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Abstract

Lipase is one of the most important enzymes playing a key role in many biological and chemical processes,
in particular for fat hydrolysis in living systems and technological applications such as food production,
medicine, and biodiesel production. As lipase is soluble in water, the major hydrolysis process occurs at
the water—oil interface, where lipase can get in contact with the oil. To provide optimum conditions, the
emulsification of the oil is essential to provide a large interfacial area which is generally done by adding
surfactants. However, the presence of surfactants can influence the lipase activity and also cause
competitive adsorption, resulting in a removal of lipase from the interface or its conformational changes in
the solution bulk. Here we have studied the dynamics of competitive adsorption and interfacial elasticity of
mixed solutions containing lipase and the anionic surfactant sodium dodecyl sulfate (SDS) or the cationic
surfactant cetyltrimethylammonium bromide (CTAB), respectively, at the water—air interface. The
experiments were performed with a special coaxial double capillary setup for drop bulk—interface exchange
developed for the drop profile analysis tensiometer (PAT) with two protocols: sequential and simultaneous
adsorption of single components and mixed systems. The results in terms of dynamic surface tension and
dilational visco-elasticity illustrate fast and complete desorption of a pre-adsorbed CTAB and SDS layers
via sub-phase exchange with a buffer solution. In contrast, the pre-adsorbed lipase layer cannot be removed
either by SDS or CTAB from the interface during drop bulk exchange with a buffer solution due to the
unfolding process and conformation evolution of the protein molecules at the interface. In the opposite case,
lipase can remove pre-adsorbed SDS and CTAB. The dynamic surface tension and visco-elasticity data
measured before and after sub-phase exchange show joint adsorption of lipase and CTAB in the form of
complexes, while SDS is adsorbed in competition with lipase. The results are in good correlation with the
determined surface charges of the lipase gained by computational simulations which show a dominant
negatively charged surface for lipase that can interact with the cationic CTAB while partial positively
charged regions are observed for the interaction with the anionic SDS.

Keywords: Surfactant Protein Mixed Adsorbed Layer, Lipase SDS CTAB Complexes and Co-Adsorption,
Interfacial Rheology, Enzymatic Reactions at Water-Air Interface.
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Note: The size of surfactant is exaggagerated compared to the lipase, for the sake of graphical presentation.
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1 Introduction

Lipases are proteins that catalyze the process of lipid hydrolysis [1]. In our body, lipase converts
triglycerides into fatty acids, simpler glycerides, and glycerol [2]. Lipases are also effective catalyzers for
esterification and transesterification reactions [3]. The latter reaction is responsible for the production of
biodiesel by breaking animal [4-7], plant [8-12], and waste oil [13-17] into esters of fatty acids [18]. To this
aim, lipase biocatalysts have proven their promising environmental benefits over chemical catalysts, e.g.,
acids and bases, by their reusability, ease of separation, simpler operation, and lower energy requirement;
however, high cost of production is their major disadvantage [19-21]. Taken together, owing to their
ubiquitous applications, in recent years, lipases received an ever-increasing attention across various
disciplines.

Lipase is a hydrophilic protein soluble in water, while lipids are usually hydrophobic [22]. The different
polarity between catalyst and substrate in this class of enzymatic reactions brings about the necessity of a
heterogeneous reaction, within which reactants should meet and react at the liquid—liquid interface [23].
The catalytic activity of lipase is significantly improved in the interfacial region of oil and water, in
comparison with the bulk phases [24]. So, creating a contact region between the immiscible polar and apolar
phases, in the form of an emulsion, for instance, can play a significant role in enhancing the reaction rate.
Throughout the reaction, characteristics of the interface evolve continually, since different products affect
the morphology of the interface, which, in turn, impacts the lipase catalytic behavior [25]. Owing to the
interfacial activity, the classic Michaelis—Menten [26] kinetic model cannot be applied to lipases, as their
behavior is a function of interfacial excess concentration [27]. In addition to that, the effect of inhibitors,
desorption of soluble products from the interface or solubilization of insoluble products by acceptors, or
interfacial reorganization and conformational changes should be considered in a quantitative kinetic model
[28].

The interfacial behavior of an enzyme is a complex phenomenon that has been the subject of several
systematic investigations. Lipase molecules experience an activation after adsorption at interfaces [24]. In
many cases, a branched structure of the lipase poses an obstacle, which can be overcome by surface-induced
conformational changes in the tertiary structure of the lipase, thereby giving access to the active site [29].
The catalytic site in lipases is structured by three a-amino acid residues located in the close vicinity of each
other: serine, histidine, and aspartate or glutamate [27]. Lipase activation is facilitated by the attraction
between the hydrophobic amino acids in the lid and the nonpolar side of the interface that lipase is adsorbing
to [30]. Lipases from different sources exhibit the same type of lid conformational changes to open the
active site: e.g., Rhizomucor miehei [30, 31], Candida rugosa [32], Thermomyces (Humicola) lanuginosa
(TLL) [33, 34], human pancreatic (HPL) [35], human gastric (HGL) [36], and dog gastric (DGL) [37]
lipases. The reactivity of catalytic proteins towards their substrates can be turned off by the presence of
inhibitors, such as surfactants, bile salts, or fatty acid residues produced during the process of lipolysis [38].
It has been shown that bile salt micelles can also activate lipases inside an aqueous phase [39].

Lipases are different in their specificity. Some lipases are Sn-1,3 regiospecific, which means that they only
remove the first and the third fatty acid side chains of triacylglycerols, such as gastric and pancreatic lipases.
Thus, their hydrolysis of a triglyceride produces two fatty acids, or fatty acid salts, and one stable Sn-2
monoglyceride moiety [40]. On the other hand, some other lipases, like Candida rugosa, are
non-regiospecific and can even cleave monoglycerides [27]. The selectivity of the lipase is also associated
with a substantial role of the type of substrate that can become involved in enzymatic hydrolysis with the
enzyme. A lipase can differentiate between enantiomers, and the relative sizes of the substituents at the
stereocenter can determine the rate of the enzymatic reaction [41]. Inductive effect and steric hindrance are
the two main elements in determining the rate of these reactions [42]. Among free fatty acids and mono-,
di-, and triglycerides, Sn-1 monoglycerides are the most interfacially active products of the lipolysis and,
3
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in competition with other species including lipase, can be adsorbed to the interface [43]. Extensive studies
have been well investigated and documented elsewhere [25, 27, 43-46].

Interfacially adsorbed lipases may be either denatured due to a high interfacial tension or desorbed due to
high interfacial pressure [47], both of which are functions of the surfactant concentration in the system. One
of the prime interests for studying protein—surfactant interactions came from the detergent industry, where
it was shown that these complexes can improve soil removal effects of detergents [48]. However, it has
other striking applications in food industry [49], medicine [50], protein separation, and extraction [51-53].
Proteins and surfactants interact with each other through two main mechanisms: (i) electrostatic interaction
between their charged groups—exclusive to ionic surfactants—and (ii) hydrophobic interaction between
the nonpolar chain of the surfactant and lipophilic residues of the protein structure [54]. Thus, the type of
surfactant charge plays a key role in this regard. Other environmental parameters that can affect protein—
surfactant interactions are pH and ionic strength [27]; amino acids, the backbone of proteins, are amphoteric
and can become cationic, zwitterionic, and anionic, from low to high pH values, respectively [55].

As mentioned above, categorizing lipase—surfactant interactions is not a straightforward task. The main
findings about the interactions between different surfactants and lipases are summarized in 7able 1. The
source of the lipase is a crucial factor contributing to the interactions with surface-active agents. It is
demonstrated that the kinetics of hydrolysis of p-nitrophenylbutyrate in presence of surfactants depends on
the source of the lipase [56]. The isoelectric point, i.e., the pH at which a molecule is electrically neutral on
average (pH(I)) [57], determines whether a protein is positively or negatively charged at each pH. On the
surfactant side, several parameters play roles in their interaction with proteins. The chain-length of the
cationic surfactants can increase their activation impact on the lipase [58]. In contrast, branched or linear
chain ethoxylates have a completely different effect on the catalytic inhibition of Rhizomucor miehei [59].
The alkyl chain of the surfactant establishes the interaction with hydrophobic patches of the lipase
molecules [60]. The surfactant monomers bind with their charged headgroups to the ionic amino acids of
the protein: cationic surfactants to anionic groups (Glu, Asp) and anionic surfactants to cationic groups
(Lys, Arg, His) [61]. Cationic surfactants exhibit a more profound interaction with lipase than other kinds
of surfactants. For instance, Rhizomucor miehei has pH(I) 3.5 [62], rendering it negatively charged in higher
pH values and more attractive to positively charged surfactants. The interaction of cationic surfactants with
lipases from different sources can lead to an activation [58, 63, 64], inhibition [64-66], or competitive
adsorption at the interface [59, 63, 67, 68]. Also, the interaction of TTAB and Thermomyces lanuginosus
lipase at pH 8 results in precipitation [64]. Inhibition [64, 69] and activation [64, 66] can be triggered by
anionic surfactants. An amphoteric surfactant has revealed that only at low pH, i.e., in the cationic state, it
interacts with lipase [62]. All kinds of surfactants can cause an activation followed by an inhibition, which
means that, at low concentrations, monomers bring the lid to an open position, after which they accumulate
at the active site and inhibit the substrate from effective binding [64]. Linear-chain ethoxylated nonionic
surfactants are competitive inhibitors of lipase lipolysis, although the branched-chains exhibit no interaction
or inhibition [59, 66].
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Table 1- Lipase-Surfactant interactions, recent works, and achievements

Surfactant’ (Type)* LS  Techniques Main Findings Ref

SDS (A) PL  equilibrium e Bindings of SDS to lipase leads to fast and irreversible inactivation of enzyme; Under ~ [70]
dialysis, specific conditions, bile salts can prevent lipase inactivation by SDS;

SDS (A) HL tensiometry, ® No interaction in bulk or at the interface; [SDS]" removes lipase from the interface; [67]

TTAB (C) neutron e Strong interaction at the water—air surface, but no distinct interaction in the bulk
reflectivity, phase; At dilute concentrations, TTAB increases the lipase adsorption;

NMR,
microcalorimetry

SHDDS (Am) RM tensiometry, o Surfactant-lipase binding only at cationic state; Lipase adsorption on top of the  [62]
ellipsometry, surfactant layer only at cationic state (cationic at pH 3.0, zwitterionic at pH 7.5, and

anionic at pH 10.5);

DDAB (C) RM electrophoresis, o Lipase binding to emulsion droplets stabilized by surfactant; Surfactant removes  L03]
!dangmulr lipase from the droplet surface; Lipase adsorption to positively charged surfaces;
isotherm High rate of reaction;
measurements,

SBEHS (A) Ittt e Lipase not binding to emulsion droplets stabilized by surfactant; Surfactant does not
TG remove lipase from droplet surface; No lipase adsorption to negatively charged

surfaces; No reaction

EHEBHEGE (N) e Inconclusive, since no change in droplet mobility; Either lipase interaction w/
surfactant or lipase impurity; High rate of reaction;

Note: Different pH values were used to control the charge density of the adsorbed
layers, pH 4, 7.5, and 10.

SDS (A) HL  Tensiometry, o Lipase-surfactant complex formation neither in the bulk nor at the interface; No [68]
neutron interaction between low [SDS] and adsorbed lipase layer; Protein displaced from the
reﬂect1v1ty, surface at high [SDS];
ellipsometry,

TTAB (C) o Lipase—surfactant complex formation both in the bulk and at the interface; Thick
lipase—surfactant layer at low [TTAB], removable by increasing surfactant
concentration;

SDS (A) RN absorbance at 405 e20% decrease in lipase activity [65]

CTAB (C) nm, © 30% decrease in lipase activity

Brij-35 (N) ® 10% increase in lipase activity

CHAPS (2) ® 50% increase in lipase activity

LAS (A) TL washing test, ® No inhibition of lipase activity (pH 7); [71]

Findet® 1214N/16, e Decrease in lipase activity by prevention or delay in enzyme diffusion to the interface

Findet®1214N/23, (pH 8);
Glucopon® 650 (N)

AOT (A) RM tensiometry, ® No lipase—surfactant complex formation; No inhibition for lipase; [59]

DDDMARB (C) NMR, e Lipase—surfactant complex formation in bulk and at oil-water and solid—water
ellipsometry, interfaces;

B-OG (N), linear and electrophoresis, e No lipase-surfactant complex formation; Competitive inhibition of linear-chain

branched ethoxylates ethoxylates for lipase; No inhibition of branched-chain ethoxylates for lipase;
N)
SDS, SLE,S (A) TL UV-vis spec., o Strong inhibition of lipase activity by SDS; Persevered structure and activity of lipase [69]
tensiometry, by SLE,S (ethoxylated surfactant)
DLS, circular
dichroism,
SDS, SOS (A) PA  double-beam e Inhibition effect on lipase activity [58]
CTAB, TTAB, DTAB spec., o Substantial improvement in lipase activity; Increase in activity by CTAB far above
©), its CMC (0.8 mM); Chain-length correlation with activity improvement for cationic
surfactants (CTAB>TTAB>DTAB);

Tween 80, Triton X-100 o Inhibition effect on lipase activity

™)

AOT (A) Li 'H-NMR, e Fast palm oil hydrolysis with branched anionic surfactants; [66]

DDDMAB (C) RM  tensiometry, ¢ Very slow palm oil hydrolysis with branched cationic surfactants;

Lin. C12EO4, Lin. ¢ Very slow palm oil hydrolysis with linear nonionic surfactants; Fast hydrolysis with

C12EQOS, Bra. branched nonionic surfactants;
CI12EO8 (N)

SDS, SDSn (A) TL UVIKON 943 A e Lipase activation at low surf. conc. and lipase inhibition at high surf. conc. for all ~ [64]

TTAB (C) spec., DLS, surfactants;

OM, OG, DDM (N) pyrene e Activation to inhibition switch happening above CMC for anionic and cationic

lyso-MPG, lyso-MPC, fluorescence, surfactants; Activation to inhibition switch happening far below CMC for nonionic

lyso-LPC (Z),

and zwitterionic surfactants;
® Monomeric surf. main responsible for the increase of activity;

fSurfactants: Sodium dodecyl sulfate (SDS) or sodium lauryl sulfate (SLS), tetradecyltrimethylammonium bromide (TTAB), sodium N-(2-
hydroxydodecyl)sarcosinate (SHDDS), didodecyldimethylammonium bromide (DDAB), sodium bis(2-ethylhexyl)sulfosuccinate (SBEHS), 1-
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(2-ethylhexyl)-3-(2-ethylbutyl)-2-hexaethylene glycerol ether (EHEBHEGE), linear alkylbenzene sulfonate (LAS); sodium bis(2-
ethylhexyl)sulfosuccinate (AOT); didodecyldimethylammonium bromide (DDDMAB), B-1-octylglucoside (8-OG), sodium lauryl ether sulfate
(SLE,S), sodium octyl sulfate (SOS), dodecyltrimethylammonium bromide (DTAB), cetyltrimethylammonium bromide (CTAB), tetra(ethylene
glycol) monododecyl ether (linear C12EO4), Penta(ethylene glycol) monododecyl ether (linear C12EQOS5), octa(ethylene glycol) mono(2-
butyloctyl)ether (branched C12E08), sodium dodecyl sulfonate (SDSn), n-octyl-p-D-maltoside (OM), n-octyl-B-D-glucoside (OG), n-dodecyl-
B-D-maltoside (DDM), 1-myristoyl-2-hydroxy-sn-glycero-3-phosphocholine  (lyso-MPC), 1-myristoyl-2-hydroxy-sn-glycero-3-
[phospho-rac-(1-glycerol)] (lyso-MPG), 1-lauroyl-2-hydroxy-sn-glycero-3-phosphocholine (lyso-LPC)

Surfactant types: anionic (A), cationic (C), nonionic (N), zwitterionic (Z), amphoteric (Am)

SLipase (L): pancreatic lipase (PL), Humicola lanuginose (HL), Rhizomucor miehei (RM), Rhizopus niveus (RN), Thermomyces lanuginosus (TL),
Pachira aquatica (PA), Lipozyme (Li)

“Square brackets denote concentration.

Note: All of the studies in the table have been conducted in phosphate-buffered saline solution or pure water solution of pH between 7 to 8, unless
otherwise stated.

Even after more than three decades of intense investigations, several aspects of lipase—surfactant
interactions are still not well understood. The present work studies the dynamic competitive adsorption of
lipase (from Candida rugosa) and ionic surfactants (SDS and CTAB) at the water—air interface. For this
purpose, a coaxial double-capillary combined with a drop profile analysis tensiometer is used, which allows
parallel measurements of the dynamic surface tension and interfacial elasticity of single and mixed layers.
By employing different injection—suction protocols, we are able to study the adsorption and desorption
inside the lipase—surfactants system in detail, and to conclude onto the different interactions between lipase
and generic ionic surfactants. Reversibility of the adsorption process, the effect of anionic and cationic
surfactants on the adsorption of lipase, the likelihood of lipase—surfactant complex formation at the
interface, and the importance of the interfacial elasticity values for studying lipase—surfactant complexes
are discussed this work.

2 Materials and Methods

2.1 Chemicals

Candida rugosa lipase with trade name Lipomod™ 34P-L034P was purchased form Biocatalysts Ltd
(Cardiff, UK) and used without further purification. Cetyltrimethylammonium bromide (CTAB, purity >
98% by TLC) and sodium dodecyl sulfate (SDS, Ph Eur Grade) were purchased from Merck (Darmstadt,
Germany). All of the solutions were prepared at room temperature (22 °C) using phosphate-buffered saline
(Sigma-Aldrich) with pH 7.2—7.4 and ionic strength of 0.17 M.

2.2 Coaxial Double Capillary Profile Analysis Tensiometry

To explore the sequential adsorption of surfactant and lipase to the same liquid—fluid interface, we have
utilized the profile analysis tensiometer PAT! (SINTERFACE Technologies, Berlin, Germany), equipped
with a coaxial double capillary providing drop exchange processes via an injection—suction protocol with
an accuracy of 0.1 mm? (Figure I Figure 2). The methodolgy has been introduced in [72-77], and the
experimental protocol and efficient flow exchange conditions have been investigated recently in [78, 79].
The double-dosing syringe configuration connected to the double capillary enables us to exchange the
internal phase of a droplet without interrupting the interfacial layer [78]. To achieve this aim, the secondary
phase can be injected from the inner capillary to displace the primary bulk phase of the droplet and sweep
it out via the outer capillary. The droplet profile is fitted to the Young-Laplace equation [80, 81] to gain the
interfacial properties of the system. This powerful tool allows us to investigate the effect of sequential
adsorption/desorption of surfactant, protein, polymer, nanoparticle, etc., and their related complexes.

6
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34 Figure 1- (a) Schematic experimental setup of a PAT with s coaxial double capillary ,
35 (b) side view of the double capillary with a drop formed at its tip and the flow exchange
36 pattern; the secondary phase is injected from the inner capillary into the droplet,
37 displaces the primary phase through the outer capillary via a combined suction flow;
38 (c) cross-section view of the double capillary system and the liquid pathway

42 2.3 Interfacial Rheology

43 Different surface-active agents, besides their effect on interfacial tension (IFT), can form various interfacial
structures and textures. The interfacial dilational rheology of adsorbed layers can be investigated using the
same methodology, however, based on protocols that generate harmonic compressions and expansions of
the interfacial area. During the generated harmonic perturbations, the interfacial tension variations as the
48 response of the adsorbed layers are recorded. For sinusoidal perturbations, the amplitude and phase shift of
49 the IFT variations are measured for the dilational elasticity and viscosity of the interfacial layer, respectively
50 [82]. The visco-elasticity of an interfacial layer can be formulated in a complex domain as [83, 84]:

N
i + 2o M
1+ /90w

E(iw)=E +Ei=E,

2> E'=Eq
56 1+ 2,/%0/w + 2Wo/w

2)
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dC1?(D
oo=[a] (3 @
dy
Eo=—71+ (5)

where E, E' and E are the complex visco-elasticity and its real and imaginary components (mN.m), E is
the elasticity modulus (high-frequency limit), w is the circular frequency, C is the bulk concentration, I is
the interfacial excess concentration (mol.m>2), D is the diffusion coefficient, and wq is the characteristic
frequency, defined on the basis of the properties of the surface-active molecule. In this way, the two
parameters, interfacial elasticity |E| and phase angle ¢, are defined which characterize the complex
viscoelastic behavior:

Ey

|E| = 6
1+ 2./90/w + 2Wo/w ©)

¢ =tan -1 (— “(1)0/0)) (7)
1+ /Wo/w

This formulation is easily applicable when the adsorption model provides an analytical function between
bulk concentration and interfacial excess concentration [85]. In harmonic perturbations, usually a sinusoidal
change of the drop volume and hence of the drop area is made [86]:

A(t) = Ag + AA X sin (wt + ¢y) (8)

where A is the areal perturbation, Ag is initial or mean area of the droplet, and AA,w and ¢4 are the
amplitude, angular frequency, and phase angle of the sinusoidal perturbation. In response, the interfacial
tension oscillates in the following manner:

y(t) =yo + Ay X sin (wt + ¢,) 9)

The elasticity and viscosity of the interfacial area can be calculated as follows:

_ 4y Ay (10)
E= ama=4a4
b=¢,—da (11)

2.4 Experimental Protocol and Elasticity Measurement

To conduct an experimental analysis using the coaxial double capillary setup, an experimental protocol has
been introduced to change the bulk phase of a pendant droplet to inspect the influence of sequential
adsorption of surface-active agents onto the same interface [72, 73, 87]. We have used this methodology to
explore the dynamics of adsorption/desorption of lipase, SDS, and CTAB at the water—air interface
considering  different experimental protocols including non-competitive/competitive, and
sequential/simultaneous cases. The schematic of the experimental protocol is shown in Figure 2,
demonstrating how the injection of a new phase affects the interfacial response of the droplet. As an
example, let us consider the following case: a lipase solution droplet is formed as the primary phase. The
lipase adsorbs at the interface and forms an interfacial layer. Then, a solution of the first surfactant (S1)

8
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displaces the bulk of the droplet to study the competitive adsorption of lipase and S1. After that, a fresh
solution of a second surfactant (S2) is injected into the droplet to remove the S1 solution and to study the
competitive adsorption of lipase, S1, and S2. Finally, a buffer solution is injected to sweep away the S2
solution and study the desorption of lipase, S1, and S2. During the injection of different solutions, the
interfacial tension usually decreases, owing to the co-adsorption of surface-active agents.

To explore the visco-elasticity of the interfacial layers, harmonic oscillations are imposed on the interfacial
area of the droplet with a specified amplitude and frequency over a certain time interval 4t. From the IFT
response, the visco-elasticity of the adsorbed layer can be determined. The larger the amplitude of the IFT
response, the higher is the measured elasticity of the adsorbed layer. The Fourier Transform application of
the PAT software was used to calculate the elasticities via sinusoidal function fittings for A(t) and y(t)
according to E£q. 8—10.

IFT

b) | Displaced with S1 Solution | Displaced with S2 Solution | Displaced with Buffer Solution

M

|
My :
|

Figure 2- Schematic representation of the experimental protocol for exchanging the bulk phase of a droplet
while the interface remains intact. a) (1) the primary phase (e.g., lipase solution) is injected from the
external capillary to form a drop at which the primary interfacial layer is formed; (2) the primary phase is
displaced with the secondary phase (e.g., SI solution) after t;, injected from the internal capillary; (3) the
secondary phase is displaced with the tertiary phase (e.g., S2 solution) after t,, injected from the internal
capillary; (4) the tertiary phase is displaced with the quaternary phase (e.g., buffer solution) after t;,
injected from the internal capillary; b) The interfacial area of the droplet is controlled during the test to
remain constant except for harmonic oscillations with the specified frequency and amplitude imposed on
the interfacial area of the droplet for At seconds to investigate the interfacial rheology; IFT responses to
the concentration changes caused by the harmonic area oscillations for the mentioned systems are shown
in different colors; the values of IFT determine the levels of competitive adsorption or desorption, and the

9
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amplitudes of IF'T sinusoidal oscillations determine the elasticity of the adsorbed layer and its structure
formation.

3 Results
3.1 Adsorption and Desorption of SDS, CTAB, and Lipase

The adsorption and desorption of SDS, an anionic surfactant with a CMC of about 8.2 mM in pure water
[88], at the water—air interface was studied by sequential injection of SDS and buffer solutions inside a
pendant drop (

Figure 3 a). In the first test (¢), a buffer solution droplet formed in air is exchanged with an SDS solution,
2.0 mM. So, the interfacial tension (IFT) is quickly reduced to around 44 mN.m'' due to the given
concentration of SDS in the bulk, causing a fast diffusion process supported by the convection inside the
droplet. After that, the exchange process was continued with the buffer solution to remove the SDS solution
from the drop. A rapid increase in surface tension is observed approaching the initial value for the buffer
solution. These results indicate that an efficient bulk exchange leads to a complete SDS desorption from
the interface, which demonstrates the reversible adsorption of this classic surfactant. In another test (o),
first, a 2 mM SDS solution drop was formed, the SDS molecules adsorbed at the interface, reaching an
equilibrium (within about 300 s) with an IFT identical with the value of the previous test (around 44
mN.m"). Then, the first set of surface dilational elasticity measurements was performed (t = 600-700 s).
Afterwards buffer solution was injected into the droplet to drain the bulk concentration of the SDS solution
abruptly, which increased the IFT again to the same level of the buffer solution. The second set of elasticity
measurements was performed at t = 1300-1400 s. The two experiments show that, regardless of being the
primary or secondary phase inside the droplet, SDS can be completely washed away from the interface.
Moreover, the given results demonstrate the efficiency of our drop protocol to an exchange of its bulk by
100%. This protocol was applied to CTAB and lipase solutions in an equivalent way.

In

Figure 3 (a) (») the results of the Lipase adsorption during drop bulk exchange are presented. The lipase
solution of 2.5 mg.mL-' has a surface tension of about 50 mN.m™' and the system approaches the equilibrium
value after about 500 s. The first set of visco-elasticity measurements was performed at t = 600-700 s and
then buffer solution was injected into the droplet to exchange the bulk. However, the [FT did not show any
significant changes during the sub-phase exchange, because the lipase molecules did not desorb from the
interface. Unlike the surfactants, the adsorption free energy per particle is large for proteins, making the
desorption process energy-intensive. This irreversible adsorption behavior can also be explained by the
hydrophobic residues of the lipase molecules. These residues have been buried inside the protein while
solved in the aqueous phase and change their conformation once exposed to the nonpolar air phase. So, the
interfacial evolution makes the lipase unfold and hence unable to leave the interface. Thereby the IFT
remains approximately the same despite the displacement of lipase solution by the buffer solution inside
the drop. The second set of the elasticity measurements at t = 1300-1400 s supports this finding. It shows
elasticity values even higher than those observed before the bulk exchange, since the non-adsorbed lipase
molecules have been washed away during buffer solution exchange, and no lipase is left to be adsorbed
during the interfacial area expansion. The slightly increased elasticity can also be explained by slow
structure changes in the interfacial lipase layer.

The results of the CTAB exchange with buffer solution are shown in

Figure 3 (b). CTAB is a cationic surfactant with a CMC of about 0.9 mM in pure water at 25 °C [89], one

order of magnitude less than SDS. For this CTAB solution, the IFT decreases to around 52 mN.m™ (+).

Then, this solution was exchanged with buffer solution and the IFT returned to its initial value for a pure
10
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buffer solution. This means CTAB desorbs from the water—air interface completely by washing out with
the buffer solution. In the second test (o), a buffer droplet was exchanged with the same CTAB solution,
which then was replaced again by the buffer solution. During CTAB injection, the IFT decreased even
beyond the quasi-equilibrium value observed in the previous experiment. This phenomenon can be
explained by the quick adsorption during a convective bulk exchange with the CTAB solution.

a) b)
75 75
I y;:”.w_ =71mN.m !
65
o5 | CTAB | BulTer
i | 2 st [f i © Buffer | CTAB | Buffer
e % lipase %
= " bt = 4
% 53 }'i'?"a.u =52mN.m ! z 1
45 : g
« Buffer | SDS | Buffer 1 g !
> SDS | Buffer + P *
: Lipase | Buffer e
35 : ; ‘ : 45 - : :
0 500 1000 1500 2000 0 500 1000 1500

time (s) time (s)

Figure 3- Dynamic interfacial tension for SDS, CTAB, and b) (B) buffer solution droplet (1), displaced by 0.5 mM
lipase at water—air interfaces during different experiments CTAB solution (2) and then by the buffer solution (3),; (+)
of drop bulk exchange: a) (©) buffer droplet in air (1), 0.5 mM CTAB solution (1), displaced by the buffer
displaced by 2.0 mM SDS solution (2) and then again by the solution (2&3). The first exchanges occurred after 715
buffer solution (3); (o) 2.0 mM SDS solution (1), displaced seconds from the start of the test.

by the buffer solution (2&3), () 2.5 mg.mL"! lipase solution

(1), displaced by the buffer solution (2&3);

3.2 Competitive Adsorption and Desorption of SDS and Lipase

Studies on the competitive adsorption and desorption of SDS and lipase at the water—air interface can
provide us a better insight into their interaction in the bulk and at the interface. The results for simultaneous
and sequential adsorption and desorption are summarized in Figure 4. In the first test (), the primary lipase
solution in the drop was displaced by a SDS solution and then by the buffer solution. In the second test
(o) , the primary SDS solution was displaced by a lipase solution and then by the buffer solution. In the
third test (2), a drop of a premixed SDS & lipase solution was studied as the primary phase and then
displaced by a buffer phase. The IFT reduces from about 50 mN.m™' (lipase solution as the primary phase),
via ~39 mN.m' (SDS) to about 3/ mN.m™' for the mixed SDS and lipase solution. This basic information
indicates that SDS and lipase can simultaneously adsorb at the water—air interface and decrease the IFT to
values lower than those for the single-component solutions. The elasticity values from Figure 4 (b),
corresponding to the moment before the drop bulk exchange process (t = 600-700 s), show a similar
behavior like the IFT. The maximum value 30.9 mN.m™, attained for the adsorbed layer of lipase, decreases
via 12.4 mN.m"' (SDS) towards 8.0 mN.m™' for the premixed SDS-lipase layer. The higher elasticity for the
SDS layer compared to the SDS—lipase layer can be attributed to dodecanol, always present to a unknown
extent in SDS samples [90].

The results of the injection of a secondary phase and drop sub-phase exchange in Figure 4 deliver additional
information about the adsorption layer composition and the interactions in the bulk and at the interface.
Displacing the lipase solution in the droplet by the SDS solution results in a quick reduction of IFT to values
lower than those for pure SDS but higher than those for the SDS—lipase mixed adsorption layer. For a
certain time (about 100 s) during the exchange, we see a low IFT implying that SDS adsorbs at the available

11
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places at the interface in competition with the lipase. Afterwards, we observe a quick increase in IFT which
is mainly due to the decrease of the SDS concentration due to the exchange process which is followed by
the buffer solution exchange after the SDS solution. The 2" set of elasticity measurements in Figure 4 (b)
(t =1300-1400 s) shows that the elasticity values for different displacing scenarios are between those of
pure SDS and pure lipase layers (t = 600-700 s) based on the amplitude of the IFT curves. This indicates
the presence of a mixed SDS—lipase adsorption layer. With the continuation of the sub-phase exchange with
buffer solution after 7400 s, we see an increase in the IFT, approaching values similar to those for a pure
lipase layer. However, the 3™ elasticity measurements at around t = 2000-2100 s, leads to values much
lower than those for the single lipase layer, suggesting still the presence of a mixed SDS—lipase layer even
after the exchange with the buffer solution. We can compare it with the exchange of an SDS drop with the
buffer solution, showing complete desorption of SDS from the water—air interface. Therefore, we conclude
a weak interaction between SDS and lipase, as SDS cannot be completely removed via an exchange with
buffer solution. However, the adsorbed layer is not in a complex structure behaving like a highly elastic
layer. We discuss this situation further below in terms of the surface charge distribution.

An SDS layer displaced by lipase shows certain similarities with the case of SDS displacing a lipase layer.
However, the former case leads to a lower IFT similar to the pre-mixed SDS-lipase layer (simultaneous
adsorption protocol), followed by a much faster increase in IFT because of the faster desorption of SDS
during the exchange process. The elasticity after the 1%t and 2" drop bulk exchange processes shows almost
similar values, indicating similar mixed SDS-lipase layers for both systems. However, the elasticity value
for an SDS solution displaced by a lipase solution is about 20.7 mN.m™!, which is slightly higher than for
the lipase layer displaced by SDS, for which we found elasticity values of about 16.3 mN.m".

In summary, these results indicate that SDS and lipase can be co-adsorbed in competitive adsorption
according to their concentration and injection time, and SDS can desorb from the interface when the SDS
concentration in the bulk is decreased. However, lipase decreases the rate of SDS desorption, and adsorbed
lipase cannot be significantly removed from the interface even in the presence of SDS at the given
conditions (pH and ionic strength).

The mixed SDS-lipase pre-adsorbed layer after the bulk exchange with buffer solution shows a different
behavior. The large elasticity values after one exchange process explain that SDS is removed from the
interface while lipase remains. This underlines that lipase can adsorb in the presence of SDS very well
provided that there is enough time and a sufficiently high concentration in the bulk. Also, the adsorbed SDS
molecules among the lipase molecules can be still removed from the interface. These results are in line with
those obtained for the other two cases discussed in Figure 4, namely SDS exchanged by lipase, and vice
versa.

3.3 Competitive Adsorption and Desorption of CTAB and Lipase

Competitive sequential adsorption and desorption experiments of CTAB and lipase are presented in Figure
5. There is a different behavior observed when compared with the SDS—lipase system presented in Figure
4. First, when lipase is displaced from the surface by a CTAB solution (o), the IFT substantially and quickly
decreases, which is similar to the exchange of a lipase layer by SDS. However, exchanging the CTAB
solution now by the buffer solution results in just a slight increase in IFT, while exchanging the SDS
solution by buffer solution shows a significant IFT increase. These results indicate that after removing
CTAB from the bulk, the adsorbed CTAB molecules inside the lipase layer do not desorb easily, revealing
a stronger lipase~CTAB interaction compared to lipase—SDS. The decreasing elasticities from 371.3 mN.m'!
(t = 600-700 s) for the lipase layer to 9.3 mN.m™! after exchange with CTAB (t = 1300-1400 s) also support
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3 that CTAB remains inside the lipase layer, causing a significant decrease in elasticity. These values are
: close to the elasticity of a single CTAB adsorbed layer, which is about 6.1 mN.m™! (t = 600-700 s).
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38 Figure 4- Interfacial tension (IFT) during dynamic competitive adsorption of SDS and lipase, sequential and simultaneous
39 drop bulk exchange protocols at the water—air interface: a) (©) 2.5 mg.mL! lipase solution (1), displaced by 2.0 mM SDS
40 solution (2) and then by the buffer solution (3),; (©) 2.0 mM SDS solution (1), displaced by 2.5 mg.mL" lipase solution (2)
and then by buffer solution (3); (5) 2.5 mg.mL" lipase premixed with 2.0 mM SDS solution (1), displaced by the buffer
41 solution (2&3); b) IFT of the same solutions in response to the droplet volume harmonic oscillations with 0.05 Hz frequency
42 and 2 mm? amplitude, introduced between 600-700, 1300—1400, and 2000-2100 seconds.
43
44
45 . . . . .o, . . .
46 The results for the CTAB bulk exchanged with lipase shown in Figure 5 provide us additional information
47 about the CTAB-lipase interaction. They illustrate a fast decrease in IFT at the beginning of the exchange
48 (about t =7005), i.e., a fast co-adsorption of lipase inside the pre-adsorbed CTAB layer. However, in
49 continuation of the exchange, the surface tension subsequently increases due to the removal of CTAB from
g (1) the bulk and consequently the desorption of CTAB from the surface. This demonstrates that lipase
55 adsorption can remove a certain part of CTAB from the interface, and still gradual adsorption of lipase is
53 going on. The large elasticity value after the exchange (26.5 mN.m™' for t = 1300-1400 s) demonstrates that
54 lipase is the major adsorbed component at the interface after a partial CTAB substitution. Besides, as the
55 IFT values are lower than those for the pure lipase layer, it shows the existence of CTAB molecules inside
56 the adsorbed layer. According to the large elasticity values, we can conclude that lipase—-CTAB mixed
57
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layers can contain stable complexes, in contrast to the mixed lipase-SDS layers for which smaller
elasticities were observed.

o Lipase | CTAB | BufTer
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1 2
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Figure 5- Interfacial tension during the dynamic competitive adsorption of CTAB and lipase generated by a sequential
exchange protocol: a) (¢) 0.5 mM CTAB solution (1), displaced by a lipase solution and then by buffer solution (2); (0)
2.5 mg.mL! lipase solution (1), displaced by 0.5 mM CTAB solution and then by buffer solution (2); b) IFT of the same
solutions in response to harmonic oscillations of the droplet volume with a frequency of 0.05 Hz and amplitude of 2 mm?>,
generated between 600—700 and 1300—1400 seconds, respectively.

3.4 Competitive Adsorption of Lipase SDS, and CTAB: Sequential and Mixed Protocols
For a better understanding of the dynamic competitive adsorption of lipase, SDS and CTAB and the related
interactions in the bulk and at the interface, exchanges of pre-adsorbed lipase layers (2.5 mg.mL") with
SDS (2.0 mM) and CTAB (0.5 mM) in sequential and simultaneous scenarios were performed. For the
sequential protocol, i.e., lipase| CTAB|SDS|buffer and lipase|SDS|CTAB|buffer sequences, we observe a
sharp and significant decrease in IFT. In the simultaneous injection of SDS and CTAB, the decrease in IFT
is not as profound as their sequential injection. Note, all CTAB cations are compensated by the same
number of SDS anions forming ion pairs and only the remaining amount of SDS ions is available for the
interaction with the lipase. These results demonstrate the importance of the electrostatic interactions of
CTAB and lipase, missed in the case of exchange by a mixed SDS—CTAB solution. The nonionic SDS—
CTAB ion pairs [90] can be co-adsorbed into the lipase layer, although via rather hydrophobic interactions.
The elasticities also support these findings, as we see the lowest elasticity for the case of mixed SDS-CTAB
solution because there is no opportunity for lipase—CTAB complex formation. The highest elasticity
belongs to the CTAB|SDS|buffer scenario, which is also in correlation with the hypothesis that the pre-
adsorbed lipase can keep the attached CTAB molecules during the first exchange. During removal of CTAB
from the bulk by SDS injection, lipase-CTAB complexes can remain and exhibit high elasticity values.
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36 Figure 6- Dynamic competitive adsorption of lipase, SDS, and CTAB at the water—air interface via sequential and
37 simultaneous SDS and CTAB exchange protocols. Interfacial tension vs. time of a) (¢)2.5 mg.mL" lipase solution (1),
38 displaced by 0.5 mM CTAB solution (2) then by 2.0 mM SDS solution (3), and finally by a buffer solution (4); (o) 2.5
mg.mL"! lipase solution (1), displaced by 2.0 mM SDS solution (2), then by 0.5 mM CTAB solution (3), and finally by a
39 buffer solution (4); () 2.5 mg.mL! lipase solution (1), displaced by a mixed CTAB-SDS (0.5 mM and 2.0 mM) solution
40 (2), and then by a buffer solution (3&4); b) IFT of the same solutions in response to the droplet volume harmonic oscillations
41 at a frequency of 0.05 Hz and amplitude of 2 mm?, generated between 600-700, 1300—1400, 2000-2100, and 2700-2800
42 seconds.
43
44
45
46
47
48 4 Molecular Structural Analysis
:g A molecular structure analysis was performed via the PyMOL molecular visualization system which is
51 based on a Poisson—Boltzmann equations solver (created by Warren, Lyford, and DelLano) [91] for
52 exploring surface charges of Candida rugosa lipase to gain a better insight into the results observed by
53 dynamic surface tension measurements and competitive adsorption analysis. The electrostatic potential ma
y p p y p p
54 projected on the molecular surface of the lipase molecule presented in Figure 7 shows a dominant
55 negatively charged surface, which is in correlation with the stronger attachment of the cationic surfactant
56 CTAB presented in Figure 4—Figure 6. We can also see minor positive regions that can support a partial
57
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attraction of SDS to the lipase surface via electrostatic interactions. However, at the water-air surface, SDS
is adsorbed rather via a competitive adsorption mechanism, forming a mixed adsorbed layer with the lipase
molecules, while CTAB can adsorb in the form of complexes with lipase. Such computational simulations
and the macromolecular structure analysis to explore the surface charges of the lipase lay the basis for an
understanding of the probable molecular interactions (e.g., with surfactants). However, complementary
experimental techniques such as dynamic surface tension measurements, dilational surface visco-elasticity,
and competitive adsorption analysis help understanding the concrete realization of these interactions. It is
noted that changing pH, temperature, and presence of salts and ions can change the surface charges and
affect these observed interactions significantly.

Figure 7- Projection of the electrostatic potential of a Candida rugosa
lipase (PDB ID: ILPN [32]) on its molecular surface from six different
angles (front, back, left, right, top, and bottom). The electrostatic potential
of +1 and more is blue and that of -1 and less is red. Illustrated using
PyMOL Version 2.3.5 [91].
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5 Conclusions

Our results demonstrate that dynamic surface tension measurements and interfacial rheology
characterizations using PAT tensiometer equipped with a co-axial double capillary for drop sub-phase
exchange, can provide us insightful data about the dynamic competitive adsorption of mixed lipase-
surfactant layers and complex formation in the bulk and at the interface. Our results can be summarized as
follows: I- For a pre-adsorbed layer of SDS or CTAB, when the bulk is displaced with a buffer solution,
SDS and CTAB completely desorb from the interface, illustrating a reversible adsorption process. II- A
pre-adsorbed lipase layer cannot be removed via the sub-phase exchange process by a buffer solution (pH
7.2-7.4). 1lI- The sub-phase exchange by SDS and CTAB solutions also cannot remove the pre-adsorbed
lipase. SDS can participate in the formation of mixed adsorption layers with lipase via competitive
adsorption at the available positions, while CTAB can form complexes in the bulk and at the interface,
which is supported by the observed higher dilational elasticity. Lipase can cause significant entrapment of
CTAB in the mixed layer as a joint adsorbed complex via electrostatic interactions between oppositely
charged sites. However, SDS is also entrapped inside the lipase layer via hydrophobic interactions and
partial electrostatic interactions. The explored surface charges of the lipase via computational structure
analysis corroborates these conclusions, considering expected strong electrostatic interactions with the
cationic CTAB rather than the anionic SDS.

Understanding of the interactions of the lipase with surfactants and assessment of the related dynamic
competitive adsorption at the interface via the presented experimental protocols are essential for the
optimization of multicomponent multiphase processes involved in reactive interfacial phenomena. Such
processes can influence significantly the phase distribution and interfacial area and consequently the
interfacial transport properties and kinetics of the conversions. Further experiments and analysis under
different conditions (pH, T, concentration, ionic strength, flow exchange conditions, and sequence of
substances) are needed to conclude on the expected interactions in the bulk and competitions at the interface
for the design of other multiphase processes and their optimization.
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