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 A B S T R A C T

Pickering emulsions are attracting increasing attention in biphasic biocatalysis because their particle-stabilized 
interfaces provide a large contact area between enzymes in the aqueous phase and water-insoluble substrates. 
Despite growing interest, a comprehensive kinetic framework for enzymatic reactions in Pickering emulsions 
remains lacking. Here, a progress-curve-based kinetic description of a hydrolysis reaction is presented for the 
first time and compared with both a single-phase system and a particle-free biphasic system.

Transitioning from an aqueous single-phase system to a biphasic system the maximum reaction velocity 
𝑣𝑚𝑎𝑥 increased threefold, while the apparent Michaelis–Menten constant increased by four orders of magnitude, 
indicating significant interfacial mass-transfer contributions. Notably, Michaelis–Menten kinetics derived from 
initial rates failed to predict product formation at elevated concentrations due to product inhibition.

Direct fitting of integrated rate equations to full progress curves enabled efficient parameter estimation 
and captured product inhibition while substantially reducing experimental effort compared to conventional 
initial-rate analysis. Both competitive and non-competitive inhibition models adequately described the data. 
Comparison with a particle-free biphasic system revealed similar kinetics at high stirring rates; however, 
under reduced energy input, the Pickering emulsion retained its kinetic parameters and activity, whereas 
the biphasic system became mass-transfer limited. Overall, this study establishes macrokinetic parameters 
for Pickering emulsions using progress-curve analysis and demonstrates their advantages under low-stirring 
conditions, providing a basis for process development.
. Introduction

Pickering emulsions, first reported by Ramsden [1] and Picker-
ng [2], are emulsions stabilized by solid particles at the interface. Due 
o a reduction in interfacial free energy, particles strongly adsorb at 
 liquid-liquid interface and act as a mechanical barrier for coales-
ence [3,4]. Over the past decades, Pickering emulsions have attracted 
ncreasing attention as platforms for biphasic biocatalysis [5]. The 
ractically irreversible attachment of particles to the interface stabilizes 
roplets and provides a large interfacial area between the aqueous 
nd organic phases. As a result, Pickering emulsions often exhibit en-
anced catalytic efficiency compared to conventional biphasic systems, 
specially for hydrophobic substrates [6–10]. Beyond the increased 
nterfacial area, the particle-covered interface may directly influence 
dsorption processes and catalytic activity at the interface [11]. Various 
nzymatic reactions have been carried out in Pickering emulsions, 
ncluding esterification [6,10,12], transesterification [13–15], epoxida-
ion [16–18], hydrolysis [19,20], and carboligation [21]. Reactions in 

∗ Corresponding author.
E-mail address: maximilian.seiler@htw-berlin.de (M. Seiler).

Pickering emulsions are mostly performed in batch processes [17,22], 
but have also been investigated in continuous flow systems [16,18].

In order to optimize such processes and facilitate their scale-up 
towards industrial applications, a descriptive model of the reaction 
kinetics within Pickering emulsions is required. The existing literature 
on biocatalysis in Pickering emulsions mainly focuses on assessing and 
preserving the enzymatic activity, whereas comprehensive kinetics are 
mostly lacking. Although some studies reported kinetic parameters by 
fitting Michaelis–Menten parameters (𝐾𝑀  and 𝑣𝑚𝑎𝑥) based on initial 
rate experiments as secondary outcomes [18,23], a systematic frame-
work is still missing. Therefore, the aim of this study is to provide an 
approach for estimating the parameters of a reaction rate law of an 
enzymatic catalysis in a Pickering emulsion.

The most fundamental description of enzymatic reactions is the 
Michaelis–Menten concept (Eq. (3)) [24]. Although originally devel-
oped to describe homogeneous enzyme catalysis, it has also been ap-
plied as a basis for modeling interfacial enzyme kinetics [25–27]. More 
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broadly, even concepts from heterogenous (non-biochemical) catalysis 
(e.g. Sabatier principle) have likewise been adopted for interfacial bio-
catalysis to further analyze interfacial biocatalytic processes [28–30]. 
Although these concepts are mechanistically profound, detailed knowl-
edge of substrate and product mass transfer, adsorption phenomena and 
enzyme coverage of the interface is needed. Additionally, determining 
the exact location of the active center within the interfacial region 
remains a significant challenge [11]. Consequently, this may result 
in necessary assumptions and simplifications. While Rusli et al. were 
able to model the hydrolysis of sunflower oil with Candida rugosa
lipase using reversible Michaelis–Menten kinetics in a biphasic system 
with high accuracy [31], they had to assume enzyme monolayers and 
disregarded potential inhibition. However, previous studies demon-
strated that lipases adsorb in multilayers within Pickering emulsion 
droplets [32].

A more practical approach is to describe the reaction rate using a 
macrokinetic model, in which mass transfer, adsorption, and interfacial 
phenomena are incorporated into apparent kinetic parameters. In this 
case, both substrates as well as products are quantified in the organic 
phase, although the reaction may occur at the interface or within the 
aqueous phase. The most common descriptor of a reaction rate is the 
enzymatic activity 𝑈 , defined as is the amount of product formed 
per minute and volume in μmol L−1 min−1. It is typically determined 
from the initial rate of product formation or substrate depletion [33]. 
While this approach offers the advantage of being largely insensitive 
to enzyme deactivation or product inhibition during the early stages 
of the reaction, the parameters obtained in this manner may exhibit 
significant variability and may not adequately represent the overall 
reaction progress. For one, there is no unified consensus on how 
the initial rate should be defined [34]. Second, assessing the extent 
of product inhibition can be technically challenging when analytical 
accuracy is limited and requires additional experimental effort.

Alternatively, product or substrate concentration can be measured 
beyond the initial rate regime and followed until reaction completion 
to obtain a full-progress curve. An integrated form of the rate equation 
is then applied in analytical or numerical procedures to determine 
the optimal kinetic parameters. Although progress-curve analysis was 
already used in the original work by Michaelis and Menten [24], it 
remains rather scarcely employed in the field of biocatalysis. Numerous 
studies have highlighted its advantages, including improved parameter 
accuracy and reduced experimental effort [33–38].

For batch-processes, the integrated Michaelis–Menten equation in 
its explicit form (Eq. (4)) is used to determine the kinetic param-
eters. This closed-form solution was first derived by Beal [39], but 
initially received little attention [40]. An explicit analytical solution, 
based on the quasi-steady-state-approximation (QSSA), was later pre-
sented by Schnell and Mendoza using the Lambert-W function [41]. 
Subsequently, closed-form solutions of the Michaelis–Menten equation 
were expanded to account for competitive, uncompetitive and non-
competitive inhibitors [33,42,43]. Even competitive product inhibition 
can be described explicitly with the Lambert-W function [40].

In this study, the kinetics of a lipase-catalyzed hydrolysis reac-
tion were investigated in a water-in-oil (W/O) Pickering emulsion. 
In the first part (Section 3.1), Michaelis–Menten parameters obtained 
from initial-rate experiments are compared for an aqueous system 
and a Pickering emulsion. The effect of product inhibition is demon-
strated and then further analyzed using different inhibition models in 
a progress-curve analysis (Section 3.2).

In Section 3.3, the kinetic parameters are further compared with 
those of a particle-free biphasic system. Finally, in Section 3.4, the 
same comparison is performed under reduced stirring conditions to 
deliberately induce mass-transfer limitations.
2 
2. Materials and methods

2.1. Chemicals

Lipase Type VII from Candida rugosa (CRL) was purchased from 
Sigma Aldrich (Merck KGaA, Darmstadt, Germany). Di-sodium hydro-
gen phosphate dihydrate and sodium di-hydrogen phosphate dihydrate 
were purchased from Carl Roth GmbH + Co.KG (Karlsruhe, Germany). 
1-octanol (99%) was purchased from Th.Geyer (Renningen, Germany). 
Dimethyloctadecyl[3-(trimethoxysilyl)propyl]ammonium chloride
(60%) was obtained from Acros Organics (Geel, Belgium).
p-Nitrophenylbutyrate (95%) was obtained from BLDpharm (Shanghai, 
China) and p-Nitrophenole was obtained from Alfa Aesar (Haverhill, 
USA). Absolute ethanol (99.9%) was obtained from VWR chemicals 
BDH (Darmstadt, Germany).

2.2. Synthesis of surface modified silica particles

A detailed description of the procedure can be found in [44,45]. 
In short, Ludox TM-40 particles (Sigma-Aldrich) were dialyzed and a 
suspension of about 1 wt% in ethanol was prepared. For the positively 
charged surface modification, dimethyloctadecyl[3-(trimethoxysilyl)
propyl]ammonium chloride was used. The positive charge is located 
at the quaternary amine and therefore not pH dependent. Afterwards, 
the solvent was completely removed using a rotary evaporator. The 
obtained particles were washed multiple times with Milli-Q water and 
once with a 30 vol% ethanol solution. The particles were obtained as 
a dry powder and are approximately 30 nm in size and partially hy-
drophobic (air–water contact angle: 105–110◦). The positively charged 
particles contain a charge of 53 mV in ethanol.

2.3. Preparation of W/O Pickering emulsions

For the preparation of the Pickering emulsions, nanoparticles were 
dispersed in dry 1-octanol using an ultrasonicator for 30 min at a 
weight fraction of 0.5 wt% relative to the total mass. Lyophilized lipase 
was dissolved in an aqueous phosphate buffer at a concentration of 1 
g L−1 with respect to the aqueous phase. The two phases were then 
mixed using an IKA T 25 digital UltraTurrax S25N-18G at 17600 min−1

for 2 min. The volumetric fraction of the aqueous phase was maintained 
at 𝜙 = 0.2 after substrate addition.

2.4. Reaction

The reaction investigated is the hydrolysis of p-nitrophenyl butyrate 
(p-NPB) to p-nitrophenol (p-NP) and butyric acid (Fig.  1), which is 
one of the most commonly used model reactions for measuring lipase 
activity [46–50]. While the pure substrate p-NPB is not detectable in 
the aqueous phase and is therefore practically insoluble in water, the 
product p-NP is slightly soluble in the aqueous phase. 1-octanol was 
chosen as the continuous phase due to its unlimited solubility for p-
NPB, high solubility for p-NP (>1.5𝑀), and the formation of Pickering 
emulsions that remained stable for several weeks. The partition coeffi-
cient 𝑃 = 𝑐𝑃 ,𝑜𝑖𝑙∕𝑐𝑃 ,𝑎𝑞 of p-NP between 1-octanol and phosphate buffer 
(100 mM, pH 7) was determined to be at 31.17 (see Figure S1).

The product concentration was measured in the oil phase and 
corrected using Eq. (1) to account for the amount of product that 
partitioned into the aqueous phase, 

𝑐𝑃 = 𝑐𝑃 ,𝑜𝑖𝑙 ⋅
(

1 + 1
𝑃

⋅
𝜙

1 − 𝜙

)

(1)

where 𝑐𝑃  is the total concentration of the product p-NP, 𝜙 the aqueous 
phase fraction and 𝑃  the partition coefficient. A detailed derivation 
of Eq.  (1) is provided in the supplementary material. Because measure-
ments at 𝑡 = 0 are unreliable, the initial substrate concentration was 
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Fig. 1. Reaction scheme of the enzymatic hydrolysis of p-Nitrophenylbutyrate.
calculated as the average of the sum of product and substrate over all 
data points 𝑖, assuming a selectivity of 1: 

𝑐𝑆0
=

∑

𝑖 (𝑐𝑃 ,𝑖 + 𝑐𝑆,𝑖)
𝑖

(2)

Since the total amount of substrate and product was found to 
remain constant over the course of the reaction, side reactions can 
be considered negligible, and the assumption of a selectivity of 1 is 
therefore justified. Only at high product concentrations, clouding of the 
organic phase was observed, particularly noticeable in the absence of 
particles, where phase separation occurred in the samples. This product 
crystallization manifested as a reduced rate of increase in product 
concentration at higher concentrations. Product precipitation did not 
affect the reaction rate, as the substrate concentration continued to 
decline at the expected rate. For the overall kinetic fitting, data points 
above 1.2 𝑀 product were therefore fitted using 𝑐𝑃 = 𝑐𝑆0

− 𝑐𝑆 for the 
product concentration.

2.5. Measurement setup

Batch reactions were carried out in a stirred cell (XFUF04701, 
Merck KGaA, Darmstadt, Germany), which is commonly used in con-
tinuous membrane processes [13,16]. This setup offers the advantage 
that the magnetic stir bar is positioned 3–4 mm above the bottom of 
the cell. This prevents the descruction of droplets due to shearing at 
the bottom. Usually, 10 mL of the prepared Pickering emulsion were 
placed inside the stirred cell. The total volume differed slightly between 
experiments to avoid wasting substrate at higher concentrations, but 
the stir bar was always fully submerged. Temperature was controlled 
at 30 ◦C via a water bath connected to a thermostat. The magnetic 
stirrer was kept at either 100 or 300 min−1. With a stirrer diameter of 
2.5 cm this relates to a stirrer tip speed of 0.18 m/s and 0.55 m/s. The 
reaction was initiated by the addition of the substrate. Samples were 
withdrawn over the course of the reaction and immediately transferred 
into reaction vessels containing 1 mL of ice-cooled phosphoric acid (2 
𝑀) to quench the reaction (see Figure S5). The samples were then 
briefly centrifuged (0.5 min, 15 000 min−1), and the upper phase was 
collected and diluted with acetonitrile prior to HPLC analysis.

For initial rate measurements, the same experimental setup was 
used, but samples were only taken within the first 15 min. Usually, four 
points were used to fit a linear function, the slope of which was taken 
as the reaction rate 𝑟 in mM/min. All points were below a conversion 
of 10%.

2.6. Single phase kinetics

The method for determining kinetic parameters in the aqueous 
phase was adopted from Rúa et al. [50]. Briefly, 1 mL of a 0.01 g L−1
CRL solution in phosphate buffer (100 mM, pH 7) was prepared, and 
p-NPB was dissolved in acetone at concentrations between 0.56 and 
28 mM. The reaction was initiated by adding 41.8 μL of the prepared p-
NPB solution to the enzyme mixture, resulting in a final acetone content 
of 4 %. The formation of p-NP was monitored spectrophotometrically 
at a wavelength of 346 nm using a UV–Vis spectrometer (UV-1900, 
Shimadzu, Kyoto, Japan).
3 
2.7. Protein content

The actual enzyme amount was approximated through the total 
protein amount measured by the Bradford method [51]. A BSA-solution 
(98% purity) was used as the calibration standard. 1 g/L crude CRL 
solution was dissolved in phosphate buffer (pH7, 100 mM) and the 
absorption was measured at 595 nm with a TECAN infinite M200 plate 
reader after the addition of the Bradford reagent.

2.8. Kinetic modeling and parameter estimation

Regarding a single substrate reaction without any type of inhibition, 
the Michaelis–Menten equation describes the reaction rate as a function 
of the substrate: 

𝑟 = −
𝑑𝑐𝑆
𝑑𝑡

=
𝑣max ⋅ 𝑐𝑆
𝐾𝑀 + 𝑐𝑆

(3)

Under quasi-steady-state conditions for the enzyme–substrate com-
plex, 𝐾𝑀  is the Michealis-Menten constant, 𝑣𝑚𝑎𝑥 is the limiting reaction 
velocity under substrate saturation, and 𝑘𝑐𝑎𝑡 is the dissociation constant 
towards the product. The solution of Eq. (3) may be analytically derived 
using the Lambert-W function and provides a description of the product 
formation in correlation of the initial substrate concentration 𝑐𝑆0

 and 
𝑡: [39,41]: 

𝑐𝑃 (𝑡) = 𝑐𝑆0
− 𝑐𝑆 (𝑡) = 𝑐𝑆0

−𝐾𝑀 ⋅𝑊
( 𝑐𝑆0

𝐾𝑀
𝑒𝑥𝑝

(−𝑣𝑚𝑎𝑥𝑡 + 𝑐𝑆0

𝐾𝑀

))

(4)

For hydrolysis reactions, strictly speaking, Eq. (4) is not fully suf-
ficient, as a ping–pong bi–bi or sequential mechanism should be con-
sidered. However, since water is present in large excess, the hydrolysis 
kinetic is assumed to be a pseudo uni–bi reaction. In biphasic reaction 
systems, this assumption must be examined carefully. At the highest 
substrate concentration used in this study, the molar excess of water 
decreases to a minimum value of 7.74.

Molecules that block the active site of an enzyme, so-called in-
hibitors, can reduce the apparent reaction rate. For reversible binding 
at the active site, inhibition is commonly classified as competitive, 
uncompetitive, or non-competitive. In the case of product inhibition, 
the inhibitor is the reaction product itself. When the product is able to 
bind competitively to the free enzyme, the reaction would in principle 
be reversible if water was not present in large excess. However, due 
to the high water concentration, the equilibrium is strongly shifted 
towards the product side, resulting in apparent product inhibition 
rather than a measurable reverse reaction. Experiments conducted with 
p-NP and butyric acid at initial concentrations above 1 M support 
this assumption, as no formation of p-NPB or decline in p-NP concen-
tration was observed. For competitive product inhibition, where the 
product competes with the substrate for binding to the free enzyme, 
the Michaelis–Menten equation (Eq. (4)) can be extended as follows: 

𝑟 = −
𝑑𝑐𝑆
𝑑𝑡

=
𝑣max ⋅ 𝑐𝑆

𝐾𝑚

(

1 + 𝑐𝑃
𝐾𝑃

)

+ 𝑐𝑆
(5)

where 𝐾𝑃  is the inhibition constant of p-NP. Since butyric acid did 
not significantly influence the reaction, its inhibition constant was 
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neglected. For competitive product inhibition the rate equation (5) can 
be solved analytically [38,40]: 

𝑐𝑃 (𝑡) = 𝑐𝑆0
−𝐾∗

𝑀 ⋅𝑊

(

𝑐𝑆0

𝐾∗
𝑀

𝑒𝑥𝑝

(

−𝑣∗𝑚𝑎𝑥𝑡 + 𝑐𝑆0

𝐾∗
𝑀

))

(6a)

𝑣∗𝑚𝑎𝑥 =
𝑣𝑚𝑎𝑥∕𝐾𝑀

1∕𝐾𝑀 − 1∕𝐾𝑃
(6b)

𝐾∗
𝑀 =

1 + 𝑐𝑆0
∕𝐾𝑃

1∕𝐾𝑀 − 1∕𝐾𝑃
(6c)

In this study, the kinetic parameters (𝐾𝑀 , 𝐾𝑃  and 𝑣𝑚𝑎𝑥) were 
estimated by minimizing the weighted residuals between the experi-
mentally measured product concentration over the full progress curve 
and the corresponding model prediction using the least_squares function 
in Python. To prevent overfitting at higher product concentrations, 
residuals were weighted by the standard deviation 𝜎, which was ob-
tained from an estimate of the measurement uncertainty for each 
data point. This includes uncertainty from calibration and pipetting. 
For further details see Supplementary equations 5-7. To ensure robust 
identification of the global optimum, multiple initial parameter guesses 
were generated using a Hammersley sequence to uniformly sample the 
parameter space. Each initialization was solved independently, and the 
parameter set yielding the lowest sum of squared residuals (SSR) was 
selected as the optimal solution.

Non-competitive and uncompetitive product inhibition were inte-
grated from the respective rate laws (Eqs.  (7) and (8)), but cannot be 
expressed in closed analytical form. Therefore, the resulting implicit 
function (see Supplementary equation 8 and 9) was solved with a 
root-finding algorithm, 𝑓 (𝑆, 𝑡) = 0, using the root_scalar function for 
each data point, and the parameters were fitted analogously using
least_squares. 

𝑟 = −
𝑑𝑐𝑆
𝑑𝑡

=
𝑣max𝑐𝑆

(𝐾𝑚 + 𝑐𝑆 )
(

1 + 𝑐𝑃
𝐾𝑃

) (7)

𝑟 = −
𝑑𝑐𝑆
𝑑𝑡

=
𝑣max𝑐𝑆

𝐾𝑚 + 𝑐𝑆
(

1 + 𝑐𝑃
𝐾𝑃

) (8)

To assess the quality and precision of parameter estimates, con-
fidence intervals for each parameter were calculated. The parameter 
covariance matrix was approximated by linearizing the nonlinear least-
squares problem around the optimum using a first-order Taylor expan-
sion [52]. Under this local linear approximation, the covariance matrix 
of the parameter estimates 𝛩̂ is given by 
𝐶𝑜𝑣(𝛩̂) = 𝜎̂2 ⋅ (𝐽𝑇 𝐽 )−1 (9)

where 𝐽 is the Jacobian matrix. The residual variance 𝜎̂2 was estimated 
as 

𝜎̂2 =
∑

𝑖 (𝑦𝑖 − 𝑦̂𝑖)2

𝑛 − 𝑘
(10)

with 𝑛 denoting the number of datapoints and 𝑘 the number of fitted 
parameters. Assuming normally distributed residuals, the 95% confi-
dence interval 𝐶𝐼95 for each parameter was constructed using Student’s 
t-distribution to account for the uncertainty in the estimated variance: 

𝐶𝐼95 = 𝑡975,𝑛−𝑘 ⋅
√

𝐶𝑜𝑣(𝛩̂𝑗,𝑗 ) (11)

2.9. Model evaluation

To evaluate and better compare different models with each other, 
multiple criteria were employed. The reduced chi-squared statistic 𝜒2

𝑣
is commonly used to assess the goodness of fit: 

𝜒2
𝑣 =

∑

𝑖
(𝑦𝑖−𝑦̂𝑖)2

𝜎2𝑖
𝑛 − 𝑘

(12)
4 
𝜒2
𝑣  describes if the residuals are adequately explained by the esti-

mated uncertainty 𝜎𝑖. A 𝜒2
𝑣 ≫ 1 correlates to a lack of fit or under-

estimated uncertainty, while a 𝜒2
𝑣 ≪ 1 corresponds to overfitting or 

overestimated error.
Additionally, Akaike information criterion (AIC) and Bayesian infor-

mation criterion (BIC) are calculated under a normal regression model 
according to: 

𝐴𝐼𝐶 = 2𝑘 + 𝑛 ln
(𝑆𝑆𝑅

𝑛

)

(13)

𝐵𝐼𝐶 = 𝑘 ln(𝑛) + 𝑛 ln
(𝑆𝑆𝑅

𝑛

)

(14)

Both AIC and BIC penalize additional number of parameters and 
provide a good indicator for model selection between differently com-
plex models. Models with lower AIC and BIC are preferred. To evaluate 
the models capacity to predict new data and to avoid overfitting and 
selection bias [53], a leave-one-out-cross-validation (LOOCV) is per-
formed. Systematically one run is left as a test set, while the remaining 
runs are used as the training set. The residual error over all left out runs 
is collected in the Predicted Residual Sum-of-Squares (PRESS) statistic, 
which is used to calculate the predicted 𝑅2

𝑝𝑟𝑒𝑑 : 

𝑅2
𝑝𝑟𝑒𝑑 = 1 − 𝑃𝑅𝐸𝑆𝑆

𝑆𝑆𝑇
(15)

where SST is the total sum of squares. Here, a 𝑅2
𝑝𝑟𝑒𝑑 close to 1 corre-

sponds to a good predictive capacity.

2.10. HPLC analysis

Samples were diluted in acetonitrile and measured with the Varian 
ProStar HPLC system (Varian, Inc., USA) equipped with Varian ProStar 
335 photodiode array detector, Varian 460-LC autosampler and OTU 
Trikala C18,105 Å, 5𝜇, 150 × 3.0 mm column (Applichrom GmbH, 
Germany). An isocratic system (65 vol% acetonitrile, VWR GmbH, 
Germany and 35 vol% water) at constant flowrate of 1 mL min−1 was 
used. Injection volume was 10 μL and detector wavelength was set 
to 380 nm for higher concentrations and 300 nm for lower substrate 
concentrations. In this setup, p-NP had a rentention time of 1 min and 
p-NPB a retention time of 2.5 min.

3. Results and discussion

For a fair comparison between experiments, the influence of enzyme 
loading should be excluded by considering the specific reaction rate 
(activity) 𝑣, expressed in μmol min−1 mg−1. In a single-phase system, 
this is readily achieved by dividing the reaction rate by the enzyme 
concentration, since both the enzyme and product are homogeneously 
distributed throughout the medium. In Pickering emulsions, however, 
the enzymes are confined to the aqueous phase [32], whereas the 
product is predominantly located in the organic phase. Therefore, the 
heterogeneous distribution of both species must be taken into account: 

𝑣 = 𝑟 ⋅
𝑉𝑜𝑖𝑙

𝑉𝑎𝑞 ⋅ 𝑐𝐸
= 𝑟 ⋅

(1 − 𝜙)
𝜙

⋅
1
𝑐𝐸

(16)

When referring to the maximum reaction rate 𝑣𝑚𝑎𝑥 as a specific rate 
per mg enzyme, the notation 𝑢 is used: 

𝑢 = 𝑣𝑚𝑎𝑥
(1 − 𝜙)

𝜙
⋅
1
𝑐𝐸

(17)

Since all Pickering emulsion experiments in this work were performed 
at a crude enzyme concentration of 𝑐𝐸 = 1 g L−1

aq  and an aqueous 
phase fraction of 𝜙 = 0.2, specific and non-specific reaction rates 
differ only by a constant factor of 4 Laq g−1 and can therefore be used 
interchangeably. The droplet diameter was determined by microscopy 
to be approximately 10 μm (see Figure S9). To estimate the total amount 
of enzyme present, a Bradford assay was performed. Using the relative 
protein content of the unpurified enzyme preparation, the specific 
reaction rate can also be calculated based on the estimated enzyme 
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Fig. 2. a: Specific reaction rate of CRL measured as initial reaction rate in: (a) a single-phase system with a CRL concentration of 0.01 g L−1 in phosphate buffer 
(pH7, 100 mM) with either 0 or 1 mM of p-NP present and (b) in a Pickering emulsion with 0.5 wt% particles and 1 g L−1 enzyme concentration. Error bars 
depict standard deviation of at least two measurements.
amount. Based on BSA calibration (Fig. S3), a protein content of 4.8 
(± 0.17) wt%, corresponding to 0.048 g L−1, was determined.

To assess potential enzyme deactiviation and Pickering emulsion 
stability, extended long-term experiments were performed. After 7 days 
of continuous shaking, lipase activity in both the Pickering emulsion 
and the biphasic system showed no significant reduction. After 40 days, 
however, the activity decreased to 76% of its initial value (see Fig-
ure S6). Based on these results, enzyme deactivation over the duration 
of the progress-curve measurements, which was up to 25 h, was consid-
ered negligible and was therefore not included in the kinetic analysis. 
To rule out enzyme deactivation by p-NP, initial-rate experiments were 
performed before and after exposure to p-NP. Following the removal 
of p-NP, the initial reaction rate remained unchanged, indicating no 
detectable loss of enzymatic activity (see Figure S7).

3.1. Comparison of kinetics in single-phase systems and Pickering emulsions

The experimental data of the reaction in the aqueous system as well 
as the Pickering emulsion along with the respective Michaelis–Menten 
fit are depicted in Fig.  2. The reaction rate is quantified by analyzing 
the slope of the intial rates at different initial substrate concentrations 
and described by the Michaelis–Menten equation (Eq. (3)). The kinetic 
parameters are presented in Table  1.

The single-phase system is substantially limited by the substrate 
and product solubility and additional co-solvents are needed. A further 
increase in substrate concentration beyond 1.2 mM resulted in the 
formation of a biphasic system. When the Pickering emulsion was 
used, the limiting reaction rate per enzyme increased roughly threefold, 
while the substrate concentration required for efficient catalysis rose 
drastically. This is reflected in the pronounced increase in 𝐾𝑀 , which 
spans approximately four orders of magnitude, while 𝑣max increased 
only by a factor of ∼3. These comparatively high values for 𝐾𝑀  are also 
observed in other studies concerning kinetics in biphasic media [31,54,
55]. It is also possible that the solvent (1-octanol) inhibits the enzyme 
competitively, which results in an inflated 𝐾𝑀  [55,56]. Such a loss in 
apparent affinity likely indicates mass transfer limitations, which are 
inherently captured in the kinetic measurements.

In a single-phase system, substrate affinity is governed primarily by 
enzyme–substrate association, catalytic turnover, and product dissoci-
ation.It should be noted, however, that due to the unique ability of 
lipases to adopt an ‘‘open’’ conformation upon adsorption at hydropho-
bic interfaces, they may form dimers with altered catalytic activity 
when such hydrophobic interfaces are absent [57]. In a biphasic system, 
however, the substrate must first diffuse to, and potentially through, 
the aqueous enzymatic layer. For Pickering emulsions of a similar 
5 
Table 1
Michaelis–Menten parameters obtained through initial rate measurements. 𝑣𝑚𝑎𝑥
is based on the crude enzyme concentration of 1 g L−1 and 𝑘𝑐𝑎𝑡 on the 
estimated pure enzyme concentration of 0.048 g L−1 as determined by the 
Bradford assay (see Section 2.7).
 𝐾𝑀 [mM] ± 𝑢 [ μmol

min mg ] ± 𝑘𝑐𝑎𝑡 [s−1] ±  
 Single-phase (0 mM 𝑐𝑃 ) 0.32 0.19 15.1 5.7 297.9 112.5 
 Single-phase (1 mM 𝑐𝑃 ) 0.23 0.04 8.73 0.8 172.3 15.8  
 Pickering emulsion 1573 560 48.4 10.4 955.1 205.2 

composition and with a droplet diameter of approximately 5 μm, the 
thickness of this layer was previously determined to be approximately 
0.75 μm [32]. Subsequently, the product must diffuse back into the oil 
phase. This additional diffusion resistance may effectively reduce the 
apparent association rate constant 𝑘1, thereby inflating the observed 
value of 𝐾𝑀 , which should therefore be regarded as an apparent 𝐾𝑀 .

In addition, Hanson and Schnell demonstrated that kinetic parame-
ters estimated using the Michaelis–Menten equation in regimes where 
the assumption 𝑐𝑆 ≈ 𝑐𝑆0

 during enzyme–substrate complex formation 
is not fulfilled can be overestimated by factors of 10–1000 [37,58]. 
This so-called reactant stationary assumption is unlikely to hold in the 
interfacial region in biphasic systems when substrate mass transfer is 
slower than enzyme–substrate complex buildup, further contributing 
to inflated apparent kinetic parameters. Nonetheless, the Pickering 
emulsion still surpasses the single-phase system by a great amount, if 
one considers the absolute amount of product that can be produced, 
without the solubility limitation of the aqueous system.

To investigate product inhibition, p-NP was added to the single-
phase system initially. Comparing the curves in Fig.  2(a), as well as 
the corresponding fitted parameters, a statistically significant (𝑝 < 0.05) 
reduction in 𝑣max was observed. Since the change in 𝐾𝑀  was statisti-
cally insignificant, non-competitive product inhibition is the most likely 
mechanism.

To illustrate the applicability range of the kinetic model without 
product inhibition, the experimental data of the full-progress curves 
were compared to the Michaelis–Menten model (Eq. (4)) using the 
parameters obtained above. The resulting fit is shown in Fig.  3. The 
effect of product inhibition was already observed in the single-phase 
system (Fig.  2(a)), and therefore only limited predictive accuracy for 
the full reaction course in a Pickering emulsion can be expected.

As evident from the parity plot (Fig.  3(b)), the model describes the 
data reasonably well up to product concentrations of approximately 
250–300 mM. Beyond this range, however, the model systematically 
overestimates the product concentration. From the Q-Q plot 3(c) it 
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Fig. 3.  (a) Product concentrations for the full reaction course are compared with the Michaelis–Menten model with parameters obtained by the initial rate 
analysis. Product concentration is calculated with Eq.  (4). Error bars depict estimated error through analysis and pipetting. (b) Observed experimental data points 
vs. predicted product concentration, along with weighted residuals. (c) The Q-Q plot of the weighted residuals. Deviation from the identity line depicts deviation 
from a normal distribution.
Fig. 4. (a) Non-competitive product inhibition (Eq. (7)) fitted onto full progress curve data. Error bars depict estimated error through analysis and pipetting. 
Measurements were taken in Pickering emulsions with 0.5 wt% particles and 1g/L enzymes. (b) Observed experimental data points vs. predicted product 
concentration, along with weighted residuals. (c) The Q-Q plot of the weighted residuals. Deviation from the identity line depicts deviation from a normal 
distribution.
is apparent, that these deviations are not normally distributed and 
originate from an insufficient model.

To accurately describe the full reaction course, a product inhibition 
term, 𝑐𝑃 ∕𝐾𝑃 , must be included. Because determining product inhibi-
tion from initial-rate experiments is labor-intensive and experimen-
tal error may exceed analytical sensitivity in discontinuous sampling, 
progress-curve analysis was employed.

3.2. Product inhibition

The different inhibition models introduced in Section 2.8 are fitted 
onto the progress curve for the Pickering emulsion under non-limiting 
conditions and subsequently compared with each other. By way of 
example, Fig.  4 shows the results for the non-competitive enzyme 
inhibition. The fit of both competitive and uncompetitive are in the 
supplementary Figure S11.

The fitted parameters for all evaluated models, together with the 
corresponding model selection criteria, are summarized in Table  2. 
The non-competitive product inhibition model provides the best overall 
description of the experimental data. However, the reduced chi-squared 
value slightly below 1 suggests a minor degree of overfitting or an 
overestimation of the experimental uncertainty. Competitive product 
inhibition performs somewhat worse numerically, although the differ-
ence is small. This is not surprising, as both models involve similar 
inhibition mechanisms in which the product binds to the enzyme’s 
active site. Notably, all parameter values obtained for the competitive 
inhibition model are estimated to be lower.
6 
Uncompetitive product inhibition appears to fit the data reasonably 
well at first glance (Figure S11). However, closer inspection of the con-
fidence intervals reveals that the estimated parameters are practically 
non-identifiable. The correlation matrix indicates strong parameter 
dependence, suggesting that the parameters cannot be solved indepen-
dently. Uncompetitive inhibition implies that the product binds ex-
clusively to the enzyme–substrate complex. Since the non-competitive 
model also incorporates this binding pathway, the uncompetitive for-
mulation can partially reproduce the experimental behavior. However, 
because binding of the product to the free enzyme is not included, 
the model lacks sufficient constraints, resulting in poorly identifiable 
parameter estimates.

Since the product concentration is measured in the organic phase 
while the reaction occurs at the interface or within the aqueous phase, 
product mass transfer effects are implicitly incorporated into the es-
timated inhibition constant. The product inhibition constant, 𝐾𝑃 , is 
therefore likely to be similarly inflated as 𝐾𝑀 . This is indicated in 
Fig.  2(a) by the significant reduction in reaction rate at 𝑐𝑃 = 1 mM
in the single-phase system. As the reaction occurs at the interface, the 
local product concentration is elevated compared to the bulk phase. 
Consequently, the local inhibition constant at the interface is greater 
relative to the apparent inhibition constant in the bulk phase.

Despite its slightly reduced accuracy, the competitive inhibition 
model offers an important practical advantage to the non-competitive 
model: the product concentration can be expressed explicitly via the 
closed-form solution (Eq. (6a)), which substantially reduces compu-
tational effort. For 100 sets of initial parameter guesses, fitting the 
explicit competitive inhibition model required only 1.85 s. In contrast, 
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Table 2
Parameter estimates with the respective confidence intervals for different product inhibition alongside model evaluation criteria 
for Pickering emulsion stirred at 300 min−1.
 Inhibition type 𝑢 CIa ±% 𝐾𝑀 CI ±% 𝐾𝑃 CI ±% AIC BIC 𝑅2

𝑎𝑑𝑗 𝜒2
𝑣 𝑅2

𝑝𝑟𝑒𝑑  
 None [prog. c.] 36.96 42.4 1525 61.4 – – 1099 1105 0.963 3.347 0.960 
 None [init. r.] 48.40 21.5 1573 35.6 – – 1171 1177 0.936 5.438 0.930 
 comp. 50.40 21.3 1196 31.5 151.5 18.4 845 854 0.994 0.848 0.993 
 uncomp.b 144.10 96.9 5375 107.0 32.9 102.4 920 929 0.991 1.365 0.983 
 noncomp. 60.68 20.6 1490 28.3 236.1 15.2 838 846 0.995 0.840 0.994 
Notes: 𝑢 in μmolmin−1mg−1; 𝐾𝑀 and 𝐾𝑃  in mM.
a CI denotes the 95% confidence interval.
b Parameters are practically non-identifiable.
Fig. 5. Comparison of the models obtained by the progress curve analysis to the initial rate data both for (a) 𝑐𝑃 ,0 = 0 mM and (b) 𝑐𝑃 ,0 = 50 mM. Initial rates 
were taken within the first 15 min.
fitting the non-competitive model using numerical root finding required 
321.5 s under identical conditions. For larger kinetic models, and 
particularly in cases where parameters are estimated dynamically, the 
competitive inhibition formulation may therefore represent the more 
efficient choice.

Additionally, the standard Michaelis–Menten model without inhibi-
tion was fitted for comparison. Similar to the initial rate analysis, this 
model describes the data reasonably well at lower product concentra-
tions, where inhibition effects are less pronounced, but fails at higher 
concentrations (see Figure S11 g,h). Both the initial rate approach and 
the direct fit of the inhibition-free Michaelis–Menten model to the full 
progress curve yielded the poorest model selection criteria.

Since the Michaelis–Menten fit was compared to the progress-curve 
data, it is likewise appropriate to compare the inhibition models ob-
tained from the progress-curve data to the initial rate measurements, as 
shown in Fig.  5. Only the competitive, non-competitive, and inhibition-
free models are considered. Notably, the inhibition-free model de-
scribes the initial rates reasonably well at low substrate concentrations 
but fails at higher concentrations.

Both the competitive and non-competitive inhibition models show 
very similar behavior and deviate only above substrate concentrations 
of approximately 500 mM. When calculated with a product concen-
tration of 0 mM, both inhibition models systematically overestimate 
the measured initial rates, which correspond to the first 10 min of the 
reaction. At 50 mM product concentration, the simulated reaction rate 
is already slightly reduced due to product inhibition, and this effect is 
captured by both models. At this concentration, both models provide 
a reasonable description of the data, with the competitive inhibition 
model performing particularly well.

Because initial rate measurements were obtained from samples 
taken within the first 10 min, product accumulation during this period 
already reached concentrations at which mild product inhibition could 
influence the observed rates. This effect becomes especially relevant 
at high initial substrate concentrations (>1000 mM), where product 
concentrations of 50 mM can be reached within 10 min. Thus, in 
retrospect, slight product inhibition was already implicitly included in 
the initial rate measurements.
7 
This further emphasizes the value of progress-curve analysis when 
the extent of product inhibition is unknown. In the following section, 
this approach is applied to further evaluate the system. The resulting 
kinetic parameters are compared with those obtained for a biphasic 
system without particles under identical conditions, as well as under 
reduced mixing intensity.

3.3. Comparison with biphasic system

The progress curve analysis for the biphasic system was performed 
similarly to the Pickering emulsion, but only competitive and non-
competitive inhibition models were considered. The fit for non-
competitive product inhibition is shown in Fig.  6 and the fit for 
competitive inhibition can be found in Figure S12.

The parameter estimates and model selection criteria for the bipha-
sic system (Table  3) do not reveal a significant difference between 
the competitive and non-competitive inhibition models. However, the 
reduced chi-squared values (𝜒2

𝑣 ) suggest that the models fit the data too 
closely relative to the assumed experimental uncertainty. This likely 
indicates that the measurement errors were overestimated, resulting in 
overly broad confidence intervals. Nonetheless, in comparison to the 
Pickering emulsion, two observations can be made. First, similar to 
the Pickering emulsion, both models yield comparable values of 𝑉max
and 𝐾𝑀 , with no statistically significant differences based on their 
respective confidence intervals. Second, both models produce higher 
product inhibition constants 𝐾𝑃  than those obtained for the Pickering 
emulsions.

A higher 𝐾𝑃  implies that product inhibition becomes relevant only 
at higher product concentrations. Thus, the presence of particles ap-
pears to lower the apparent product concentration required to effec-
tively inhibit the enzyme. It is known that p-NP adsorbs onto neu-
tral and negatively charged silica surfaces [59]. Given its 𝑝𝐾𝑎 of 
approximately 7.2 [59], a substantial fraction of p-NP is present in 
its deprotonated form under the conditions studied. Since positively 
charged particles are used here, adsorption of the negatively charged 
nitrophenolate species can be postulated. If this adsorption onto the 
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Fig. 6. (a) Non-competitive product inhibition for a biphasic system without the addition of particles. Enzyme concentration was 1g/L with respect to the aqueous 
phase. (b) Observed experimental data points vs. predicted product concentration, along with weighted residuals. (c) The Q-Q plot of the weighted residuals. 
Deviation from the identity line depicts deviation from a normal distribution.
Table 3
Parameter estimates with the respective confidence intervals for different product inhibition alongside model evaluation criteria 
for biphasic system stirred at 300 min−1.
 Inhibition type 𝑢 CIa ±% 𝐾𝑀 CI ±% 𝐾𝑃 CI ±% AIC BIC 𝑅2

𝑎𝑑𝑗 𝜒2
𝑣 𝑅2

𝑝𝑟𝑒𝑑  
 comp. 44.0 11.5 839.9 20.5 209.9 18.9 629 637 0.997 0.625 0.996 
 noncomp. 54.4 13.1 1166.0 19.2 438.4 18.3 632 640 0.997 0.697 0.996 
𝑢 in μmolmin−1mg−1; 𝐾𝑀 and 𝐾𝑃  in mM.
a CI denotes the 95% confidence interval.
particles is reversible and does not completely immobilize the product, 
the diffusion of product into the bulk phase is potentially reduced. This, 
in turn, increases the product concentration at the interface, where the 
enzyme resides. Consequently, the corresponding bulk concentration is 
lower, and inhibition is observed at lower bulk concentrations.

To further validate this hypothesis, interfacial tension measure-
ments of the octanol/water system in the presence of both p-NP and 
nanoparticles were performed (Figure S8). Experimental details are pro-
vided in the Supplementary Material. The adsorption of the positively 
charged nanoparticles at the interface and their corresponding reduc-
tion of the interfacial tension have been discussed previously [32]. 
Upon the progressive addition of p-NP, the effect of the nanoparticles on 
the interfacial tension became increasingly suppressed. Since p-NP itself 
did not exhibit any measurable interfacial activity, these results suggest 
that p-NP adsorbs onto the nanoparticle surface, thereby reducing the 
particles’ ability to spontaneously adsorb at the interface. However, 
further investigations are required to fully substantiate this observation.

3.4. Comparison with biphasic system under reduced stirring

Since using a Pickering emulsion does not increase reaction rate but 
seems to even slightly enhance product inhibition, the advantage of 
using Pickering emulsions for biocatalysis becomes questionable. The 
main reported benefit of biocatalytic Pickering emulsions over conven-
tional biphasic systems is the enlarged interfacial area, which often 
leads to increased reaction rates [6–10]. However, this relationship 
is not straightforward, as part of the interfacial area is occupied by 
the stabilizing particles and mass transfer may become limited under 
certain conditions [60]. Figure S9 presents the initial reaction rates of 
Pickering emulsions at varying particle concentrations alongside the 
corresponding Sauter mean diameters. While increasing the particle 
concentration from 0.1 wt% to 0.5 wt% approximately doubles the 
interfacial area, the reaction rate increases by only 24% at a substrate 
concentration of 5.5 mM. At 50 mM substrate concentration, the ef-
fect on the reaction rate is negligible, indicating that the increase in 
interfacial area does not directly translate into a proportional increase 
in catalytic activity. Reported catalytic enhancements range from a 
modest 1.2-fold increase [61] up to a 300-fold improvement compared 
to biphasic systems [6].
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However, such performance gains are highly system-dependent and 
are strongly influenced by the enzyme type, its availability at the in-
terface, the solvent environment, and the applied energy input through 
stirring, both for Pickering emulsions and conventional biphasic sys-
tems. Moreover, in many studies a direct comparison to an appropriate 
biphasic reference system is not provided.

Specifically for this system, the relatively low interfacial tension of 
the octanol/water interface is further reduced by enzyme adsorption 
to approximately 3.2 mN/m [32], thereby facilitating droplet breakup. 
In addition, the interfacial elasticity of the enzyme-laden interface 
suppresses droplet coalescence [62]. Together, these effects promote 
efficient stabilization and energy storage in the form of interfacial 
area. For this reason, the highest measured specific activity of 21.67 
μmol/min/mg for the biphasic system is in the same order of magnitude 
as biocatalytic Pickering emulsions in other studies [7,8,19].

Furthermore, it was found that the accumulation of product desta-
bilizes the emulsions at high product concentration. For experiments 
performed with substrate concentrations up to 630 mM, the interface 
remained largely stable and droplets could still be observed. At 740 
mM, clear phase separation at the end of the reaction occured. This 
effect was even more pronounced when p-NP was added directly and 
the emulsion was unstable at a concentration of 540 mM. The presence 
of butyric acid did not destabilize the interface on its own and even pre-
vented destabilization by p-NP at slightly higher concentrations. Due to 
the acidity of the butyric acid, p-NP should be shifted to the neutrally 
charged species. This further supports the proposed adsorption of the 
negatively charged nitrophenolate at the positively charged particles.

To ensure that these datapoints did not skew the resulting parame-
ters and conclusions for the Pickering emulsions, the fit was repeated 
excluding datapoints above 740 mM. The corresponding parameters are 
summarized in Tables S1 and S2. No significant differences from the 
parameters obtained using the complete dataset were observed.

In contrast to Pickering emulsions, the dynamic biphasic interface 
coalesces once the energy input is stopped, whereas particle-stabilized 
interfaces remain stable for several weeks. The interfacial area for 
the biphasic system is thus directly proportional to the stirring speed 
whereas it stays constant for a Pickering emulsion. It was previously 
demonstrated that the advantage of Pickering emulsions becomes con-
siderably more pronounced at reduced stirring speeds or even under 
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Fig. 7. Progress curve analysis in a Pickering emulsion (a–c) and biphasic system (d–f) stirred at 100 min−1. Enzyme concentration was 1 g/L. Non-competitive 
product inhibition was fitted.
static conditions. While no activity enhancement was observed at high 
stirring speeds, the Pickering emulsion without stirring exhibited a 
22.5-fold higher activity than the biphasic system [19].

In order to show the effect of reduced energy input on the obtained 
kinetics, stirring speed was set to 100 min−1 for both the biphasic sys-
tem and the Pickering emulsion. A noncompetitive product inhibition 
fit is considered for comparison and is shown in Fig.  7. The respective 
parameters are summarized in Table  4.

The estimated parameters for the Pickering emulsion remained con-
sistent when the stirring speed was reduced to 100 min−1. In contrast, 
the biphasic system exhibited a significant reduction in reaction rate. 
Microscopy images acquired immediately after stirring revealed droplet 
diameters of approximately 177 μm and 426 μm at stirring rates of 
300 min−1 and 100 min−1, respectively (see Figure S10). The product 
concentrations shown in Fig.  7 indicate that complete conversion has 
not yet been achieved and the reaction is still taking place. However, 
this is strongly governed by mass transfer limitations. This becomes 
particularly evident when examining the fitted parameters. While a 
numerical solution can be obtained that provides a reasonable fit to 
the experimental data, the parameters are practically non-identifiable, 
as their confidence intervals are larger than the estimated parameter 
values. This is most evident in the unrealistically high 𝐾𝑀  value, 
which, from a theoretical perspective, reflects the apparent decrease 
in substrate affinity caused by mass-transfer limitations.

Additionally, the initial rates were extracted from the progress 
curves and compared in Fig.  8. For the biphasic system under reduced 
stirring, this provides a more realistic comparison than the kinetic 
parameters obtained above. The increased fluctuations indicate lower 
accuracy when mass transfer limitations are induced. Nevertheless, the 
reaction rate follows an approximately linear trend over the investi-
gated substrate range, which again leads to arbitrary parameters when 
fitting the Michaelis–Menten equation. This further indicates that the 
reaction rate is governed by mass transfer rather than intrinsic kinetics, 
as it becomes directly proportional to the substrate concentration in the 
oil phase. The parameters obtained from the initial rate fit at higher 
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Table 4
Parameter estimates with the respective confidence intervals for different 
product inhibition alongside model evaluation criteria for biphasic system 
stirred at 300 min−1.
 System min−1 𝑢 CIa ±% 𝐾𝑀 CI ±% 𝐾𝑃 CI ±% 
 PE 300 60.7 20.6 1490 28.3 236.1 15.2  
 Biphasic 300 54.4 13.1 1166 19.2 438.4 18.3  
 PE 100 64.6 20.4 1366 26.1 242.0 21.7  
 Biphasicb 100 41.6 99.8 12442 105.1 584.0 30.3  
𝑢 in μmolmin−1mg−1; 𝐾𝑀 and 𝐾𝑃  in mM.
a CI denotes the 95% confidence interval.
b Parameters are practically non-identifiable.

stirring (𝐾𝑀 = 1331 mM; 𝑢 = 43.5 μmol/min/mg) are similar to the 
values in the Pickering emulsion in Table  1.

3.5. Perspectives and limitations

From a mathematical perspective, the application of the closed-form 
integrated Michaelis–Menten equation represents the exact solution for 
a batch reaction and enables straightforward determination of kinetic 
parameters from progress curves [63]. Unfortunately, its applicability 
is currently restricted to irreversible uni–uni reaction systems. Once the 
reaction system becomes more complex (e.g., reactions involving multi-
ple substrates and/or products and equlibria), a closed-form expression 
of the integrated equation is generally no longer available [38,64]. 
According to Duggleby, using the closed-form expression of complex 
systems is unlikely to yield reliable results [64].

When advancing to more complex reactions, e.g. esterifications, 
transesterifications or enzyme cascades, numerical integration of or-
dinary differential equation systems is typically preferred for param-
eter estimation and progress-curve analysis. As demonstrated for the 
non-competitive and uncompetitive inhibition models, this approach 



M. Seiler et al. Chemical Engineering Journal 545 (2026) 179611 
Fig. 8. Initial rates for the biphasic system for different stirring rates with 
respective Michaelis–Menten fit.

remains viable. However, it introduces additional mathematical chal-
lenges, including the dependence of the optimization procedure on 
suitable initial parameter estimates to ensure convergence [65,66].

For an irreversible two-substrate mechanism, between three and 
seven kinetic parameters may be required, depending on the inhibi-
tion model employed [67]. In enzyme cascades, the number of pa-
rameters increases even further [68]. Consequently, it is essential to 
consider multiple model evaluation criteria to obtain reliable param-
eter estimates and avoid overfitting. When applying such approaches 
to Pickering emulsions, it is important to ensure that physicochem-
ical properties, such as droplet size and emulsion stability, remain 
unchanged throughout the reaction. Water formation or other com-
positional changes may alter these properties, thereby restricting the 
applicability of the kinetic model or distorting the resulting parameter 
estimates. The observed influence of the particles on the inhibition 
constant further suggests that particle concentration itself may need to 
be incorporated into macrokinetic models. Future studies are therefore 
required to assess the applicability and limitations of kinetic modeling 
approaches for more complex reaction systems in Pickering emulsions.

4. Conclusions

Previous studies on enzymatic reactions in multiphase systems, par-
ticularly Pickering emulsions, have lacked comprehensive descriptions 
of the reaction kinetics. This study therefore presented a comprehen-
sive framework for reaction kinetics in biocatalytic W/O Pickering 
emulsions for a hydrolysis reaction. First, a conventional Michealis-
Menten model was fitted with initial reaction rates for a single-phase 
system as well as a Pickering emulsion. When transitioning from the 
aqueous system to the Pickering emulsion, the maximum reaction 
velocity 𝑣𝑚𝑎𝑥 increased by approximately threefold due to improved 
substrate solubility inside the organic solvent, while the Michaelis–
Menten constant increased by three orders of magnitude. This apparent 
𝐾𝑀  likely incorporates substrate and product mass transfer through the 
interface.

By analyzing the full reaction progress, the kinetic parameters ob-
tained from the initial rate analysis were able to predict the product 
concentration up to 250 mM reasonably well but failed at higher 
concentrations, indicating product inhibition. Using the integrated rate 
equation, the parameters could be obtained by directly fitting the full 
progress curve. This approach significantly reduced the experimental 
effort required to account for product inhibition and highlights its 
advantage over initial rate analysis.

Competitive, non-competitive, and uncompetitive inhibition mod-
els were compared. For the progress-curve analysis, both the non-
competitive and competitive inhibition models described the data 
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equally well, whereas the parameters of the uncompetitive model 
were not identifiable. The availability of a closed-form solution for 
the competitive inhibition model substantially reduced computational 
time, which is a major advantage for implementation in dynamic 
system models such as moving-horizon estimation.

This method was further applied to compare kinetic parameters 
with those of a biphasic system without particles. At high stirring 
speeds, the biphasic system showed comparable reaction rates and 
kinetic parameters, although the inhibition constant 𝐾𝑃  increased. The 
stronger apparent product inhibition was attributed to adsorption of 
the product onto the particles. When the energy input through stirring 
was reduced, the Pickering emulsion retained its enzymatic activity and 
kinetic parameters, whereas the biphasic system exhibited a reduced 
reaction rate with kinetics dominated by mass-transfer limitations.

This work provides quantified kinetic parameters within a Pickering 
emulsion - data that has been largely lacking in literature but is crucial 
for industrial scaling. The advantages of progress-curve analysis for en-
zymatic reactions in the presence of product inhibition was elucidated. 
With the obtained parameters being specific for the respective reaction, 
enzyme and system, this work may further serve as a framework to 
quantify reaction kinetics within biphasic media.

Nomenclature

 Symbol Description Unit  
 𝐴𝐼𝐶 Akaike information criterion –  
 𝐵𝐼𝐶 Bayesian information criterion –  
 𝑐𝐸 Enzyme concentration g/L  
 𝑐𝑆 Substrate concentration mM  
 𝑐𝑃 Product concentration mM  
 𝑐𝑆0

Initial substrate concentration mM  
 𝐶𝐼 Confidence Interval –  
 𝐽 Jacobian matrix –  
 𝑘 Number of parameters –  
 𝑛 Number of datapoints –  
 𝑟 Reaction rate μmol/L/min  
 𝑢 Specific maximum reaction rate μmol/min/mg 
 𝑣max Maximum reaction rate μmol/L/min  
 𝑣 Specific reaction rate μmol/min/mg 
 𝑉 Volume L  
 𝑊 Lambert-W function –  
 𝐾𝑀 Michaelis–Menten constant mM  
 𝐾𝑃 Product inhibition constant mM  
 𝜙 Aqueous phase fraction –  
 𝑃 Partition coefficient –  
 𝑘cat Turnover number s−1  
 𝜒2

𝑣 Reduced chi-squared statistic –  
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