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ABSTRACT: The association efficiency of oxytetracycline (OTC) to pharmaceutical available, ionic oil-in-water nanoemulsions is studied.
Theoretical mathematical developments allowed us to differentiate by diafiltration (DF) between thermodynamically and kinetically
controlled binding of the drug to the nanoemulsions, and relate these important magnitudes to the association efficiency. The nanoemulsions
have been prepared by the solvent displacement technique in the presence of cationic and anionic surfactants. The resulting nanoemulsions
were stable at 4◦C and 25◦C for 60 days, have a size of ∼200 nm, showing polydispersity indexes ranging between 0.11 and 0.23, and
present zeta potentials ranging between −90 and +60 mV, depending on the charge of the surfactants used. The zeta potential of the
nanoemulsions influenced the interaction with OTC, having three ionic forms at different pH, namely, cationic, zwitterionic, and anionic.
DF proved to be a powerful tool for the quantification of the drug association efficiency, achieving values up to 84%. Furthermore, this
technique allowed obtaining different values of the drug fractions reversibly bound (11%–57%) and irreversibly bound (10%–40%) to
the nanoemulsions depending on the surfactants used and pH. These findings may be useful for the development of new drug delivery
systems, and as routine assays in academia and pharmaceutical industries. C© 2014 Wiley Periodicals, Inc. and the American Pharmacists
Association J Pharm Sci 104:1141–1152, 2015
Keywords: oil-in-water nanoemulsions; surfactants; encapsulation; oxytetracycline; diafiltration; mathematical model; drug interactions;
thermodynamics; kinetics

INTRODUCTION

Micro- and nanoemulsions have found applications in many
fields since a long time ago. Oil-in-water nanoemulsions
(NEO/W) involve oil droplets dispersed in aqueous medium. Re-
ported sizes of nanoemulsified oil droplets are among 20 and
500 nm.1–3 In order to disperse and stabilize the nanodroplets,
different types of surfactants can be used. Among them, ionic
surfactants are widely studied.4–6 Ionic NEO/W present high sta-
bility due to the electrostatic repulsions between the charged
surfaces of the functionalized droplets, so that they can per-
sist over months. Although nanoemulsions are only kinetically
stable systems, long-term physical stability of nanoemulsions
(with no apparent flocculation or coalescence) is referred to as
approaching thermodynamic stability, as is the case of ionic
NEO/W.7 Ionic surfactants play an important role in the physic-
ochemical characteristics of nanoemulsions, such as stability,
size, shape, and interfacial tension.8 The arrangement of the
electric charge at the oil droplet surface is generally modeled
as an electric double layer, according to the Stern model, a com-
bination of the Helmholtz and Gouy-Chapman models.9,10 Ions
in the inner layer are strongly bound to the droplet surface,
whereas ions in the outer layer, of opposite charge, are less
firmly associated. The balance between the van der Waals at-
traction and the electric double layer repulsion determines the
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stability of NEO/W.11 An approximated calculation of the elec-
tric potential at this second layer is given by the measurement
of electrokinetic potential (zeta potential), corresponding to the
potential on the surface of the shear between the moving par-
ticle and the bulk when the system is submitted to an external
electric field.

Applications of NEO/W in medicine aims at solubilizing and
carrying lipophilic bioactive compounds for their use in can-
cer treatment, ocular therapies, vaccination, and administra-
tion of anti-inflammatory drugs.12 They also find a wide ap-
plication field in health care staff and cosmetics because the
large surface area of the emulsion system allows rapid pene-
tration in tissues.13,14 The association concept is pivotal in phar-
maceutical sciences. The binding of a low-molecular-weight
species (LMWS), such as drugs, to large species (namely, high-
molecular-weight species, molecular assemblies, solids, etc.),
may be thermodynamically or kinetically controlled. In kineti-
cally controlled systems, such as molecules confined in capsules,
solids, or polymeric matrices, the release of the active molecules
is normally controlled by diffusion or erosion. On the contrary,
in thermodynamically controlled systems, such as liposomes,
nanoemulsions, and vesicles,15,16 the release of the molecules of
interest is determined by the equilibrium constants. Thus, fast
kinetics of molecular exchange between different phases occurs,
and the corresponding distribution of the molecules responds
to the free energy of the system.

The interaction of LMWS with the nanodroplets in ionic
NEO/W should be considered thermodynamically controlled, as
no physical barrier is established at the interface. In this
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sense, misinterpretation of the physicochemical behavior of the
LMWS may occur under the scope of the encapsulation concept,
as molecules considered encapsulated are in fact undergoing
fast exchange with non-encapsulated ones. However, the par-
tition coefficient of hydrophobic LMWS between the aqueous
phase and the hydrophobic core tends to zero in most cases,
and the confinement of such molecules in the nanodroplets is
referred as encapsulation in the literature, thus acting as ki-
netically controlled.17,18 On the contrary, hydrophilic LMWS are
difficult to encapsulate in the hydrophobic core. Despite this,
hydrophilic LMWS may also interact with the nanodroplets in
ionic NEO/W because of the electrostatic interactions with the
droplet charged surfaces. Under the scope of the Stern model,
the counterions should arrange both in the double electric layer
and in the bulk. The electric double layer is deduced by the
counterion condensation theory applied to spheres developed
by G.S. Manning. This theory is an extension of the Debye–
Hückel theory, and is based on long-range electrostatic interac-
tions. This theory deduces that counterions condense forming a
layer of hydrated counterions around charged spheres of charge
density over a certain threshold, whose value depends on the
size of the sphere.19,20 The condensed counterions are territo-
rially bound, that is, the binding is not site-specific concerning
any functional group of the charged sphere. This theory was
first developed in order to analyze counterion binding to linear
polyelectrolytes,21–23 and was further expanded to objects with
different geometries.19,20 However, for organic counterions, de-
viations from expected results have been reported, ascribed to
the occurrence of site-specific short-range interactions.24–28 In-
deed, the hydrocarbon nature of organic counterions and their
structure may produce hydrophobic interactions related with
the amphiphilia of the LMWS, and secondary short-range in-
teractions such as short-range electrostatic interactions, hydro-
gen bonding, and aromatic–aromatic interactions that change
the interaction patterns, producing site-specific binding, higher
binding constants, specific molecular geometries and architec-
tures, and even binding of like-charged molecules.24–26,28–31 In
particular, aromatic–aromatic interactions may easily produce
ion pairs of high hydrophobia that may be stabilized in a hy-
drophobic environment,32,33 affecting the partition coefficient.
For systems thermodynamically controlled, the equilibrium es-
tablished between the interacting molecules is sensitive to the
environmental conditions.30,34

In the case of kinetically controlled nanosystems, it is usually
presented centrifugation as a method to calculate drug encap-
sulation efficiency and drug release from the nanovehicles.35–37

By this method, the nanocarriers are concentrated at the top
or at the bottom of the centrifugation tubes, allowing by di-
rect or indirect mass balance calculating the referred parame-
ters. However, for thermodynamically controlled systems such
as NEO/W, ultracentrifugation produces stress in the formula-
tions, destabilizes the nanovehicles, and affects the partition
equilibrium and/or diffusion of drugs, leading to misinterpre-
tation of the results.38–40 Alternative methods to evaluate drug
release from NEO/W are dialysis and ultrafiltration, from which
a single value of drug partition between the nanocarrier and
the bulk is obtained in each experiment.38,41,42

The diafiltration (DF) technique is based on the separa-
tion of different chemical species according to their molecular
mass, and has been used to prepare and purify nanoobjects
such as nanocapsules or virus.43–45 Complex mixtures are fil-
tered through a membrane, which has pores that discriminate

between species according to their molecular size. In addition,
as a separation technique, DF has emerged as an effective tech-
nique to study interactions between LMWS and several macro-
molecular species including soluble polymers,25–28,30–34,46–50

polymeric nanoparticles,51,52 antibodies,53 and food matrices,54

among others. The membrane pore size may be chosen so that
only the passage of free LMWS is allowed.48 An advantage of
the constant volume DF technique is that it allows differen-
tiating kinetically controlled systems, if the release kinetics
are much lower than the filtration kinetics, from thermody-
namically controlled systems, if the kinetics of equilibrium are
much faster than the filtration kinetics. For the latter case, a
distribution constant can be calculated from the DF profiles
referring the ratio of molecules free in the bulk versus those
reversibly bound to the system. Thus, the fraction of molecules
whose binding is kinetically controlled can be obtained, as well
as the fraction of molecules thermodynamically bound. DF con-
stitutes a simple, cheap, and continuous method, which can be
regarded as the succession of infinite dialysis or ultrafiltration
steps of infinitely low volume filtration. Based on this, the use
of DF is presented here as an attractive alternative for deter-
mining the binding nature and efficiency of LMWS to NEO/W,
that find potential application in the pharmaceutical industry
to characterize pharmaceutical formulations and achieve qual-
ity control.

Tetracyclines are broad spectrum antibacterials that exhibit
activity against a large range of Gram-positive and Gram-
negative bacteria. Oxytetracycline (OTC) is an antibiotic be-
longing to the tetracycline family used in animal and human
health. Its approved uses in humans include the treatment
of respiratory, genitourinary, and cutaneous infections. Among
available formulations in the market, we can find pills, drops,
and ointments. Tetracyclines inhibit bacterial protein synthesis
by binding the 30s ribosomal subunit, specifically the aminoacyl
site A. Its mechanism of action involves preventing the bind-
ing of aminoacyl–tRNA to the acceptor site ribosomal mRNA–
ribosome complex, and consequently, the inhibition of the addi-
tion of new amino acids to the growing peptide chain.55 Their
indiscriminate use in food animal production could lead to im-
portant sanitary risks for humans such as bacterial resistance,
allergies, ossification and dentition problems, and carcinogenic
effects. Different investigations have shown that after passing
through waste water treatment, biologically active compounds
are released directly into the environment.56 In the case of OTC,
being a broad spectrum antibiotic, the selection and develop-
ment of a variety of pathogenic-resistant bacteria is one of the
greatest concerns.57,58 Importantly, spread of resistance may
occur by direct contact or indirectly, through food, water, and
animal waste application to farm fields.59 Nanotechnological
formulations may offer advantages for the administration and
delivery of drugs that may be useful to prevent and overcome
problems derived from overuse.60 Polymeric nanoparticles, li-
posomes, solid lipid nanoparticles, nanoemulsions, and den-
drimers have been widely investigated as antimicrobial drug
delivery systems.61 However, the inclusion of OTC in nanovehi-
cles may be difficult because of its high affinity towards water.

In this paper, we will highlight the use of DF to evaluate the
association efficiency (AE) of hydrophilic drugs to nanovehicles,
and we will report, for the first time, a DF study on the inter-
action of a hydrophilic organic model drug, OTC, with cationic
and anionic NEO/W. By the use of DF, we will give insights about
the nature of the interaction and the physicochemical behavior
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Figure 1. DF equipment showing the DF cell with membrane (1), filtrate (2), magnetic stirrer (3), pressure source (4), selector (5), and reservoir
(6), and schematic molecular dynamics inside the cell solution.

of the nanosystems, and search the corresponding association
efficiencies, distinguishing molecules in three states: free in the
bulk, kinetically bound, and thermodynamically bound to the
NEO/W. The prepared NEO/W comprises components approved
for pharmaceutical uses, in order to guarantee the potential of
the formulations to be used in the pharmaceutical industry.

THEORY

The association of drugs to macromolecular formulations in
solution may be taken in a wide sense, comprising thermody-
namically bound and kinetically bound molecules.31,48,50,62 The
respective molar fractions of molecules bound by each mecha-
nism can be denoted by TBf and KBf, respectively. Thus, the
drug AE, denoting the total fraction of drug bound indepen-
dently of the mechanism of binding, is given by

AE = TBf + KBf (1)

The DF system consists of a filtration cell, a DF membrane, a
reservoir, a selector, and a pressure source (see Fig. 1). The DF
cell has been modeled as a two compartment system, both com-
partments separated by the DF membrane. By creating a con-
tinuous flux of liquid through the cell solution from the reser-
voir, the volume in the cell (Vcell) is kept constant. The filtration
factor (F) is defined as the volume ratio of the filtrate (Vfiltrate)
versus Vcell. The distribution of molecules in every instant is
schematically depicted in Figure 1 for the system OTC/NEO/W.
The main magnitudes associated to the different states of OTC
in the system in the DF analysis are the concentration of OTC
free in the cell solution (cfree

OTC), the concentration of OTC irre-
versibly bound to the NEO/W, (cirrev−bound−NE

OTC ), and the concen-
tration of OTC reversibly bound to the NEO/W, (crev−bound−NE

OTC );

as the drug may also interact with any of the cell components,
(mainly the membrane due to its large effective surface area),
the concentrations of OTC irreversibly and reversibly bound
to the cell components are also considered (cirrev−bound−OCC

OTC and
crev−bound−OCC

OTC , respectively). By irreversibly bound we consider
molecules bound in processes that may be reversible with ap-
parent distribution constants, considering the ratio between
free and bound molecules, that tend to zero at the conditions of
the experiment, or confined molecules showing release kinet-
ics slower than the DF kinetics. Finally, OTC, as a hydrophilic
LMWS, is able to traverse the DF membrane and may be found
in the first layer of the filtrate, at the boundary with the mem-
brane in compartment 2, with an instantaneous concentration
given cfiltrate

OTC by .
Important concepts lead us to mathematical important equa-

tions:

1. A mass balance of OTC inside the cell may be expressed
as

ccell
OTC = cirrev−bound−NE

OTC + cirrev−bound−OCC
OTC

+crev−bound−NE
OTC + crev−bound−occ

OTC + cfree
OTC (2)

2. By definition, only OTC in its free state inside the cell is
able to traverse the membrane, so that, in every instant

cfree
OTC = cfiltrate

OTC (3)

3. On the other hand, during filtration, a balance can be
established between the mass change in the cell and in
the filtrate, so that
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Vcelldccell
OTC = −cfiltrate

OTC dVfiltrate (4)

or, in other

dccell
OTC = −cfiltrate

OTC dF (5)

4. Finally, the behavior of the system is assumed to be lin-
ear, so that the fraction of OTC reversibly bound to the
NEO/W or any of the other cell components is dominated
by distribution constants defined as

KDIS−NE
OTC = cfree

OTC

crev−bound−NE
OTC

(6)

KDIS−OCC
OTC = cfree

OTC

crev−bound−OCC
OTC

(7)

Substituting Eqs. (6) and (7) in Eq. (2) and rearranging, we
obtain that

ccell
OTC = cirrev−bound−NE

OTC + cirrev−bound−OCC
OTC

+cfree
OTC

[
1

KDIS−NE
OTC

+ 1
KDIS−OCC

OTC

+ 1

]
(8)

Combination of Eq. (3) with Eq. (8) followed by derivation,
substitution of the resulting equation in Eq. (5), and integration
leads to the following important expression, related with the
evolution of OTC during filtration,

cfiltrate
OTC = cfiltrate−init

OTC e−jF (9)

where init is referred to initial conditions, that is, F = 0, and

j = 1
1

KDIS−NE
OTC

+ 1
KDIS−OCC

OTC
+ 1

(10)

On the other hand, Eq. (9) can be combined with Eq. (5), and
after integration, another important expression, related with
the evolution of OTC during filtration, is obtained:

ccell
OTC = ccell−init

OTC

[
u + ve−jF]

(11)

where

v = cfiltrate−init
OTC

ccell−init
OTC j

(12)

and

u = 1 − v (13)

or, in other words

u = OTC irreversibly

bound fraction at F = 0

v = OTC reversibly

bound fraction at F = 0

(14)

Note that Eqs. (9) and (11) indicate an exponential decay of
the concentration of OTC both in the filtrate and in the cell
as DF proceeds. The parameters u and v represent the frac-
tion of OTC irreversibly and reversibly bound to any of the
cell components including the NEO/W at F = 0, before diafilter-
ing, respectively. The parameter j is related to the strength of
the interaction corresponding to the reversibly bound fraction,
thus thermodynamically controlled, as it contains the distribu-
tion constants. The same treatment can be performed in the
absence of the nanoemulsion as control in blank experiments,
and the parameters um, vm, and km, corresponding to u, v, and
j, respectively, are obtained by applying the same mathemat-
ical treatment, where the terms corresponding to the NEO/W

are omitted. Thus, the actual value of the distribution con-
stant concerning the drug and the NEO/W can be obtained from
Eq. (10) as

KDIS−NE
OTC = jkm

km − j
(15)

because

KDIS−OCC
OTC = km

1 − km
(16)

Derivation of Eq. (11) and substitution in Eq. (5), and combi-
nation of the resulting equation with Eqs. (3), (6), (7), (15), and
(16), allow calculating the amounts of drug reversibly bound to
any of the cell components in every instant during filtration.
Thus,

crev−bound−NE
OTC = ccell−init

OTC
km − j

km
ve−jF (17)

and

crev−bound−OCC
OTC = ccell−init

OTC
1 − km

km
jve−jF (18)

In addition, the amounts of drug irreversibly bound can di-
rectly be calculated by the expressions

cirrew−bound−NE
OTC = ccell−init

OTC (u − um) (19)

because

cirrev−bound−OCC
OTC = ccell−init

OTC um (20)

On the contrary, as the filtrate is collected in discrete filtra-
tion fractions of relative volume �F, the experimental value of
cfiltrate−init

OTC obtained is an average (< cfiltrate−init
OTC >) value, so that
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a correction factor must be added to the calculation of v.31,50

Thus

v = − < cfiltrate−init
OTC > �F

ccell−init
OTC

[
1 − exp (j�F)

] (21)

The DF analyses allow, then, obtaining information about
the distribution of the drug in the cell at any instant. For the
original formulation, the fraction of OTC reversibly bound to
the NEO/W, is given after combining Eqs. (6) and (12) by the
formulae

TBf = crev−bound−NE−init
OTC

ccell−init
OTC

= jv

KDISS−NE
OTC

= v (km − j )
km

(22)

and the fraction of OTC irreversibly bound to the NEO/W, is
given from Eq. (19) by

KBf = cirrev−bound−NE−init
OTC

ccell−init
OTC

= u − um (23)

Thus, substituting Eqs. (22) and (23) in Eq. (1)

AE = v (km − j )
km

+ u − um (24)

MATERIALS AND METHODS

Reagents

The mixture of surfactants EPIKURONTM 145V (EPIK) was do-
nated by Cargill: Minnetonka, Minnesota, United States. Hex-
adecyl trimethyl ammonium bromide (CTAB), benzalkonium
chloride (BKC), and SDS were used as cosurfactants and pur-
chased from Sigma–Aldrich R©. Oxytetracycline dihydrate (OTC)
was used as received from Sigma–Aldrich R©. The structure of
OTC as a function of the pH is shown in Figure 2, together with
the structure of the cosurfactants. The mineral oil Migyol 812
was donated by Laboratorio Saval S.A. Ethanol, HCl, NaOH,
and acetone were purchased from Merck S.A. All reagents were
of analytical grade. Deionized water was used to prepare the
samples.

Equipment

The size and zeta potential of the NEO/W have been measured
with a zetasizer Nano-ZS (Malvern Instruments, Worcester-
shire, UK). For NEO/W preparation, a magnetic stirrer (JEIO
TECH, HP 3000) was used. The pH was measured with a pH
meter Scholar 425 Corning. Organic solvents were removed by
the aid of a rotaryevaporator IKA RV 10 Basic V. The unit
used for DF studies consisted of a filtration cell (Amicon 8010,
10 mL capacity) with a magnetic stirrer (Heidolph MR1000), a
regenerated cellulose membrane with a molecular-weight cut-
off of 5000 Da (Ultracel PLCC; 25 mm diameter), a reservoir
(Amicon), a selector (Amicon), and an extra pure (99.995%) N2

pressure source (AGA). UV–vis analyses were carried out in a
He8ios ( spectrophotometer (Thermo Scientific).

Procedures

OTC Stock Solution

A solution of 1.0 × 10−3 M was prepared by dissolving
0.0124 g (2.5 × 10−5 mol) of OTC in 25 mL of ethanol. If needed,
the solution was stored in an amber container and refrigerated
at 4◦C. Alternatively, a stock solution of 1.0 × 10−3 M was pre-
pared by dissolving 0.0124 g (2.5 × 10−5 mol) of OTC in 25 mL
of deionized water at pH 2.0. Calibration curves at OTC con-
centrations ranging between 1.0 × 10−5 and 1.0 × 10−4 M were
carried out by UV–vis spectroscopy in water at pH 2.8, 5.0, and
8.0, obtaining molar extinction coefficients of 13,616, 12,656,
and 11,765 M−1 cm−1, respectively.

Preparation of Ionic NEO/W

Ionic NEO/W was prepared by the solvent displacement tech-
nique. EPIK (30 mg) was dissolved in 1 mL of ethanol. To
this preparation, 125 :L of the mineral oil MIGLYOL 812
was added. In order to control the surface charge of the nan-
odroplets in the NEO/W, different cationic and anionic cosurfac-
tants were added. The cationic BKC (7 mg) or CTAB (8 mg)
were dissolved in 9 mL of acetone. The anionic surfactant SDS
(7 mg) was dissolved in 20 mL of water. EPIK and all cosur-
factant final concentration achieved values around one order
of magnitude below their critical micelle concentration. Subse-
quently the EPIK/ethanol/miglyol solution was mixed with the
acetone solution containing a cationic cosurfactant. The result-
ing organic phase was added to an aqueous phase of 20 mL of
deionized water. The formation of NEO/W was instantaneous,
resulting in a milky mixture, as can be seen Figure 3. Then,
the mixture was rotaevaporated at 40◦C to extract the solvents
and to concentrate the mixture to a final volume of 10 mL. An-
ionic NEO/W was prepared by pouring the EPIK/ethanol/miglyol
solution into the 20 mL of aqueous phase containing SDS. The
addition the OTC to the systems was carried out by adding
1 mL of 1.0 × 10−3 M OTC stock solution in ethanol to the
organic phase. The final concentration of OTC in 10 mL of the
NEO/W is 1.0 × 10−4 M. The pH of all NEO/W was adjusted with
minimum amounts of HCl or NaOH.

Physicochemical Characterization of the NEO/W

The size, polydispersity index (PI), and zeta potential of the
NEO/W were determined by photon correlation spectroscopy and
laser Doppler anemometry, in the zetasizer. The particle size
data is reported as the mean diameter. Results were considered
valid under the Zetasizer Software 6.20, Malvern. All measure-
ments for each formulation were performed in triplicate, and
the corresponding mean value and SD were registered. The sta-
bility of the NEO/W was studied by analyzing their size and zeta
potential during 60 days at 4◦C, 20◦C, and 50◦C. In addition,
the stability of the formulations has been checked after DF by
the same methods.

OTC/NEO/W Interaction

The DF technique was used to analyze the OTC interaction
with the NEO/W (see Fig. 1).31,48,50,62,63 NEO/W (10 mL) containing
1.0 × 10−4 M of OTC obtained after rotaevaporation was diafil-
tered using a regenerated cellulose membrane of molecular-
weight cutoff of 5000 Da. The pH of both the aqueous solutions
contained in the reservoir and in the cell was adjusted to 2.8,
5.0, and 8.0, depending on the experiment. A total pressure of
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Figure 2. OTC acid–base equilibrium showing cationic behavior under pH 3.3, zwitterionic behavior between pH 3.3 and 7.3, anionic behavior
between pH 7.3 and 9.1, and dianionic behavior over pH 9.1; and molecular structures of the anionic and cationic cosurfactants.

Figure 3. Schematic representation of an anionic (left) and cationic (right) NEO/W, and picture of a NEO/W (center) revealing its milky aspect.

3 bar was used for filtration, keeping constant the solution vol-
ume in the cell by creating a continuous flux of liquid through
the cell solution from the reservoir (between 0.002 and 0.007
mL s−1). Vigorous stirring was held in order to minimize concen-
tration polarization and fouling. Filtration fractions (ranging
between 6.0 and 8.0 mL) were collected in test tubes of 10 mL
and the OTC concentration in each single fraction was analyzed
by UV–vis spectroscopy. Worthy of mention is the large num-
ber of conjugated double bonds in OTC (see Fig. 2), allowing its

direct quantification using UV–vis spectroscopy. Blank experi-
ments were performed with the same procedure, by diafiltering
a pristine 1.0 × 10−4 M of OTC solution. The logarithm of the
concentration of OTC in the filtration fractions was then plotted
versus F, and the data were adjusted by the linear least-squares
method. The slopes of the linear curves were extracted (km and
j), and with the aid of the ordinate at the origin (< cfitrate−init

OTC >)
the values of v, vm, u, and um are calculated according to
Eqs. (21) and (13).
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RESULTS AND DISCUSSION

OTC Physicochemical Properties

Oxytetracycline is a hydrophilic molecule with a solubility of
50 mg/mL in aqueous 1 M HCl. The acid–base characteristics
and pKa of OTC are known. Three pKa are described at val-
ues of 3.3 (pKa1), 7.3 (pKa2), and 9.1 (pKa3). An outline of the
acid–base equilibrium of this antibiotic is shown in Figure 2.
Stephens et al.64 assigned pKa1 to the acid–base characteris-
tics of the hydroxyl vicinal to the dimethyl amino group, so
that delocalization of the charge on a trycarbonyl structure is
held; pKa2 was assigned to the acid–base equilibrium at the
dimethylamine group; finally pKa3 was assigned to the acid–
base equilibrium at the $-diketone group at the center of the
molecule, producing stabilization by resonance. This means
that the OTC has a cationic behavior at pH lower than 3.3,
zwitterionic behavior between pH 3.3 and 7.3, anionic behavior
between pH 7.3 and 9.1, and dianionic behavior over pH 9.1. Be-
cause of the presence of charges on the molecule, OTC has high
solubility in polar solvents whose dielectric constant is com-
paratively large, such as water, dimethylsulfoxide, acetonitrile,
methanol, ethanol, and acetone.65 In contrast, it shows poor
solubility in solvents such as dichloromethane, ethylacetate,
or chloroform. Besides, its extended conjugate systems and its
heteroatoms may allow undergoing hydrophobic interactions,
aromatic–aromatic interactions, and hydrogen bonding.66,67

Preparation of Cationic and Anionic NEO/W

The formation of NEO/W by solvent displacement is widely de-
scribed in the literature and is mainly focused in the incorpora-
tion of lipophilic molecules into the nanoemulsions.68–70 These
formulations are easily prepared by mixing two phases (organic
and aqueous), provided that the organic solvents used are solu-
ble in water, followed by the evaporation of the organic solvents.
Reproducible and highly stable formulations using this method-
ology have been described.71 Cationic and anionic NEO/W were
prepared using different ionic surfactants and adjusting the pH
of the medium to values for which OTC is negative, zwiterionic,
or positively charged at pH 8.0, 5.0, and 2.8, respectively, thus
allowing identifying the influence of the respective charges on
the drug/NEO/W interactions. A schematic representation of the
nanodroplets is shown in Figure 3.

Table 1 shows size, PI, and zeta potential values of the dif-
ferent NEO/W, loaded or not with OTC, at different pH. As said
before, NEO/W are complex systems referred to as systems ap-
proaching thermodynamic stability, whose stability is mainly
related to their slow molecular rearrangement kinetics. In this
sense, small variations during the NEO/W formation process
produce variations on the values of size and zeta potential, so
that interpretation of the data should be performed on the basis
of rough tendencies concerning size and sign of the zeta poten-
tial. All formulations showed submicron sizes in the range of
130–250 nm, each formulation showing nanodroplets of very
homogeneous size distribution as denoted by the low PI val-
ues found (0.11–0.23). These data are consistent with those
previously described in the literature.1,2,35,72–74 Zeta potentials
whose absolute values are higher than 30 mV are considered
related to stable systems.9 EPIK is a mixture of surfactants
that include zwitterionic phospholipids, anionic fatty acids, and
phosphatidic acid, among others, so that NEO/W containing only
EPIK show negative zeta potential. As expected, the addition

Table 1. Size, PI, and Zeta Potential of NEO/W in the Absence and
the Presence of 1.0 × 10−4 M of OTC at Different pH

Formulationa pH Size (nm) PI Zeta Potential (mV)

EPIK 8.0 136 ± 1.3 0.15 − 39 ± 0.7
EPIK–OTC 8.0 160 ± 1.4 0.15 − 55 ± 1.1
EPIK–BKC 8.0 252 ± 0.3 0.21 38 ± 0.8
EPIK–BKC–OTC 8.0 227 ± 0.07 0.11 50 ± 1.0
EPIK–CTAB 8.0 237 ± 0.9 0.18 43 ± 0.7
EPIK–CTAB–OTC 8.0 217 ± 0.8 0.23 40 ± 0.1
EPIK 5.0 162 ± 1.3 0.17 − 60 ± 1.7
EPIK–OTC 5.0 175 ± 0.2 0.18 − 62 ± 2.2
EPIK–BKC 5.0 232 ± 1.0 0.17 57 ± 0.8
EPIK–BKC–OTC 5.0 230 ± 1.1 0.21 53 ± 0.2
EPIK–CTAB 5.0 209 ± 1.5 0.16 71 ± 0.2
EPIK–CTAB–OTC 5.0 218 ± 0.3 0.21 60 ± 1.5
EPIK–SDS 5.0 150 ± 0.1 0.11 − 61 ± 0.7
EPIK–SDS–OTC 5.0 152 ± 0.7 0.12 − 90 ± 0.7
EPIK 2.8 157 ± 2.0 0.13 − 19 ± 2.2
EPIK–OTC 2.8 ppb – –
EPIK–CTAB 2.8 200 ± 2.0 0.19 51 ± 3.5
EPIK–CTAB–OTC 2.8 210 ± 1.2 0.16 52 ± 1.0
EPIK–SDS 2.8 168 ± 0.4 0.12 − 85 ± 1.5
EPIK–SDS–OTC 2.8 170 ± 0.9 0.14 − 74 ± 0.8

aEach formulation was measured in triplicate.
bpp, precipitation.

of BKC or CTAB to the NEO/W formulations at the three pH
values produces electrical charge inversion.35,36 The absolute
value of the zeta potential is high enough to guarantee sta-
bility of the NEO/W at pH 8.0 and 5.0. However, at pH 2.8,
it decreases achieving a value of −19 mV; the incorporation
of SDS to the NEO/W allows obtaining a high negative zeta
potential (−85 mV), whereas the incorporation of CTAB in-
duces a high positive zeta potential (+51 mV) at this pH. An
interesting feature is represented by the formulation contain-
ing EPIK loaded with OTC and evaluated at pH 2.8, where
visible phase separation occurs. As said before, the NEO/W con-
taining only EPIK shows low negative zeta potential, producing
instability that is increased by the incorporation of the antibi-
otic that at this pH is cationic. This hypothesis is supported by
the fact that the addition of SDS to the NEO/W at this pH allows
obtaining a stable NEO/W in the presence of OTC, whose zeta
potential achieves a value of −74 mV. Molar excess of surfac-
tants over the antibiotic (around 100-fold) makes the antibiotic
contribution to neutralization almost negligible.

NEO/W/OTC Interaction

Diafiltration is presented in this work as a versatile method
to calculate important features regarding OTC association ef-
ficiencies to NEO/W, namely the distribution of drugs thermo-
dynamically and kinetically bound to the nanosystem by cal-
culation of TBf and KBf. The hydrophilic regenerated cellulose
membrane was found to be suitable for DF of the NEO/W. The
pore size of the membrane was chosen to be 5000 Da so that
only the passage of free OTC is allowed. DF of the NEO/W in the
absence of OTC at pH 2.8, 5.0, and 8.0 showed that, at the end
of the process, the corresponding size and zeta potential values
are conserved with maximum variations in the order of 10%
comparing the values before and after diafiltering. The high
affinity of the surfactants to the oil droplets may be responsible
for that the presence of free surfactants in the filtrate during
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Table 2. Experimental DF Values and Calculated TBf, KBf, and AE; y = ln(cOTC
filtrate); x = F; R2 = Linear Regression Factor

Formulation pH v u j um km KOTC
DIS-NE Linear Adjustments for the Experimental Data R2 TBf (%) KBf (%) AE (%)

OTC 8 0 0.63 y = –0.63x − 9.3 0.99
EPIK–OTC 8 1.0 0.0 0.63 →.∞ y = –0.63x − 9.5 0.93 → 0 → 0 → 0
EPIK–BKC–OTC 8 0.9 0.1 0.23 0.36 y = –0.23x − 10.9 0.89 57 10 67
EPIK–CTAB–OTC 8 0.7 0.3 0.21 0.32 y = –0.21x − 11.1 0.93 47 30 77
OTC 5 0 0.93 y = –0.93x − 8.9 0.99
EPIK–OTC 5 0.86 0.14 0.79 5.25 y = –0.79x − 9.5 0.82 13 14 26
EPIK–BKC–OTC 5 1 0 0.56 1.41 y = –0.56x − 9.8 0.98 40 0 40
EPIK–CTAB–OTC 5 1 0 0.4 0.70 y = –0.40x − 10.1 0.97 57 0 57
EPIK–SDS–OTC 5 0.72 0.28 0.74 3.62 y = –0.74x − 9.8 0.99 15 28 43
OTC 2.8 0 0.90 y = –0.90x − 9.2 0.99
EPIK–CTAB–OTC 2.8 1 0 0.8 7.2 y = –0.80x − 9.3 0.9 11 0 11
EPIK–SDS–OTC 2.8 0.6 0.4 0.28 0.40 y = –0.28x − 10.8 0.85 41 40 81

OTC initial concentration was 1.0 × 10−4 M.

Figure 4. DF profiles at pH 8.0 (a), 5.0 (b), and 2.8 (c) of the formulations containing 1 × 10−4 M of OTC and synthesized according to the
experimental section: OTC (�), EPIK–OTC (�), EPIK–BKC–OTC (•), EPIK–CTAB–OTC (×), EPIK–SDS–OTC (�).

the DF experiments was found negligible. Similar results are
obtained when diafiltering the NEO/W in the presence of the
drug, as the NEO/W conserved their integrity, without showing
phase separation after 4 h of experiment in which they are sub-
jected to a pressure of 3 bar; the size and zeta potential of the
nanosystems studied were also conserved showing maximum
variations in the order of 10%.

Blank experiments in which OTC is diafiltered in
the absence of the NEO/W show that, according to the
literature,31,33,47,48 the drug does not interact with the DF sys-
tem at pH 2.8 or 5.0, as the value of km reaches 0.9 and 0.93,
respectively, as can be seen in Table 2. As expected, a good lin-
ear behavior is obtained for the corresponding DF profiles, as
can be seen in Figure 4. Low interaction with the DF cell compo-
nents produces km values that tend to 1. On the contrary, OTC
interacts with the cell components at pH 8.0, where it is anionic
because the corresponding km takes a value of 0.63. Besides, the
um values are 0 at every condition studied, indicating that no
antibiotic is irreversibly bound to the DF system. The high pH
may induce negative charges on the DF membrane that may
produce a slowdown on the rate of elution of the negatively
charged antibiotic.

In the presence of the NEO/W contrasting results are ob-
tained. The DF profiles showed in general good linear corre-
lations, as can be seen in Table 2, indicating that the DF anal-
ysis can be performed according to the theory developed. The
linear adjustments of the data allowed the calculation of the pa-
rameters u, v, and j. The most significant values found for the
fraction of OTC irreversibly bound to the system, including the

NEO/W, correspond to the formulations EPIK–BKC–OTC and
EPIK–CTAB–OTC at pH 8.0, EPIK–OTC and EPIK–SDS–OTC
at pH 5.0, and EPIK–SDS–OTC at pH 2.8, where it took values
of 0.1, 0.3, 0.14, 0.28, and 0.4, respectively, as can be deduced by
the observation of the u values. The corresponding KBf values
shown in Table 2 can be calculated from Eq. (23). There is a cor-
relation between the charge of the antibiotic, which depends on
the pH, and the surface charge of the stabilized nanodroplets.
Thus, OTC remains irreversibly retained in the time scale of the
DF experiments (3–6 h) at pH 8.0, where is negatively charged,
in the presence of the cationic nanoemulsions containing BKC
and CTAB, showing KBf values of 10% and 30%, respectively.
It also remains irreversibly bound to the negatively charged
NEO/W containing SDS at pH 2.8, at which the antibiotic is pos-
itively charged, and a KBf value of 40% has been found. At pH
5.0, the antibiotic has a zwitterionic nature. However, it tends
to be irreversibly retained only in the case of both EPIK–OTC
and EPIK–SDS–OTC anionic NEO/W. The corresponding KBf

values were found to be 14% and 28%.
Significant interaction values, following the same tendency

as in the analysis of the u values, are found analyzing the j
values, corresponding to the relative rate of filtration of the an-
tibiotic and related to strength of the interaction of the OTC
fraction thermodynamically bound to the system including the
NEO/W. The j values are extracted from the slope of the DF
profiles, and the OTC TBf values shown in Table 2 can be cal-
culated using Eq. (22). Thus, there is also a correlation between
the charge of the antibiotic and the surface charge of the nan-
odroplets, when checking the j values (see Fig. 4 and Table 2).
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At pH 8.0, where the OTC is anionic, low j values as 0.23 and
0.21 are found for both the cationic NEO/W containing BKC and
CTAB, respectively, and the respective TBf values raised to
57% and 47%, respectively. On the contrary, in the absence of
the cationic cosurfactants, where the NEO/W showed negative
zeta potential, the j value took the same value as km indicat-
ing negligible reversible interaction between the drug and the
nanosystem. At pH 2.8, the same correlation can be found be-
cause OTC is cationic, and the respective j values are small
when interacting with the negatively charged NEO/W contain-
ing SDS, achieving TBf values of 41%. On the contrary, when
CTAB is present in the NEO/W high values of j are found ap-
proaching to the corresponding km. At pH 5.0, where the OTC
is zwitterionic, intermediate values of j are found in the pres-
ence of both cationic and anionic NEO/W, as expected. However,
lower j values have been found for the cationic NEO/W related
with higher TBf values (40% and 57% for the NEO/W containing
BKC and CTAB, respectively). The interplay of km and j gives
rise to KOTC

DIS-NE, according to Eq. (15), and the correspond-
ing values related to the discussed TBf values, are shown in
Table 2.

Putting KBf values and TBf values together the total AE
can be calculated by means of Eqs. (1) and (24). AE achieves
values around 80% for OTC at pH 8.0 in the presence of the
cationic NEO/W containing BKC or CTAB as well as at pH 2.8
in the presence of the anionic NEO/W containing SDS. At pH
5.0, the values of AE reached 26%–57%, being higher for the
cationic NEO/W. The overall interaction has a high electrostatic
nature because correlations between the AE values and the
complementarity of the NEO/W charge with respect to that of
the antibiotic are found. When charge complementarity is not
provided, OTC remains mostly as free molecules in water, in-
dicating that in the NEO/W formation process they are released
from the organic phase.

As an important feature of our analysis, we find that the
binding mechanisms produce both reversible binding, thus
thermodynamically controlled, and irreversible binding, thus
kinetically controlled, under our experimental conditions. The
thermodynamically controlled binding is related to long-range
electrostatic interactions, as seen by the relationship between
the distribution constants and the charge complementarity at
each pH. Upon long-range electrostatic interactions, the hy-
drophilic OTC does not lose its hydration sphere and the drug
can be considered territorially bound near the surface of the
nanodroplets, beyond or at the electric double layer, with-
out producing site-specific binding.19,22–24 However, because of
the high excess of surfactants and corresponding counterions
(around 100-fold over the antibiotic), other interactions, such
as hydrophobic interactions, must be present that justifies that
the OTC–NEO/W interaction is not completely screened. The

irreversibility of the binding may be related to the presence
of OTC molecules confined in the electric double layer around
the nanodroplet. In addition, as seen in other systems,24,26,28,33

the structure of the antibiotic, presenting extensive conjugate
systems and high planarity, may induce short-range site-
specific interactions such as hydrogen bonds, aromatic–
aromatic interactions, and/or short-range electrostatic inter-
actions that may increase the retention of the drug by the
nanoemulsion. Upon formation of ion pairs, the OTC hy-
dration sphere may be partially or totally lost, and the
drug can locate in the less superficial area of the nan-
odroplet interface, or even in the core, as the ion pairs
may be stabilized in a hydrophobic environment. To the
formation of these ion pairs, short-range electrostatic in-
teractions, hydrophobic, and aromatic–aromatic interactions
may contribute. It is interesting to note that the different
cosurfactants induce a different ratio between reversible and
irreversible binding. Thus, at pH 8.0, CTAB produces an in-
crease on the KBf value (thus an increase on the irreversibility
of the binding) and a decrease on the TBf value (thus a de-
crease on the reversibility of the binding) with respect to BKC.
At pH 5, the anionic NEO/W enhances an irreversible binding
mechanism, whilst the cationic NEO/W containing BKC or CTAB
produce only reversible binding. Related to this, the high AE
found should be regarded not only as the confinement of OTC
in the nanodroplets, but also as the partition of antibiotic
molecules between bulk water and the nanodroplet surface,
undergoing fast chemical exchange.

Stability of the NEO/W

Stability is a critical issue in the development of nanocarrier
formulations. Variations on temperature are known to signifi-
cantly compromise the stability of colloidal systems in time, and
show evident importance during storage.75 The increase on the
size of the formulations could be attributed to the weakening
and breaking-down of interactions between the molecules that
form the nanocarriers, and may alter their drug release and
induce destabilization of the formulations. A decrease on size
could also occur due to the detachment of components from the
nanocarriers or to an increase on the interaction strengths be-
tween linkers, potentially affecting the desired efficacy of the
nanocarrier.35 In the present study we evaluated, for a period
of 60 days, the stability under conditions that represents refrig-
eration (4◦C), room temperature (25◦C), and extreme temper-
atures (50◦C) of anionic and cationic NEO/W loaded with OTC
showing high AE at pH 2.8, 5.0, and 8.0 without been subjected
to DF. The results can be seen in Figure 5. The formulations at
4◦C and 25◦C were stable during the storage irrespective of the
pH conditions up to 60 days, and the PI remained between 0.11

Figure 5. Size (mean ± SD; n = 3) of NEO/W containing 1 × 10−4 M of OTC as a function of time, at 4◦C (a), 25◦C (b), and 50◦C (c). Cationic
NEO/W containing BKC were evaluated at pH 8.0 ( ) and 5.0 ( ). Anionic NEO/W containing SDS was evaluated at pH 2.8 ( ).
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and 0.25. The overall trend of prolonged stability is justified by
the electrostatic repulsive effect due to the high zeta potential
values of the nanosystems. However, formulations subjected to
thermal stress of 50◦C were stable only for 10 days at pH 5.0
and 8.0, and 20 days at pH 2.8. These results would indicate
that our formulations could be protected from acute thermal
shock without losing their integrity. In the absence of the OTC,
the corresponding nanoemulsions showed comparable stability
profiles, being less stable at 50◦C.

Final Remarks

Ionic NEO/W represents very interesting means of controlling
the release of a variety of lipophilic drugs, but the incorpora-
tion of hydrophilic drugs may be difficult due to their high
affinity towards water. However, ionic NEO/W may undergo
electrostatic interactions, together with hydrophobic, hydrogen
bonding, or aromatic–aromatic interactions, with ionic drugs
that may enhance the binding of the drug to the stabilized
nanodroplets. Considering that more than 75% of the drugs
available in the market show weak acid/base properties and
aromatic functional groups, the study of their interaction with
ionic vehicles is strategic to achieve new formulations that
improve bioavailability, prolong the effect in selected tissues,
and provide long stability against enzymatic degradation.60

The interaction between hydrophilic drugs and the nanove-
hicles may produce irreversible binding, so that the drug
release is kinetically controlled by diffusion or erosion, or re-
versible binding, so that the drug undergoes fast exchange be-
tween the nanovehicle and the bulk. Differentiating these two
types of mechanisms is important to characterize new formu-
lations for oral, topic, or systemic administration of ionizable
drugs.

The potential of the DF technique to determine the AE of
ionic drugs to nanovehicles and differentiate the fraction of
molecules reversibly and irreversibly bound has been high-
lighted in this study. The technique is supported by a math-
ematical development that furnish, after data treatment, the
above mentioned important information that may be piv-
otal during galenic development of controlled release formu-
lations. The results obtained with the antibiotic OTC showed
a dependence of the fraction of drug reversible and irre-
versible bound to the ionic NEO/W on the type of surfac-
tants used to form the nanovehicles. These results not only
open new perspectives of formulation to tetracyclines, but
also to a variety of important therapeutic ionizable drugs.
Ionic NEO/W synthesis can be easily implemented in phar-
maceutical and cosmetic industries, requiring similar proce-
dures and machinery to produce conventional formulations.76

The new analytical possibilities for pharmaceutical technology
that DF opens may be used not only at an academic level,
but also in the pharmaceutical industry as routine assays to
achieve better characterizations and implement quality control
procedures.

CONCLUSIONS

Cationic and anionic nanoemulsions containing the antibiotic
OTC were obtained at three different pH (2.8, 5.0, and 8.0),
displaying sizes between 150 and 230 nm, stable for 60 days
at 4◦C and 25◦C. They showed controllable zeta potential, re-
lated to the charge of the surfactants used. As a novelty of

the present study, we show that the constant volume DF tech-
nique allows determining not only association efficiencies of
the drug to NEO/W, but also the fraction of the antibiotic re-
versibly bound, whose release is subjected to thermodynamic
control, and irreversibly bound, whose release is subjected to
kinetic control. It was found that the hydrophilic antibiotic OTC
is bound both reversibly and irreversibly to the nanodroplets,
and the extent of reversible and irreversible binding depended
on the cosurfactant used. Electrostatic forces are held between
the drug and the nanodroplets, which should act as charged
particles. Formulations furnishing complementary charge be-
tween the antibiotic and the nanoemulsion showed OTC as-
sociation efficiencies of around 80%, showing 11%–57% of re-
versible binding, and 10%–40% of irreversible binding. These
results highlight the potential of DF as a tool to quantitatively
evaluate drug association and release in new drug delivery
systems that include bioactive molecules for improved thera-
pies, and as routine assays in academia and pharmaceutical
industries.
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