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se micelles as nanoreactors for
alkaline phosphatase. The hydrogen bond “dances”
between water and the enzyme, the reaction
product, and the reverse micelles interface†

Gustavo A. Monti, *ab R. Daŕıo Falcone, a Fernando Moyano *a

and N. Mariano Correa a

In this work, we present an investigation of the influence of water encapsulated in 1,4-bis-2-

ethylhexylsulfosuccinate/methyl laurate and 1,4-bis-2-ethylhexylsulfosuccinate/isopropyl myristate

reverse micelles on the enzymatic hydrolysis of 1-naphthyl phosphate by alkaline phosphatase. Our

results show that the enzyme is active in the biocompatible reverse micelles studied and that the

Michaelis–Menten kinetic model is valid in all systems. We found that both micellar systems studied have

a particular behavior toward pH and that the penetration of external solvents into the interfaces is crucial

to understanding the effect. Methyl laurate does not disrupt the interface and is not necessary to control

the pH value since alkaline phosphatase in the center of the micelles is always solvated similarly. In

contrast, isopropyl myristate disrupts the interfaces so that the water and 1-naphthol molecules cannot

form hydrogen bond interactions with the polar head of the surfactant. Then, when the water is at pH =

7, the 1-naphthol moves away to the interfaces inhibiting alkaline phosphatase which is not observable

when the water is at pH = 10. Our study shows that the concept of pH cannot be used directly in

a confined environment. In addition, our research is of great importance in the field of reactions that

occur in reverse micelles, catalyzed by enzymes.
Introduction

Many biological phenomena occur at interfaces and not in
homogeneous solutions.1,2 In this sense, reverse micelles (RMs)
are a simplied model to study membrane-protein interac-
tions.3 The large interfacial region of these systems can enhance
some effects, such as hydrogen bond interactions between
peptide bonds because in these media the amphipathic essence
of a biological membrane is preserved.4,5 RMs are supramolec-
ular assemblies made up of surfactant molecules dissolved in
non-polar solvents.6 One of the most widely used anionic
surfactants that can encapsulate water and form RMs is sodium
1,4-bis-2-ethylhexyl sulfosuccinate (AOT, Scheme 1a).7 The
water content that can be solubilized inside RMs is dened by
W0 = [water]/[AOT] and its maximum value may depend on the
surfactant polar head, the non-polar organic solvent, and
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temperature, among others.8 Regarding the nature of the
conned water, it is known that the main changes in the water
structure occur at W0 < 10, due to the interaction with the polar
head of the surfactant.9 In RMs, the polar heads of the surfac-
tants are oriented towards the interior of the supramolecular
structure, while the hydrocarbon tails extend towards the non-
polar organic solvent.10 At least three regions can be estab-
lished in RMs: an internal aqueous region, known as the “polar
nucleus or aqueous pool”; the micellar interface, and the
external organic phase.11 The aqueous pool is useful for a wide
variety of applications, such as polymer12 synthesis, nano-
particle13 synthesis, and chemical reaction;8 even for modeling
the behaviour of water molecules in a conned cellular envi-
ronment, as the properties of the water are affected when
restricted to the nanoscopic scale.14

Most of the traditional non-polar solvents used in RMs
preparation are toxic and can cause environmental problems.
An ecological alternative is to use biocompatible solvents.15 In
this regard, lipophilic esters such as methyl laurate (ML,
Scheme 1b) and isopropyl myristate (IPM, Scheme 1c) have been
widely used in biological model systems, pharmaceutics, and
drug delivery.11,16

RMs formed in biocompatible organic solvents are effective
and harmless nanoreactors with potential use in enzymatic
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Chemical structure of the surfactant sodium 1,4-bis-2-ethylhexylsulfosuccinate (AOT, a), biocompatible solvents methyl laurate (ML,
b) and isopropyl myristate (IPM, c), respectively.
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catalysis since they allow the solubilization of hydrophilic bio-
logical molecules such as enzymes.17–19 Many studies of enzyme
kinetics inside RMS formed with traditional non-polar solvents
have been reported.8,20–23 One of the enzymes that have been
studied is the alkaline phosphatase (AP), which is a hydrophilic
and globular protein that will reside exclusively in the aqueous
pool of the RMs.24–26 The AP activity is mainly to act as a cata-
lyzer for biological dephosphorylation and becomes optimally
active in alkaline environments (pH values between 8 and
11).27,28 Specically, AP is a hydrolase enzyme responsible for
removing phosphate groups from various types of molecules,
such as nucleotides, proteins, and other phosphorylated
compounds.29–32

Enzymatic activity of AP in AOT RMs formed with conven-
tional organic solvents (aliphatic and aromatic) has been
reported.33–36 The effects of water content, temperature, external
solvent, and surfactant concentration on enzyme activity were
evaluated.37 However, even though the pH value is one of the
most relevant parameters for this enzyme, it has not been
studied in detail in micellar systems formed by biocompatible
solvents. It is important to evaluate whether the enzyme is
sensitive to the pH value inside the RMs, since the kinetic
properties of AP in the RMs such as the initial velocity of the
Scheme 2 Enzymatic hydrolysis of 1-NP in basic media by using AP.

© 2023 The Author(s). Published by the Royal Society of Chemistry
reaction and catalytic efficiency, could depend on the structural
properties of the ions (OH− or H3O

+) in conned media.
In this work, we have investigated the inuence of AOT RMs

systems formed by two different non-toxic solvents, IPM and
ML, in the hydrolysis of 1-naphthyl phosphate (1-NP) catalyzed
by AP (see Scheme 2). In both RMs, we have determined the
inuence of the variation of the external solvent, the surfactant
concentration, and the variation of the W0 and the pH. The
hydrolysis rates of 1-NP were established by absorption spec-
troscopy and the kinetic parameters were determined by the
Michaelis–Mentenmodel, which explains the experimental data
in the RM systems.
Results and discussion
Catalysis in buffer

Although the 1-NP enzymatic hydrolysis by AP was previously
reported37 we have tested if in our experimental conditions the
reaction proceeds in a similar manner. The kinetic was followed
by UV-vis spectroscopy. Fig. 1 shows typical absorption spectra
for the 1-NP hydrolysis at different times in a buffer solution of
pH = 10. As can be seen, the absorbance value of the band at
lmax = 332 nm increases evidencing the formation of the
product (1-naphtholate), while the band at lmax = 285 nm,
RSC Adv., 2023, 13, 1194–1202 | 1195
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Fig. 1 UV-vis spectra for hydrolysis of 1-NP catalyzed by AP in
Na2CO3/NaHCO3 buffer solution at 35 °C. pH = 10. Inset: absorbance
values (lmax = 285 nm) of 1-NP in buffer at different times. [1-NP]= 7.5
× 10−5 M. [AP] = 1 × 10−7 M.

Fig. 2 Effect of 1-NP concentration on the initial reaction rate (n0) of
1-NP hydrolysis catalyzed by AP at pH = 10. T = 35 °C. [AP] = 1.0 ×
10−7 M. [1-NP]: 1.0 × 10−5 M, 2.3× 10−5 M, 6.7× 10−5 M, 1.0× 10−4 M,
1.5 × 10−4 M, 2.0 × 10−4 M, 3.0 × 10−4 M. The experimental data were
fitted according to the eqn (1), (—) solid lines.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 5
/2

/2
02

6 
7:

17
:5

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
which corresponds to 1-NP disappears with time (insert Fig. 1).
Furthermore, a clear isosbestic point at l = 300 nm is observed
indicating the absence of detectable intermediate and/or
decomposition of the product.

Fig. 2 shows the effect of 1-NP concentration on the initial
rate of reaction (v0). The best model found that explains the
experimental data obtained at different concentrations of 1-NP
is the Michaelis–Menten, described in the ESI.† The catalytic
rate constant (kcat) and the Michaelis constant (KM) values were
determined by tting the experimental data to eqn (1).

v0

½AP� ¼
kcat½1�NP�

ðKM þ ½1�NP�Þ (1)
1196 | RSC Adv., 2023, 13, 1194–1202
The kcat and KM values found are 7.43± 0.03 s−1 and (34.44±
0.05) × 10−5 M, respectively. The catalytic efficiency (kcat/KM)
determined for the enzyme is 2.15 × 104 M−1 s−1. These values
are well-matched with those reported in the literature38,39 and
make us condent that, in our experimental conditions the
reaction follows the same model.
Catalysis in ML/AOT/water and IPM/AOT/water RMs

The AP stability in a conned medium. It is necessary to
remark, that the diameters of ML/AOT/water and IPM/AOT/
water RMs at W0 = 10 are 7 and 3 nm,11 respectively. As the
hydrated radius of AP is estimated to be 36 Å (3.6 nm),40 it
should be dissolved in the aqueous pool of the RMs. Besides, it
is known8,20,41 that the shiing of the emission band provides
information about the exposure of the tryptophan residues of
the enzyme and your microenvironment. In this sense, Borto-
lato et al.41 studied the conformational changes in the AP
structure using uorescence spectroscopy. The authors found
that when AP is denatured, the structures (secondary, tertiary,
and quaternary) are disrupted and the tryptophan residues are
completely exposed to the solvent, so the emission band of
tryptophan shows a bathochromic shi.

Before studying the enzymatic reaction in AOT RMs media,
the stability of AP was tested by emission spectroscopy in both
systems: ML/AOT/water and IPM/AOT/water RMs at pH = 10.
The AP emission spectrum was performed at lexc = 280 nm in
buffer, in presence of urea, and bothmicellar systems withW0=

10 at pH = 10 (Fig. S1†).
It is also important to note that the fast dynamics of the

process ensures that the AP and substrates are homogeneously
distributed in the RMs. Thus, the speed of the enzymatic reac-
tion is not altered by the exchange of material between
micelles.42,43

In homogeneous media at pH = 10, the emission spectrum
of the enzyme has a band that peaks around lemi = 339 nm.
However, when the enzyme is dissolved in an 8 M urea solution,
where AP is completely denatured, the maximum emission
band peaks at lemi = 355 nm. When the enzyme is dissolved in
the different RMs media, it can be seen that the AP emission
band shows ne structure; probably due to the connement
effect on the freedom degree of the enzyme. In addition, the
emission band in both RMs systems does not show a bath-
ochromic shi and is centered around 339 nm. These facts
suggest that the AP encapsulated in both AOT RMs is not
denatured and, preserves the activity.44 A similar result was
found using pure water in both RMs systems. Moreover, DLS
experiments (not shown) to corroborated that no changes in the
RMs sizes are found with and without the presence of the
enzyme.45

Effect of the water variation in RMs systems. Water at pH =

10. The enzymatic activity of AP for the hydrolysis of 1-NP in
micellar media by using UV-vis spectroscopy was investigated.
Fig. S2a and b† show typical absorption spectra for the 1-NP
hydrolysis at different times in ML/AOT/water and IPM/AOT/
water RMs at W0 = 10 and pH = 10, respectively. The results
indicate that AP was active in the biocompatible RMs systems.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Effect of 1-NP concentration on the v0 values for the hydrolysis reaction catalyzed by AP in RMs at different W0, pH = 10 and, T = 35 °C.
(C) W0 = 2, ( ) W0 = 6 and, ( ) W0 = 10. [AOT] = 0.1 M. [AP] = 1 × 10−7 M. (a) ML/AOT/water RMs (b) IPM/AOT/water RMs.

Table 1 Experimental kinetic parameters of the enzymatic hydrolysis
reaction of 1-NP in RMs of ML/AOT/water at different W0. pH = 10

Kinetic parameters W0 = 2 W0 = 6 W0 = 10

kcat (s
−1) 0.16 � 0.02 0.24 � 0.02 0.28 � 0.02

KM (M) × 10−5 23.49 � 2.00 9.78 � 0.80 5.74 � 0.70
kcat/KM (M−1 s−1) 681 � 20 2454 � 200 4878 � 270

Table 2 Experimental kinetic parameters of the enzymatic hydrolysis
reaction of 1-NP in RMs of IPM/AOT/water at different W0. pH = 10

Kinetic parameters W0 = 2 W0 = 6 W0 = 10

kcat (s
−1) 0.40 � 0.03 0.34 � 0.02 0.31 � 0.02

KM (M) × 10−5 34.95 � 3.00 6.21 � 0.60 2.42 � 0.20
kcat/KM (M−1 s−1) 1144 � 90 5555 � 280 12 810 � 410
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However, it is worth highlighting that in RMs systems an
important effect to be investigated is if the reaction depends, or
not, on the pH control by buffer as it is mandatory in bulk
solution. We have demonstrated that there is a proton gradient
from the center of RMs toward the interface leaving the interior
Fig. 4 Effect of AOT concentration on the relationship between the v0 an
T = 35 °C. [AOT]: (C) 0.05 M, ( ) 0.1 M. (a) ML/AOT/water RMs at W0 =

© 2023 The Author(s). Published by the Royal Society of Chemistry
neutral46 and, the water molecules entrapped inside the AOT
RM systems show its electron donor ability enhanced in
comparison with its water bulk structure.20,47 Water plays
a central role in the solvation of the enzyme, improving or
decreasing the catalytic efficiency and, we will show how the
water structure upon connement affects the enzymatic reac-
tion. Fig. 3a and b show the effect of the 1-NP concentration on
the initial reaction rate for the hydrolysis reaction in RMs
systems at different W0 values. The kcat and KM values were
determined by tting the experimental data to eqn (1) for each
system. Tables 1 and 2 summarize the kinetic parameters
determined for the ML/AOT/water and IPM/AOT/water RMs,
respectively.

As can be seen in Fig. 3a and b, the v0 increases with the
water content inside both RMs (Fig. S3†). Consequently, there is
an increase in the kcat/KM values as the buffer content increases.
For example, in theML/AOT/water system atW0= 2, the value of
kcat/KM is 681 M−1 s−1 and it increases by a factor of 7.1 atW0 =

10, while when the buffer content increases fromW0= 2 toW0=

10 in IPM//AOT/water system the factor is slightly larger, 11.1.
These results can be explained by considering the effect that
occurs in the encapsulation of enzymes in RMs. The interac-
tions between water and the enzyme, the reaction product, and
d the analytical concentration of 1-NP in different RMs at pH = 10 and,
6 (b) IPM/AOT/water RMs at W0 = 10.

RSC Adv., 2023, 13, 1194–1202 | 1197
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Table 3 Summary of experimental kinetic parameters of the enzymatic hydrolysis reaction of 1-NP in RMs of ML/AOT and IPM/AOT, at different
AOT concentrations

Kinetic parameters

ML/AOT/watera IPM/AOT/watera

[AOT] 0.05 M [AOT] 0.1 M [AOT] 0.05 M [AOT] 0.1 M

kcat (s
−1) 0.35 � 0.04 0.24 � 0.02 0.35 � 0.04 0.31 � 0.03

KM (M) × 10−5 12.99 � 1.22 9.78 � 0.91 18.15 � 1.30 2.42 � 0.21
kcat/KM (M−1 s−1) 2694 � 110 2454 � 105 1928 � 98 12 810 � 410

a ML/AOT at W0 = 6, IPM/AOT at W0 = 10.

Fig. 5 Effect of the AP enzyme on the relationship between the v0 and
the analytical concentration of 1-NP in RMs of IPM/AOT/water at T =

35 °C. (C) W0 = 10 at pH = 7 and ( ) W0 = 10 at pH = 10.
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the reverse micelles interface are transcendent to clarify the
result.

It is known47 that the trapped water molecules' structure is
different inside AOT RMs and so are their properties. Further-
more, it is known that AOT is very good at accepting H-bond
interactions.48,49.In this way, at a low W0 value, all the water
molecules interact with the polar head of AOT at the interface by
hydrogen bond and, only a few molecules of water could solvate
the catalytic region of the enzyme. As the water content
increases, there are more free water molecules in the micellar
core where there are no interactions with the polar head of AOT.
Therefore, at a high W0 value, the AP localized in the center of
RMs has the catalytic region better solvated due to major
concentrations of free water. In other words, when the water
content increases in the RMs systems, the RMs interfaces and
Table 4 Summary of experimental kinetic parameters of the enzymatic
water, at W0 = 10 and different pH

Kinetic parameters

ML/AOT/water

pH = 7 pH =

kcat (s
−1) 0.22 � 0.02 0.18

KM (M) × 10−5 6.97 � 0.60 5.74
kcat/KM (M−1 s−1) 3156 � 112 3300

1198 | RSC Adv., 2023, 13, 1194–1202
the catalytic regions of the enzyme are fully solvated and,
consequently, the catalytic efficiencies increase in both systems
RMs.

It is necessary to highlight that the catalytic efficiency found
in IPM/AOT/water systems compared to the ML/AOT/water
systems, at the same W0 is always higher. That is, in the ML/
AOT/water system at W0 = 2, W0 = 6, W0 = 10, the kcat/KM

values found are 681 M−1 s−1, 2454 M−1 s−1 and, 4878 M−1 s−1,
respectively; while in IPM//AOT/water systems the values found
are 1144 M−1 s−1, 5555 M−1 s−1 and, 12 810 M−1 s−1 at the same
W0 value (see Tables 1 and 2).

These results could be explained considering the chemical
structure of the external solvents and the penetration to the
RMs interfaces. Previous studies have shown an interesting
comparison of water properties inside AOT RMs formed in two
biocompatible solvents: ML and IPM.11,50 The droplet size
values, the maximum amount of water solubilized, and the
aggregation number of both AOT RMs are dissimilar consid-
ering the chemical structure of the external solvents.51 In the
same way Girardi et al.50 studied the micropolarity and
hydrogen bonding capacity of the RMs interfaces of LM/AOT
and IPM/AOT by using the solvatochromism of a molecular
probe: 1-methyl-8-oxyquinolinium betaine and infrared spec-
troscopy. They showed that the water molecules in the inter-
faces form stronger hydrogen bond interactions with the polar
head of AOT in ML than in IPM RMs media. This was explained
considering the better penetration of the IPM solvent to the
interface of the RMs systems.11 In other words, when the solvent
can penetrate the AOT interfaces disturb the hydrogen bond
interaction between water and AOT with the consequent
changes in the RMs sizes and water structure. As a conse-
quence, in the system formed by IPM/AOT/water, there is
greater availability of free water in the center of RMs to stabilize
the active sites of AP, in comparison with ML/AOT/water RMs.11
hydrolysis reaction of 1-NP in RMs of ML/AOT/water and IPM/AOT/

IPM/AOT/water

10 pH = 7 pH = 10

� 0.03 0.37 � 0.04 0.32 � 0.03
� 0.60 22.02 � 1.10 2.42 � 0.20
� 120 1680 � 93 13 223 � 310

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Schematic representation of the effect on ML/AOT/water, (a) water at pH= 7 and (b) water at pH= 10 RMs. The product is generated
in the aqueous pool, migrates, and interacts with the interface. In this way, the AP perceives the same environment around the catalytic regions if
the RMs are formed at different pH.
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These facts are the main reason why catalytic efficiencies in
IPM/AOT/water systems are always higher compared to ML/
AOT/water systems, at the same W0 value.

Effect of AOT concentration in RMs systems. Water at pH =

10. To extend the kinetic studies of the different systems, we
evaluated how the variation of the AOT concentration affects the
kinetic parameters. Fig. 4a and b show the effect of AOT
concentration on the reaction rate in ML/AOT/water and IPM/
AOT/water RMs, respectively. The experimental data were
analyzed in a similar way to that discussed above and the kinetic
parameters obtained are summarized in Table 3.

Since AP and 1-NP are soluble in the aqueous pool of the
RMs, a variation in the concentration of AOT should not change
the kcat/KM values. It can be appreciated that the kcat/KM values
do not change with the AOT concentration for ML/AOT/water
(z2570 M−1 s−1) RMs system. However, surprisingly for the
IPM/AOT system the kcat/KM decreases by an order of magnitude
at low AOT concentrations. This is difficult to explain, probably
the penetration of the solvent may be the cause. Thus, the
difference in kcat/KM with the surfactant concentration can be
attributed to the ability of the external solvent to penetrate the
© 2023 The Author(s). Published by the Royal Society of Chemistry
interfaces of the RMs formed by ML and IPM, respectively,
which may cause differences in the enzyme-substrate interac-
tion (KM).

In systems where external solvents do not penetrate the
interface such as n-heptane and ML,11 water molecules have the
same capacity to solvate the AOT polar head at any surfactant
concentration.11 In other words, the kcat/KM values obtained for
ML/AOT/water are not surprising since the interface is solvated
similarly and the free water molecules are in the center of RMs,
independently of AOT concentration. That is, the interfacial
water molecules interact and form a hydrogen bond with the
AOT polar head, so the free water in the center of the RMs has
the same availability to stabilize the AP active sites at any AOT
concentration. However, the situation is different for IPM/AOT/
buffer RMs systems where there is a signicant decrease in the
kcat/KM ratio value at low AOT concentration. Also, the KM value
is greater than at high AOT concentration (Table 3), being
smaller the enzyme-substrate interaction and, consequently,
the enzyme efficiency. It is interesting how two biocompatible
solvents with a similar structure have different behavior in AOT
RMs and can modify the aqueous interface in presence of water,
RSC Adv., 2023, 13, 1194–1202 | 1199
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Scheme 4 Schematic representation of the effect of pH inside of IPM/AOT/water RMs. (a) Water at pH = 7 and, (b) water at pH = 10. At pH: 7, 1-
naphthol does not interact with the interface and is located near the AP. The enzyme is not active under these conditions. In the presence of
water at pH = 10 in RMs, the AP is surrounded by OH− and 1-naphtholate, so the enzyme is active.
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and be sensed by the enzyme localized in the pool aqueous of
RMs.

Buffer effect on the hydrolysis reaction in RMs. It is known
that in homogeneous medium, AP needs a high pH value (10)
for optimal activity. As was previously discussed for water, the
kcat/KM determined for the enzyme is 2.15 × 104 M−1 s−1 in the
optimal conditions, pH = 10. However, the reaction is not
observed without the presence of the enzyme or, at pH = 7 as
can be observed in Fig. S4.† Nevertheless, when an enzyme is
encapsulated inside RMs, one question to answer is whether it
is necessary to use a buffer since the properties in the aqueous
pool of RMs are different from homogeneous media due to the
connement effects. In this way, it is known that RMs of
aqueous AOT show a particular behavior concerning pH and the
traditional concept of pH cannot be discussed. For example, it
has been shown that in AOT/n-heptane a proton gradient exists
inside the RMs toward the interface leaving the interior
1200 | RSC Adv., 2023, 13, 1194–1202
neutral.52 Furthermore, it was found that the interface of the
AOT RMs has the acceptor capacity of hydrogen bonds, even
using basic solutions. Silva et al.53 found that the non-ionized
form of phenols is the most stable species within the AOT
RMs even at very high OH− concentrations. This was attributed
to hydrogen bond interaction at the AOT RM interface, where
phenolic hydroxyls were held close to the anionic surfactant
groups through hydrogen-bonding interaction. For that reason,
it is incorrect to assume that the pH of the solution used to
prepare the RMs will necessarily be the same as that of the RM
interface.

Here, the effect of the pH value on AP enzymatic activity in
both micellar systems was studied. The behavior of AP inside
ML/AOT and IPM/AOT RMs, in the presence of pure water, was
investigated and compared with the water (pH = 10). We found
that the enzymatic catalysis in ML/AOT and IPM/AOT RMs, in
the presence of water at both pH values (7 and 10), shows a UV-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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vis absorption band at lmax = 323 nm, corresponding to the
formation of 1-naphthol as the reaction product. Fig. 5 shows
the typical prole of the reaction rate at different 1-NP
concentrations for IPM/AOT RMs, in the presence of pure water
and water (pH = 10). The experimental data were analyzed in
a similar way to that discussed above and the kinetic parame-
ters obtained are summarized in Table 4.

It can be seen from Table 4, that in ML/AOT RMs there are no
appreciable differences in the catalytic efficiency values of the
enzyme when water at pH = 7 and pH = 10 is used. To explain
these results, an analysis of the hydrolysis reaction inside AOT
RMs was performed taking into account the possible interaction
between the reaction product and the RMs interface. Thus, as
ML molecules do not penetrate the RM interface, AOT mole-
cules are prompted to make hydrogen bond interactions with
any protic molecules that are around. At pH = 7, water mole-
cules and 1-naphthol make a strong hydrogen bond interaction
with the AOT component of the micelles and, the enzyme is not
disturbed by the acidic product.

In presence of OH− at pH = 10, the reaction product 1-
naphtholate is initially generated inside the aqueous pool. Aer
that, and as it was previously demonstrated with other phenols,
is converted to 1-naphthol and the driving force is the strong
hydrogen bond interaction with AOT molecules.53 Thus, for AP
located in the RM water pool, the enzyme is always solvated by
water molecules independently if the pH value is 7 or 10
(Scheme 3).

However, the catalytic efficiency found in IPM/AOT/water
RMs using water (pH = 10) compared to the one found at pH
= 7, is signicantly higher at the same aqueous pool content. As
can be seen in Table 4, the kcat/KM values for pH = 10 and pH =

7 are 13 223 M−1 s−1 and 1680 M−1 s−1, respectively. As IPM has
a greater ability to penetrate the interface of AOT RMs, it could
modify the hydrogen bond interactions with the AOT. That is,
the IPM penetrates the micellar interface, so the water and 1-
naphthol molecules cannot form hydrogen bond interactions
with the polar head of AOT, independently of the aqueous pool
made up of water at pH = 7 or pH = 10 (see Scheme 4). Even
more, for pH = 7 the reaction product is the 1-naphthol. So it is
possible to assume that the 1-naphthol does not give 1-naph-
tholate due to the lack of hydrogen bond interaction with the
AOT at the interface. Thus, probably AP loses its activity if it is
surrounded by the acidic 1-naphthol, as it happens at pH 7 in
pure water (Scheme 4). This fact can be the reason that we
observe a low catalytic efficiency in IPM/AOT/water RMs at pH=

7 in comparison to pH= 10. In contrast, in IPM/AOT/water RMs
at pH = 10, the enzyme is active since the AP is surrounded by
OH− and 1-naphtholate molecules.

Conclusion

This work shows how AOT RMs formed in two different
biocompatible solvents, ML and IPM, are used in the hydrolysis
of 1-NP by AP and very valuable information is obtained about
different RMs properties. The catalytic efficiencies increase in
both systems micellar when the water content increases
because the enzyme is better solvated when the water content is
© 2023 The Author(s). Published by the Royal Society of Chemistry
high. However, the penetration capacity of the external solvents
in the micellar interface determines the catalytic activity of the
AP, despite the similarity in the nonpolar solvent's structures.
LM is a solvent that can not penetrate the AOT RMs while IMP
can do that easily and, this behavior has dramatic consequences
on the enzyme performance. For example, the solvent penetra-
tion makes that the IPM/AOT/water has greater availability of
free water in the polar core of the RMs to hydrate the active sites
of AP, increasing the catalytic efficiency of this system in
comparison with ML/AOT/water RMs. Also, the catalytic effi-
ciencies do not change with the concentration of surfactant in
the RMs of ML/AOT/water (z2570 M−1 s−1), but it decreases by
an order of magnitude at low AOT concentrations in IPM/AOT/
water. At low AOT concentrations, the IPM penetrates less to the
interface making more rigid than the AOT RMs since there is
less competition between IPM and the water molecules to
solvate the polar head of AOT. Consequently, there is less
availability of free water in the polar core of the RMs and the
kcat/KM value decreases.

Finally, the results found using water at pH 7 and 10
demonstrate that the pH concept cannot be used directly in
a conned environment such as RMs. Specically, it is incorrect
to assume that the pH of the solution used to prepare the RMs
will necessarily be the same as that of the micellar interface
since in LM/AOT RMs the enzyme efficiency is the same
regardless of the pH value used for the experiment. It is worth
highlighting that, in homogeneous media AP only works at pH
= 10.
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