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Abstract The kinetics of the hydrolysis of p-nitrophenyl
diphenyl phosphate (PNPDPP) by hydroxamate ions
(R’(C=0O)N(RO") such as octanohydroxamate (OHA™) and
decanohydroxamate (DHA™) was investigated in dioctade-
cyldimethylammonium chloride (DODAC) and didodecyl-
dimethylammonium bromide (DDAB) vesicles. The
physicochemical properties of these surfactants were studied
by conductivity and fluorescence measurements at 300 K.
The hydrolysis of PNPDPP was studied in a vesicular sys-
tem by using hydroxamate ions (OHA™ and DHA") at
300 K. The different catalytic effects of hydroxamate ions
for the hydrolysis of PNPDPP in the vesicles were deter-
mined. All reactions followed pseudofirst-order kinetics.
The reactivity of DHA™ was found to be higher than that of
OHA™ in the vesicular system toward the cleavage of phos-
phate ester. Further, the binding constants (K) and free
energy change (AG) for the associations of PNPDPP with
DODAC and DDAB vesicles were determined spectropho-
tometrically as well as from the Benesi—Hildebrand (B-H)
plots. The pseudophase model was applied for the quantita-
tive treatment of the kinetic data in the vesicle systems.
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Introduction

Vesicles, or liposomes, first studied by Bangham in 1960, are
important parts of the biological cell and control the flux of
tiny molecules into and out of the cell and compartmentalize
the cell contents. Vesicle self-assembly structures developed
outside cells are key structures in developing biosensors and
drug delivery vehicles (Alessandrini & Facci, 2014; Gunnars-
son et al., 2015; Hardy, Nayak, & Zauscher, 2013; Kandpal
et al., 2017; Mashaghi et al., 2014; Pross, 2004). Because of
their arrangement, fluctuation, and basic properties, vesicles
are also important in cosmetics and food and chemical indus-
tries (Keller, 2001; Laouini et al.,, 2012; Laouini, Jaafar-
Maalej, Sfar, Charcosset, & Fessil, 2011; Lian & Ho, 2001;
Maurer, Fenske, & Cullis, 2001; Samad, Sultana, & Agqil,
2007). Vesicles have striking biological properties (anti-bacte-
rial activity) as well as biocompatibility and biodegradability.
They show promise in delivering encapsulated drugs to spe-
cific target sites and are especially applied in cancer treatment
for sustained drug release (Uhumwangho & Okor, 2005).
Vesicular properties can also be applied in the delivery of
ingredients in the cosmetics industry (Betz, Aeppli, Menshu-
tina, & Leuenberger, 2005). They offer great advantage
because they are well hydrated and reduce the dryness of skin,
which is a primary cause of aging. They are also being used
in the treatment of hair loss; minoxidil, a vasodilator, is the
active ingredient in products like Rogaine, which prevent or
slow hair loss (Goymann, 2004; Lautenschliger, 2006). Vesi-
cles or liposomes are also of importance in food products like
dairy products preparation, in the stabilization of food compo-
nents against degradation, and in enhancing the efficiency of
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antimicrobial peptides. A typical example is the preserva-
tion of cheese, where vesicles or lipids can make the
cheese ripening times shorter by 30-50% (Mozafari, John-
son, Hatziantoniou, & Demetzos, 2008; Taylor, Davidson,
Bruce, & Weiss, 2005). A variety of organic reactions in
micelles are considered as a consequence of their catalytic
properties (Klijn & Engberts, 2003; Rispens & Engberts,
2001). Accordingly, bilayer aggregation provides distinct
microenvironments for reactions. Vesicle bilayers are not as
versatile as monolayers. They provide significantly more
rigid interiors than micelles. Vesicle-entrapped water pools
provide further distinctive environments. Some of the most
investigated cationic vesicles such as didodecyldimethylam-
monium bromide (DDAB) and dioctadecyldimethylammo-
nium chloride (DODAC) homologue double-chain vesicle-
forming cationic lipids are extensively reported (Proverbio,
Schulz, & Puig, 2002). Feitosa et al. (2006) reported interest-
ing characteristics and behavior for the difference in chain
length of these lipids (C;g and Cy,). It has also been reported
that cationic surfactants tend to increase the phase transition
temperature (7;,) of these lipids as compared to micelle-
forming nonionic surfactants (Barreleiro, Olofsson, Bonassi,
& Feitosa, 2002).

Hydroxamate ions are effective deacylating and depho-
sphorylating agents, and their properties can be improved by
comicellization with a surfactant in water. In recent studies of
the reactions of nucleophilic reagents with carboxylate and
phosphate esters, a significant catalytic activity has been
observed. Over the pH range 6.7-11.4, bifunctional nucleo-
philicity of the hydroxamate ion has been documented
(Satnami et al., 2010; Satnami, Karbhal, & Dewangan, 2014).
Octanohydroxamic acid (OHA) and decanohydroxamic acid
(DHA) are derivatives of hydroxylamine hydrochloride. They
play a relevant role in biological activities as collagen inhibi-
tors, antibiotics, and anti-inflammatory, and anticancer agents
(Clare, Scozzafava, & Supuran, 2001; Kikuchi et al., 2002;
Komatsu et al., 2001; Munoz, Graciani, Rodriguez, & Moya,
2003). To our knowledge, no catalytic studies have been
reported with vesicles employing the kinetic properties of cat-
ionic vesicular surfactants (DODAC and DDAB) with OHA
and DHA. Therefore, in this article we describe the compara-
tive analysis of the nucleophilicity of hydroxamate ions
(OHA™ and DHA") toward the reaction of p-nitrophenyl
diphenyl phosphate (PNPDPP) in the presence of. DODAC
and DDAB as the vesicle-forming surfactants (Chart 1).

Experimental
Materials

All the reagents, procured from Sigma-Aldrich Chemicals
Pvt. Ltd. (Bangalore, India), were of the highest available
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grade, and used without further purification. Ultrapure
(MilliQ-plus) water was used to prepare all stock solutions.
OHA and DHA were synthesized by the reaction of ethyl
octanoate and ethyl decanoate, respectively, with hydroxyl-
amine hydrochloride (Roe & Swern, 1950). DODAC and
DDAB were supplied by Sigma-Aldrich (Sigma-Aldrich
Chemicals Pvt. Ltd., Bangalore, India) and were prepared
by Fendler’s procedure (Feitosa & Brown, 1997; Kano,
Romero, Djermouni, Ache, & Fendler, 1979).

Vesicle Preparation

The typical procedure of vesicle preparation consists of
sonic dispersions of the vesicles (DODAC and DDAB)
above their gel-to-liquid crystalline phase transition temper-
ature T, (48 and 15 °C, for DODAC and DDAB, respec-
tively; Soltero et al., 2000). DODAC and DDAB vesicles
were spontaneously prepared by simple dilution of the sur-
factant (5.0 mM) in water. The DODAC/water mixture was
then warmed to 60 °C (safely above the DODAC T, = 48
°C) for complete DODAC solubilization under sonic dis-
persion in water using a PCI Analytics bath sonicator for
25 min (Scheme 1). Since the T, of DDAB is lower
(15 °C) (Barreleiro et al., 2002) than room temperature, it
was mixed with an aqueous solvent at room temperature
and kept standing for at least 24 h. After that, the samples
were equilibrated to room temperature and filtered through
a 0.45 pm pore size filter. To prepare the samples for
kinetic measurements, stock solutions were diluted to the
desired concentration. All measurements were done at the
desired concentration of 1.0 mM.

Conductance Measurement

Conductivity data were collected at 300 K with a Systronics
direct reading conductivity meter (Type 306). The accuracy
on the measured specific conductivity (k) is believed to be
better than +0.5%. The pure surfactant solutions were pre-
pared by diluting the concentrated stock solution. Conductiv-
ity measurements were made at different molar ratios by
subsequent addition of pure water to the concentrated solu-
tion of the surfactant mixture. Throughout the course of
experiments, the temperature setting remained undisturbed.

Fluorescence Measurements

Fluorescence spectra were recorded on a Cary Eclipse fluo-
rescence  spectrophotometer. Pyrene-1-carboxaldehyde
(PyCHO) was used as the fluorescence probe. During the
experiments, the excitation and emission slits were fixed at
3.0 and 1.5 nm, respectively. The concentration of the
probes used was 1.0 pM. Fluorescence spectra of the
PyCHO solution samples were recorded in the wavelength
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Chart 1 Compounds used in present investigation

range 375-600 nm. The excitation wavelength for PyCHO
was 365 nm. To each sample solution, 10 pL of PyCHO
stock solution was added. To avoid any dilution effect, the
same concentration of the PyCHO probe was taken in each
surfactant solution.

Kinetic Measurements

All reactions were performed at 300 K with an Evolution
300 Thermo Scientific UV-visible spectrophotometer
equipped with a Peltier thermal controller. All the kinetic
runs were followed under pseudofirst-order conditions in
which the concentration of the nucleophiles was at least
10 times higher than the initial concentration of the sub-
strates. The rates of nucleophilic reaction with the esters
were determined by following the increase in absorption of
the p-nitrophenoxide anion at 400 nm. All kinetic experi-
ments were performed at an ionic strength of 0.1 M (with
KCl). Phosphate and borate buffers were employed. For all

Somcatlon

Bllayer

of the kinetic runs, the absorbance/time results fitted very
well with the first-order rate equation.

(A —A) = In(A —Ag) —k (1)

The pseudofirst-order rate constants (k,ns) Were obtained
from linear plots of log (A, — Ay versus time. The spec-
trum shows (Fig. 1) an increase in absorbance at 400 nm
with the formation of the p-nitrophenoxide ion during the
course of the reaction.

Results and Discussion
Conductance Measurements

The aggregation behaviors of DODAC and DDAB vesicles
were studied using conductance measurements. The con-
ductance of aqueous DODAC and DDAB vesicles at tem-
perature (300 K) is presented in Fig. 2a, b. The critical
vesicle concentrations (CVCs) of DODAC and DDAB
have been reported as 1.0 and 2-2.5 mM (Farquhar et al.,
1996; Fontana, Maria, Siani, & Robinson, 2003) respec-
tively. The determination of the CVC of the vesicular sur-
factant at various concentrations of hydroxamate ions has
been well documented by Satnami and coworkers (2017),
who found that for all the studied systems, electrical con-
ductivity decreased with increasing concentration of
hydroxamate ions.

According to the Onsager theory of electrolyte conduc-
tivity, two linear regimes are expected in the conductivity
graph, one corresponding to the prevesicular region and
the other corresponding to the postvesicular region
(Bhattacharya & Kumar, 2005). Usually, the degree of ioni-
zation (a), taken as the ratio of the slopes of prevesicular
and postvesicular by conductivity, is linearly correlated to
the surfactant concentrations. In our previous work
(Kandpal et al. 2017), we also found that the CVC and
degree of counterion dissociation (a) of a vesicular surfac-
tant could be easily obtained by conductance

Uultilamellar
vesicle

Multilamellar
Vesicle

Scheme 1 Formation of vesicles
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Table 1 Critical vesicle concentration of aqueous DODAC and

2.00 DDARB vesicles obtained from conductivity and fluorescence intensity
175 Vesicle CVC (mM)
150 From From PyCHO fluorescence

g 125 conductivity intensity

c

[

€ 100 DODAC 1.23 1.12

[%]

2075 DDAB 2.33 2.32
0.50
025 values of DODAC and DDAB are found to be in accor-
-0.00 dance with those of the conductance measurements

200 250 300 350 400 450 500 550 600

Wavelength(nm)

Fig. 1 UV spectra collected at different reaction times for the produc-
tion of p-nitrophenoxide ion. Reaction condition: Temp. 27 °C;
[HA™] = 1.0 x 107> M; [PNPDPP] = 1.0 x 10~ M; [DODAC and
DDAB] = 0.1 x 107> M; [KCI] = 0.1 M; pH = 9.2 (borate buffer)

measurements. Table 1 shows the measured CVC of
DODAC and DDAB obtained conductometrically, which
shows good agreement with the reported values.

Fluorescence Measurements

In order to support the conductance results, fluorescence
measurements were also made.

For determining the CVC, the probe PyCHO was used
(Behera & Pandey, 2007; Fletcher, Storey, Hendrick, &
Pandey, 2001). PyCHO has two types of excited singlet
states (n—n* and II-IT*), both of which show emission in
solution. Figure 3 presents the PyCHO fluorescence inten-
sity as a function of the surfactant concentration. The CVC

(@)

k/p S cm™

T T T T T T T T T T T T 1
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030

[DODAC]/mol.dm-

(Table 1).

pH-Dependent Reaction

The pseudofirst-order rate constants for the reaction of
PNPDPP with OHA™ and DHA™ were determined spectro-
photometrically at 300 K in vesicular media. Figure 4
shows the pH-dependent pseudo-first-order rate constants
on the cleavage of PNPDPP at 300 K determined at differ-
ent pH values between 7.0 and11.0. The effects of posi-
tively charged vesicles on the hydrolysis of PNPDPP by
hydroxamate ions were also examined. The mechanism of
the above kinetics is shown in Scheme 2.

It was observed that the rate of reaction increased with the
pH in the pH range 7.0-11.0 (Table S1 in Supporting Infor-
mation summarizes the kinetic data obtained). The rate of
reaction shows drastic changes at pH >> pK, (Quina & Chai-
movich, 1979) in the hydrolysis of PNPDPP. It is the anion
of hydroxamic acid (N-O") that acts as a reactive species in
the hydrolysis of esters. At higher pH, the rate constants
could not be measured because the reaction was very fast.

(b)

50

w
o
|

k/pScm™’
N
o
|

T T T T T T T T T T
0.000 0.002 0.004 0.006 0.008

[DDAB)/mol.dm

0.010

Fig. 2 Conductometric determination of CVC of (a) DODAC and (b) DDAB vesicles in the absence of hydroxamic acid
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Fig. 3 Plot of fluorescence intensity (Iy/]) versus concentrations of (a) DODAC and (b) DDAB at 300 K. (Inset: Fluorescence emission behavior
of DODAC at different concentrations in aqueous solution of pyrenel-carboxyaldehyde; excitation = 365 nm and slit widths 3.0 and 1.5 nm
at 300 K)

Nucleophile-Dependent Reaction corresponds to the intercept in the ks versus [Nu~] plot. In
this reaction, we used an excess of nucleophile for the reac-

The nucleophile concentration versus the first-order rate  tion of the phosphate ester at 300 K and 9.2 pH.
constant was determined for the reaction of PNPDPP by S
varying the concentration of hydroxamic acid at pH 9.2 avs= ko Jowa™ [NU7] @)
(borate buffer). The kinetic data for the reaction of  k,=kyo+kon [OHT] (3)
PNPDPP at different concentrations of OHA™ and DHA™ at
pH 9.2 is summarized in Table S2.

Equation 2 describes the reaction of PNPDPP with
nucleophiles, with k, as defined in Eq. 3, which

At high pH, the intercept is dominated by the koy~
term. The hydrolysis of PNPDPP in water is first order in
the presence of the hydroxamate ion. Plotting ks versus

a b
(@) 0.0055 ] ®) 4 008
0.0050 [ i
. 0.007
0.0045 ® i
0.0040 0.006
c'oB 0.0035 | & 0.005
X 0.0030 N A
i 0.004
0.0025 .
0.0020 T 0.003
' | B [OHA] N B [OHA]
0.0015 @ [DHA] 0.002 @ [DHA]
T T T T T T T T T T T T T T T T T T
pH pH

Fig. 4 Plots of ko versus [pH] for the reaction of hydroxamate ions with PNPDPP in (a) DODAC and (b) DDAB vesicular media. Reaction
condition: [PNPDPP] = 1.0 x 10~ M; [OHA™ and DHA™] = 1.0 X 10~ M; [DODAC and DDAB] = 1.0 X 10~ M; temp. 27 °C
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Scheme 2 Nucleophilic attack of hydroxamate ions at P=O center in the presence of vesicular media

[Nu™] gave a straight line, as shown in Fig. 5c, with varied from 5 x 107 to 5 x 107 M at a constant vesicu-
intercept ky. A series of kinetic experiments were also  lar concentration of 1.0 X 10~ M. As can be seen from
performed where the nucleophile concentration was  Fig. Sa, b, kops varied in a slightly nonlinear fashion with
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Fig. 5 Plots of ks versus [Nu™] for the reaction of hydroxamate ions with PNPDPP in (a) DODAC, (b) DDAB vesicular media, and (c) in aque-
ous media. Reaction conditions: [PNPDPP] = 1.0 x 10~* M; [DODAC and DDAB] = 1.0 x 107%; temp. 27 °C
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Fig. 6 Benesi-Hildebrand plot of PNPDPP using Eq. 4 for association between PNPDPP and vesicular surfactants (a) DODAC and (b) DDAB

[OH] (Gracia-Rio, Leis, Mejuto, & Pena, 1994; Tanuli &
Fendler, 1981).

The vesicles start aggregating as a result of saturation
with OH™ ions. OH™ ions have high charge density and they
neutralize the charge of the polar heads of ions, resulting in
the structural change of the system significantly compared
to other microheterogeneous media, thereby inducing the
vesicles to aggregate (Kunitake, Hirotaka, & Okahata,
1983; Kunitake, Okahata, Ando, Shinkai, & Hirakawa,
1980; Patel, Bijma, & Engberts, 1994). The membrane
rigidity is due to the relative inefficiency of the bilayers
with two C;g. This anomalous catalytic effect has been
reported in the literature and varies with the ammonium
bilayer membrane rigidity (Chaimovich, Bonilha, Zan-
ette, & Cuccovia, 1984). It can be seen that DHA™ is more
reactive than OHA™ at pH 9.2 for attacking the phosphate
center of PNPDPP. Finally, DODAC is found to be less
reactive than DDAB because of its membrane rigidity.

Determination of Binding Constant

The distribution or “binding” constants of PNPDPP to the
cationic vesicular systems were estimated from the Benesi—

K
PNPDPP, + OH-, ———3 Products

Water pseudophase 1|
Vesicular pseudophase |L

K,
PNPDPP,_ + Nu",,  ——3 Products

Scheme 3 Quantitative treatment of vesicles: the pseudophase model
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Table 2 Estimated binding constant (K), free energy changes for the
substrate—vesicle complexation (AG), and the correlation coefficients
(R) for DODAC and DDAB vesicles

Substrate—vesicle (k) 10* AG R
complex (mol dm_3) (kJ mol_l)

PNPDPP + DODAC 4.790 -30.07 0.9601
PNPDPP + DDAB 5.492 —42.48 0.9727

Hildebrand (B—H) equation 4 (Benesi & Hildebrand, 1949)
as follows:

1/A-Aog=1/K (Amax —Ao) [surfactant] + 1 /Apax —Ag.  (4)

where A, A, and A,,,, are the absorbance in the absence, at
intermediate concentration, and at infinite concentration of
the surfactant, respectively, and K is the binding constant.
A series of solutions (3 mL each total volume) were pre-
pared of varying the cationic surfactant concentration
(0-0.8 mM) without the added buffer. Next, small amounts
of substrate (PNPDPP) stock solution (20 pL of
0.0015 mM) were successively added to each of the
surfactant-containing solutions. After mixing, an aliquot
(3 mL) was transferred to a quartz cuvette and the absor-
bance recorded in the 250-300 nm wavelength region. The
plot of 1/(A — Ap) versus 1/[surfactant] gives straight lines
(Fig. 6), which indicates the formation of the complex
between the substrate and vesicles (DODAC and DDAB).
The values of the binding constants of PNPDPP obtained
from the slope of the B—H plot (Fig. 6) are 4.790 x 10* and
5.492 x 10* mol dm™ for DODAC and DDAB vesicles,
respectively.
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Table 3 Kinetic parameters obtained by applying the pseudophase
model for the nucleophilic reaction of PNPDPP in the presence of cat-
ionic vesicle DODAC

Nu~ k" M'sTh KM ™V (M s7h
DODAC DODAC

OHA™ 0.396 58471256  (0.0735 £ 0.016)

DHA" 0.828 9494 +£1348  (0.0898 £ 0.4)

Table 4 Kinetic parameters obtained by applying pseudophase model
for the nucleophilic reaction of PNPDPP in the presence of cationic
vesicle DDAB

Nu~ KLY MsTh KN M KLYV M s
DDAB DDAB

OHA" 0.396 220 + 24.37 0.0255

DHA™ 0.828 57.71 £ 9.95 0.0787

From the values of K, the free energy change (AG) for this
process of complexation can be obtained by employing the
relation AG = —RT InK. Table 2 shows the values of K and
AG obtained from spectroscopic measurements. The nega-
tive value of AG shows that the substrate—vesicle complexa-
tion is energetically favorable. As can be observed from the
values of K, the binding of PNPDPP is stronger for DODAC
than DDAB because of the slight difference in their hydro-
phobicity, leading to their different binding abilities.

Quantitative Treatment of PNPDPP by Vesicular
Surfactant: Pseudophase Model

The kinetic rate data can be quantitatively analyzed using
the pseudophase model (PPM) (Bunton, 1997), assuming

(@)

Kobs(s_1 )

—@— OHA
—@— DHA

0.006

0.002

T T T T
0 0.002 0.004
[DDAB], M

two pseudophases in which the reaction is treated as occur-
ring in a vesicular pseudophase (representing the DODAC/
DDAB bilayer) and an aqueous pseudophase and assuming
an equilibrium distribution of the substrate between both
pseudophases. The overall reaction rate is the sum of the
rate in each pseudophase and depends on the rate constants
and reactant concentrations in each pseudophase, as shown
in Scheme 3, where subscripts w and ves denote the aque-
ous and vesicular pseudophases, and k,, and k.., are the
bimolecular rate constants in the respective pseudophases.
This model leads to the following equation:

k;v + (k%/es/v) K\s/l;?strate KNu' |Dn‘

ves

1+ KSubsuae |y, 1) (14 KNY™|D,|) [

obs = (

Nu™], (5)

ves

Scheme 2 can be used for applying the PPM. In this model,
subscripts w and m signify aqueous and vesicular pseudo-
phases, respectively, and D,, represents the vesicularized sur-
factant, which, as shown in Scheme 2, considers the
distribution of substrate between the aqueous and vesicular
pseudophases. The different reactivities in the aqueous and
vesicular pseudophases have been taken into account through
the corresponding second-order rate constants k," and k,"*.
We assume V to be equal to the partial molar volume of the
interfacial region in the vesicular pseudophase, taken as
0.56 M™! (Kawamuro, Chaimovich, Abuin, Lissi, & Cuc-
covia, 1991). By applying the PPM (Tables 3 and 4 summa-
rize the kinetic data), we have calculated the bimolecular rate
constant within the bilayer, k,"". In both the vesicles, k,* is
higher than the rate constant in water, possibly because of the
reduced micropolarity at the vesicular pseudophase.

The effects of different vesicle-forming surfactants
(DDAB and DODAC) at a constant pH 9.2 were studied at

(b)

Kobs(s_1 )

0.002 7 —@— OHA
0.0018 4
—@— DHA
0.0016 : : : : :
0 0.002 0.004 0.006
[DODAC], M

Fig. 7 Simulated rate-surfactant profile for the reaction of PNPDPP with OHA™ and DHA™ in (a) DDAB and (b) DODAC vesicular media. (The
lines represent the best fit to the pseudophase model.) Reaction condition: [PNPDPP] = 1.0 x 107 M; [nu™] = 1.0 x 107> M; [KCI] = 0.1 M;

pH = 9.2 (borate buffer); temp. 27 °C
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Fig. 8 Arrhenius plot for the hydrolysis of PNPDPP in the presence of (a) DODAC and (b) DDAB vesicles

different vesicular concentrations ranging from 0.2 to 5 mM.
Table S3 summarizes the data obtained. As can be seen from
Fig. 7, on increasing the amount of vesicles in the medium,
the catalytic effect also increases up to a maximum value
when all PNPDPP was coupled to the vesicles. A further
increase in the DODAC concentration decreased the reaction
rate through the displacement of reactive ions (OH™) from
the bilayer surface by the effect of the increased concentra-
tion of nonreactive ions (Cl7). The partial dehydration of
OH™ and the lower local polarity are considered to contribute
significantly to the catalysis of the DODAC vesicles. The
catalytic efficiency of the vesicles at 300 K confirms that
DDARB vesicles are more reactive than DODAC vesicles.

Activation Parameters

The activation parameters, i.e., the enthalpy of activation
(AH®), Gibbs energy of activation (AG°®), and entropy of
activation (AS°), were determined for the hydrolysis of
PNPDPP by hydroxamate ions (OHA™ and DHA") in the
presence of DODAC and DDAB vesicles. The enthalpies
and entropies of activation were calculated using Eq. 6
(Laidler & Meiser, 1999):

In(kyesh/kgT)=AS /R— AH /RT. (6)

in which kg is the Boltzmann constant (1.3807 x 107>
J K™, h is the Planck constant (6.626 x 107 Js), T is the
absolute temperature, R is the gas constant, AS° is the
entropy of activation, and AH® is the enthalpy of activation.
The activation energy can be calculated by the Arrhenius
equation (Al-Ghouti, Khrailsheh, Ahmad, & Allen, 2005).

lnkz = hlk() —Ea/RT. (7)

where k, is the pseudosecond-order constant (mol™! min™"),
ko is the rate constant (g mol™! min_l), E, is activation
energy (J mol_l), R is the gas constant (8.314 ] mol™! K_l),
and T is the solution temperature (K). Plotting Ink, against
the reciprocal of temperature gives a straight line, as shown
in Fig. 8, the slope of which is —E,/R.

The data were recorded below and above their main
phase transition temperature. From the data, we expected a
higher rate enhancement with increasing chain length and
an accompanying lower micropolarity at the vesicular
binding sites. We know that DODAC and DDAB self-
assemble spontaneously above their gel-to-liquid crystalline
phase transition temperature (7}, = 48 and 20 °C, respec-
tively). Further, shorter alkyl chains (i.e., DDAB) result in
weaker van der Waals attraction forces between them
within domains of bilayers, and longer alkyl chains
(i.e., DODAC) result in stronger van der Waals attraction

Table S Activation parameters for the hydrolysis of PNPDPP in the presence of DODAC and DDAB vesicles at 300 K

Nucleophiles DODAC DDAB

AH & mol™)  AG W mol™) -AST0K'mol™) AH W mol™) AG I mol™) -AS"(J K!'mol™)
[OHA™] 15.86 21.69 37.80 32.37 44.19 43.55
[DHA™] 10.49 19.58 28.56 30.54 41.67 36.97
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forces between vesicular bilayers. Here, we have calculated
the activation parameters of vesicles at 300 K. As can be
seen from the activation parameters data, vesicles contain-
ing DODAC have a T, that lies above 35 °C. Gibbs energy
of activation may be written in terms of entropy and
enthalpy of activation as

AG =AH’-TAS. (8)

Although the values given for AG® and other activation
parameters were calculated at 35 °C, these data were
obtained using the slope for the temperature above T,. This
is the reason why the activation parameter for DDAB is
larger than that of DODAC vesicles. Further, the values of
the entropy of activation (AS°) are negative as well, indi-
cating that the vesicle formation process is endothermic.
The enthalpy of activation (AH®), Gibbs energy of activa-
tion (AG®), and entropy of activation (AS°®) are shown in
Table 5.

Conclusions

In summary, we observed that vesicles are more effective
reaction media than micelles, primarily due to the less polar
microenvironment at the substrate binding sites for the
deprotonation of the nucleophile. We have correlated the
reactivity of different vesicles, i.e., DODAC and DDAB,
with the effect of pH, nucleophile, and vesicle concentra-
tion on the rate of hydrolysis of PNPDPP. The CVC of
DODAC and DDAB vesicles was found to be 1 and
2.5 mM, respectively, which was confirmed by both con-
ductometric and fluorimetric techniques. The activation
parameters for the reaction of PNPDPP in vesicles were
calculated at 300 K. By comparing both the data, we found
that the values of the activation parameters of DDAB are
higher than those of DODAC vesicles, which is consistent
with the lower micropolarity at the DODAC vesicular sur-
face than DDAB. The results from conductivity and fluo-
rimetry are in good agreement. On the basis of all these
results, we concluded that DDAB was more reactive than
DODAC, and it was clear that, with increasing chain
length, the micropolarity at the vesicular binding sites
became low. Also, from the higher-phase transition temper-
ature of DODAC vesicles, the structure is in a rigid state at
the reaction temperature, whereas the DDAB vesicles are in
a less rigid liquid-crystalline state. In this study, we found
that the nucleophilic reactivity of hydroxamate ions is
higher with the cationic vesicular media toward ester cleav-
age than with aqueous media. It is evident from the kinetic
data that DHA shows higher reactivity than OHA and that
the rate of reaction increases with increasing concentration
of hydroxamate ions. Thus, apart from its implication as a

WILEY AOCS&

biomembrane model, the bilayer membrane provides reac-
tion sites whose microenvironments can be varied over a
range that is much wider than those of the conventional
fluid micelle.
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