flows through the delay line and the deformation reaches maximum (data shown on
the example of droplets in 0.5 mM surfactin solution). Green and blue symbols in (c) represent the maximum value of the major and minor axes of the droplet,
respectively, and the red symbols are the averaged droplet diameters when the relative deformation was 6 << 0.01. The error bars correspond to the highest and

lowest values.

conditions. To this effect, the water/hexadecane interfacial
tension was measured using a spinning drop interfacial tensi-
ometer. Using this approach, a lower density drop
(hexadecane) was injected into a spinning tube filled with a
higher density continuous phase (surfactant solution). The dro-
plet deformation was used to obtain the dynamic interfacial
tension. Insuchbulk experiments, equilibrium state was reached
within 500 s, a timescale dominated by diffusive mass transport
(electronic supplementary material, figure S2a). The interfacial
tensions of surfactin, 5-SCBS and 8-SCBS obtained through
these measurements are reported in table 1.

We next focused on probing the dynamics of the molecu-
lar events underlying adsorption. In bulk experiments, the
adsorption timescale is typically governed by diffusive
mass transport to the interface which can be slow and thus
mask more rapid dynamics [26]. A convenient strategy to
addpress this limitation is to work at microfluidic lengthscales
where diffusion times are reduced and the presence of con-
vective currents in multiphase flows allows rapid mass
transport. In such microfluidic systems, the interfacial tension
of a microdroplet can be probed by exposing it to hydro-
dynamic stresses and monitoring the resulting deflection,
Omax, in real time using kilohertz rate timelapse microscopy.
We achieved repeated application of a well-defined hydro-
dynamic stress through the use of periodic constrictions in
a longer channel following a droplet maker element inte-
grated into a single microfluidic device design, following

the strategy of Brosseau et al. [21]. The data in figure 3a—b
show that the droplet deformation induced in the subsequent
constrictions is not constant throughout the entire chamber
sequence, but rather varies in time following exposure of
the interface to the surfactants. The delay time achieved
through the advective transport of the droplet from one
chamber to the next is approximately 20 ms, thus allowing
access to measurements of the evolution of the interfacial
tension on millisecond timescales.

In order to relate the measured deformation quanti-
tatively to the interfacial tension we consider two
dimensionless numbers [21] expected to control the process:
(i) the capillary number defined as the ratio between viscosity
force and surface tension Ca = mu/y, where 7 is the viscosity
of the continuous phase, u is the advection velocity and v is
the oil/water interfacial tension; (ii) a geometrical factor
R*=2R/W that relates the droplet radius R to the channel
width W. As such, on dimensionality grounds, we expect
to be able to express the maximal deformation of dro-
plets as a function of these two dimensionless parameters
8max = max(cu/ R*)

In our microfluidic experiments, the droplet deformation
reached a plateau within the experimental time only for the
surfactin system. The latter was thus used as the basis for
performing the calibration between the spinning drop tensio-
metry and the microfluidic tensiometry measurements. By
keeping the capillary number constant, figure 4b, we note
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Figure 4. The maximal deformation of droplets as a function of (a) droplet
capillary number and (b) dimensionless droplet diameter for 0.1 mM surfactin
solution by microfluidic devices. (c) A linear relationship confirms the data
indeed obey a power law &y, o< (@R ™.

that the deformation 8, scales with the normalized droplet
diameter R* (8yaxocR ™). The variation in the droplet diam-
eter in these data was obtained by varying the ratio of the
flow rate of the dispersed oil phase relative to that of the con-
tinuous aqueous phase but keeping their sum constant.
Similarly, by varying the capillary number through changing
the flow rates of both continuous and the dispersed phase
while keeping their ratio constant and maintaining the nor-
malized droplet diameter constant, figure 42, we obtain
Simax 0 Ca®5. Overall, a good collapse of the data onto the
following master curve was found

6max ~ 60

max

- Ca® R 1 0.016, (3.1)

with & as a fitting constant.
The desired behaviour can be produced by explicitly

considering the formation and dissociation of micelles.

In all experiments, the viscosity of the continuous phase
was maintained at 0.5897 mPa s. The accuracy of this relation-
ship can be seen by the fact that the data acquired at different
flow rates and droplet sizes collapses onto a single master
curve when considered as a function of the two dimensionless
numbers (figure 4c). Both the equation derived in this work
and in [21] rationalize that the relative deformation depends
on the capillary number Ca and on the normalized droplet
diameter R*. The precise exponents and coefficients in the
equations, however, vary due to differences in device geome-
tries and hence the flow fields inducing the deformation
(€.8. Bmax < Ca®*R"™7 for the geometries used in [21].)

By using this strategy, we were able to acquire data on the
dynamics of the interfacial tension on oil/water interface
during the adsorption of both surfactin and SCBS. When
the droplets first entered the aqueous solution the surfactant
concentration at the droplet surface was low and the droplets
retained their spherical shapes rapidly. The combined effect
of the small deflection at early time points and their fast
movement leading to the inability to record the exact maxi-
mum value of the deflection even with a high-speed
camera proved challenging to accurately record interfacial
tension values larger than around 20 mN'm . To overcome
this limitation and still monitor the adsorption process over
longer time periods, we lowered the flow rates of both the
continuous and the dispersed phase. This enabled us to
probe both the deformations closer to their equilibrium
values which are reached only over longer time periods,
and to record the images closer to the maximal deformation
occurring very rapidly after the droplet enters the expansion
chamber in the channel. The recorded kinetic curves report-
ing on surfactant adsorption (figure 5) reveal a strikingly
different behaviour between the different
studied—namely, the adsorption of surfactin reaches a
steady state within approximately 300 ms, while the changes
in the interfacial tension subsequent to SCBS adsorption
under the same conditions proceeded at a significantly
longer timescale.

surfactants

Next, we relate these observations to information on the
molecular processes underlying the adsorption behaviour.
A Dbasic model describing surface adsorption processes is
the Langmuir model:

dr _ kac(B)T v (1 - @) —kpITt), (3.2)

dt I's
where the concentration of free binding sites is (I — I(t)),
the concentration of the adsorbing species is c(t) and the
rate constants of adsorption and desorption are given by k,
and k, respectively.

There are two basic possibilities for how the adsorption
process evolves; the adsorbing species could be monomeric
or they could be in the form of micelles as structures which
dissociate upon adsorption. In the former case, c(t) = CMC,
the system should show no dependence on the total mono-
mer concentration because of being above its CMC. The
equilibrium surface concentration of the surfactant, I'eq(c),
depends on the concentration of surfactant in solution, c.
Above the CMC, surfactant monomers begin to form aggre-
gates in the bulk in order to minimize the free energy of
the system [27]; as such the surfactant concentration on the
surface above the CMC is therefore independent of the total
surfactant concentration Ieq(cemc) [27]. In the latter case,
however, c(t) is the micelle concentration and we would
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Figure 5. The maximal deformation of droplets incubated with pure surfactant and the derived interfacial tensions at the hexadecane—water interface:
(a,b) surfactin, (c.d) 5-SCBS and (e,f) 8-SCBS. In each plot, three surfactant concentrations are tested, i.e. 0.1 mM (green circles), 0.25 mM (orange squares)
and 0.5 mM (purple triangles). Global fits (dashed lines) are performed based on our model with the parameters listed in table 2.

expect the coverage at equilibrium to be dependent on the
total surfactant concentration. The experimental data show
that the kinetics are dependent on the total concentration,
while the equilibrium coverage cannot be reproduced by a
simple Langmuir model. Therefore, this model does not fit
the data (electronic supplementary material, figure S3).
Furthermore, earlier works [28,29] suggest that surfactants’
micelle diameter are usually twice the thickness of the
adsorption layer, which indicates that it has to be the individ-
ual molecules rather than their aggregates that adsorb to the
interface. A previous study [28] found that at pH 7.5 surfactin
adopts a ball-like structure with a thickness of 14 A at the air/
water interface and the overall structure of the adsorbed sur-
factin layer appears to be identical to a thickness of 15 Aata
hydrophobic octadecyltrichlorosilane-coated silicon surface.
They further showed that the micellar structure of surfactin
was a sphere with an overall diameter of 50 A, which is simi-
lar to our DLS results with a diameter of 4.45 nm. Earlier

work [29] showed that the thickness of the adsorption layer
of symmetric and asymmetric sodium para-dodecyl benzene
sulfonate, LAS6 (phenyl ring is joined to the middle of the
alkyl chain) and LAS4 (phenyl ring is functionalized at
the “C4’ position), ranged from 20 to 31 A at the air/water
interface by a single layer. Small angle neutron scattering
data on this system [29] showed that LAS4 and LAS6 are
elliptical with an inner core radius of around 15 A, an outer
shell radius around 17 A and an elliptical ratio of approxi-
mately 1.5. According to these results, the overall diameter
of LAS is approximately 64 A with an elliptical ratio of 1.5.
Our surfactants, SCBSs, are a homologue of sodium dodecyl
benzene sulfonate with an additional four carbon atoms.
For this reason, it is expected that they should have similar
properties in both micellar size and adsorption layer.

The behaviour observed on our experiments can be
produced by explicitly considering the formation and dis-
sociation of micelles. The overall process for surfactant
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Table 2. Parameter values abstracted from model.

surfactants Igk, Igk, Igkn, Igkenm n
surfactin 74 —-29 97 —=0.1 20
JSG.s T12 % 6 B
8-S(BS 537 —2.65 95 0.4 39

adsorption is illustrated in figure 6. The simple analysis dis-
cussed earlier assumed that the monomer and micelles
were in equilibrium on the timescales of surface adsorption,
but when the two processes happen on comparable time-
scales, the model is given by the following set of four
ordinary differential equations:

) ()~ ki), (33)
9nll) — nlem ()" + i1
— kam (D) (T — T(H) + K 8), (3.4)
%ﬁt) — kaem(H) T ( - %)) ~ kI(H) (35)
and () = 3o + RTTw In (1 _ F_l;) (3.6)

where 71 is the reaction order for micelle formation, cy(t) is
the concentration of micelles, cn(t) is the concentration
of monomer and ky and k. are the rate constants of
formation and dissociation of micelles. The initial condi-
tions were cp(t = 0) = (Cror — come)/ 1 and cn(t = 0) = cemc,
It =0) = 0. Using the model above we can predict the
surface tension as a function of the surfactant concentration.
The predicted curves for small micelles (n = 3) are shown
in electronic supplementary material, figure S4 and for
bigger micelles (n = 20) in electronic supplementary material,
figure S5. According to the work of Shen et al. [28] and Tucker
et al. [29], we apply the different values of n for the sur-
factants as in table 2. For the SCBS surfactants, which are
the homologue of sodium dodecyl benzene sulfonate
with four more carbon atoms, the size of aggregates in the
bulk solution is around 100nm, which indicates a large
aggregation number [27]. However, when fitting our data
with aggregation number n = 5000, the fitting lines with
various concentrations coverage (electronic supplementary

material, figure S7c,d). Even with n =500, the fitting lines
close (electronic supplementary material,
figure S7a,b). In both cases, the results abstracted from the
model indicate that the adsorption kinetics are affected
slightly by the reaction order for micelle formation, but gov-

are very

erned more strongly by the variations in concentration.
Fission of large micelles into smaller ones has been observed
in a number of simulation and experimental-based studies
[30-32] and this process happens in short timescales relative
to surfactant exchange process. It is likely, therefore, that
the presence of fresh oil/water interface first triggers the
elongated micelles to break up into smaller micelles with
lower aggregation numbers.

The variation of c,, over time is shown in electronic sup-
plementary material, figure S6. Before a droplet comes into
contact with micellar surfactant solutions, the monomer con-
centration remains at its CMC value. The introduction of oil
droplets transiently breaks this balance. At the start of the
process, the adsorption of monomers to the oil/water inter-
face decreases the concentration of monomers, pushing the
micelles to dissociate into monomers. In this model, when
the concentration of monomers at the droplet surface reaches
saturation, the bulk solution reaches equilibrium and the
monomer concentration returns back to the CMC.

The adsorption rate, k,, for surfactin is over two orders of
magnitude higher than that observed for the SCBSs, a factor
which explains the differences in the delay times in the
overall kinetics of the adsorption of these surfactants. In par-
ticular, surfactin shows the highest preference for adsorbing
to the hexadecane/water interface due to the unfavourable
contact between the aqueous solvent and its hydrophobic
moiety, the alkyl chain and the hydrophobic side chains in
the amino acid residues [33-35]. Although 5-SCBS and
8-SCBS exhibit a similar adsorption rate, the higher k, value
induces 5-SCBS to reach its equilibrium state faster. The simi-
lar adsorption rates but dramatically varied desorption rates
for 5-SCBS and 8-SCBS illustrate that different structures of
alkyl chain of SCBSs can largely affect their interfacial
activity. 8-SCBS with comparable length of branched alkyl
chains exhibits tighter binding with hexadecane than 5-SCBS.

4. Conclusion

In this work, a microfluidic tensiometry platform achieving
a millisecond time resolution was applied to characterize
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the adsorption behaviour of a naturally occurring amphi-
phile surfactin and two synthetic surfactants 5-SCBS
and 8-SCBS. In combination with equilibrium interfacial
tension measurements by conventional spinning drop
tensiometer, we have determined the adsorption and
desorption rates of surfactant molecules and the micelle for-
Our results show that
surfactin adsorption reaches a steady state significantly
faster than that of the synthetic surfactants studied. Com-
parison with molecular models of the adsorption process
suggests that this difference originated from the fact that
the molecule adsorption rate for surfactin is higher than

mation and dissociation rates.

that for SCBS. More generally, these measurements outline
a path towards elucidating the mechanisms of amphiphile

interactions with liquid-liquid interfaces via microfluidic
measurements.
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