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Abstract 
The enzymatic hydrolysis of sunflower oil occurs at the water–oil interface. Therefore, the characterization 
of dynamic interfacial phenomena is essential for understanding the related mechanisms for process 
optimizations. Most of the available research works for this purpose deal with averaged interfacial 
properties determined via reaction kinetics and dynamic surface tension measurements. In addition to the 
classical approach for dynamic surface tension measurements, here, the evolution of the dilational 
viscoelasticity of the lipase adsorbed layer at the water–oil interface is characterized using profile analysis 
tensiometry. It is observed that lipase exhibits nonlinear dilational rheology depending on the concentration 
and age of the adsorbed layer. For reactive water–oil interfaces, the response of the interfacial tension to 
the sinusoidal area perturbations becomes more asymmetric with time. Surface-active products of the 
enzymatic hydrolysis of triglycerides render the interface less elastic during compression compared to the 
expansion path. The lipolysis products can facilitate desorption upon compression while inhibiting 
adsorption upon expansion of the interface. Lissajous plots provide an insight into how the hysteresis effect 
leads to different interfacial tensions along the expansion and compression routes. Also, the droplet shape 
increasingly deviates from a Laplacian shape, demonstrating an irreversible film formation during aging 
and ongoing hydrolysis reaction, which supports our findings via interfacial elasticity analysis.  

Keywords 
Lipase Adsorption, Dilational Rheology, Enzymatic Reactions, Reactive Interface, Interfacial Elasticity, 
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Introduction 
Lipase is an enzyme responsible for the hydrolysis of triglycerides [1]. Triglycerides, or triacylglycerols, 

are esters with a glycerol backbone bound to three fatty acid chains [2]. Naturally occurring triglycerides 

are from plants and animals [3]. A lipase molecule can cleave the triglyceride ester bonds, producing 

diglyceride, monoglyceride, glycerol, and free fatty acids [4].  

Transesterification is the substitution of the functional group of an ester with the functional group of an 

alcohol (alcoholysis), an acid (acidolysis), or another ester (interesterification) [5]. In triglycerides, 

transesterification can occur for each of the three ester groups. Transesterification of triglycerides with 

alcohol produces fatty acid alkyl esters (FAAE) [6-8], which are the main components of biodiesel, a 

sustainable source of eco-friendly energy [9]. Biodiesel production can be catalyzed either chemically or 

enzymatically [10].  

The source of lipases determines how they hydrolyze triglycerides [1]. Lipase from Candida rugosa is non-

regiospecific; it shows no positional specificity and cleaves all three (Sn-1,2,3) positions in the triglyceride, 

where Sn stands for stereospecific numbering of carbons [11]. In contrast, gastric and pancreatic lipases are 

Sn-1,3 regiospecific, meaning that they only cleave the outer ester bonds in the triglycerides and Sn-2 

monoglycerides remain unaffected [12]. However, a pH-dependent acyl group migration can convert Sn-2 

into hydrolyzable Sn-1,3 monoglycerides [13]. 

Lipases are water-soluble proteins and their lipolysis occurs at the water–oil interface [1]. In bulk, lipase is 

enzymatically inactive [14]. A conformational change in the lipase structure upon its interfacial adsorption 

makes the active site available for the substrate, i.e., glycerides [15]. Lipase attaches to the interface via 

van der Waals, hydrophobic interactions, or dispersion forces [16]; however, low molecular weight 

surfactants can remove it from the interface [17, 18]. The reactive interfacial composition between an 

aqueous lipase solution and an apolar lipid phase evolves over time since the reaction products are also 

surface-active. The displacement of lipase from the interface leads to self-regulation of the lipolysis reaction 

[11, 12]. So, the assumption of mere adsorption does not sufficiently explain the interfacial behavior of 

lipase at water–oil interfaces. 

High interfacial tension can lead to lipase denaturation, while a high interfacial pressure can give rise to the 

inactivation of the lipase molecules [19, 20]. Thus, other interfacial active agents have an impact on the 

enzymatic activity of the lipase. All reaction products of enzymatic hydrolysis of lipids have interfacial 

activity. The electrostatic and hydrophobic interactions between the anionic headgroups of the fatty acid 

carboxylates and their alkyl chains with oppositely charged sites and the hydrophobic patches of the lipase 

molecules significantly impact the catalytic behavior of the lipase [21]. Diglycerides partition between the 

oil phase and the interface, while the monoglycerides partition between both bulk phases and the interface 

[22]. It is shown that Sn-2 monopalmitin can remove both pancreatic lipase and tricaprylin from the 
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interface and decrease the rate of triglyceride hydrolysis [23]. Sn-2 monoglycerides are also more interfacial 

active than diglycerides and fatty acid salts and, thus, can dominate the interface given that enough time is 

available [22]. However, as mentioned above, lipase from Candida rugosa is a non-regiospecific lipase and, 

therefore, is not expelled from the interface upon enzymatic fat digestion because of transesterification of 

Sn-2 monoglycerides into fatty acid alkyl esters and glycerol [12]. Moreover, another interfacial feature of 

a lipase adsorbed layer is the formation of a skin-like film at the interface as a result of protein unfolding 

and covalent crosslinking. This feature emerges upon aging and compression of the lipase adsorbed layer 

as wrinkles [24]. 

Dynamic tensiometry and dilational rheology have been proposed to study the chemical reactions, such as 

lipase hydrolysis, in single droplets [25, 26]. Here, we have investigated the interfacial dilational rheology 

of lipase at reactive and nonreactive interfaces. To this aim, the viscoelastic behavior of adsorbed layers of 

Candida rugosa lipase at the water–sunflower oil (SFO) interface is studied. Some of the results are 

compared with the lipase viscoelasticity at the water–air and water–heptane interfaces. A profile analysis 

tensiometer (PAT-1) is used to conduct dynamic interfacial tension (IFT) and interfacial dilational elasticity 

measurements. 

 

Materials and Methods 
Chemicals 
LipomodTM 34P-L034P lipase from Candida rugosa was provided by Biocatalysts Ltd (Cardiff, UK) as a 

white powder with an activity of 115000 U·g-1. The sunflower oil (SFO) was supplied by Oleon GmbH 

(Emmerich am Rhein, Germany) and purified with column chromatography using Florisil® 100-200 mesh, 

based on the method addressed elsewhere [27]. n-heptane (assay GC ≥ 99.3%) was purchased from Merck 

(Darmstadt, Germany) and purified by passing through a chromatographic column. The buffer solutions 

were prepared using phosphate-buffered saline from Sigma-Aldrich (Merck, Darmstadt, Germany) with a 

pH of 7.4 and an ionic strength of 0.17 M at room temperature. 

The high concentration lipase solutions were prepared by adding the dry lipase powder to the phosphate-

buffered saline solutions under mild stirring conditions. Then it has been diluted with buffer solution for 

preparing lower concentrations. The lipase solutions have been prepared fresh and used within a week, with 

relevant storage at 4 °C. 

 

Profile Analysis Tensiometer (PAT-1) 
The Profile Analysis Tensiometer (PAT-1) is an instrument manufactured by SINTERFACE Technologies 

(Berlin, Germany) for measuring surface and interfacial tensions and is schematically represented in Figure 
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1. PAT captures high-resolution images of a droplet of a few microliters volume formed at the tip of a 

capillary. The profile of the droplet is digitized using image processing techniques. The theoretical droplet 

profile derived from the Young-Laplace equation (Eq. 1) is then fitted to the experimental profile 

coordinates by adjusting the IFT, γ, as the only fitting parameter: 

∆𝑝𝑝 = 𝛾𝛾(
1
𝑅𝑅1

+
1
𝑅𝑅2

) 1 

where ∆p is the pressure difference across the interface, and R1 and R2 are the principal radii of curvature 

in the drop apex. The methodology has been discussed in detail elsewhere [28]. The standard deviation 

(STD) is a parameter that quantifies the difference between the theoretical Young–Laplace equation and 

experimental droplet profiles and serves as a parameter for the quality of fitting: 
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where N is the number of points in the discretized droplet profile, e is the x-error between the theoretical 

and experimental droplet profiles, 𝑒𝑒𝑖𝑖 = 𝑥𝑥𝑖𝑖𝑡𝑡ℎ𝑒𝑒𝑒𝑒 − 𝑥𝑥𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒, and 𝜇𝜇 is the mean of the x-errors. 

Each PAT test was conducted at least three times to ensure the reproducibility of the data. Also, the 

measurements with similar conditions were cross-checked to validate the results. Before starting the 

measurements at each session, the PAT setup was calibrated by measuring the surface tension of water at 

room temperature to obtain ~72.8 mN⸱m-1 at 20 °C. An error of ±0.2 mN⸱m-1 during calibration is expected 

due to ambient conditions. After accurate calibration, the surface/interfacial tension measuring accuracy 

narrows down to the setup resolution: ±0.01 mN⸱m-1. 

 

Interfacial Dilational Rheology 
Imposing interfacial area oscillations to a drop surface is a way to characterize the dilational viscoelasticity 

of the interfacial layer. To this aim, a set of harmonic perturbations is applied to the interfacial area of a 

pendant drop as a common practice. Then, the IFT responses to these perturbations are recorded and 

analyzed to determine the viscoelastic properties of the adsorbed layer. A sinusoidal perturbation of an 

interfacial area, 𝐴𝐴(𝑡𝑡), can be imposed as follows [29]: 

 

𝐴𝐴(𝑡𝑡) − 𝐴𝐴0 = ∆𝐴𝐴(𝑡𝑡) = 𝐴𝐴𝑎𝑎𝑎𝑎𝑒𝑒 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝑡𝑡) 3 
 

where 𝐴𝐴0 is the average interfacial area before the oscillation, and 𝐴𝐴𝑎𝑎𝑎𝑎𝑒𝑒 and 𝜔𝜔 are the amplitude and 

frequency of the area oscillation. A sinusoidal perturbation can be divided into two periods: expansion, 

during which 𝑑𝑑𝐴𝐴 𝑑𝑑𝑡𝑡⁄ > 0, and compression, during which 𝑑𝑑𝐴𝐴 𝑑𝑑𝑡𝑡⁄ < 0. The linear response of IFT, 𝛾𝛾(𝑡𝑡), 

takes the form: 
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𝛾𝛾(𝑡𝑡) − 𝛾𝛾0 = ∆𝛾𝛾(𝑡𝑡) = 𝛾𝛾𝑎𝑎𝑎𝑎𝑒𝑒 · 𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝑡𝑡 + 𝜑𝜑) 
4 

 

where 𝛾𝛾0 is the equilibrium IFT before starting the oscillations, and 𝛾𝛾𝑎𝑎𝑎𝑎𝑒𝑒 and 𝜑𝜑 are the amplitude and phase 

shift of the IFT response. The complex viscoelasticity, 𝜀𝜀(𝑠𝑠𝜔𝜔), is a transfer function transforming the input 

signal into the output signal in the frequency domain [30, 31]: 

 

𝜀𝜀(𝑠𝑠𝜔𝜔) =
ℱ[∆𝛾𝛾(𝑡𝑡)]

ℱ[𝑙𝑙𝑠𝑠(∆𝐴𝐴(𝑡𝑡))]
≅ 𝐴𝐴0

ℱ[∆𝛾𝛾(𝑡𝑡)]
ℱ[∆𝐴𝐴(𝑡𝑡)]

 5 

𝜀𝜀(𝑠𝑠𝜔𝜔) = 𝜀𝜀′(𝜔𝜔) + 𝑠𝑠 · 𝜀𝜀" (𝜔𝜔) = 𝜀𝜀𝑑𝑑(𝜔𝜔) + 𝑠𝑠 · 𝜔𝜔 · 𝜂𝜂𝑑𝑑(𝜔𝜔) 6 
 

where ℱ is the Fourier transform operator, 𝜀𝜀′ is the real part of the complex interfacial viscoelasticity and 

equals to the dilational elasticity (𝜀𝜀𝑑𝑑), 𝜀𝜀" is the imaginary part, i is the imaginary unit, and 𝜂𝜂𝑑𝑑 is the dilational 

viscosity. In a linear domain of the IFT response, the dilational elasticity and viscosity are functions of only 

the frequency (𝜔𝜔), making the transfer function additive and uniform [29]. In this case, t can be eliminated 

between Eqs. 2 and 3, resulting in: 

 

𝐴𝐴𝐷𝐷2 + 𝛾𝛾𝐷𝐷2 − 2𝑐𝑐𝑐𝑐𝑠𝑠(𝜑𝜑) · 𝐴𝐴𝐷𝐷 · 𝛾𝛾𝐷𝐷 = 𝑠𝑠𝑠𝑠𝑠𝑠2(𝜑𝜑) 
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where 𝐴𝐴𝐷𝐷 = ∆𝐴𝐴(𝑡𝑡)/𝐴𝐴𝑎𝑎𝑎𝑎𝑒𝑒 and 𝛾𝛾𝐷𝐷 = ∆𝛾𝛾(𝑡𝑡)/𝛾𝛾𝑎𝑎𝑎𝑎𝑒𝑒 are the dimensionless area and IFT. Eq. 6 is an ellipse, 

the inclination angle and width of which are measures of the dilational elasticity and viscosity. In an inviscid 

interfacial layer (𝜑𝜑 = 0), Eq. 6 becomes a line (𝐴𝐴𝐷𝐷 = 𝛾𝛾𝐷𝐷). This ellipse is the Lissajous plot of an adsorbed 

layer with linear IFT response to the harmonic area perturbations. Under a nonlinear interfacial regime, the 

Lissajous plot shape can deform in different ways, some of which are discussed in the results section. 

The linear rheology holds for steady-state and small-area perturbations. For nonequilibrium states, e.g., 

early-time adsorption or reactive interfaces, and nonlinear rheology, e.g., large-area perturbations, the IFT 

responses deviate from this linearity. There are some methods to treat the nonlinear interfacial dilational 

rheology, such as Volterra series, Fourier transform operation, Fourier expansion series, stress 

decomposition method, Lissajous plots, and polynomial series [32]. Here, we use the Fourier expansion 

series and Lissajous plots for the quantitative and qualitative data analysis. 
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Figure 1 Schematic representations of the Profile Analysis Tensiometer (PAT) and lipase adsorbed layer 
at water–oil interface. 

 

Results 
Interfacial Tension between Oil and Lipase Solutions 
In order to develop its catalytic activity, lipase diffuses from the aqueous droplet bulk to the interface to get 

in contact with the hydrophobic lipids. The dynamics of adsorption of lipase is shown in Figure 2. Note 

that in the absence of any lipase in the system, we observe very small IFT oscillations caused by the smallest 

amounts of impurities in the sunflower oil sample. Lipase adsorption significantly increases the interfacial 

elasticity of a water–oil interface. The removal of lipase macromolecules from the interface is energy-

intensive. During interfacial oscillations, lipase as a macromolecule cannot desorb from or readsorb at the 

interface fast enough during subsequent compressions and expansions of the oscillation cycles to keep the 

interfacial concentration in thermodynamic equilibrium with the bulk concentration. Also, upon lipase 

adsorption, protein unfolding occurs due to the tendency of hydrophobic internal residues to become better 

exposed to the apolar oil phase [15, 33]. These two effects give rise to the higher elasticity of the lipase 
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adsorbed layers. The solution of higher lipase concentration, 2.5 mg·mL-1, has a lower IFT and higher 

elasticity, showing that the increasing interfacial interactions between the unfolded lipase molecules at 

higher concentrations can resist lipase desorption and readsorption during compressions and expansions. 

Also, the initial IFT value for the buffer–SFO interface of about 24 mN·m-1 is rather low and points to the 

fact of small amounts of impurities [34], which, however, are not essential for the target of this study on 

the enzymatic reaction of lipase at the water–SFO interface via measurements of the dilational interfacial 

viscoelasticity. 

 

 
Figure 2- ( ) Interfacial area with sinusoidal perturbations of 0.5 mm3 volumetric amplitude (~1 mm2 area 
amplitude) and 0.05 and 0.02 Hz frequencies for three different aqueous droplets with a volume of 5.0 mm3 inside 
the sunflower oil phase and their interfacial tension response: ( ) buffer droplet with no lipase, ( ) 0.3 mg·mL-1, 
and ( ) 2.5 mg·mL-1 lipase solution droplets. 

 

Low Concentrations of Lipase 
The IFT and STD of a 0.3 mg·mL-1 lipase solution in different time intervals are shown in Figure 3. The 

amplitudes of the IFT response caused by the sinusoidal area perturbations increase with time due to the 

increasing interfacial concentration of the adsorbed lipase. Figure 3(b) shows that the IFT trend is 

downward, i.e., the adsorbed layer has not fully reached the equilibrium state yet. In cases like this, the non-

oscillating IFT trendline in the response should be considered to make elasticity calculations more accurate 

using Eq. 4, i.e., the IFT values should be detrended. To this aim, it is assumed that ∆𝛾𝛾(𝑡𝑡) = 𝛾𝛾(𝑡𝑡) − 𝑓𝑓(𝑡𝑡), 

where 𝑓𝑓(𝑡𝑡) is the non-oscillating component of the IFT response [35]. Here, we have used linear 𝑓𝑓(𝑡𝑡), as 
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denoted by green lines. 

In cases Figure 3(c–f), the increasing IFT amplitudes reflect that the elasticities increase with time. In cases 

(b–f), the STD values are low and uniform, meaning no severe deviation of the droplet profiles from the 

ideal Laplacian shape occurred during this set of experiments. 

 

 
Figure 3- Sinusoidal interfacial area perturbations with a 0.5 mm3 volumetric amplitude (~1 mm2 area 
amplitude) for a 0·3 mg·mL-1 lipase aqueous solution droplet with a volume of 5.0 mm3 formed inside sunflower 
oil at frequencies of 0.02 and 0.05 Hz versus aging time; (a) interfacial area oscillations between 200–420 s 
( ) (the curves for the other area oscillations are the same as (a)), the blue line ( ) is the non-oscillating 
interfacial area of the droplet; (b–f) IFT ( ) and STD ( ) of the droplet in time intervals between 200–420, 
600–820, 1000–1220, 1400–1620, and 1800–2020 s, the green lines ( ) are the non-oscillating IFT 
trendlines.  

 

High Concentrations of Lipase 
The IFT and STD data recorded during sinusoidal area perturbations for a 2.5 mg·mL-1 lipase solution 

droplet formed in sunflower oil at two frequencies and in different time intervals are shown in Figure 4(a–

f). The amplitudes of the IFT responses are increased compared to Figure 3, indicating an increase in the 

elasticity modulus of the interfacial layer. Several studies have suggested that protein desorption from 

liquid–fluid interfaces requires high activation energy. The conformational change in the tertiary structure 
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of adsorbed proteins is the main factor hindering their facile desorption [36]. 

The IFT response to harmonic area perturbations shows a nonlinear behavior toward later adsorption times, 

i.e., the half-cycles above and below the non-oscillating IFT trendlines, green lines in the figure, become 

more asymmetric with time. Area oscillations at two time periods are also shown in Figure 4(g–h) for the 

sake of comparison. The amplitudes of the half-cycles above the non-oscillating IFT trendlines become 

larger compared to the ones below the line, indicating that the adsorbed layer is less elastic upon 

compressing than upon expanding the water–oil interface. 

 

 
Figure 4- IFT  and STD responses to sinusoidal perturbations of the interfacial area with 0.5 mm3 volumetric 
amplitude (~1 mm2 area amplitude) for a 2·5 mg·mL-1 lipase aqueous solution droplet with a volume of 5.0 
mm3 inside sunflower oil during 0.02 and 0.05 Hz frequencies versus aging time of the droplet; (a–f) 
interfacial tension ( ) and standard deviation ( ) of the droplet in time intervals between 200–420, 600–
820, 1000–1220, 1400–1620, 1800–2020, 3000–3220 s, green lines ( ) are the non-oscillating IFT 
trendlines; (g–h) interfacial tension ( ) and interfacial area ( ) of the droplet between  1000–1220 and 
3000–3220 s  (the solid lines are added for better readability of experimental data). 
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The STD also behaves differently for the higher lipase concentration shown in Figure 4 compared to the 

low lipase concentration shown in Figure 3. In the time interval 200–420 s, Figure 4(a), the STD is low and 

uniform, but it starts undulating after that. Over time, lipases covalently crosslink with each other and non-

covalently interact with the low molecular weight reaction products, leading to a skin-like monolayer 

structure at the interface. The interfacial unfolding of the proteins and intermolecular disulfide bonding are 

believed to give rise to the formation of this skin-like structure [24, 37] which can be quantified with our 

novel approach here considering elasticity and STD variations. During compression, this skin wrinkles, 

affecting the Laplacian shape of the droplet and provoking the increase of the STD values. The formation 

of folds and wrinkles on the droplet surface marks the breakage of the interfacial monolayer structure [38]. 

Upon aging and compression, breakages in the monolayer structure of the adsorbed proteins can be detected 

by an increase in the STD parameter. The maximum deviation from Young–Laplace shape occurs at 

maximum compression when the strong interaction of the adsorbed lipase and products of the hydrolysis at 

interface can create skin-like layer which causes drop confinement and deformation with significant 

wrinkling. During expansion path, the skin-like film is reformed to a rather regular adsorbed layer, and 

droplet shape can be better fitted by the Young–Laplace equation.   

As a result, STD variations is in the opposite direction of the IFT changes during interfacial area oscillations  

The enzymatic functionality of lipase produces interfacial active components, which can compete with 

lipase and form a mixed adsorbed layer. Among the products, monoglycerides are more interfacially active 

than diglycerides and fatty acid salts [22]. Therefore, a possible scenario for observing lower elasticity 

during the compression path for high lipase concentration is the presence of such small surface-active 

molecules between lipase macromolecules, covering the available area remaining at the interface. This 

effect can also be observed from the slight decrease in the equilibrium interfacial tension (Figure 4(b–f)), 

illustrating a saturated interface with mixed lipase and reaction products. Therefore, such fully occupied 

mixed adsorbed layer cannot evolve to a lower interfacial tension anymore during the compression path.  

In addition, small molecules can leave the interface under compression conditions easier than unfolded 

interlinked lipases. However, a detailed explanation of the other potential mechanisms needs further 

complementary experiments. 

It is noted that, for the compression path of the high concentration cases with high STD values, still the 

STD values are rather low to have a reasonable fitting between the experimental and numerical drop profile 

(shown in section 3.5). On the other hand, a range of low values of IFT can be observed earlier before 

increasing of the STD values. Furthermore, we have also performed IFT measurements via capillary 

pressure-based measuring method (Oscillating drop and bubble analyzer, known as ODBA setup [39]) for 

which the IFT results can be also measured reasonably for conditions with drop profile deformation and 

high STD values and comparable results with PAT could be observed. It is noted however that, for 
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compression step the STD values are discussed as the main data for indication of transformation of the 

adsorbed layer to skin-like film in this work. 

 

Nonlinear Dilational Rheology of the Interface between Oil and Aqueous Lipase Solution 

The interfacial dilational elasticity is a crucial parameter to show how adsorbed molecules interact with one 

another. In some cases, whereas the IFT remains constant, the elasticity changes over time, indicating that 

the interfacial concentration, to a great extent, is unchanged while the adsorbed layer may reconfigure due 

to molecular-level interactions. The asymmetric IFT responses with respect to the non-oscillating IFT 

trendlines shown in Figure 4 tell us that elasticities resulting from the half-cycles above or below the lines 

are not the same since the half-waves do not superimpose and, thus, the compressive and expansive 

elasticities are different.  

The interfacial elasticities of lipase solutions at the water–oil interface over time are shown in Figure 5. For 

0.3 mg·mL-1 lipase solution, the IFT response is symmetric, and the conventional elasticity calculations 

using Eq. 4 were applied. The results show that the elasticities increase with time as the adsorbed amount 

of lipase increases and the required time for the interfacial unfolding is provided. For the 2.5 mg·mL-1 lipase 

solution, since the compressive and expansive elasticities are notably different, second-order Fourier 

polynomials were used to calculate both elasticities. The details of the Fourier analysis of an asymmetric 

IFT response are provided in the Supporting Information. The elasticities for deformations above the lines 

increase with time, while the elasticities below these lines decrease. A more densely packed lipase 

interfacial layer increases the chance of intermolecular forces or even bonding between protein molecules, 

thereby leading to the formation of a more elastic layer in the half-cycles above the lines. On the other hand, 

adsorbed lipase molecules hydrolyze triglycerides into fatty acids, diglycerides, monoglycerides, and 

glycerol. The fatty acids and monoglycerides are interfacial active and compete at the interface with the 

lipase. The production of these smaller surface-active molecules and their partial displacement from the 

interface by lipase leads to an elasticity reduction during the interfacial area compression.  
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Figure 5- Elasticities for three different aqueous droplets with a volume of 5.0 mm3 formed in sunflower 
oil during sinusoidal perturbations of the interfacial area with 0.5 mm3 volumetric amplitude (~1 mm2 
area amplitude) versus aging time: buffer droplet elasticities during 0.02 ( ) and 0.05 ( ) Hz frequencies; 
0.3 mg·mL-1 lipase aqueous solution droplet elasticities during 0.02 ( ) and 0.05 ( ) Hz frequencies; and 
2.5 mg·mL-1 lipase aqueous solution droplet above ( ) and below ( ) the equilibrium line during 0.02 Hz 
frequency (the solid and dashed lines are added for better readability of the experimental data). 

 

Lissajous Plots 
When the IFT response deviates from the linear behavior, it can become a function of the path. A 

viscoelastic interface in the domain of nonlinear IFT response has a memory reflecting its previous states 

into its present state. The higher this effect is, the higher is the nonlinearity [32]. The Lissajous plot is a 

way to characterize this hysteresis, demonstrating the evolution of interfacial tension versus interfacial 

deformation [40, 41]. Due to the interfacial viscosity, the IFT at a specific area deformation is not the same 

along the periods of expansion and compression, respectively.   

When the interfacial layer is not in its equilibrium state, the Lissajous plot shows irregular patterns, i.e., the 

plot shapes are not repeated at different cycles due to the facile adsorption and desorption given by the 

weak protein–protein interactions. With ongoing time, the Lissajous plot becomes a closed-loop, or an 

ellipse under an ideal linear interfacial behavior (Eq. 6), in which the compression path has lower IFT values 
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than the expansion path in IFT versus A/A0 plot, i.e., the Lissajous plot. During compression, the interfacial 

concentration increases, giving rise to lower IFTs. However, some protein molecules should desorb, which 

is hardly attainable because of the high energy required or the short time available. During expansion, IFT 

increases owing to the decrease in the interfacial concentration, and adsorption is required to re-achieve the 

equilibrium state, which is also time- and energy-intensive. 

The IFT responses and Lissajous plots of 2.5 mg·mL-1 lipase adsorbed layer at the water–air interface are 

shown in Figure 6 (a). Between 600–700 s, the Lissajous plot has few irregular patterns because the 

adsorbed layer is not yet completely in equilibrium. In later times, the Lissajous plots are better developed, 

with the compression path denoted by the purple arrow having smaller IFTs than the expansion path (red 

arrow), as expected from a nonreactive system. 

The IFT responses and Lissajous plots of 2.5 mg·mL-1 lipase adsorbed layer at the water–heptane interface 

are shown in Figure 6 (b) which have smaller amplitudes than at the water–air interface and the deviation 

from the linear behavior is less pronounced. The hydrophobic lipase chains can penetrate into the organic 

phase at the water–heptane interface, making the lipase more stable compared to the water–air interface 

[42, 43]. The Lissajous pattern is repeatable at different consecutive cycles. For the triangular perturbations, 

Figure 6 (c), the compression period is nearly linear in the Lissajous plot. At different periods, minor 

changes occur in the IFT response pattern, although the area deformation is generated with a large 

amplitude. 

The Lissajous plots for a 2.5 mg·mL-1 lipase solution at the water–SFO interface are shown in Figure 7(a–

e). At the beginning of the adsorption process, the patterns are irregular. With increasing time, the IFT 

during the compression period becomes higher than during the expansion period, in contrast to what we 

have seen in Figure 6. One explanation can be that, under compression, some adsorbed molecules are 

displaced from the interface into the proximal sublayer, increasing the IFT to some extent. Also, the proteins 

compressibility may lead to their compaction and a decrease in the number of protein chains penetrating 

the interface into the bulk. By releasing the compressive force and letting the interface expand, those 

molecules and chains return to the adsorbed layer, decreasing the IFT quickly. To draw a solid conclusion, 

however, the impact of each hydrolysis product on the interfacial rheology should be studied separately. 
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Figure 6 IFT and Lissajous plots of lipase solutions: (a) sinusoidal perturbations of water–air interface with 
0.05 Hz frequency and 2.7 mm2 amplitude for 2.5 mg·mL-1 lipase solutions (droplet volume of 12.0 mm3); (b) 
sinusoidal perturbations of water–heptane interface with 0.05 Hz frequency and 2.7 mm2 amplitude for 2.5 
mg·mL-1 lipase solution (droplet volume of 18.0 mm3); (c) triangular perturbations of water–heptane interface 
with ~0.03 Hz frequency and 10 mm2 amplitude for 2.5 mg·mL-1 lipase solutions between 200–230, 400–430, 
and 1000–1030 s (droplet volume of 15.0 mm3); the purple and red arrows show the direction of compression 
and expansion, respectively (solid lines are used for better readability of the experimental data). 
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At 0.3 mg·mL-1 lipase concentration, Figure 7(f), the nonlinearity in the IFT response is not profound, the 

adsorbed layer is not yet fully developed, and, thus, the Lissajous plots are not conclusive. 

Figure 7 Lissajous plots of the interfacial tension at the water–sunflower oil interface at droplets of 5.0 mm3 
volume: (a–e) 2.5 mg·mL-1 lipase solution during sinusoidal perturbation with 0.5 mm3 volumetric amplitude 
(~1 mm2 area amplitude) and 0.05 Hz frequency between 710–810, 1110–1210, 1510–1610, 1910–2010, and 
3110–3210 s; (f) 0.3 mg·mL-1 lipase solution during sinusoidal perturbation with 0.5 mm3 volumetric 
amplitude (~1 mm2 area amplitude) and 0.05 Hz frequency between 1110–1210, 1510–1610, and 1910–2010 
s; the purple and red arrows show the directions of compression and expansion, respectively (solid lines are 
used for better readability of the experimental data). 

The values of STD versus area deformation for 2.5 mg·mL-1 lipase solution is shown in Figure 8(a), 

illustrating how STD rises along the compression periods. The increase in STD is a sign of the interfacial 

layer aging, which is why STD increases with time. The sharp increase in the STD marks the breakage 

point in the monolayer structure of the adsorbed layer. With longer times, the points of STD deflection 

upon compression occur at higher values of area deformation, meaning that the monolayer structure is 

broken in larger interfacial areas. This effect indicates that the molar area of the adsorbed protein monolayer 

increases over time due to interfacial unfolding. Proteins adsorb to an interface in different conformation 

states, each of which has its molar area. An increase in the interfacial concentration leads to a decrease in 

the available molar area, while unfolding can increase the required molar area [44, 45]. The STD analysis 

can be used in parallel with the adsorption isotherm and the interfacial equation of state to further discuss 
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the protein adsorption states. The droplet shapes of a 2.5 mg·mL-1 lipase solution in oil at the maximum 

and minimum area of a high-amplitude perturbation are also shown in Figure 8(b–c)(1). The wrinkling of 

the skin-like interfacial structure is well illustrated during the maximum compression of the droplet (Figure 

8(c)). The digitized values for the actual profiles and the solutions of the Young–Laplace equation are 

shown in Figure 8(b–c)(2). The numerical error between the actual and the theoretical profiles increases 

during the compression, Figure 8(b–c)(3), leading to higher STD values. 

 
Figure 8 (a) Standard deviation of the droplet profile for the water–sunflower oil interface of 2.5 mg·mL-1 lipase 
solution droplets of 5.0 mm3 volume during sinusoidal perturbation with 0.5 mm3 volumetric amplitude (~1 mm2 area 
amplitude) and 0.05 Hz frequency between 710–810, 1110–1210, 1510–1610, 1910–2010, and 3110–3210 s; the 
purple and red arrows show the direction of compression and expansion, respectively (solid lines are used for better 
readability of the experimental data); (b–c)(1) the actual droplet profile for the water–sunflower oil interface of 2.5 
mg·mL-1 lipase solution with initial droplet volume of 5.0 mm3 during a sinusoidal perturbation with 1.5 mm3 
volumetric amplitude (~2.5 mm2 area amplitude, 18% of initial droplet area) and 0.01 Hz frequency at maximum and 
minimum sizes (1025 and 1075 s); (2) the values of the actual (blue) and the theoretical Young-Laplace droplet 
profiles (red); (3) the difference between the actual and the theoretical profiles. 

 

Conclusions 
The enzymatic activity of lipase molecules generates new surface-active products, competing with lipase 

at the water–sunflower oil interface. This enzymatic activity changes the composition of the adsorbed layer. 

The mixed lipase and hydrolyzed products interactions and adsorption at the water–oil interface can lead to 

the formation of a skin-like film structure which can influence dynamic interfacial properties significantly. 

Dynamic surface tensiometry and dilational rheology, as powerful experimental methods, can 

quantitatively evaluate the evolution of such reactive interfaces. 

Analyzing the viscoelastic properties of an enzymatically active water–oil interface suggests how the 

ongoing reaction leads to interfacial interactions of lipase and products. Here, we discussed how lipase 

dilational rheology shows a nonlinear IFT-response at the water–sunflower oil interface while the changes 
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of the dynamic interfacial tension are negligible. In an interfacial layer in the nonlinear domain of IFT 

responses, the dilational viscoelasticity becomes a function of frequency, amplitude, and path of area 

deformations. For a lipase aqueous solution drop in oil, the IFT response becomes asymmetric with time: 

the elasticities during the expansion periods become larger with time, while the elasticities during the 

compression periods get smaller. Via enzymatic hydrolysis of the sunflower oil, the surface-active products 

can facilitate desorption upon interface area compression while the adsorbed lipase inhibits adsorption 

during expansion. Also, the saturation of the interface by products leaves no space for the adsorbed layer 

to shrink more upon compression, leading to a multilayered configuration upon further compression. These 

effects result in different responses of the IFT during compressions and expansions. 

Over time and upon compression, the standard deviation of the droplet profile compared to the Young–

Laplace equation increases significantly. The aging of the lipase adsorbed layer results in a complex 

formation at the interface. The covalent crosslinking is a reason for the formation of a skin-like adsorbed 

layer. The interfacial unfolding of the protein molecules and its effect on their molar area in the adsorbed 

layer can be discussed by the deflection point in the STD versus area deformation plot. 

The methodology addressed here can be applied to the interfacial enzymatic reactions to investigate the 

kinetics of reaction by their effect on the interfacial properties of the system. In future works, a wide range 

of different factors such as concentration, amplitude, frequency, type of interface, and time should be taken 

into account to provide more insight into their effect on the IFT-response and viscoelastic properties of the 

interface. Also, the method should be coupled with other approaches, such as atomic force microscopy, 

Brewster angle microscopy, spectroscopy, calorimetry, and ellipsometry, to understand the underlying 

mechanisms in actions better. 
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