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A B S T R A C T

Today, the accumulation of low molecular weight contaminants such as organophosphate pesticides in the 
environment threatens human health and the economy. Strategies to enhance enzymatic processes, such as the 
addition of tensioactives to the reaction mixture, are currently being investigated. However, despite the observed 
increase in enzyme activity, the mechanism promoted by tensioactives on enzymes is not yet fully understood. A 
kinetic modelling study was carried out to understand the mechanism of paraoxon degradation enhancement in 
presence of two different types of tensioactives (CTAB and SDS). The chosen kinetic mechanism considers all 
possible interactions between the substrate, the enzyme and the tensioactive, whereby the enzyme is free in 
solution or immobilized on a polymeric membrane. The technique of non-linear multivariate optimisation was 
used to calculate the kinetic parameters.

For the free enzyme, the study enables a comparison of the effect of the two tensioactives for each reaction 
step, which leads to a deeper understanding of why CTAB, even though the kinetic mechanism is the same for 
both tensioactives, ensures better overall performance compared to SDS (yield coefficient (YC) = 3.49).
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In contrast, when the enzyme is immobilized in the membrane, the kinetic mechanism in the presence of SDS 
differs from that in the presence of CTAB and the two tensioactives cause a similar reaction enhancement (yield 
coefficient (YC) ≈ 1). The interaction between the enzyme and the tensioactive is hindered when the enzyme is 
bound to the membrane, resulting in less effective catalytic degradation than the free enzyme.

The improvement in the enzymatic degradation of paraoxon in the presence of tensioactives can be explained 
by the fact that the tensioactive can bind both the enzyme and the reagent, which increases the overall reaction 
performance in both enzyme configurations, with the free enzyme performing better.

1. Introduction

The need for environmentally friendly technologies and green pro
duction methods pushes research towards the development of processes 
that eliminate or reduce waste, toxic, and hazardous materials. In this 
challenge, both biocatalysis and membrane technologies have much to 
offer (Jochems et al., 2011; Zdarta et al., 2019; Mazzei et al., 2021). The 
main issue with the industrial application of biocatalysts is their poor 
stability towards temperature, pH, ionic strength and mechanical 
stresses. Many researchers have focused on immobilizing enzymes to 
increase their robustness (Cavalcante et al., 2021). Membranes are 
promising supports for enzymes attachment, since they provide micro
environment that can mimic native conditions and they have high 
porosity and surface area (Luo et al., 2020; Nagy et al., 2015; Regina 
et al., 2024). In order to promote industrial application of enzyme- 
membrane systems it is crucial to understand and to govern the fac
tors affecting the performance of biohybrid membranes as well as find 
out methods to improve their activity/stability.

A method for tuning and improving biocatalytic membrane perfor
mance is the use of tensioactives (Liu et al., 2018; Vitola et al., 2021; Cui 
et al., 2016; Fu et al., 2024). These compounds, at a concentration below 
the critical micelle concentration (CMC), can modulate the hydropho
bic/electrostatic interactions of enzymes in solution promoting their 
activation (Goldfeder and Fishman, 2014). Many studies highlighted 
that the soluble form of various hydrolytic enzymes can be boosted by 
the presence of a tensioactive (De Oliveira et al., 2018; Holmberg, 2018; 
Suzumoto et al., 2020), even if, the underlying mechanism responsible 
for the enzymes hyperactivation has not been fully described yet.

Recently, we described (Vitola et al., 2023) the hyperactivation of a 
thermophile phosphotriesterase covalently immobilized on a regener
ated cellulose membrane. Phosphotriesterases are a class of enzymes 
capable of hydrolyzing organophosphates which are poisonous mole
cules used as pesticides and chemical warfare agents.

Owing to the accumulation of these compounds into water, soil and 
air, technologies for their detection and detoxification are more and 
more required. The aim of the present work is to deeply investigate at a 
kinetic level the reasons for phosphotriesterase hyperactivation in the 
presence of a cationic (CTAB) or anionic (SDS) tensioactive. Enzymes 
can interact with charged tensioactives by both ionic and hydrophobic 
interactions (Wong et al., 2018). The first type of interaction involves 
the charged head of the tensioactive and opposite charged amino acids 
present in the enzyme structure. The second type of interaction is 
generated by the alkyl chain of surfactants contacting the hydrophobic 
amino acid of the enzyme close to the ionic binding site. Therefore, 
cationic tensioactives such as CTAB can interact with negatively charged 

amino acids such as asparagine and glutamic acid, whereas anionic 
tensioactives such as SDS can interact with positively charged amino 
acids such as lysine, histidine and arginine (Hernández et al., 2025).

CTAB and SDS were chosen because they have opposite charges but a 
similar molecular structure consisting of a charged head group and a 
linear carbon chain. They were also chosen because the stability of the 
enzyme is not affected by these two types of ionic surfactant (Vitola 
et al., 2023).

In the literature, there are few computational studies on enzymes and 
substrates (reactants), focusing on the investigation of their structure 
and their interactions in terms of potential points of attack through 
molecular level simulations/kinetics are reported (Liu et al., 2018; 
Viparelli et al., 1999; Zhang et al., 2018). Nevertheless, kinetic analyses 
are rarely carried out. For this reason, the present research concentrates 
on a kinetic analysis of the paraoxon degradation, in order to shed light 
on a possible reaction mechanism that leads to the formation of 4- 
nitrophenol.

2. Materials and methods

2.1. Chemicals

The enzyme phosphotriesterase was purchased from Detoxizymes srl 
(Italy). The enzyme substrate paraoxon ethyl, salts used to prepare 
buffers (HEPES and Tris/HCl), regenerated cellulose membranes 
(MWCO 100000 Da), reagents to chemically functionalize the mem
branes (sodium periodate, ethylenediamine and glutaraldehyde) as well 
as the tensioactives sodium dodecyl sulfate (SDS) and cetyl
trimethylammonium bromide (CTAB) were purchased from Merck 
KGaA (Germany). Pierce BCA protein assay kit was purchased from 
Thermo Fisher Scientific Inc. (USA).

2.2. Enzyme immobilization on functionalized regenerated cellulose 
membrane

The membrane functionalized with aldehyde groups, as reported in 
the supporting info, was soaked in 13 mL of phosphotriesterase solution 
(0.1 mg mL− 1, HEPES 20 mM, pH 8.5). The enzyme solution was kept in 
contact with the membrane for 2 h at 25 ◦C. Afterward, the membrane 
was taken and washed with HEPES buffer for removing not covalently 
bound phosphotriesterase.

The amount of the immobilized enzyme was calculated by mass 
balance between the initial enzyme amount (i.e. the enzyme mass in the 
solution before membrane soaking), the final enzyme amount (i.e. the 
enzyme mass in solution after membrane removal and in the washing 

Fig. 1. Paraoxon hydrolysis performed by phosphotriesterase (PTE).
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streams) and the one contained in washing steps. The phosphotriesterase 
concentration was measured by using the BCA test. A calibration curve 
constructed with BSA solutions of known concentration was used, the 
correlation coefficient between absorbance and protein concentration 
was 1.22 mL mg− 1 cm− 1.

2.3. Pesticide degradation by free and immobilized phosphotriesterase

Paraoxon pesticide degradation catalyzed by phosphotriesterase 
leads to the release of di-ethyl phosphate and p-nitrophenol (Fig. 1). The 
properties of reactant, products and enzyme are listed in Table 1. 

Table 1 
Properties of substrate and enzyme.

Substance CAS Molecular Formula Molecular Weight 
(g mol− 1)

Physical state Water solubility (mg L− 1) at 20 ◦C

Paraoxon 311–45-5 C10H14NO6P 275.20 Liquid 3.64
di-ehyl phosphate 598–02-7 C4H11O4P 153.09 Liquid –
p-nitrophenol 100–02-7 C6H5N O3 139.11 Solid 11,600
Phosphotriesterase – – 144,010 Solid 4000

Table 2 
Calculated equilibrium constants of all the reactions with CTAB and SDS in free- 
enzyme configuration.

Equilibrium Constant CTAB SDS

Keq1, m3 mol− 1 9.755 1.352
Keq2, m3 mol− 1 25.93 1.816
Keq3, m3 mol− 1 1.1604 104 (irreversible) 7.1678 107 (irreversible)
Keq5, m3 mol− 1 253.6 0.3835

Fig. 2. Calculated kinetic parameters of the model of SDS and CTAB in free- 
enzyme configuration.

Fig. 3. Time profiles of experimental and model concentration of the product 
(P) at different initial concentrations of CTAB and SDS in free- 
enzyme condition.
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Paraoxon, differently from its hydrolysis products, is a powerful acetyl 
cholinesterase inhibitor and, thus, it is fatal if swallowed, in contact with 
skin and if inhaled, as indicated by European Chemicals Agency (ECHA).

The concentration of 4-nitrophenol in both free and immobilized 
enzyme configurations was determined in batch as a function of time at 

different SDS and CTAB concentrations. In particular, in the free enzyme 
system, the reaction was carried out by using tensioactive concentra
tions of 0.1 mM, 0.25 mM and 0.5 mM of CTAB and 0.5 mM, 0.75 mM 
and 1.0 mM for SDS, whereas in the immobilized enzyme systems, the 
tested concentrations were of 0.1 mM, 0.25 mM, 0.5 mM, 0.75 mM and 

Fig. 4. Time profiles of model concentrations for all species at different initial concentrations of CTAB in free-enzyme configuration.

Fig. 5. Time profiles of model concentrations for all species at different initial concentrations of SDS in free-enzyme configuration.
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1.0 mM of SDS or CTAB. The CMCs of SDS and CTAB in water are re
ported to be approximately 8 mM (Ruiz-Morales and Romero-Martínez, 
2018) and 1 mM (Srivastava and Alam, 2020), respectively.

The 4-nitrophenol absorbance was measured at 405 nm by using a 
UV/vis spectrophotometer (Perkin Elmer lambda EZ), because at the 
reaction pH used (pH 8.5) 4-nitrophenol is present as 4-nitrophenolate 
anion, which is yellow and then specifically detected at 405 nm. This 
permit to specifically measure it without interference of the other 
colorless compound (paraoxon, tensioactive). The tests were performed 
in Tris/HCl buffer (20 mM,) at 25 ◦C by using a paraoxon ethyl con
centration equal to 1 mM. In order to test the free enzyme activity, 5 μL 
of phosphotriesterase solution (0.2–0.3 mg mL− 1, HEPES 20 mM, pH 
8.5) were added to 1 mL of paraoxon ethyl solution contained in a 
cuvette. In order to test immobilized phosphotriesterase activity, the 
enzyme-loaded membrane was soaked into 10 mL of 1 mM paraoxon 
ethyl solution, samples were taken over time to measure the release of 4- 
nitrophenol. 15,837 M− 1 cm− 1 was the molar absorption coefficient (Ɛ) 
used for p-nitrophenol quantification. The experiments were repeated at 
least three times. The results were reported as mean (± standard devi
ation) calculated from the number of different replicates.

2.4. Kinetic model

The modelling study was carried out in python starting from the 

choice of a proper reaction mechanism for the conversion of the sub
strate through an enzymatic reaction in the presence of a tensioactive 
(Eq.1). The aim is to evaluate the kinetic constants, which are useful to 
quantify reaction rates, for each reaction of the proposed mechanism. 
This mechanism consists of six elementary reactions in which both 
substrate (S) and tensioactive (named tensioactive for better clarity) (T) 
are allowed to interact with the enzyme (E) forming respectively the 
complexes ET (r1) and ES (r2). ET could react with both S (r3) and ST (r5) 
producing EST and EST2, which are further converted into ET, P (r4) and 
ET, P and T (r6) respectively. By hypotheses, the reactions giving the 
product (P) are considered irreversible (Frey and Hegeman, 2007). 

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

r1 : E + T ⇄
kf1

kr1

ET

r2 : S + T ⇄
kf2

kr2

ST

r3 : ET + S ⇄
kf3

kr3

ETS

r4 : ETS →
kf4 ET + P

r5 : ET + ST ⇄
kf5

kr5

EST2

r6 : EST2 →
kf6 ET + P + T

(1) 

The reaction velocity for each elementary reaction (Atkins et al., 
2017) was evaluated as reported in Eq.2. 

Table 3 
Reaction yield for reactions in presence of SDS and CTAB at different initial 
concentration in free-enzyme configuration.

Tensioactive concentration, (mol 
m− 3)

y, −

(SDS)

y, −
(SDS)

y, −

(CTAB)

y, −
(CTAB)

0.1 0.067291 0.41321
0.25 0.082484 0.25858
0.5 0.021711 0.072002 0.075836 0.14118
0.75 0.025446 0.061599
1 0.027003 0.053710

Fig. 6. Time profiles of model reaction rates for all species at different initial concentrations of SDS and CTAB in free-enzyme configuration.

Table 4 
Calculated equilibrium constants of all the reactions with CTAB and SDS.

CTAB SDS

Keq1, m3 mol− 1 ∞ (irreversible) 41.741
Keq2, m3 mol− 1 0.0072208 0.15702
Keq3, m3 mol− 1 1928 383.06
Keq5, m3 mol− 1 107 986.58
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⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

r1 : kf1 CECT − kr1 CET
r2 : kf2 CSCT − kr2 CST
r3 : kf3 CETCS − kr3 CETS
r4 : kf4 CETS
r5 : kf5 CETCST − kr5 CEST2

r6 : kf6 CEST2

(2) 

The assumption of the reaction rate of each equation being propor
tional to the first power of concentrations arises directly from the chosen 
form of the elementary reactions of the kinetic mechanism. This leads to 
a system of coupled differential equations, in which the concentration of 
each species has a strong non-linear relationship with the reaction rate 
of each reaction. The assumption of this behavior is validated just by the 
satisfactorily small difference between optimization and experimental 
results, quantified by the value of the determination coefficient R2.

At this point the aim of the computational part of this work becomes 
very clear in fact, kinetic parameters kj need to be evaluated. The model 
concentrations were calculated exploiting the proposed mechanism and 
eight mass balances (Eq.3), one for each species involved in the 
reactions. 
⎧
⎨

⎩

dCi

dt
= ri

Ci(t = 0) = Ci0

(3) 

Solving the system of eight total derivative differential equations 
(ODE), it is possible to calculate the model concentration of each species. 
The technique chosen for ki calculation is a parametric optimization and, 
thus, it is necessary to define an appropriate objective function (fobj). 
Experimental data were fundamental for the goal, in fact fobj (Eq.4) was 
written exploiting many sets of experimental concentrations of the 
product (P) obtained from tests at different initial concentrations of 
tensioactive. 

fobj = ‖CMod
P − CExp

P ‖ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑l

k=1

(
CMod

Pk
− CExp

Pk

)2

√
√
√
√ (4) 

The algorithm finds the value of the parameters (x) that minimize the 
objective function. This means that the optimum parameters make very 
small the difference between model and experimental concentrations. 

x =
[
kf1 , kr1 , kf2 , kr2 , kf3 , kr3 , kf4 , kr4 , kf5 , kr5

]

min
x

fobj(x) s.t.
{

x > 0 (5) 

At the end, the equilibrium constants (Eq.6) were calculated in order 

Fig. 7. Calculated kinetic parameters of the model of SDS and CTAB in 
immobilized-enzyme configuration.

Fig. 8. Time profiles of experimental and model concentration of the product 
(P) at different initial concentrations of CTAB and SDS in immobilized- 
enzyme condition.
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to determine the possible irreversibility of the considered reactions. This 
allows a further simplification of the kinetic mechanism. 

Keqj =
kfj

krj

(6) 

3. Results and discussion

3.1. Free enzyme

As Table 2 suggests, Keq3 for both CTAB and SDS, in free enzyme 
configuration, is very high and, thus, the reverse reaction of the third 
reaction does not occur. For this reason, the kinetic mechanism pro
posed above was simplified as reported in Eq. 7. 

Fig. 9. Time profiles of model concentrations for all species at different initial concentrations of CTAB in immobilized-enzyme condition. E is measured in mol mMem
− 1 .

Fig. 10. Time profiles of model concentrations for all species at different initial concentrations of SDS in immobilized-enzyme condition. E is measured in mol mMem
− 1 .
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⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

r1 : E + T ⇄
kf1

kr1

ET

r2 : S + T ⇄
kf2

kr2

ST

r3 : ET + S →
kf3 ETS

r4 : ETS →
kf4 ET + P

r5 : ET + ST ⇄
kf5

kr5

EST2

r6 : EST2 →
kf6 ET + P + T

(7) 

Consequently, the reaction rates of each species become: 
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

r1 : kf1 CECT − kr1 CET
r2 : kf2 CSCT − kr2 CST
r3 : kf3 CETCS
r4 : kf4 CETS
r5 : kf5 CETCST − kr5 CEST2

r6 : kf6 CEST2

(8) 

Since the determination coefficient (R2, Table S2) is very high for 
both CTAB and SDS, the model describes satisfactorily the experimental 
behavior.

Fig. 2 and Table S1 show the calculated kinetic parameters for the 
model of the biocatalytic reaction in which either CTAB or SDS were 
present. Results with the relative confidence intervals are reported in 
Table S1. The confidence interval at a certain confidence level (95 % in 
our case) statistically means that, if we repeat the fitting procedure an 

infinite number of times, we get 95 % of possibility that the value be 
included within the estimated interval. Therefore, it represents the un
certainty in the parameters estimation and is not the indication of the 
error of the parameter value, whose fitting precision to the experimental 
data is quantified by the determination coefficient R2 (Table S2). For this 
reason, a relatively wide confidence interval is not a big issue, provided 
that the determination coefficient is high enough. If we consider that 
each set of model profiles calculated from each initial conditions gen
erates hundreds of modelling points that are virtually independent of the 
experimental data, reliability and reproducibility of the results is high, 
as demonstrated by the determination high coefficient R2 (Table S2). 
The calculated kinetic parameters are quite different for CTAB and SDS 
and this is due to the different nature of the two tensioactives. In 
particular, kf1 is higher for SDS than for CTAB. On the other hand, kr1 is 
lower for CTAB than for SDS, this being in line with the experimental 
observations that the enzyme-CTAB system is more stable than the 
enzyme-SDS one, since CTAB modifies the secondary structure of the 
enzyme (Vitola et al., 2023). In fact, measurements carried out by cir
cular dichroism studies revealed a decrease in β-sheet content and an 
increase in β-turn structure and random coil, indicating a strong and 
stable interaction of the positively charged surfactant with the enzyme. 
This effect promotes a rearrangement of the enzyme molecular archi
tecture leading to a higher turnover number as pointed out by the 
increased kcat in presence of CTAB (from 2.4 to 53.6 s− 1) (Vitola et al., 
2023). This suggests that the hydrophobic interactions between ten
sioactives and substrate are present, which is based on the interaction of 
the aromatic groups of the organophosphorus pesticides with the hy
drophobic chain of the tensioactives as recently reported by (Bandforuzi 
and Hadjmohammadi, 2019). The complex enzyme/tensioactive forms 
an adduct that facilitates the accommodation of the ester groups of the 
substrate in the hydrophobic pockets of the active site of the enzyme. 
Thus, the proposed reaction mechanism goes further and takes into ac
count also the possible reaction interaction between the tensioactive and 
the substrate, which consists in considering two different parallel reac
tion paths leading to the final product: r1 → r3 → r4 and r1 → r2 → r5. As 
for the second reaction (r2), related to the substrate-tensioactive in
teractions, the specific reaction rate of the substrate-tensioactive (ST) 
complex formation for CTAB is higher than SDS, whilst the reverse one is 
almost the same for both the tensioactives. This indicates that CTAB has 
a higher affinity for the substrate compared to SDS. Concerning the third 

Table 5 
Reaction yield for reactions in presence of SDS and CTAB at different initial 
concentration in immobilized-enzyme configuration.

Tensioactive 
concentration, mol m− 3

y, −

(SDS)

y, −
(SDS)

y, −

(CTAB)

y, −
(CTAB)

YC, −

0.1 0.090570 0.97242 0.081324 0.99197 0.898
0.25 0.096894 0.93837 0.082809 0.98056 0.855
0.5 0.093658 0.88082 0.085273 0.96308 0.910
0.75 0.088615 0.82373 0.087722 0.94728 0.990
1 0.083595 0.76817 0.090150 0.93293 1.08

Fig. 11. Time profiles of model reaction rates for all species at different initial concentrations of CTAB in free-enzyme condition.
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reaction (r3), the kinetic constant kf3 is one order of magnitude higher 
for CTAB than SDS, leading to a faster formation of the complex enzyme- 
tensioactive-substrate (ETS). This is due to the fact that, the enzyme at 
the working pH (8.5) has a negative surface charge of − 19.3 ± 0.3 mV 
(Regina et al., 2024), thus the formation of ET complex is favored in the 
presence of the positively charged CTAB rather than with SDS, as also 
demonstrated by the decrease of the negative enzyme surface charge 
(− 10.3 ± 0.3 mV) observed just in presence of CTAB (Vitola et al., 
2023). Besides, since paraoxon is an aromatic compound with NO2 
group as a para-substituent, it is characterized by a high electron charge 
density (Drissi et al., 2015) and it is more likely to interact with CTAB 
that is a cationic tensioactive, rather than with SDS that is an anionic 
tensioactive, promoting the formation of the complex (TS). The kinetic 
constant kf4 for SDS is around double that for CTAB, meaning that the E- 
SDS-S complex is more prone to be converted to the product (P). Since 
the experimental results show that CTAB is overall more performing, 
this means that the reaction r1 is crucial in determining the kinetic 
performance.

As for the last reactions of the second reaction path (r5 and r6), we 
observe that CTAB favors the conversion of the complexes ET and ST to 
the complex EST2 since kf5 of CTAB is one order of magnitude higher 
than that of SDS. Moreover, the equilibrium constant of r5 indicates that 
the reactions of the second path considered in this study are favored for 
CTAB and not for SDS. Interestingly, the forward kinetic constant kf6 
shows the opposite behavior, indicating that SDS favors the trans
formation of EST2 to the final product (P) more than CTAB.

Fig. 3 represents the comparison between the experimental curves of 
product concentration in time and the model ones obtained through the 
optimization procedure described previously. The case at null ten
sioactive concentration is shown as a reference one.

For both tensioactives, in all cases, the concentration of 4-nitrophe
nol, which is the final product of the enzymatic reaction, increases in 
time, showing that the addition of SDS or CTAB favors the reaction 
increasing the velocity of formation of the product with respect to the 
absence of tensioactive.

The model allows also the calculation of all concentration profiles of 
the other species (Figs. 4, 5). These figures allow us also to catch the 
effect of kr5 and kf6 on species concentrations. In fact, due to a higher 
value of these two kinetic constants for SDS tensioactive, EST2 concen
tration is very low, because it is rapidly converted through both the 
reverse reaction in r5 and r6.

The maximum of ETS concentration and the related plateaux is 
typical of intermediate complexes, formed at the beginning of reaction 
and partially consumed at the end. Analogously, the minimum of E 
concentration indicates that the enzyme is bonded at the beginning of 
reaction and then partially released.

Another important aspect is that, for both SDS and CTAB, the use of a 
higher initial concentration of tensioactive (T) increases the amount of 
substrate (S) and enzyme (E) converted, resulting in a higher quantity of 
the product (P).

Two different definitions of yield (Eq. 9-10) are exploited in order to 
quantify how rection performance varies with a different initial con
centration of tensioactive. 

y =
CP

CS0

(9) 

y =
CP

CS0 − CS
(10) 

Where CP and CS are respectively the product and substrate concentra
tion at the end of the reaction and CS0 is the initial concentration of 
substrate. The definition reported in Eq. 9 is useful to quantify the 
amount of product with the respect to the initial substrate concentration, 
whilst the other helps understanding how much of P is formed with the 
respect to the amount of converted substrate.

Results confirms what stated above highlighting a better perfor
mance with the increasing of the initial concentration of substrate. 
Moreover, a yield coefficient (YC) (Eq. 11) is calculated in order to prove 
that CTAB allows a higher enhancement of reaction performance than 
SDS. 

YC =
yCTAB

ySDS
= 3.49 (11) 

Where yCTAB and ySDS are respectively the yields obtained from two 
reactions carried out with the same initial concentration of tensioactive.

In the case of CTAB, a decrease of yield as the initial tensioactive 
concentration increase was noted, particularly moving the initial con
centration from 0.25 to 0.5 mM (Table 3). Although the CTAB CMC in 
pure water is 1 mM (Ruiz-Morales 218, Srivastava and Alam, 2020), the 
presence in the reactive solution of other compounds (20 mM TRIS/HCl 
1 mM of substrate, 0.2 mM CoCl2, 1.5 μg enzyme) can strongly affect this 
value. In fact, it is well-known that the CMC of an ionic surfactant de
creases with increasing ionic strength of the solution (Gupta et al., 
2017). Besides, hydrophobic molecules, such as paraoxon, in solution 
contribute in the aggregation process of tensioactive further lowering its 
CMC (Kuperkar et al., 2011).

DLS measurements confirm the presence of aggregates (4.8 nm) 
(Fig. S3), compatible with micelles size of CTAB (Patel et al., 2014), 
when the initial CTAB concentration was increased to 0.5 mM, which 
become more evident at 1 mM. This explain why when 0.5 mM of CTAB 
was used in the reaction mixture a yield decrease was observed, as a 
result of substrate subtraction in the micelles. In fact, being micelles 
dynamic in nature, they are capable to solubilize hydrophobic solutes 
(such as paraoxon) and form aggregates.

Fig. 6 highlights that the reaction rates in the presence of CTAB are 
higher than those in the presence of SDS. This is explained considering 
both the steric and kinetic effects related to the mutual interactions 
between tensioactive and enzyme. In particular, overall speaking, this is 
due to the major affinity of CTAB for the enzyme (higher equilibrium 
constant of the interaction reaction (r1) compared to that of SDS, as the 
proposed kinetic mechanism has its crucial starting point in the inter
action between enzyme and tensioactive.

3.2. Immobilized enzyme

As Table 4 suggests, Keq1 for CTAB, in immobilized-enzyme config
uration, is infinite and, thus, the reverse reaction of the first reaction 
does not occur. For this reason, only for CTAB the kinetic mechanism 
proposed above was simplified as reported in Eq. 12, whilst for SDS it 
was not modified. 

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

r1 : E + T →
kf1 ET

r2 : S + T ⇄
kf2

kr2

ST

r3 : ET + S ⇄
kf3

kr3

ETS

r4 : ETS →
kf4 ET + P

r5 : ET + ST ⇄
kf5

kr5

EST2

r6 : EST2 →
kf6 ET + P + T

(12) 

The reaction rates for each elementary reaction becomes: 
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

r1 : kf1 CECT
r2 : kf2 CSCT − kr2 CST
r3 : kf3 CETCS − kr3 CETS
r4 : kf4 CETS
r5 : kf5 CETCST − kr5 CEST2

r6 : kf6 CEST2

(13) 

It is possible to notice that also for the immobilized-enzyme 
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condition, the determination coefficient is very high (Table S4), mean
ing that the chosen model properly reproduces the reality.

Analogously to what happens for the free-enzyme configuration, 
CTAB stays bonded to the immobilized-enzyme (higher value of kf1 and 
lower value of kr1 than for SDS) (Fig. 7, Table S3). In detail, in the first 
reaction, CTAB is irreversibly converted to the complex ET highlighting 
a higher affinity between biocatalytic membrane and CTAB rather than 
biocatalytic membrane and SDS. Regenerated cellulose (membrane) at 
the working pH shows a negative surface zeta-potential (Kramar et al., 
2021) and, thus, the negative charge of the membrane further promotes 
CTAB interaction with the enzyme. The reduction of the interactions 
between SDS and substrate is reflected in the very small value of kf2. 
Moreover, whereas kf3 is almost the same for both the tensioactive, kr3 is 
lower for CTAB indicating that the complex ETS is less prone to be 
reconverted in ET and S. According to what was found for CTAB in r1, 
the complex ET formed in the presence of CTAB is stronger than the one 
in presence of SDS and, thus kf4 for CTAB is higher than the one for SDS. 
For the last reactions of the second path, the reaction is favored by 
CTAB, in fact it ensures a higher specific velocity of product formation, 
because, as seen for r1 and r4, the complex ET is very stable and prone to 
be formed again.

Also in immobilized-enzyme conditions, for both the tensioactives, in 
all cases, the concentration of 4-nitrophenol increases in time, achieving 
almost the same final value (same value of specific activity, refs Vitola 
et al., 2023). This means that the addition of tensioactive does enhance 
the reaction performance in terms of amount of product (P). Neverthe
less, the model does not fit the experimental data for CTAB at the highest 
(above the CMC) value of initial concentration, because it does not take 
into account the formation of micelles that occurs at these conditions 
(Ruiz-Morales 218, Srivastava and Alam, 2020) (Fig. 8).

Moreover, as shown Fig. 9 and Fig. 10, for both CTAB and SDS, the 
amount of tensioactive consumed during the reaction is very low 
meaning that the presence of the membrane reduces the beneficial effect 
that the tensioactive had in the free-enzyme configuration. This is due to 
interfacial transport phenomena such as tensioactive adsorption (sup
porting info FT-IR analysis) on the membrane, which are not considered 
in the model. The complex ET is rapidly formed in both CTAB and SDS 
cases, but in the latter, its concentration starts decreasing mainly 
because of the reversible nature of the first reaction r1. Another inter
esting aspect lies in the very low concentration of all the other com
plexes, even though in the presence of SDS they are quite higher with 
respect to the use of CTAB. This behavior is due to the fact that the 
membrane is an additional obstacle to the formation of these complexes.

Also for the immobilized-enzyme configuration, the two yields (Eq. 
9-10) and the yield coefficients (Eq. 11) are calculated. Results show 
that in this case the effect of the two tensioactives on the catalytic 
performance are almost the same, in fact yield coefficient are all around 
one (Table 5).

Fig. 11 illustrates the reaction rate of all species at different initial 
concentrations of tensioactive. It is evident that CTAB ensures higher 
reaction velocities than SDS, as in the case of free enzyme, even though 
reaction rates with CTAB are lower compared to free-enzyme. In 
agreement with literature (Mazzei et al., 2021), which states that 
immobilized-enzymes increase their stability while decrease their cat
alytic activity, a lower activity is observed in immobilized-enzyme 
configuration.

4. Conclusions

In this work a modelling study has been carried out to show the 
enzymatic kinetic mechanism through which the paraoxon is converted 
into 4-nitrophenol in the presence of SDS or CTAB, using free and 
immobilized enzyme configuration. The entire work is based on the non- 
linear multivariate optimization technique that, in combination with a 
proper model and experimental data, can give the values of the model 
parameters. We proposed a kinetic model that took into account all the 

possible interactions between the main actors of the paraoxon conver
sion (substrate, enzyme and tensioactive). The same procedure was 
repeated for both SDS and CTAB in both free and immobilized enzyme 
configurations.

At the end of each optimization, the equilibrium constant for all the 
six reactions was calculated in order to understand whether some re
actions could be considered irreversible or not. This revealed that the 
third reaction (r3) could have been considered irreversible for both the 
investigated tensioactive in free-enzyme configuration and, thus, the 
kinetic mechanism was the same for SDS and CTAB. A different situation 
was encountered in the immobilized-enzyme condition; in fact, whilst 
for SDS all the reactions were reversible, for CTAB the first reaction (r1) 
was irreversible. Moreover, the work allowed a comparison of the re
action performance in terms of kinetic parameters between the two 
tensioactives, highlighting that CTAB in free enzyme configuration en
sures higher reaction rates and better global catalytic performance 
(yield coefficient (YC) = 3.49). It was found that this is especially due to 
the first, third and fourth reactions that are the ones responsible for the 
interaction enzyme-tensioactive, ETS complex formation, and P pro
duction, respectively. Nevertheless, even if in immobilized-enzyme 
configuration the addition of tensioactive enhances paraoxon degrada
tion, there are no meaningful differences between the use of SDS and 
CTAB in terms of the amount of 4-nitrophenol produced (yield coeffi
cient (YC) ≈ 1), but, at the same time, CTAB does ensure always higher 
reaction rate.

In the end, the study brought up to light the fact that the improve
ment of the catalytic activity due to the addition of tensioactives is the 
consequence of the interaction that the tensioactive itself is able to 
create not only with the enzyme but also with the substrate.
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