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Abstract In this contribution, we have studied the effect of
replacing anionic surfactant 1,4-bis(2-ethylhexyl)
sulphosuccinate (AOT) by nonionic surfactant(s) of varying
hydrophilic-lipophilic balance (HLB) on the structure, dy-
namics and activity of water encapsulated in reverse micelles
(RMs) formed in a biocompatible oil isopropyl myristate
(IPM). The sizes of the RM droplets are measured using dy-
namic light scattering (DLS) technique, while the structure of
water in the RM waterpool is determined using FTIR spec-
troscopy. The solvation dynamics in these systems is obtained
by time-resolved fluorescence spectroscopy using ammonium
8-anilino-1-naphthalenesulfonate (ANS) as the fluorophore.
We spectroscopically measure the enzymatic activity of α-
chymotrypsin on the substrate Ala-Ala-Phe-7-amido-4-meth-
yl-coumarin (AMC) in these mixed RM systems. It has been
found that the rate could either be enhanced or reduced de-
pending on the HLB of the added Brij(s). Such result could be
found useful in modulating the reaction for specific
applications.
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Introduction

Reverse micelles (RMs) have emerged as a potential
nanoreactor system to mimic biological environment and to
host many enzyme-catalysed reactions as enzymes can be
sheltered and protected from the solvents within RMs [1–3].
The water molecules inside RM waterpool offer markedly
different physical behaviour compared to those of the bulk
owing to their confinement and interaction with the RM sur-
face [4]; these physical properties could systematically be
tuned by altering the interface charge type, extent of hydration

(w0 ¼ water½ �
surfactant½ � ), addition of electrolyte etc. Enzyme kinetics

rate in RM depends upon several factors like the microenvi-
ronment in the surroundings of the enzyme and the substrate,
the partitioning of the substrate between the RM droplets and
the external solvent, surfactant concentration, their charge
type, w0 etc. There have been a number of previous studies
where the rate of enzyme kinetics in RM has been controlled
by the change of hydration number (w0), surfactant concentra-
tion, substrate partition, pH of the buffer solution, salt concen-
tration, temperature, nature of surfactant etc. [5–13]. Howev-
er, the possible role of hydration dynamics in governing such
kind of reaction has rarely been addressed [14]. Moreover,
most of the earlier studies were carried out with 1,4-bis(2-
ethylhexyl)sulphosuccinate (AOT), a well-studied biocompat-
ible anionic surfactant [15–17] that has been considered as a
model system for micellar enzymology also in hydrocarbon
oils [18–20]. There has been only limited number of efforts to
introduce another variable in terms of mixing of surfactants to
regulate the reaction kinetics [5, 21]. Also, the biocompatibil-
ity of the hydrocarbon oils used in the earlier studies remains a
major concern for biotechnological applications. To address
this issue, we have investigated the water structure, dynamics
and rate of an enzyme catalysis reaction in mixed RM systems
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composed of anionic AOT and nonionic Brij surfactant(s) of
varying hydrophilicities in a biocompatible oil, isopropyl
myristate (IPM) [22].

The physical properties of water entrapped in RM
waterpool can be varied by simply tuning the surfactant
charge type as well as its hydrophilic-lipophilic balance
(HLB) [23] (HLB of a surfactant is a measure the extent of
its hydrophilicity or lipophilicity and can be calculated follow-
ing the definition by Griffin [24]). We have initiated a system-
atic approach to understand the altered hydration dynamics
and activity in mixed RM systems [25–27]. It has been con-
cluded that for an anionic-nonionic mixed RM system, the
activity can be tuned linearly [25]. However, such a trend is
not followed in a nonionic-nonionic mixed system in which
the partition of the substrate governed by the HLB plays a key
role in determining the reaction kinetics [27]. In the present
investigation, our aim is twofold: (i) to form stable AOT RMs
using a biocompatible oil IPM and to modulate the interfacial
charge type by doping Brij(s) of different HLB into it. In
addition, we also investigate the change in the water structure
and dynamics inside the mixed RM waterpool; (ii) to investi-
gate an enzyme catalysis reaction in which α-chymotrypsin
(CHT) cleaves the peptide linkage of the substrate Ala-Ala-
Phe-7-amido-4-methyl-coumarin (AMC) in these mixed RMs
and whether mixing of surfactants can serve as a regulator of
the reaction kinetics. From previous studies [5, 20, 28, 29], it
has been reported that at w0 = 10 hydration level, the activity
and size for accommodation of enzyme CHT are optimum;
therefore, we choose this hydration level for enzymatic hydro-
lysis. In order to modulate the interfacial stoichiometry, we
have used three different Brij series of different hydrophilicity,
namely, Brij-30/Brij-35 (having 12 carbon alkyl units), Brij-
52/Brij-58 (having 16 carbon alkyl units) and Brij-92/Brij-97
(having 18 carbon alkyl units). The corresponding polyethyl-
ene oxide (PEO) units are 4 and 23, 2 and 20 and 2 and 10,
while their HLB values are 9.7, 16.9, 5.0, 16.0, 4.0 and 12.0,
respectively. We replace AOT with the Brij(s) in the RM in-
terface at a constant mole fraction of Brij [X Brij ¼ nBrij

nAOTþnBrij
] of

0.1 keeping the total surfactant concentration in oil fixed at
0.2 M. The sizes of the RM droplets are determined using
dynamic light scattering (DLS) technique. The water structure
inside RM is obtained using mid-infrared Fourier transform
infrared spectroscopy (MIR FTIR) technique, while the dynam-
ics of the entrapped water is estimated using time-resolved
fluorescence spectroscopy (TRFS) with ammonium 8-anilino-
1-naphthalenesulfonate (ANS) as the emitting fluorophore.

Materials and methods

The following chemicals (Scheme 1) lyophilized CHT pow-
der, IPM, AOT, polyoxyethylene (4) lauryl ether (Brij-30),

polyoxyethylene (23) lauryl ether (Brij-35), polyoxyethylene
(2) oleyl ether (Brij-92), polyoxyethylene (2) cetyl ether (Brij-
52) , polyoxyethylene (10) oleyl ether (Bri j -97) ,
polyoxyethylene (20) cetyl ether (Brij-58), ANS, disodium
hydrogen phosphate dehydrate, sodium dihydrogen phos-
phate dehydrate and AMC were purchased from Sigma-
Aldrich and were used as received. AOTand all the Brijs were
individually dissolved in IPM at a concentration of 0.2 (M) to
prepare the respective stock solutions and then mixed in de-
sired proportions. The mole fraction of Brij(s) in the mixture
(XBrij) was kept fixed at 0.1. The calculated amount of water
was injected into the respective surfactant(s)/oil solutions to
produce the RMs of desired w0.

The water solubilization capacity (SC) of the RM systems
was determined following a titration method discussed earlier
[26, 27]. DLS measurements were carried out with Nano-S
(Malvern Instruments) employing a 4-mW He-Ne laser
(λ = 632.8 nm). The details of DLSmeasurement could be found
in our earlier study [30]. The aggregation number of the RMs is
calculated using a methodology described in the supporting in-
formation section. FTIR spectra with 4 % D2O in H2O in the
2200–2800 cm−1 window were recorded in a JASCO FTIR-
6300 spectrometer (transmission mode) using CaF2 window.
IPM has negligible absorbance in the studied frequency range.
In order to discard the absorbance of the surfactant(s), we take the
measured absorbance of thewetRM (i.e. surfactant(s)/IPM/water
mixture) after ensuring baseline corrections with the stock solu-
tions (i.e. dry RM, w0 = 0, binary surfactant(s)/IPM mixture).
This ensures the observed change in the absorption spectra due
solely to the encapsulated water (HOD) within the RMs.

Absorption and steady-state emission were measured with
Shimadzu UV-2450 spectrophotometer and Jobin Yvon
Horiba Fluorolog fluorimeter, respectively. Fluorescence tran-
sients were measured and fitted by using commercially avail-
able spectrophotometer (Life Spec-PS) from Edinburgh In-
strument, UK (excitation wavelength 375 nm, 80 ps instru-
ment response function (IRF)). The details of the time-
resolved measurements can be found elsewhere [31]. The
time-dependent fluorescence Stokes shifts, as estimated from
the time-resolved emission spectra (TRES), were used to con-
struct the normalized spectral shift correlation function or the
solvent correlation function C(t) defined as

C tð Þ ¼ v tð Þ−v ∞ð Þ
v 0ð Þ−v ∞ð Þ ð1Þ

where ν(0), ν(t) and ν(∞) are the emissionmaximum (in cm−1)
at time zero, t, and infinity, respectively. The ν(∞) values had
been taken to be the emission frequency beyond which an
insignificant or no spectral shift was observed. The C(t) func-
tion represents the temporal response of the solvent relaxation
process, as it occurs around the probe following its photoex-
citation and the associated change in the dipole moment.



For the enzyme kinetic measurements, aqueous stock solu-
tions of CHT were prepared in phosphate buffer (10 mM) at
pH 7.0 using double distilled water. The concentration of the
enzyme in aqueous buffer solution was kept fixed at 16 μg
ml−1. Enzyme activity measurements were performed using
AMC as the substrate. The concentration of the substrate in
aqueous buffer was calculated from the extinction coefficient
value of 15.9 mM−1cm−1 at 325 nm. The enzyme (CHT)
cleaves the substrate (AMC) and produces a free coumarin
derivative (Scheme 2). The absorbance of the product (cou-
marin derivative) was monitored at 370 nm in a Shimadzu
Model UV-2450 spectrophotometer. A cell of 1 cm path
length was used for the measurements in both aqueous buffer
(pH 7.0) and in RM. Enzyme–substrate reaction in the

aqueous buffer was initiated by the addition of an aliquot of
the stock aqueous enzyme solution in the pre-equilibrated
AMC buffer solution. The temporal change in the absorbance
at 370 nm was monitored as the release of 7-amido-4-methyl-
coumarin (ε370 = 7.9 mM−1 cm−1) shows significant absor-
bance while the substrate does not absorb at this wavelength.
The extinction coefficient of the product in AOT RM w0 = 10
is 11.19 mM−1 cm−1 [20]. The initial catalytic rates were mea-
sured in the time window where the absorbance varies almost
linearly with time. To measure the reaction rate in the RM
systems, the stock substrate was first injected into the
RM solution and stirred until the solution became clear.
Then the stock enzyme solution was added to it to
initiate the reaction.

Scheme 1 Molecular structure of
AOT, Brij-30, Brij-35, Brij-52,
Brij-58, Brij-92, Brij-97, IPM and
ANS



Results and discussion

Solubilization measurements

Water SC is one of the most essential criteria of an RM from
its application point of view. We measure the SC of the RMs,
and Table S1 depicts the maximum values (w0, max) of AOT
and mixed surfactant RM systems in IPM. AOT forms RM
with w0, max ∼ 24. SC of AOT + Brij(s) mixed systems in-
creases initially with increasing Brij content (XBrij) and then
decreases after passing through a maximum value (XBrij, max).
The observed optimum mixing ratios are XBrij-30, max = 0.2,
XBrij-35, max = 0.05, XBrij-52, max = 0.3, XBrij-58, max = 0.05, XBrij-
92, max = 0.3 and XBrij-97, max = 0.05 with the correspondingw0,

max values of 33.0, 26.0, 43.2, 29.0, 33.3 and 30.0 respective-
ly. The w0, max and XBrij, max values are dependent on the HLB
of the added nonionic surfactant. It has been observed that
XBrij, max is a function of the size and composition of the head
group of the added Brij(s) [32, 33]. Brij-35 (HLB ∼ 16) is
more hydrophilic than Brij-30 (HLB ∼ 9.7) and consequently
Brij-35 produces the solubilization maximum at a lower XBrij,

max value compared to that in Brij-30. The same trend is also
obtained for the Brij-52/Brij-58 and Brij-92/Brij-97 pairs. The
synergism observed in the SC of mixed RMs can be explained
in terms of the inter-droplet interaction and surfactant mono-
layer elasticity [32, 34]. IPM moderately penetrates at the RM
interface; accordingly, the interface becomes rigid which
eventually reduces the inter-droplet interaction and thereby
limits the SC [32, 35]. The interfacial bending stress of the
rigid interface is relaxed by the incorporation of Brij mole-
cules thereby accommodating more water, the extent of fluid-
ity being dependent on the PEO chain length of the added Brij
molecules. However, the induced fluidity on its turn increases
the attractive interaction between the droplets and thereby

limits the SC. The optimization of these two opposing effects
determines the observed XBrij, max and w0, max. Since Brij-97,
Brij-35 and Brij-58 have larger number of PEO units they
offer lower XBrij, max values.

DLS measurements

We estimate the size of the RM droplets using DLS technique
assuming the droplets to be spherical in nature. Figure S1
(supporting information section) depicts a representative scat-
tering intensity distribution for the studied RM systems at
w0 = 10. It is found that the distribution is essentially mono-
modal with the appearance of single peak for each of the
studied systems. The estimated hydrodynamic diameters of
the RMs are plotted as a function of w0 in Fig. 1a. The ob-
served droplet size of 9.3 nm at w0 = 10 of AOT/IPM system
is comparable to that obtained for AOT/hydrocarbon RM sys-
tems [26, 30]. It is observed that droplet size increases almost
linearly with increasing w0; this trend is indicative of the fact
that with increasingw0, the water content per micelle increases
rather than the formation of new micelles. It is interesting to
note that for w0 = 10, the size of the droplets does not change
appreciably for the low HLB Brijs (Brij-52 and Brij-92).
However, for the hydrophilic Brijs, the size is moderately
increased, the effect being the most prominent in Brij-35
where a twofold increase in the size is observed (Fig. 1b).
We estimate the aggregation number (Nagg) of the RMs using
the methodology described in the supporting information sec-
tion and is plotted as a function of water content (w0) in
Figure S2 (supporting information section). The aggregation
number obtained for AOT RMs is in good agreement with
previous studies [13]. Nagg follows a trend comparable to that
of the droplet size (Fig. 1a). It can be intuited that with the
addition of Brij, the charge interaction at the interface gets

Scheme 2 The splitting of the
substrate (AMC) with α-
chymotrypsin



reduced, which eventually accommodates more surfactant
molecules as has been also evidenced from the increase in
the droplet size. The effect seems more prominent for high
HLB number Brijs with larger PEO chains.

FTIR measurements

MIR FTIR is a potential tool to extract structural information
of water encapsulated in RM nanopool [36–38]. Instead of
pure water, the use of HOD molecule as a probe has been
shown to be advantageous, as the O–D band is decoupled
from the O–H band and appears in a region (2200–
2800 cm−1) which is comparatively free from other strong
absorptions [39, 40]. The O–D stretching band reveals only
the H-bonding interactions between water molecules as the
intra-molecular interactions between the two OH (or OD) os-
cillators in H2O (or D2O) molecules do not complicate the O–
H (O–D) stretching band contour as observed for pure water
[39]. The overall spectrum of pure water in this frequency
window produces a smooth curve peaking at ∼2508 cm−1

(not shown). For RM systems, however, the curves broadened
and could be deconvoluted into three Gaussian sub-bands
peaking at 2640 ± 10, 2545 ± 5 and 2450 cm−1. We
deconvolute the MIR spectra of all the RM systems into these
three Gaussian components, and the relative area contribution
of each curve is used to determine the abundance of different
types of water species inside the waterpool [41]. A represen-
tative result of the deconvolution of AOT RM at w0 = 10 is
depicted in Fig. 2a. According to the ‘three states model’, the
solubilized water in RMs can be identified as free water (FW),
bound water (BW) and trapped water (TW) molecules [41].
The FW molecules (∼2450 cm−1), occupying the cores of
waterpool of RMs, involve in strong hydrogen bonds with
the neighbouring water molecules. The second component
peaking at ∼2545 cm−1 involves the so-called bound water
which are unable to form fully developed hydrogen bonds
and somewhat stuck to the surfactant head groups. The third
type of water molecules absorbing in the high-frequency re-
gion (∼2640 cm−1) is generally dispersed among the long
hydrocarbon chains of surfactant molecules. We calculate
the relative area contribution of each curve towards the total
spectra and plot it as a function of w0 (Fig. 2b–d). For

understanding the effect of Brij inclusion on the entrapped
water, we plot the abundance of each type of water as a func-
tion of the HLB number of the Brijs in the insets of the each
corresponding plots.

We observe a high abundance of BW, which is a character-
istic feature of RMs [26, 42, 43]. The relative abundance of
FW increases, while those of BW and TW decrease as the
water content (w0) increases, which can be explained on the
basis of increasing bulk water content in the RM droplets with
increasing w0 as has also been evidenced from the increase in
the droplet size (Fig. 1a) [26]. Let us now consider the effect
of inclusion of Brij(s) of different HLBs. It can be observed
that except for the lowest HLBs (Brij-52 and Brij-92), the
water structure suffers considerable deviation from that of
the AOT-based RM system. The content of FW increases at
the expense of a concomitant decrease in the BW content,
while the content of TW is comparatively low and increases
from ∼2 to ∼4 % for HLB > 10. This trend does not exactly
follow the trend observed in the size distribution profile infer-
ring that apart from the size of the droplets, the interaction of
the surfactant head group with the embodied water molecules
plays a pivotal role in determining the physical properties of
water. As Brij molecules are doped into the AOT interface, the
ionic interaction is replaced by a feebler PEO-water interac-
tion which, in turn, decreases the content of BW molecules
and it follows a near-linear dependency with the PEO content
as well as the HLB of the added surfactant molecules.

Fluorescence measurements

Steady-state and time-resolved fluorescence are studied using
ANS as the fluorophore which is a well-known probe to ex-
tract information of microheterogeneous systems like RMs
[44–48]. It is important to note that ANS is a well-known
probe that can undergo twisted intra-molecular charge transfer
(TICT) upon photoexcitation [49] and hence its internal
photophysics is not that straightforward. However, water in-
side RM is less polar and highly viscous compared to bulk
water which minimizes the rate of non-radiative electron
transfer process and thus the TICT process, if any, does not
significantly affect the conclusions drawn from the fluores-
cence measurements [44]. Further support for such a

Fig. 1 a Average hydrodynamic
diameter of RMs at different
water contents (w0). b The size of
the mixed RM droplets at w0 = 10
as a function of the HLB
(hydrophilic-lipophilic balance)
of the added Brij. The dotted line
represents the size of AOT/IPM
RM



conclusion has also been obtained from the time-resolved area
normalized emission spectroscopy (TRANES) data (see later).

ANS produces absorption maximum (λabs
max ) (subtracted data

of λabs
max of dry (w0 ∼ 0) RM from those of the hydrated RMs) at

375 nm with a less intense shoulder at 350 nm in AOT/IPM
RM at w0 = 10 which is considerably red shifted compared to
that in pure water (∼350 nm) (Fig. 3a, inset). Figure 3b depicts
the emission profile of ANS in the studied RM systems at
w0 = 10; ANS produces emission maximum (λem

max ) at
515 nm in pure water and at 458 nm in dry AOT/IPM RM
system (w0 ∼ 0). The hydrated AOT/IPMRM system atw0 = 5
produces an emission peak at 470 nm which suffers a further
red shift of ∼4 nm atw0 = 15 (Fig. 3a, Table S1). The observed
shift is in comparable agreement with AOT/heptane RM sys-
tems using the same probe [47, 48]. The red shift is due to the
increased polarity of the waterpool since the relative popula-
tion of bulk water increases at higher w0 as has also been
evidenced from FTIR studies (Fig. 2b). ANS, being an anionic
probe, is expected to be contained in the core of the RM
waterpool owing to the electrostatic repulsion with the sulfo-
nate anionic head groups of AOT/IPM interface. At a fixed
w0 = 10, ANS produces an emission peak at 472 nm in AOT/
IPM RM system, which suffers a red shift as Brij is added in
the mixture (Table S1, Fig. 3b (inset)). A similar red shift has
previously been reported by Liu et al. [48] whenAOT/heptane
interface is doped with Brijs. Decrease in the ionic character of
the interface makes the ANS molecules shift towards the in-
terface and interacts with the polar PEO head group of Brij,

the interaction being pronounced in hydrophilic Brijs and thus
produces a larger red shift in the Δλem

max (Fig. 3b, inset).
In order to probe the dynamics of the encapsulated water,

we study the time-resolved emission spectroscopy. A repre-
sentative emission decay transient of ANS at three different
wavelengths in AOT/IPMRM atw0 = 10 is shown in the inset
of Fig. 3c. The decay transients of the probe in the blue end of
the spectrum (410 nm) could be fitted with multiple decay
components with time constants of 90 ps (64 %), 1050 ps
(25 %) and 5200 ps (11 %), whereas that in the red end
(600 nm) could be fitted only by considering an added rise
component of 1200 ps along with a decay component of
5900 ps. Such an observation is suggestive of the solvation
of the probe [50], and we construct the corresponding time-
resolved emission spectra (a representative plot for AOT/IPM
RM with w0 = 10 is shown in Fig. 3c). From the TRES, we
construct the corresponding solvent correlation function, C(t)
following Eq. 1. Some representative C(t) values for the stud-
ied RM systems at w0 = 10 are shown in Fig. 3e.

All the C(t) curves are fitted with bi-exponential decay
model, and the corresponding time constants are summarized
in Table S1. We calculate the average time constant,
< τ solv >¼ ∑

i
aiτ i . In order to check whether the observed

time-resolved spectral shift is associated with any internal
photophysics of the probe itself, we construct the TRANES
[51]; a representative plot is shown in Fig. 3d. No iso-emissive
point appears in the TRANES profile indicating the absence

Fig. 2 a FTIR spectrum of AOT/
IPM RM system at w0 = 10. The
black line is the experimental
curve. The spectrum is
deconvoluted into three Gaussian
curves peaking at 2450 cm−1

(red), 2545 cm−1 (green) and
2640 cm−1(blue). The grey broken
line represents the overall fit. b–d
The relative areas under each
deconvoluted curves as a function
of w0 for studied RM systems are
plotted. The insets of (b–d) show
the corresponding relative area of
the mixed RMs at w0 = 10 as a
function of the HLB of the added
Brij. The dotted line of each plot
is the relative area of the AOT/
IPM RM system



of multiple species of the probe and affirms the fact that the
probe remains as a single ‘species’ only. Therefore, the ob-
served time-dependent spectral shift can be attributed solely to
the inhomogeneity of the microenvironment experienced by
the probe. This study also excludes any possible TICT in ANS
which is frequently observed in bulk solvents [49]. It is im-
portant to note that because of the limited instrument resolu-
tion of the present investigation (IRF = 80 ps), we fail to detect
an ultrafast component of fluorescence signal resulting from
the rotational motion of bulk like water at the waterpool which
occurs in sub-ps time scale [4]. It is, however, important to
note that the enzyme catalysis reaction takes place mostly at
the RM interface [20] wherein the water molecules are some-
what restricted and slow, and thus, while correlating the water
dynamics with the enzyme activity, one can safely ignore the

contribution from the ultrafast fluorescence signals. We deter-
mine the loss in the dynamic Stokes shift using the procedure
developed by Fee and Maroncelli [52] where νpem(0) can be
calculated by the following equation:

vpem 0ð Þ ¼ vpabs− vnpabs−v
np
em

� � ð2Þ

where νpabs, ν
np
abs and νnpem are the absorption peak of ANS

in polar solvent, absorption peak in nonpolar solvent, and
emission peak in nonpolar solvent, respectively. We use
AOT/IPMw0 ∼ 0 as the nonpolar solvent (as ANS is insoluble
in IPM) with absorption and emission maxima occurring at
370 and 458 nm, respectively. Water is used as the polar sol-
vent in which ANS produces an absorption peak at 350 nm
and emission peak at 515 nm. We calculate a 33 % loss in the

Fig. 3 a Normalized emission
spectra of ANS in AOT/IPM RM
systems at different w0. The inset
shows the subtracted absorbance
of ANS inAOT/IPMRMsystems
at w0 = 10. b Normalized
emission spectra of different RMs
at w0 = 10. The inset shows
Δλemmax as a function of HLB of
the added Brij. c Time-resolved
emission spectra (TRES) of ANS
in AOT/IPM RM at w0 = 10. The
inset shows emission transients of
ANS in AOT/IPM RM at
w0 = 10 at three different
wavelengths. The solid lines are
the multi-exponential fits. d
Time-resolved area normalized
emission spectroscopy
(TRANES) spectra of ANS in
AOT/IPM RM at w0 = 10. e
Solvent correlation function, C(t),
in different RMs at a fixed
w0 = 10. The solid lines are bi-
exponential decay fits. f The
average solvation time constant of
ANS in the studied RM systems
as a function of w0. The inset
shows the average solvation time
atw0 = 10 as a function of HLB of
the added Brij while the broken
line is that for AOT/IPM RM



dynamical Stokes shift for w0 = 5 which then increases to 50 %
for w0 = 10–15. At w0 = 5, most of the water molecules solvate
the interface and hence less bulk water is present resulting in an
overall slower dynamics. As w0 increases, more ‘bulk’-like
water molecules surround the probe resulting in a greater loss
in the dynamical stoke shift. For the mixed systems, the loss is
relatively small; for the hydrophobic Brijs, the loss is 30–40 %,
while for the hydrophilic Brijs, the loss is smaller (15–30 %) at
w0 = 10. This indicates the relocation of the probe in the vicin-
ity of the interface in the high HLB Brij systems.

We plot <τs > as a function of w0 for all the systems in
Fig. 3f. It is evident that at a fixed composition, solvation
dynamics gets faster with increasing w0. We discuss the ob-
served trend inw0 = 10 system in details as the enzyme kinetic
measurements are carried out at this fixed hydration. For a
better comparison, we plot <τs > as a function of HLB number
of the added Brij in the inset of plot in Fig. 3f. For the hydro-
phobic Brijs, the solvation dynamics is more or less compa-
rable to that in AOT/IPM RM while for the hydrophilic Brijs,
it gets noticeably retarded. It is important to note here that
while discussing the solvation dynamics in restricted systems,
one needs to consider several factors, like the size of the RM
droplets (and hence the abundance of FW) and the location of
the probe inside the RM. The sizes of the RMs composed of
the relatively hydrophilic Brijs are bigger comparable to that
of AOT RM (Fig. 1a) and so also the relative abundance of
FW is higher (Fig. 2). Hence, the size factor itself does not
suffice to explain the observed retarded dynamics of these
RMs. The observed retardation in dynamics with HLB is also
in lieu of the decreasing content of BW (Fig. 2c). To explain

this apparent ambiguity, one has also to consider the location
of the probe in the waterpool and the microenvironment it
experiences including a possible solvation by the PEO chains.
Addition of Brij reduces the negative charge density at the RM
interface, which induces a larger population of ANS to relo-
cate themselves in the vicinity of the interface (which also
receives support from the increased fluorescence signal recov-
ery and consequently to report a retarded dynamics). The ob-
served overall dynamics is an optimization between these two
opposing factors. For the hydrophobic Brijs, the PEO chains
are less in number to offer only marginal effect in the charge
screening eventually resulting in a subtle change in the dy-
namics. For the hydrophilic Brijs, however, the charge screen-
ing is considerable to overwhelm the effect of increasing drop-
let size and increasing FW contribution to make the dynamics
eventually retarded.

The FTIR study thus reveals an increase in the content of
FW with increasing hydrophilicity of the Brij added. It could
be inferred that it is the inclusion of Brij head group in the
AOT interface that causes the reduced abundance of BW.
Such a conclusion is also supported by the TRFS study using
ANS as the fluorophore.With this background, we investigate
the enzyme kinetics in the mixed RM systems.

Enzyme kinetics study

We study the hydrolysis of AMC catalysed by CHT (Scheme
2), a well-known serine protease globular protein with a molar
mass of 24.8 kDa and dimension of 4.0 × 4.0 × 5.1 nm3 [28]
that selectively cleaves the peptide bond of amino acids in

Fig. 4 a Normalized absorption
spectra of the substrate and the
product. b Representative kinetic
plots for enzymatic hydrolysis
reaction of 25 μM AMC by CHT
(16 μg ml−1)) in different RM
systems and in water. c Initial
reaction rate in the studied RM
systems as a function of the
substrate (AMC) concentration. d
Rate of reaction as a function of
HLB number of the added Brijs at
three different substrate
concentrations of 11, 25 and
38 μM. The dotted lines are the
rate obtained in AOT/IPM RM at
the corresponding substrate
concentration, and all the kinetic
measurements in RM have been
carried out at fixed w0 = 10



protein [53]. The dimension of the protein is larger than the
RM waterpool diameter at w0 = 10 and thus is suitable to be
solubilized in both AOT and the mixed RM systems. Upon
hydrolysis, the peptide sequence containing phenylalanine
(Phe) is cleaved from AMC. The product 7-amino-4-
methylcoumarin shows an absorption peak at 370 nm
(Fig. 4a). We determine the initial reaction rate from the slope
of the product absorption vs. time profile at different substrate
concentrations fixing the enzyme concentration to 16μgml−1.
In a representative kinetic profile, the concentration of the
product (measured from the absorbance at 370 nm) as a func-
tion of time for different systems (water and RMs) with 25μM
AMC and 16 μg ml−1 CHT is shown in Fig. 4b. The measured
initial reaction rates for all the systems are plotted as a function
of the substrate concentration in Fig. 4c. The temporal chang-
es in the product absorption in RM are found to be distinctly
smaller compared to that in pure water. However, the varia-
tions in the slopes for the different RM systems at w0 = 10 are
distinguishable as observed from Fig. 4b, d. The observed
rates also vary with the type of Brij added. It is clearly evident
that the rate of enzyme hydrolysis for Brij-35-containing sys-
tem (HLB = 16.9) is distinctly small compared to that of the
other mixed systems, and the difference increases with the
increase in the substrate concentration. It has been reported
earlier that the velocity of enzymatic reaction in RM is about
two orders of magnitude slower than that in the buffer solution
[20]. Keeping in mind that the global structure of CHT is not
expected to change in any of the studied RM systems as the
waterpool sizes are larger than the protein itself, the observed
change in the kinetics is caused either by the modification of
water nucleophilicity inside the mixed RMs and/or the
partitioning of the substrate population in the organic and
aqueous phases in the mixed RM.We observe that when Brijs
with smaller HLB (Brij-52 and Brij-92) are doped into the
AOT interface, the initial rate increases, whereas Brijs with
higher HLB decrease the rate, and the decrease is drastic in
Brij-35-containing system. This makes the mixed system a
perfect biocompatible tool in which reactivity can be regulated
and even be enhanced.

The catalytic activity of CHT in RM systems is a well-
studied phenomenon [19, 20, 54–56]; however, less impor-
tance has been paid on the mixing of surfactant at the interface
[21] as a possible regulator of the reaction [14] and also an
enhancement in the activity has not been observed earlier. The
peptide cleavage by CHTessentially occurs through a catalyt-
ic triad composed of Ser195, His57 and Asp102 in which
water acts as a nucleophile to cleave the acyl-enzyme inter-
mediate complex [57]. Several factors contribute to the rate of
the reaction, viz. change in the polarity of the entrapped water
which eventually affects the apparent pKa at the active site of
the enzyme [58] or interaction of the RM interface with the
enzymes making it less mobile [18, 59] or reduced substrate
inhibition [60] etc. Since AMC is sparingly soluble in

hydrocarbons but soluble in the RM, the catalysis reaction
essentially takes place at the interface [20]. Earlier studies
have confirmed that encapsulation of CHT in RM waterpool
does not significantly alter the tertiary structure of CHT [61,
62]. Thus, the rate of the reaction is primarily governed by the
protein-substrate interaction and the physical properties of
water at the interface. The dynamic equilibrium between the
BWand FW present in the restricted environments plays a key
role in determining the kinetics of simple nucleophilic reac-
tions in such systems [63, 64]. Since the reaction takes place at
the interface, unlike in pure water, it is the water structure at
the interface, specially the BW that eventually plays the key
role in regulating the kinetics. FTIR and TRFS studies have
revealed that the relative population of such ‘nucleophile’wa-
ter is relatively less and consequently, the kinetics is slower in
the AOT/hydrophilic Brij systems compared to the AOT RM
itself. On the other hand, AOT/Brij-52 and Brij-92 systems
have comparable size as well as comparable abundance of
BWand thus, the increased rate of hydrolysis in these systems
can only be explained on the basis of enzyme–substrate inter-
action. Perhaps the partially reduced charge of AOT by Brijs
makes the CHT-AMC interaction more viable compared to
that in ionic AOT RM. In order to explain the highly reduced
activity in Brij-35 systems, one has to consider an additional
factor in the form of the size of the RM droplet which is
relatively large for the AOT/Brij-35 system (Fig. 1b). The
big droplet size could induce an increased rotational freedom
of the encapsulated CHT [29, 65], thereby partially decreasing
the approachability of the substrate to the enzyme active site.
As a result, the enzyme hydrolysis rate decreases severely for
Brij-35-containing system relative to the other mixed systems
as shown in Fig. 4d. This argument receives support from
previous studies in which a bell-shaped w0 vs. activity profile
has been reported with the maximum being observed at
w0 = 10 as this hydration level provides with the perfect size
to accommodate CHT [28, 29].

Conclusions

Reports on the formation of stable AOT RMs using a biocom-
patible oil IPM are available in the literature [32, 35]; howev-
er, the physical properties of the entrapped water in these RMs
have not been properly known. Our study concludes that the
physical properties of water are comparable to that in the RMs
formed in conventional hydrocarbon oils [26, 30]. We have
modified the interfacial charge type of AOT RM with the
incorporation of nonionic Brij surfactants of different HLBs
into it and studied the altered structure and dynamics of
entrapped water in these mixed RMs. It was observed that
addition of rather low HLB Brijs offers only marginal effect
on the size of the RM droplets as well as aggregation number,
whereas high HLB Brijs induce considerable enlargement of



the droplet size. FTIR studies conclude that the relative abun-
dance of free water increases with increasing HLB with a
concomitant decrease in the content of bound water. Time-
resolved fluorescence measurements, however, show an ap-
parently surprising result as the dynamics get retarded with
addition of high HLB Brijs, which in turn can be explained by
considering the relocation of the probe near the interface as the
PEO head groups of Brijs populate the interface reducing the
effective charge of the AOT head group.

The second major objective was to underline the change in
the activity of entrapped water upon mixing of surfactants and
for that we have studied the enzymatic hydrolysis of AMC
catalysed by CHT in different mixed RMs. The enzymatic
activity in RMs has been reported to be dependent on various
physical parameters of the RM [5–13]. However, our study
was aimed to open a new and easy avenue to regulate the
reactivity. We found that the activity increases with the addi-
tion of low HLB Brijs while it decreases with high HLB Brijs
and hence the enzyme kinetics in mixed RM system can be
tuned by simply varying with HLB number of nonionic Brij
surfactant keeping the other parameters unaltered. Our study
thus provides a new route to regulate and even to enhance the
reaction rate in RM systems according to the purpose and
could be found useful for future applications, taking into con-
sideration the non-toxicity of the components involved.
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