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ABSTRACT: We attempted to develop green nanoemulsions (ENE1−ENE5) using capryol-C90 (C90), lecithin, Tween 80, and
N-methyl-2-pyrrolidone (NMP). HSPiP software and experimentally obtained data were used to explore excipients. ENE1−ENE5
nanoemulsions were prepared and evaluated for in vitro characterization parameters. An HSPiP based QSAR (quantitative
structure−activity relationship) module established a predictive correlation between the Hansen solubility parameter (HSP) and
thermodynamic parameters. A thermodynamic stability study was conducted under stress conditions of temperature (from −21 to
45 °C) and centrifugation. ENE1−ENE5 were investigated for the influence of size, viscosity, composition, and exposure time on
emulsification (5−15 min) on %RE (percent removal efficiency). Eventually, the treated water was evaluated for the absence of the
drug using electron microscopy and optical emission spectroscopy. HSPiP program predicted excipients and established the
relationship between enoxacin (ENO) and excipients in the QSAR module. The stable green nanoemulsions ENE−ENE5 possessed
the globular size range of 61−189 nm, polydispersity index (PDI) of 0.1−0.53, viscosity of 87−237 cP, and ζ potential from −22.1
to −30.8 mV. The values of %RE depended upon the composition, globular size, viscosity, and exposure time. ENE5 showed %RE
value as 99.5 ± 9.2% at 15 min of exposure time, which may be due to the available maximized adsorption surface. SEM-EDX
(scanning electron microscopy−X-ray dispersive energy mode) and inductively coupled plasma−optical emission spectroscopy
(ICP-OES) negated the presence of ENO in the treated water. These variables were critical factors for efficient removal of ENO
during water treatment process design. Thus, the optimized nanoemulsion can be a promising approach to treat water contaminated
with ENO (a potential pharmaceutical antibiotics).

■ INTRODUCTION

Enoxacin (ENO) is a third generation antibiotic used to
control bacterial infections without cross-resistance between
other antibiotics.1−3 Liu et al. attempted to develop a cocrystal
of ENO with organic salt as an alternative strategy to liposomal
and nanoparticle (with high precipitation). However, the salt
was considered to be the least stable, which is not conducive to
storage and transport.4 Structurally, ENO contains H-bond
donor and H-bond acceptor counts as 2 and 8, respectively.
Being slightly acidic in nature of ENO, free −COOH
(carboxylic acid), F-atom, N-heteroatom, O-atom, and a
good electronic conjugation system are responsible for

intermolecular H-bonding, π−π stacking, and charge assisted
H-bonding.4

For the past few decades, exhaustive use of pharmaceutical
antibiotics has become a global threat for human health and
ecosystem (aquatic system and agriculture). This can be
correlated with the total sale of antibiotics (82 tons) in 2011 as
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reported in the EMA (European Medical Agency) report as
compared to global consumption (40.1 billions) of antibiotics
in 2018.5,6 Fluoroquinolones are broad spectrum antibiotics to
treat animal and human diseases and have been detected in
untreated and treated wastewater. The U.S. Geological Survey
(USGS) reported approximately 0.12 μg/L of fluoroquino-
lones in several streams throughout the USA.7 This level was
globally high (0.15−0.3 mg/L) for ENO in India (Patancheru,
Hyderabad) indicating the impact of several factors (anthro-
pogenic, shortage of centralized sewage system, and direct
discharge of sewage to river, canal, groundwater, soil, and
surface water) responsible for contaminating water systems.8

In 2017, Zhang et al. investigated the occurrence, level,
removal efficiency, and risk assessment of 31 antibiotics from
12 different wastewater treatment plants in Dalian of China.
These authors reported 29 antibiotics with an occurrence level
range of 63.6−5404.6 ng/L in wastewater samples wherein
42.2% were fluoroquinolones.9 Larsson et al. reported six
(ofloxacin > norfloxacin > ENO > ciprofloxacin > enrofloxacin
> other) out of 11 antibiotics in mg/L suggesting the highest
level of water contamination with ENO in India.8 Notably, the
reported occurrence level of fluoroquinolones in the influents
and effluents of wastewater were in the ranges of 2.0−8000 ng/
L and 0.3−31000 ng/L globally, respectively.9,10 The global
regulatory agencies strictly asked that enough new eco-
toxicological data and the fate of drug metabolism (photo-
degradation and hydrolysis) be provided before approving any
product in their giudelines.11−13 Municipal sewage, domestic
outflow, industrial waste release, sewage from hospitals, and
wastewater outflow from livestock of animal farming are the
main sources of pharmaceutical contaminant for frequent
emergence of antibiotic resistance and chronic toxicity in
aquatic lives, humans, and plants.11,12

Several conventional techniques are associated with certain
challenges. These are membrane filtration, reverse osmosis
(RO), UV−H2O2 based photolysis, sonochemical degradation
techniques, chlorination, ozonation, adsorption methods, and
biodegradation method.14−17 Nanofiltration (nanofilter) and

RO methods are related to foul smelling and physiological
malfunctioning due to a present oxidizing agent. The most
common technique “chlorination” is related to serious toxicity
due to formed chlorinated byproducts.18,19 Conventional
adsorption based water treatment techniques are associated
with various limitations (low removal efficiency, nonselectivity,
hectic and time consuming concerns, costliness, low scalability,
high maintenance issues, and low affinity of few drugs to the
adsorbents such as activated charcoal).20

We established and reported various green nanoemulsions to
remove active pharmaceuticals considered as the most serious
contaminants so far with high removal efficiency, simplicity,
ease to scale up, and specificity.21−24 Considering the
physicochemical properties of the drug, poor aqueous
solubility (0.29 mg/mL an experimental value), low molecular
weight (320.32 g/mol), weak acidic nature (pKa = 5.5), and H-
bond-forming ability, green nanoemulsion development using
medium chain triglycerides and surfactants is an encouraging
strategy to eliminate the trace amount of ENO released from
influent or effluent water.14 The method is simple, rapid, and
economical. Therefore, we investigated the prospective
excipients close to the drug for maximum solubility using
Hansen solubility software (HSPiP software version 5.0.06).
The program helps to predict suitable solvents, surfactants,
cosurfactants, and lipids based on Hansen functional
parameters. These parameters are based on the total cohesive
energy as Hansen space (δ) distributed over dispersive force
(expressed as δd), polarity (as δp due to dipole−dipole value),
and hydrogen bonding forming ability (expressed as δh).
Mathematically, Hansen space can be expressed as in eq 1:

= + +( ) ( ) ( )2
d

2
p

2
h

2
(1)

The program assisted in screening excipients exhibiting a
closeness between the drug and excipients in terms of
interactive forces (polarity, dispersion, London forces, hydro-
gen bonding, and van der Waals) and their impact on the drug
solubilization/miscibility, keeping other variables constant.
The predicted excipients were used for the experimental

Figure 1. Illustrative presentation of the experimental design to complete the proof of concept.
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solubility study at 40 °C. Finally, the selected excipients were
tailored into a green nanoemulsion. These were evaluated for
size, polydispersity index (PDI), ζ potential, viscosity,
morphology, stability, and refractive index (RI). Various
factors were taken into account for having the impact on
removal efficiency (%RE). Finally, instrumental techniques
ensured the absence of ENO from the treated water. A
complete methodology of the work is illustrated in Figure 1.

■ MATERIALS AND METHODS
Materials. Enoxacin (ENO, >99.6%) was a white crystalline

powder and was obtained from Merck, Mumbai, India. PG
(propylene glycol), IPM (isopropyl myristate), NMP (N-
methyl-2-pyrrolidone), isopropyl alcohol (IPA), ethanol, ethyl
acetate, ethyl lactate (EL), dimethyl isosorbide (DMI), and
methanol, acetonitrile (ACN) were purchased from Merck. A
few surfactants such as Tween 80 and triton-X-100 were
procured from a local standard supplier of AR grade (Merck).
Soybean oil was purchased from a local supplier (food grade)
(Mr. Mohhammad Ramzan generously gifted, Chandigarh,
Punjab, India). Capryol 90 (propylene glycol monocaprylate)
(C90) was gifted from Gattefosse (France). Buffer reagents
were purchased from Sigma-Aldrich, Mumbai, India. Distilled
water was used as aqueous solvent.
Methods. Thermal Behavior Analysis Using Differential

Scanning Calorimeter (DSC). The drug was subjected for
thermal behavior using DSC (DSC-60, Shimadzu, Japan). The
drug was weighed and transferred to a previously cleaned
aluminum pan. The pan containing the same drug was
completely crimped before placing into the furnace. The
technique was used to assess fusion temperature and enthalpy
values. The crimped drug was heated to 400 °C at the heating
rate of 10 °C/min as per the method adopted before.25 After
completion of the maximum temperature, the system was
cooled by purging with nitrogen gas (60 mL/min).25,26

Hansen Solubility Parameters (HSPs) Using HSPiP
Program. Understanding dispersion/solubility properties of
materials (carbon nanotubes, polymers, and quantum dots)
and controlling solvent−solute interactions were widely used
in industry for multiple purposes (pigment dispersion, paint,
solubility, solvation, polymer adhesion, and textile coloration).
Moreover, the tool has been explored for permeation of
chemical across plastic (gloves for safety), skin (drug delivery),
packing barriers (for food), and surface (paint purposes);
Hansen solubility parameters are a well-known and established
tool to predict interactions (dielectric constant, van der Waals,
cohesive−adhesive force, and London forces) between a solute
and solvent. These interactions are in the terms of
thermodynamic parameters, cohesive forces, and other
attractive forces. The total cohesive energy is distributed
over dispersive force, polarity, and H-bonding force respon-
sible for miscibility or solubility of a solute in a particular
solvent. HSPiP program (HSPiP software version 5.0.06) was
used to estimate these parameters for the drug, solvent,
surfactant, and lipids. In the case of a mixture of lipids, we
calculated it manually based on composition (%) and SMILES
files. In the present study, we reported various HSP values for
various excipients and the investigated drugs as per the method
reported before.27,28 These HSPs (Hansen space) are ex-
pressed as (a) δd, (b) δp, and (c) δh for dispersion power,
polarity (due to dielectric constant), and H-bond formation of
a solute in a specific solvent, respectively. These values are
associated with physicochemical properties of a solute and

solvent. Using the program, we estimated these values by
putting SMILES data in respective input tab of HSPiP
program. The software estimated δp, δd, δh,, and δtotal, and R
values, wherein the values of δtotal and R represent the total
HSP and space parameter, respectively.28

Theoretically, these HSPs are used to predict possible
degrees of interaction between solute and solvent at fixed
temperature so that a formulator or researcher can screen the
right solvent for maximized solubility. Thus, the minimum
difference of any HSP parameter between the investigated
solute and solvent can be taken as soluble/miscible (δhsp of a
solute − δhsp of solvent ∼ 0). A solvent is considered suitable
for a solute with R (space parameter in term of distance or
interactive radius) values less than or equal to the R value of
the investigated solute (Rsolvent ≤ Rsolute) in the solubility sphere
(HSP sphere). Rs and Rv indicate the sphere radius and the
space parameter of solvent, respectively, from the center of the
same HSP sphere (H). RED (relative energy difference) is
defined as the ratio Rs to Rv, which must be less than unity for
miscibility (RED < 1) of the solute and varies depending upon
the nature of the solvent and existing interactions between
both and vice versa (RED > 1 for immiscible).

Experimental Solubility. HSPiP software predicted various
suitable solvents, oils, and surfactants for maximum solubility
of the drug. ENO is very poorly soluble in an aqueous system
or buffer. A weighed amount of the drug was added to a glass
vial containing solvent, and the vial was tightly closed. The vial
was transferred to a shaking water bath (Remi Equipment,
Mumbai, India) previously set at 40.0 ± 1 °C for 72 h for
saturated solubility. The study was performed in triplicate for
each excipient. At the achieved equilibrium, the mixer was
centrifuged to remove undissolved drug content. The super-
natant was used to assess the content of the drug dissolved.
The drug was quantified using a validated HPLC (reverse
phase high performance liquid chromatography) method at
λmax of 345 nm, and the method was adopted as per the
method reported before (slightly modified).29 The mobile
phase was composed of acetonitrile and citric acid (0.05 M)
buffer (pH = 4.0) in 20:80 ratio, and the analysis was carried
out with flow rate, sample injection volume, and run time of 1
mL/min, 20 μL, and 10 min, respectively. The column (C18 of
Hypersil) was operated at 30 ± 1 °C. Experiment was
performed in triplicate to get average data. The calibration
concentration range and regression coefficient were 1.0−100
ng/mL and 0.999, respectively.

QSAR (Quantitative Structural Activity Relationship)
Model Using HSPiP Program. This model was used to predict
solvent and a blend solvent suitable for ENO. In this model, we
used HSP parameters of ENO and target solvent or blend of
solvents. Physicochemical properties of the drug and solvent(s)
are responsible for the drug miscibility. The HSP of the drug,
excipients, and experimental solubility values were used in
QSAR analysis. The model correlated a relationship between
log S (experimental solubility) and HSP (δd, δp, and δh) or
mVol. The model also correlates with thermodynamic
functional parameters (enthalpy, entropy, and Gibbs energy).
The model identified a trend of solvent data set and predicted
right solvent close to the HSP values of ENO followed by
predicting the impact of factors (thermodynamic parameters,
HSP parameters, and molar volume) on log S of the drug in
the target solvent or blend.30 The best fit of the model was
validated by regression coefficient values. The “cross-term”
indicates interaction properties.
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Constructing Various Pseudo-ternary-phase Diagrams.
After HSPiP program based estimated HSP values for each
studied excipient, experimental solubility, and QSAR model,
excipients were selected for developing green nanoemulsion.
For this, lipid, cosurfactant (CS), and surfactant (S) were
selected for tailoring GNEs (green nanoemulsions). Therefore,
a slow emulsification and titration method was adopted to
generate a pseudoternary phase diagram. Various GNEs were
prepared with varied ratios of S/CS termed as “Smix”. Initially,
water-in-oil based nanoemulsions were prepared for a
particular Smix value (1:1, 1:2, and 1:3). Varied ratios of Smix-
to-oil phase (1:9 to 9:1) were applied to formulate nano-
emulsions.22 A phase diagram possessing the maximum
delineated area was selected as an optimized nanoemulsion
with minimum content of surfactant with high stability.

Thermodynamic Stability Assessment of Nanoemulsions.
This study was conducted to ensure the stability of
nanoemulsions (ENE1−ENE5) against thermal (extremely
low and extremely high) and physical stress (ultracentrifuga-
tion). Generally, the obtained nanoemulsions were screened
based on the stable, unstable, and metastable forms. Unstable
and metastable nanoemulsions were identified and removed
from further studies. Therefore, each nanoemulsion was
subjected to exposure of a cyclic process of extreme
temperatures (4, −21, and 45 °C after incubation) and
ultracentrifugation. In freeze−thaw cycles, there were three
repetitions of cycles wherein the sample vial was stored at −21
°C for 24 h. Then, the sample was removed and placed
undisturbed at room temperature (30 °C) to resume the
original state (within 5 min). The sample was considered as
thermodynamically stable if the state resumed within 5 min
without signs of any physical instability. The resumed sample
was again stored at high temperature 45 °C for the same time
period. Then, it was removed to place at room temperature for
physical observation. The same cycle pattern was adopted for
intermediate temperature (4 °C) for the same sample. Finally,
to negate physical instability, an ultracentrifugation step was
performed at 30000g for 5 min followed by keeping for 24 h to
observe benchtop stability.31,32 Each sample was inspected
after incubation and resumed transparency (clear and
isotropic) of ENE1−ENE5 at room temperature (30 °C)
after 30 min. They were expected to resume their original
consistency and physical stability.

Evaluations of ENE1−ENE5. Nanoemulsions stable under
the stress thermodynamic stability study were subjected to
characterizations (particle size, ζ potential, polydispersity
index, RI, η, and morphology.

Evaluations of Size, Polydispersity Index (PDI), and Real
Time ζ Potential Values. The globular size, PDI, and ζ values
were determined using a Malvern Zetasizer (Malvern Nano-
ZS-90 Zetasizer, Worcestershire, U.K.). The ζ values were
determined using undiluted samples, whereas the sample for
size estimation was processed using a diluted sample (distilled
water as diluent). In brief, a freshly prepared nanoemulsion
was taken and diluted with distilled water (100 times) to avoid
any scanning interference during analysis. The diluted sample
was taken in the sample holder previously washed and cleaned.
The sample holder was filled leaving a 25% empty space from
the top. The sample was placed in the analysis slot in such a
way that the transparent portion should face the beam of light
coming from the source. The sample holder was properly
wiped with tissue paper to avoid any fingerprints or adhered
sample on the surface before putting in the sample slot.

Analysis was run at a scattering angle of 90° and 25 °C for each
sample. The system was run in size analysis mode. The system
scans multiple times to provide a mean value and intensity
graph. The process was repeated for each sample. Therefore,
the size findings estimated using DLS (dynamic light
scattering) are the hydrodynamic diameter of the particle
obtained through Stokes−Einstein eq 2. The method is
suitable for small particles due to better scattering as compared
to laser diffraction (suitable for larger particles).

=D
KT

r6 (2)

wherein D indicates diffusion coefficient. K and T represent the
Boltzmann constant and the absolute temperature, respec-
tively. The dynamic viscosity and the globular size (in
diameter) were expressed as η and r, respectively.
To measure ζ potential, the same instrument was used in ζ

potential measuring mode. The sample holder is a folded
capillary cell composed of polycarbonate (capacity of 0.75
mL). Notably, the sample was undiluted to find the tangible
charge of the tested sample. The sample was first taken into a
syringe (without needle). The test sample was then filled into
the sample holder (the folded capillary cell) in such a way that
there should be no retained bubble inside. Both ends of the
sample holder were filled completely and closed with closures.
To avoid any adherence of the sample outside on the surface,
tissue paper or cotton was used to it wipe out. The cell was
placed inside for 2−3 min to allow the temperature to
equilibrate. Notably, the exposed metallic electrode must be
dried. The system was run to analyze the sample. The laser
Doppler electrophoresis measured the electrophoretic mobility
(related to Henry law) of the dispersed nanoglobules in the
aqueous system. The analysis was repeated for mean and
standard deviations.

Transmission Electron Microscopy (TEM). TEM technique
was used to investigate the shape and size of the nanoemulsion
globules after dispersion in the aqueous system. For this each
sample (ENE1−ENE5) was separately dispersed in the drug
aqueous solution for 15 min. The dispersed sample was
immediately used for TEM analysis. The sample was placed on
the grid (carbon coated grid). The additional sample was
removed by blotting paper. The sample was then stained
(using 0.1% phosphatungstic acid) and dried in an oven at
ambient temperature (30 °C) for 2 h. The sample was scanned
under TEM. The final micrographs were recorded at different
locations and magnifications.
Notably, the size obtained from the DLS method differs

from that of the transmission electron microscopy based
technique. This was obvious due to the different principle of
working. In practice, the estimated size varies as per the
method and technique adopted and considered as instrumental
error (relatively small globules were preferentially more
adsorbed by the grid surface than big particles). Thus, the
difference is reported as “fold error” (FE) using eq 3 and
considered as an acceptable difference if it comes to less than
2.33

=FE 10 n(1/ ) log(size,Zetasizer/size,TEM) (3)

where “n” is the number of repeats of the experimental study.
Determination of Viscosity (η). All developed green

nanoemulsions were composed of water, oil, and Smix in
proper ratio. Therefore, it was mandatory to measure flow
behavior (rheology parameter such as η) of ENE1−ENE5.
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Viscosity is a thermophysical property of nanofluid which is
imperative for the design, selection of variables, and operation
of the instrument involved in water treatment (such as
wastewater treatment plant). The parameter is associated with
having a great impact on mixing, blending, flow, processing,
pumping, emulsification, and storage of nanoemulsion. The
values of viscosity were estimated using Bohlin viscometer
(Bohlin Visco 88, Malvern).34 The viscometer was coupled
with a cone and plate coaxially arranged in the vertical position.
The cone with shaft was fixed to the roof of the solid metallic.
The flat plate was fixed to the plate form of the base. Using the
software command, the cone was descended to come down
near the plate at the bottom, leaving a minute gap (25 mm). A
paper is allowed to pass through the gap to ensure the presence
of the gap as per a fixed distance set in the input slot of the
software. Now, all operating conditions are fed in the system
before placing the sample in the gap. These operational
conditions are rotational speed (0−1000 rpm), shear rate
range (from zero to 0.1 × 104 per second), torque range (1
mN m), shear stress (100 Pa), operating voltage (9 V), and
working temperature. The operational temperature was kept
constant throughout the analysis process. The system was run
on ascending and descending cycles for each sample. Each
sample (1 g) was placed in the gap existing between them, and
the spindle is allowed to rotate at constant rotation. The
sample (undiluted) was processed at 25 °C with a shear rate of
0−100 s−1.33,34 Analysis was replicated to get a mean value for
each sample. During the sample analysis, the external
temperature was kept constant (25 °C).

Measurement of Refractive index (RI). The values of RI
were determined using an Abbe-type refractometer (Bausch
and Lomb Optical Co., Rochester, NY, USA) for neat oil,
water, and ENE1−ENE5. In brief, the sample (a drop) was
kept on a glass slide and assessed at 25 ± 1 °C. In the
literature, RI values of water and oil are 1.33, and 1.47,
respectively, at 20.0 °C.35 In general, nanoemulsions are
considered as kinetically stable and transparent (refractive
index ∼ 1.32).36 The normalized RI difference “X” can be
mathematically defined as eq 4:

=X
( )0

0 (4)

where η0 and η are the RI values of the sample processed and
neat water, respectively. It is noteworthy that the model is
applied for clear and isotropic systems with globular size < the
wavelength of visible light.

Preparation of Stock Solution. The drug is poorly soluble
in water (0.29 mg/mL at 25 °C) and considered as the most
serious pharmaceutical contaminant. Considering the lowest
concentration of ENO in effluents and poor solubility, a stock
solution was prepared by dissolving a weighed amount of ENO
in distilled water; the final strength of the drug solution was
10.0 ppm. This served as the working standard at laboratory
scale to simulate an industrial scale-up process. From the stock
solution, a range of concentration was prepared to use as the
calibration curve concentration (0.01−10.0 μg/mL). To
observe the pH of the solution, a digital pH meter was
employed at different time points. A working calibration curve
was drawn using HPLC at 30 ± 1 °C (operating column
temperature).

Adsorption Study in Terms of Removal Efficiency. ENO is
a poor water-soluble antibiotic with slightly acidic nature (pKa

= 5.5).14 The drug has been reported to be degraded in
aqueous solution (0.02 μg/mL) after irradiation of UV light.14
Removal efficiency of ENO depends upon the physicochemical
properties of the drug and excipients. Several other factors
(hydrophobicity, globular size, viscosity, temperature, compo-
sition, HSP parameters, and time of exposure) are also
considerable forces to have an impact on removal efficiency. In
this study, pH (5.5) and temperature (25 °C) were kept
constant throughout the study. Thus, the composition,
viscosity, size, PDI, and time of exposure were taken into
account for %RE study. It was anticipated that there may be
facilitated migration/diffusion of ENO from aqueous solution
(pH = 5.5) to the water−oil interface for adsorption through
electrostatic interaction force.37 In brief, a weighed amount (1
g) of ENE1−ENE5 was dropped into the aqueous stock
solution (10 mL) and stirred for various time points (5−20
min). After dispersion, the water-in-oil (w/o) nanoemulsion
(ENE1−ENE5) was transformed to respective oil-in-water (o/
w) nanoemulsion (o/w type of ENE1−ENE5) due to phase
inversion. This was performed for each nanoemulsion
separately, and data were recorded accordingly. Sampling was
conducted at each time point to characterize the newly formed
respective nanoemulsions. Then, an ENO−ENE mixture was
completely cracked (destabilized) after freezing (at −21.0 °C)
the sample for 0.5 h and subsequently heating at 60 °C for 2.5
h. The sequential steps of extreme freezing and immediate
heating at high temperature results in two phase separation.
Both phases were carefully segregated using ultracentrifugation
technique (25000 rpm for 5 min) for the drug quantification.23

The study was repeated for three time points to identify the
impact of time (5.0, 10.0, and 20.0 min) of exposure on %RE.
Finally, the total concentration of ENO (Xt) was assayed at
varied time points and expressed as “ppm/g” using eqs 3 and 4:

= [ ]Q X X w V( )/t t0 (5)

Thus, %RE was calculated using eq 6:

= [ ] ×X X X%RE ( )/ 100t0 0 (6)

The Xt and X0 indicate the concentration (ppm) of ENO at t
and “zero” time points, respectively. Moreover, V, w, and m are
the dispersed volume (mL), the total amount (g), and the
mass of GNE (g), respectively.

Confirmation of the Treated Water for the Absence of
ENO. SEM-EDX (Scanning Electron Microscopy−Energy
Dispersive X-ray) Analysis. The technique is used to identify
the elemental composition of the sample under SEM and
quantitative composition information (particularly in percent
and peak intensity). The study is a supportive investigation so
that the finding can be further ensured by another
sophisticated advanced technique. For this, a fine smear of
the treated water was developed on a cleaned glass slide. The
sample was allowed to dry so that any metal can remain on the
surface if present. The method is suitable to identify the
elemental contaminant on and within the material such as
barium, potassium, strontium, and chlorine.38 The elements
(H and O) of water were nullified from quantitative analysis.
This was conducted using the software to avoid interference in
the result. The procedure was adopted as described in a
previously reported method.24 The coated specimen was
visualized, localized, and focused on to take suitable images
under SEM-EDX mode (JEOL, Tokyo, Japan). The content of
the element was expressed in percent (peak intensity).
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Elemental Analysis from the Treated Water. An advanced
instrument ICP-OES (Thermo Fisher Scientific, Bremen,
Germany) is well-known to investigate elements of an organic
compound dissolved in water.39 The technique is commonly
used to analyze the ultratrace content of an element present in
solution as minor, major, and trace elements. The principle of
working involves the measurement of emitted light (a
completely passive process). The method has been adopted
for the simultaneous determination of metal and nonmetal
elements present as toxic contaminants in dietary supple-
ments.40,41 Afzal et al. reported the application of ICP-OES to
identify various heavy metals (Ni and Co) present in the
treated water (microbial method of water treatment) from
industrial effluent water.42

In brief, the treated water was collected and subjected for
quantitative assessment of trace elements present in the
sample. For this, ICP-OES was used to scan following a
validated method. The process was repeated to measure the
average content of dissolved elements present in the sample.
The acceptable result was assessed as 5%. The working
calibration curve was prepared using varied dilutions of the
analytical standard (standard solution). Analysis was carried
out at room temperature.

■ RESULT AND DISCUSSION
Exhaustive use of pharmaceutical antibiotics (enoxacin) raised
a serious and global concern due to environmental pollution.
ENO accounts for 17% of the global market in antibiotic
consumption, and it is released from different sources to
aquatic systems.43 That is why the topic has attracted
increasing attention among the scientific community. Conven-
tional methods are challenged with poor removal efficiency,
foul smelling, and other disadvantages. Green nanoemulsions
have already been explored to remove pharmaceutical
antibiotics from contaminated water in the literature (as
discussed in the Introduction). However, Hansen solubility
parameters based prediction for the selection of excipients,
simulation of the experimental solubility using HSPiP program,
and green nanoemulsion using lecithin and medium chain
triglycerides have not been investigated to remove ENO from
contaminated water so far. Figure 1 summarizes the
experimental design to accomplish the proof of concept.
Thermal Assessment of ENO for Drug Identification.

ENO is a solid quinolone antibiotics with theoretical melting
point of 220−224 °C, molecular weight of 320 g/mol, and log
P = −0.2.44 The exhibited two prominent endothermic thermal
peaks are shown in Supporting Information Figure S1. The first
broad peak represents the moisture content in the sample
which might be adsorbed during handling or storage. The
second prime peak was obtained at 223.8 °C which can be
related with the fusion temperature of ENO. The value is quite
close to the theoretical melting point of ENO, confirming the
purity of the sample. The thermal exposure continued until
300 °C to investigate the impact of higher temperature on the
drug degradation. However, there was no observed recrystal-
lization or degradation at temperature beyond the fusion
temperature. The small thermal noise can be identified in the
thermogram (Figure S1) which may be due to temperature
fluctuation. Thus, the drug could not execute any poly-
morphism, drug degradation, and recrystallization at the
studied temperature range.
HSPiP Software Based Predicted Excipients. As we

mentioned about HSPiP software in the experimental section,

the purpose of using the software was to screen out suitable
excipients such as oil, surfactant, and cosurfactant based on the
physicochemical properties and the Hansen solubility param-
eters (HSP). These HSPs are based on the sum of the total
cohesive energy (δtotal) arising from dispersiveness (δd), polar
behavior (δp), and H-bonding formation capability (δh).
Considering the structural behavior of ENO and other
excipients, the basic understanding of H-bond acceptor groups
and H-bond donor groups can be explained as well (Figure 2).

A molecule can interact with another molecule in terms of
polarity, H-bond formation ability, and dispersion ability.28

These three basic HSP tools relate and predict the drug
solubility in a particular solvent, oil, surfactant, and cosolvent.
Therefore, the values of HSPs for the drug and various
excipients have been presented in Table 1. To formulate a
nanoemulsion, it was imperative to screen suitable oil,
surfactant, and cosurfactant for the drug.
Table 1 provided detailed values of δd, δp, δh, δtotal, and R

(space value) for ENO and components estimated from HSPiP
program. It is obvious from Table 1 that the predicted values
of δd, δp, δh, and δtotal for ENO were estimated as 19.2, 11.0,
9.7, and 24.1 MPa1/2, respectively. Based on this, the drug is
considered highly dispersive, polar, and capable to form H-
bonding with excipients possessing approximate values of these
estimated HSPs. Looking at the structure of ENO (Figure 2),
the drug possessed 8 H-bond acceptor groups and 2 H-bond
donor groups. This can be correlated with the predicted δh
value of ENO (9.7 MPa1/2). Theoretically, a solvent or
cosolvent can be ideal for maximized miscibility of ENO if the
difference of any HSP between ENO and solvent comes as
zero or nearly zero (δd of ENO − δd of excipient ≈ 0; δp of
ENO − δp of excipient ≈ 0; and δh of ENO − δh of excipient ≈

Figure 2. Chemical structures of the drug (enoxacin) and selected
excipients (N-methyl-2-pyrrolidone, capric acid, caprylic acid, Tween
80, palmitic acid, and myristic acid).
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0).45 This solubility may be envisaged due to interactive forces
(cohesive energies, H-bonding, dipole−dipole interaction, and
dispersive nature) between ENO and excipient. Based on this,
we compared the HSPs of the drug and each excipient (as
shown in Table 2) for the right selection of excipients for

tailoring the nanoemulsion. The values of δd, δp, and δh for
Tween 80 were estimated as 16.8, 6.5, and 9.5, respectively,
indicating H-bonding ability and dispersive potential of Tween
80 could be prime factors for maximum miscibility of the drug.
This can be further justified by the calculated difference values
of HSP (δd of ENO − δd of Tween 80 = 2.4, δp of ENO − δp
of Tween 80 = 4.5, and δh of ENO − δh of Tween 80 = 0.2).
Thus, the least values of HSP difference between the solute

and Tween 80 were obtained for δd and δh. In the case of
NMP, all three HSP parameters are prime determining factors
for maximum miscibility/solubility of ENO as evidenced with
the values of δd (17.9), δp (9.9), and δh (7.4) and their
differences (δd of ENO − δd of NMP = 1.3, δp of ENO − δp of
NMP = 1.1, and δh of ENO − δh of NMP = 1.3) with ENO.
C90 is a mixture of various fatty acids as shown in Table 1.
Therefore, HSP values were estimated manually based on the
composition of the fatty acids and HSP values of the fatty
acids. Thus, the values of δd, δp, and δh were calculated as
18.35, 5.1, and 9.8, respectively.28,46 The values of difference of
HSP between ENO and C90 were observed as 0.85, 5.9, and
0.1 for δd, δp, and δh, respectively [δd of ENO − δd of C90 =
19.2 − 18.35 = 0.85; δp of ENO − δp of C90 = 11.0 − 5.1 =
5.9; and δh of ENO − δh of C90 = 9.8 − 9.7 = 0.1]. Figure 3
depicted HSP values and HSP sphere of ENO as estimated in
HSPiP software program. Figure 3A represents the solubility
sphere of ENO and predicted solvents (inside and outside
spheres) as a result of maximum interactions for ENO
miscibility (black arrow indicated NMP as the most preferred
solvent or cosolvent), whereas Figure 3B reveals a ternary
diagram of HSP parameters and centralized ENO (R = 9.3).
There are only three solvents within the sphere (r < 9.3). Thus,
a solvent or excipient exhibiting an R value less than the drug
(r) is considered as a suitable solvent for maximum miscibility/
solubility.47

Therefore, Tween 80 (as surfactant), NMP (as cosolvent),
and C90 (as lipid) were selected as excipients for nano-
emulsion preparation which may exhibit maximized misci-
bility/solubility for ENO to remove from aqueous drug
solution. In addition, experimental solubility of ENO in
these predicted excipients further justified the selection
process. Eventually, HSP parameters and experimental
solubility values would decide which excipients to select
before further study. There are limited solubility data available
for ENO in various solvents and varied temperatures.

Table 1. Various Hansen Solubility Parameters of ENO and Screened Excipients for Maximum Solubilitya

Hansen solubility parameters

Code δd δp δh δtotal R value SMILES

ENO 19.2 11.0 9.7 24.1 9.3 CCn1 cm3(c(�O)c2c1nc(c(c2)F)N3CCNCC3)C(�O)O
Transcutol-HP 16.3 7.4 12.0 21.6 5.2 CCOCCOCCO
Ethanol 15.6 9.3 17.2 25.0 8.49 CCO
Ethyl acetate 15.7 6.3 7.5 18.5 6.25 CCOC(�O)C
Tween 80 16.8 6.5 9.5 20.0 5.1 CCCCCCCCC�CCCCCCCCC(�O)OCCOCC(OCCO)C1OCC(OCCO)C1OCCO
DMI 17 13.5 27.4 35.5 18.01 CO[C@@H]1CO[C@H]2[C@@H]1OC[C@@H]2OC
PG 17.3 10.2 22.1 29.8 12.6 CC(CO)O
IPA 15.5 7.2 12.8 21.3 6.14 CC(C)O
NMP 17.9 9.9 7.4 21.8 2.86 CN1CCCC1�O
Triton X-100 16.8 3.9 6.7 18.5 8.1 CC(C)(C)CC(C)(C)c1ccc(cc1)OCCOCCO
Miglyol 812 Nb 16.3 4.7 9.35 19.7 6.94
Capric acid 16.3 4.2 8.6 18.9 7.47 CCCCCCCCCC(�O)O
Caprylic acid 16.3 5.2 10.1 19.8 6.49 CCCCCCCC(�O)O
IPM 16.15 4.7 6.22 19.09 7.8 CCCCCCCCCCCCCC(�O)OC(C)C
Ethyl lactate 16.7 7.7 13.1 22.6 5.36 CCOC(�O)[C@H](C)O
Methanol 16.4 12.3 21.7 29.9 12.4 CO
Capryol 90c 18.35 5.1 9.8 21.4 5.96
Soybean oild 16.5 2.0 2.7 16.84 11.7
aENO, enoxacin; M812N, Miglyol 812 N (containing 50% caprylic acid and 50% capric acid); IPM, isopropyl myristate; DMI, dimethyl isosorbide;
NMP, N-methyl-2-pyrrolidone; PG, propylene glycol; IPA, isopropyl alcohol; capryol 90 (propylene glycol monocaprylate), caprylic acid (90%),
capric acid (3.0%), lauric acid (3.0%), myristic acid (3.0%), and palmitic acid (1.0%). bManually calculated value based on 50% components of
capric and caprylic acid in M812N. cReference 46. dReference 28.

Table 2. Composition of Various Green Water/T80/NMP/
C90 Nanoemulsions at Fixed Smix Ratio and HSP
Parameters of ENE5 Based on Compositiona

Composition (% (w/w))

Code Water TL NMP C90 Smix
ENE1 3.5 15 45 36.5 1:3
ENE2 7.0 15 45 33.0 1:3
ENE3 10.5 15 45 29.5 1:3
ENE4 14.0 15 45 26.0 1:3
ENE5 17.5 15 45 22.5 1:3

HSP Parameters of ENE5 Based on Composition

Water T80 NMP C90 ENE5

δd 2.71 2.52 8.1 4.13 17.46
δp 2.8 0.975 4.46 1.15 9.385
δh 7.4 1.425 3.33 2.21 14.37
Rc (calculated) 6.04
δt 47.6 20 21.0
RED (HSPiP) 3.63 NA 0.4 NA NA

aTL, Tween 80 + lecithin; NMP, N-methyl-2-pyrrolidone; C90,
capryol 90; NA, not available.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07942
ACS Omega 2023, 8, 11100−11117

11106

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07942?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Experimental Solubility Study in HSPiP Predicted
Excipients. ENO is associated with limited aqueous solubility
and permeability. As a result of this, the drug shows poor
antibacterial efficacy and high hygroscopic instability.4 The
solubility of ENO in the predicted excipients was carried out,
and the result is portrayed in Figure 3C. Solubility values were
estimated in terms of mg/mL and log S so that HSPiP software
uses log S values as an input parameter. It is apparent that the
solubilities of ENO in Tween 80, C90, and NMP were
maximum and these values were observed as 1.5 mg/mL, 2.8
mg/mL, and 6.7 mg/mL, respectively. Among oils, Miglyol
812N showed the highest solubility (5.4 mg/mL). However,
this was avoided to select due to color development after 2 h.
Therefore, C90 was finally selected as oil in the study. Figure
3C illustrated the pattern of ENO solubility in various
excipients. The solubilities of ENO in the predicted C90,
Tween 80, and NMP have already been explained in a previous
section in terms of Hansen solubility parameters. In brief,
improved solubility of ENO is attributed to physicochemical
properties of the drug and excipients (C90, Tween 80, and
NMP). Cohesive forces, H-bonding ability, polarity (dielectric
constant), the dispersive natures of NMP and Tween 80, and
lipophilic−lipophilic interaction play together for maximized
miscibility/solubility of ENO. In Table 1, the HSP values
suggested that Tween 80 showed high solubility, which may be
attributed to the dispersive nature (16.8 MPas) and H-bonding
ability (9.5 MPas) of Tween 80 and the least differences of

similar HSPs with ENO. A similar pattern was observed with
C90 which may be due to fatty acids. In the case of NMP, all
three cohesive properties played a major role to solubilize
ENO. Figure 2 exhibited the chemical structure of ENO and
other excipients. This explained the chemical basis of
interaction between ENO and other components, which can
be explained on the basis of HSP and H-bonding counts. ENO
is a chemically organic acid and contains a heterocyclic ring
with N-atom. Both −OH and −NH are responsible for
forming H-bonding. Liu et al. concluded based on Hirshfeld
surface analysis after forming cocrystals of ENO with various
organic acids that the order of intermolecular contact between
the polar (H···O and H···N) and the nonpolar (C···C, C···H,
and others) are consistent with solubility and permeability.4

Thus, ENO possessed several H-bonding acceptor counts to
interact with Tween 80 and C90 for maximum solubility. HSP
prediction and the experimental solubility values can be
correlated to understand the mechanistic perspective of ENO
solubility in these excipients. Moreover, the estimated log S
values assisted in helping to understand and establish a
relationship between thermodynamic parameters (enthalpy
and Gibbs free energy) and experimental solubility (log S)
using HSPiP program.
QSAR (Quantitative Structural Activity Relationship)

Model Using HSPiP Program. This module of HSPiP
program was used to identify trends within a data set (Figure
4A). This statistical module reveals deep insights into HSP

Figure 3. HSP values and HSP sphere of ENO in HSPiP software program: (A) Solubility sphere of ENO and predicted solvents (inside and
outside sphere) for maximum interaction of miscibility (black arrow indicating NMP as the most preferred solvent or cosolvent) and (B) ternary
diagram of HSP parameters and centralized ENO (radius = 9.3), and (C) experimental solubility and HSPiP based predicted solubility (log S) in
different excipients
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about which parameters are the keys to understanding the
trend within the data set of log S. Therefore, it does not
provide deep mechanistic insights of ENO solubility in the
explored excipients due to a lack of theoretical basis. Notably,
the module is based on the statistics of good fits (N = 11 and
the fit to N parameter is 3, at temperature of 25 °C as the
default value). The generated polynomial equation was log S =
−1.07 + 0.0809δd + 0.0723δp − 0.0391δh − 9.38 × 10−5MVol,
wherein MVol is molecular volume (r2 = 0.644). Panels B−D
of Figure 4 elicited Hansen solubility software based QSAR (in
terms of solubility) prediction of studied excipients (solvents,
surfactants, and lipids) for log S (experimental solubility
values) of ENO and predicted correlation between thermody-
namic parameters (enthalpy and Gibbs free energy) and HSP
parameters. We found that all data sets are in good fit with δd,
whereas other δp and δh were out of fit (Figure 4B). Similarly, a
good correlation was observed between the solubility data set
(log S) and two thermodynamic parameters such as ΔH and
ΔG, whereas the entropy was out of fit (Figure 4C,D). Thus,
the solubility was a spontaneous process in Tween 80, NMP,
and C90.
Prepared GNE by Constructing Pseudo-ternary-

phase Diagrams (PTDs). To prepare green nanoemulsions,
C90, Tween 80, and NMP were selected as major components
of the organic phase. Initially, various nanoemulsions were
constructed as dictated in pseudoternary phase diagrams
(Figure 5). It was mandatory to identify the right proportion
of surfactant to cosurfactant ratio (Smix). In ENE1−ENE5, the

content of water was relatively low as compared to organic
content (C90, NMP, and Tween 80). Therefore, the blend of
organic content was completely homogenized by adding a
constant amount of lecithin (7.5%). This resulted in stable
water-in-oil ENE1−ENE5 (Table 1). Tween 80 and NMP
assisted to stabilize these ENE1−ENE5 after dispersion in bulk
aqueous drug solution (transformed into respective o/w types
of ENE1−ENE5). Various ratios of Smix were exercised to
obtain the most desired pseudoternary phase diagram
(delineated with a maximum zone of nanoemulsion. It was
clear that cosurfactant and surfactant played a major role to
solubilize an aqueous area into organic phase. As depicted in
Figure 5A, an equal ratio (Smix = 1:1) of surfactant (Tween 80
and lecithin) and cosurfactant (NMP) resulted in limited
delineated region, whereas the relative increase in cosurfactant
content to surfactant gave rise to an increase in the delineated
zone (Smix = 1:2). A further increment of cosurfactant content
caused slight increase in the delineated area as compared to
Figure 5B. Therefore, to ensure the safety concern of
surfactants, we could not add further cosurfactant. Thus, Smix
at ratio 1:3 was used to formulate ENE1−ENE5. Other ratios
(2:1 and 3:1) could not work to get a stable nanoemulsion and
dropped from further studies (data not given).24 Solubilizing
properties/emulsification behavior of transcutol-HP (THP)
(HLB = 14.5) for C90-oil was facilitated when a blend of
lecithin (HLB = 4.2) and THP was used as a combined mix
after dispersion/titration with aqueous phase working in
tandem.48 NMP and Tween 80 worked together efficiently

Figure 4. Hansen solubility software based QSAR (quantitative structure−activity relationship in terms of solubility) prediction of studied
excipients (solvents, surfactants, and lipids) for log S (experimental solubility values) of ENO and predicted correlation between thermodynamic
parameters and HSP parameters. (A) Correlation between the experimental solubility and predicted log S, (B) correlation between log S and
Hansen solubility parameter “δd” of ENO, (C) correlation predicted between log S and enthalpy of the drug solubility, and (D) correlation between
log S and free Gibbs energy of the drug.
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for rapid emulsification of ENE1−ENE5 in the bulk aqueous
ENO solution (gave o/w nanoemulsion) with clear trans-
parency. Moreover, biocompatible and lipophilic lecithin
served as surfactant for stabilized nanoemulsion before
dispersion. Thus, the Smix ratio of 1:3 was selected for
(ENE1−ENE5 by changing the amount of oily phase and
aqueous phase as per phase diagrams. Table 2 showed a detail
of composition of ENE1−ENE5.
Physical Stability under Stressed Thermal and

Physical Conditions. To ensure thermodynamic stability of

developed nanoemulsions, it was mandatory to investigate
stability against thermal (extreme temperature ranges) and
mechanical stress (ultracentrifugation). During transportation,
there is chances of phase separation due to physical stress.
Table 3 elicited no sign of instability at the end of each

sequential cycle of cooling and heating. All nanoemulsions
passed the test and ensured their ability to withstand high and
low temperatures. Moreover, subsequent exposure to ultra-
centrifugation of ENE1−ENE5 exhibited no signs of any
physical instability such as phase separation and creaming. This
can be correlated with sufficient quantity of surfactant, right
ratio of Smix and Tween 80 of high HLB value for maximum
emulsification and firm layer formation around globular surface
preventing Ostwald ripening during long-term storage and
physical stress. ENE4 and ENE5, having globular size < 100
nm, are very prone to Ostwald ripening due to heterogeneous
nature of dispersed globules, weak kinetic barrier, and innate
coalescence (<50 nm) on prolonged standing.49 Therefore, the
hurdle can be resolved by selecting the right surfactant and
concentration, nature of oil (as depicted in Hansen), oil
viscosity, and the molar volume of oil.49 Notably, it was easy to
understand the possible cohesive interaction of the oil phase of
ENE1−ENE5 and the drug by the calculated values of HSP
parameters as shown in Table 2. Based on the nature and
composition of each component (ENE5), we found the values
of δd, δp, and δh as 17.46, 9.39, and 14.37, respectively, for
ENE5. In this way, ENE5 is capable of interacting with the
lipophilic ENO present in the bulk aqueous solution via
dispersive nature, polarity, and H-bonding capability for
maximized solubility (organic phase as prime site of
adsorption). Low globular size may further facilitate the
adsorption process and removal efficiency. Thus, a combined
blend of lecithin and Tween 80 may have developed a stern
layer of Smix at the oil−water interface and substantially
reduced surface tension to prevent the probability of globular
coalescence while long-term standing.50

Characterization Parameters of ENE1−ENE5. Initially,
ENE1−ENE5 were prepared and evaluated for size, PDI, ζ
potential, viscosity, and RI (Table 4). In general, w/o
nanoemulsions are relatively viscous as compared to o/w
types of nanoemulsion. Globular sizes of ENE1, ENE2, ENE3,
ENE4, and ENE5 ranged from 189, 141, 108, 85, and 61 nm
whereas PDI values were observed as 0.53, 0.48, 0.36, 0.29, and
0.18 for the respective ENE1−ENE5. These values suggested
that there was progressive reduction in size with an increase in
water content in ENE1−ENE5 due to efficient emulsification.
ENE1 and ENE5 exhibited maximum and minimum globular
sizes among them. The lowest value of PDI of ENE5 further

Figure 5. Various constructed pseudoternary phase diagrams. (A) Smix
ratio at 1:1, (B) Smix ratio at 1:2 (green dot outside the covered green
area indicating unstable nanoemulsion), and (C) Smix ratio at 1:3.

Table 3. Thermodynamic Stability Cycles of the Green
Nanoemulsions (Water/T80/NMP/C90)a

Cyclic steps of thermodynamic stability study

Code Ultracentrifugation
Cool

(4.0 °C)
Freezing
(−21.0 °C)

Thawing
(45.0 °C) Smix

ENE1 √ √ √ √ 1:3
ENE2 √ √ √ √ 1:3
ENE3 √ √ √ √ 1:3
ENE4 √ √ √ √ 1:3
ENE5 √ √ √ √ 1:3
aNote: √ represents that nanoemulsion is physically stable under the
studied thermal stress and passable for further study.
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justified effective and substantial emulsification to significant
homogeneous size distribution (PDI = 0.18) as shown in
Figure S2. TEM report showed the spherical morphology of
ENE5 after dispersion in the bulk aqueous drug solution,
suggesting substantial and efficient emulsification within 5 min
(the dark spot indicated loaded drug within nanoglobules of
green nanoemulsion). This can be correlated with the relative
content of water-to-oil concentration (C90). In Table 2, it can
be observed that water content increased from 3.5% to 17.5%
for ENE1 to ENE5. Similarly, the oil content was reduced from
36.5% to 22.5% for ENE1 to ENE5. Therefore, Tween 80 and
lecithin combination (TL) worked efficiently to emulsify the
aqueous content into organic phase by reducing surface and
interfacial tension as evidenced with the constant reduction in
PDI on decreasing relative content of C90 in ENE1−ENE5.
Notably, lecithin being lipophilic (HLB = 4) alone may result
in bimodal distribution and formation of self-assemblies with a
feebly stabilized oil−water interface.51 C90 has an HLB value
of approximately 4 (material leaflet). Therefore, it was
imperative to use as combination (TL) with Tween 80 in
ENE1−ENE5 as these nanoemulsions are water-in-oil types of
nanoemulsion. Thus, initially, lecithin preferentially functioned
in w/o before dispersion in the bulk drug solution and vice
versa. After dispersion of ENE1−ENE5 (w/o) into the bulk
aqueous drug solution, Tween 80 primarily functions as o/w
type of emulsifier and results in o/w types of ENE1−ENE5.
However, the presence of lecithin (in TL) assists to stabilize
the oil−water interface. Globular size and PDI values were
further reduced after dispersion. These values were found to be
as 124, 97, 72, 65, and 32 nm for ENE1, ENE2, ENE3, ENE4,
and ENE5, respectively. This may be attributed to a newly
transformed ENE1−ENE5 from w/o to o/w. Lecithin alone
results in relatively larger globular sized nanoemulsion as
compared to the combination of lecithin and Tween 80.51

Reduced globular of nanoemulsion after dispersion may be
correlated with the decreased interfacial tension when the large
number of Tween 80 molecules (compared to lecithin)
preferentially adsorbed to the oil−water interface at higher
rate and availability in the aqueous phase.51 Perhaps, lecithin
alone is not as effective as Tween 80 in the aqueous system to
avoid possible coalescence (Ostwald ripening) during the
operational process of preparation (homogenization), storage,
and transportation.
The result of ζ potential ranged from 22.1 to 30.8 (−mV) as

shown in Table 4. These values are negative which may be
enough to establish repulsion among dispersed nanoscale
globules for maximized stability. These globules may remain
dispersed and minimize the probable chance of coalescence
(Ostwald ripening) if stored for long term or during
transportation. High values of ζ potential and the negative
nature attributed to lipid and lecithin. All nanoemulsions
presented Z-potential values (negative) between 20 and 30 mV

and could be considered stable in terms of colloidal interaction
against coalescence as lecithin stabilized nanoemulsions (at
neutral condition) possessed high negative charge (−50 to
−60 mV) to prevent aggregation by generating strong
electrostatic repulsion.52,53 On increasing the surfactant
(TL)-to-oil (S/O) ratio (from 0.41 to 0.66), the globular
size was substantially reduced from 189 to 61 nm and the
result is in agreement with a previous report where a similar
pattern was observed on reducing the surfactant-to-oil (S/O)
ratio (from 0.43 to 0.6 resulted in average reduction in size
from 123 to 115 nm).53 Thus, a high S/O ratio enforces a
reduced interfacial surface tension, small globular size, and
high stability.54

Viscosity represents rheological behavior of nanoemulsion.
The result is illustrated in Table 4, wherein the viscosity values
were found to be reduced from ENE1 to ENE5 due to oil
concentration (C90). Pure C90 showed viscosity as 21.5 cP
close to the reported value (20 cP) (material leaflet). Initially
prepared w/o nanoemulsions were relatively more viscous
(87.3−237.8 cP) as compared to the respective nanoemulsions
after dispersion into the bulk ENO solution. This was obvious
due to transformed w/o into o/w nanoemulsion (11.5−23 cP).
After dispersion, the interactive terms are dispersed phase
volume and S/O ratio as prime factors to decide viscosity. As
discussed before, w/o nanoemulsions were more viscous,
whereas o/w nanoemulsion elicited a low viscosity. This
difference may be correlated to the content of water, C90
content, S/O, and disperse phase volume. ENE5 exhibited low
viscosity, low globular size, and being in good consistency for
efficient emulsification. After dispersion, the continuous
aqueous phase (1/10th dilution) causes phase inversion. In
general, w/o types of emulsions take a longer time for
emulsification in aqueous medium as compared to o/w type of
emulsion.
All of the nanoemulsions ENE1−ENE5 were isotropic and

clear. The results of RI are provided in Table 4, wherein the RI
values decrease with a decline in C90 content and increase in
S/O ratio (from ENE1 to ENE5).55 This may be correlated
with the reduced size of globules from ENE1 to ENE5. Thus,
the transparent nature of a nanoemulsion can be associated
with optical properties (scattering of light) of isotropic ENE1−
ENE5 (less than or ∼100 nm) interacting with components.56
In literature, water is considered as standard reference with RI
values of 1.33 being clear and lighter than oil (>1.33). In this
study, the obtained values of RI were used to support the
findings of globular size, stability, and surface area available for
adsorption of lipophilic ENO. The RI value of pure C90 was
found as 1.454, which is much greater than those of ENE1−
ENE5 and water. Notably, the refractive index values from
ENE1 to ENE5 decrease, which may be correlated with the
increased content of water (3.5−17.5%) as compared to oil.
This may be attributed to the lower value of RI of water as

Table 4. Summary of Characterized Parameters of ENE1−ENE5a

Findings for optimization

Code Globular size (nm) PDI η (cP) RI ζ (mV)
ENE1 189 ± 23 0.53 237.8 ± 12.7 1.442 ± 0.006 −30.8 ± 1.9
ENE2 141 ± 16 0.48 200.1 ± 10.6 1.435 ± 0.005 −28.5 ± 2.0
ENE3 108 ± 17 0.36 167.9 ± 8.5 1.398 ± 0.007 −25.2 ± 1.7
ENE4 85 ± 10 0.29 106.5 ± 6.4 1.367 ± 0.004 −22.7 ± 1.3
ENE5 61 ± 8 0.18 87.3 ± 3.5 1.349 ± 0.002 −22.1 ± 1.5

aPDI, polydispersity index; RI = refractive index; ζ, zeta potential; η, viscosity. Data are presented as mean ± standard deviation, n = 3.
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compared to oil. Similar finding was noticed with C90 when
formulated a batch of propranolol-HCl loaded microemulsion
was formulated.57

Impact of C90 and Water Concentration on Globular
Size of ENE1−ENE5. The results of average mean globular
size of ENE1−ENE5 is portrayed in Table 4. The size values
ranged between 61 and 189 nm from ENE5 to ENE1. The size
of ENE1 was found to be relatively higher than that of ENE5,
which could be related to the ratio of oil to water content in
the nanoemulsion (Figure 6A). Observing the trend of size and
PDI values from ENE1 to ENE5, it is apparent that both are
progressively decreased, suggesting that ENE5 was the most

homogeneous and transparent as compared to others. The
globular size of the nanoemulsion is an important factor and
parameter to decide various functionalities of the nano-
emulsion in the present objective. This decides stability,
viscosity, transparent and optical properties, physical inter-
action, and adsorption surface area available for ENO removal
from the contaminated water system. Therefore, it was
imperative to screen the nanoemulsion with the least globular
size among them. Moreover, Figure 6A illustrated the impact
of C90 and water content on mean size for ENE1−ENE5.
Water had a significant impact as it reduced the size (from
3.5% to 17.5%), whereas the size values were increased on
increasing the content of C90 (from 22.5% to 36.5%) in each
set of ENE. The result is in good agreement with the previous
report (in terms of trend), wherein authors reported removal
of indomethacin using green nanoemulsion.58 Furthermore,
transcutol (surfactant) to C90 ratio increases (0.41 for ENE1
and 0.66 for ENE5), which suggested that the oil content of
ENE5 was rapidly and efficiently emulsified in the aqueous
phase by developing a stable surfactant layer around oil
globules to reduce interfacial surface tension by dissipating
excess energy at the formed interface layer.59 There are several
other factors to control globular size such as surfactant type,
concentration, HLB (hydrophilic−lipophilic balance) values of
surfactant and combination blend of surfactant (lecithin and
Tween 80), and physical and chemical properties of surfactant
and oil. In this section, we focused the impact of C90 and
water content on mean globular size and size distribution so
that the findings can be correlated with the adsorption
percentage of ENO at varied time points. Considering the
chemical structure of ENO, it has carboxylic acid with
capability to reduce water surface tension through H-bonding
ability and increased mole fraction at the adsorbed surface.60

Impact of C90 and Water Concentration on Viscosity.
In general, the viscosity of an oil based system or nano-
emulsion is relatively higher than the pure water system due to
the content of oil, surfactant, and other components. An
emulsion is supposed to be rapidly emulsified in water after
dispersion due to a sufficiently present emulsifier (surfactant
and cosurfactant) for homogeneous distribution and nano-
nization. This frequent emulsification is also related with the
viscosity of the system and the oil present in the nanoemulsion.
Therefore, it was imperative to assess the viscosity values (flow
property of a liquid) of all developed nanoemulsions in the
drug bulk aqueous solution. The estimated values are present
in Table 4 wherein the values ranged from 87.3 to 237 cP for
ENE1−ENE5. Notably, the values 237 and 87 cP correspond
to ENE1 and ENE5, which may be correlated to the content of
oil C90 (Table 2 and Table 4). Thus, viscosity was
substantially affected with the content of C90 oil in the
nanoemulsion. There was a consistent decrease in viscosity
value (from 237 to 87 cP) with a reduction in C90
concentration (from 36.5% to 22.5%) (Figure 6B). The
viscosity value of pure C90 at 20 °C was reported as 20 cP,
which is much lower than those of ENE1 and ENE5.61 Thus,
the viscosity of ENE5 is higher than that of pure C90, which
may be due to other excipients present in the green
nanoemulsion and the type of w/o system. However, the
nanoenulsion ENE5 was found to be more suitable in terms of
viscosity and flow behavior during dispersion and emulsifica-
tion. C90 is highly lipophilic due to low HLB (5), and it can be
good for the maximized interaction for adsorption of lipophilic
ENO. It is noteworthy that the dispersed ENE1−ENE5 in the

Figure 6. Composition (C90 and water content) influencing globular
size, viscosity, and PDI of ENE1−ENE5. (A) Composition versus
globular size (nm), (B) composition versus viscosity (cP), and (C)
impact of composition on PDI and ζ potentials of ENE1−ENE5.
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bulk aqueous solution had no significantly different viscosity
due to the bulk nature of aqueous medium serving as
continuous phase in o/w nanoemulsion.
Figure 6B demonstrated the influence of C90 and water

content on viscosity value at constant temperature. In w/o
ENE1-ENE5, there were regular reductions in viscosity with
reduced content of C90, whereas viscosity was consistently
decreasing with increasing content of water. Viscosity may be
affected with applied force, while emulsification, by con-
formation changes under stress, temperature variations,
composition, volume fraction of phase, shape and size of
dispersed globules, and dipole strength of droplets.24 However,
temperature is the main critical factor to regulate viscosity.
Therefore, we attempted to investigate the impact of the prime
components on viscosity at constant temperature. The
reduction in viscosity in ENE5 also can be correlated with
several innate properties of nanoemulsion such as nanonized
globular size, volume fraction of water, and transformation of
w/o to o/w type. Generally, viscous and gel forms of
nanoemulsion may take a longer time of emulsification/
dispersion in water and subsequently poor removal efficiency.
For improved removal efficiency of ENO from water, ENE5
could be suitable due to the substantial adsorptive surface, low
η for rapidly emulsified, and high stability (stable to face shear-
induced stress). Thus, η of ENE1−ENE5 is a valuable
parameter to decide on designing selection, composition, and
operation processes for the treatment of wastewater at large
scale (mixing, handling, storage, and pumping).62 In this study,
we addressed viscosity, globular size, composition, and time of
exposure as prime factors to control removal efficiency of
ENO, operational process of the designed plant, and the design
of an economic plant functional at robust conditions.62

Impact of Water and C90 Content on PDI and ζ
Potential of ENE1−ENE5. In Figure 6C, the impact of
composition on PDI values and ζ potentials has been
portrayed. These values are presented in Table 4 for all
nanoemulsions. PDI values confirmed the homogeneous and
uniform nature of nanoemulsion, whereas negative values of ζ
potential can be correlated with fatty components of a C90 and
lecithin nature. There may be expected an adsorptive
interaction between the drug and globular surface through
van der Waals force of attraction (London dispersion force)
and H-bonding force interacting between them due to the
chemical nature of the drug (acidic functional group and
various H-acceptor and H-donor count groups). Considering
the chemical structure of the drug, ENO exhibits a zwitterion
configuration with −COOH functional group due to
quinolone deprotonated (interacting with positive center
such as lecithin N-atom), whereas the terminal N(1) of the
piperazyl ring of ENO is protonated for electrostatic
interaction with negatively charged C90.63 Thus, these physical
interacting forces may be playing together for combined
adsorption of the drug to the exposed globular surface. High
PDI indicates insufficient content of surfactant, which results
into poor emulsification as observed in ENE1.64 Thus, a low
PDI value and high negative ζ potential of ENE5 are quite
satisfactory for maintaining physical stability, consistent form,
and profound adsorbing surface area available for proficient %
RE of ENE5 after dispersion. The C90 and lecithin belong to
GRAS (generally regarded as safe) category for developing
green nanoemulsions.
Percent Removal Efficiency (%RE) Study and Explan-

ation. Lipid, NMP, and lecithin are prime components of the

developed nanoemulsions and recommended for safe delivery
in formulation and U.S. Food and Drug Administration (FDA)
approved products. These are safe, biocompatible, and eco-
friendly to tailor green nanoemulsion without causing a
harmful impact on flora and fauna of an ecosystem. Such
cost-effective products possessing high %RE can be easily
translated for industrial production and scale up from the
laboratory (tech-transfer). The results of % RE have been
summarized in Table 5, wherein we found varied values of %

RE due to varied composition and exposure time. Figure 7A
demonstrated the relationship of %RE and exposure time (5,
10, and 15 min). At the end of 15 min, ENE1 and ENE5
showed %RE values as 72.4 ± 7.3% and 99.5 ± 9.2%,

Table 5. Summary of Composition and Contact Time
Dependent Removal Efficiency (RE%) of ENE1−ENE5a

%RE

GNE 5.0 min 10.0 min 15.0 min

ΕNE5 95.2 ± 10.5 97.3 ± 8.9 99.5 ± 9.2
ENE4 90.1 ± 8.1 92.5 ± 10.4 95.1 ± 7.4
ENE3 82.8 ± 8.2 88.3 ± 6.3 90.4 ± 6.8
ENE2 75.5 ± 8.4 80.7 ± 7.4 85.2 ± 5.1
ENE1 65.8 ± 6.1 70.2 ± 4.8 72.4 ± 7.3

a%RE, percent removal efficiency; GNE, green nanoemulsion.

Figure 7. Impact of size and contact time on %RE of ENE1−ENE5:
(A) impact of exposure time on percent removal efficiency (%RE)
and (B) impact of square of globular size (d, nm) of green
nanoemulsion (ENE1−ENE5) on %RE.
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respectively, which may be due to the lowest globular size
associated with ENE5 providing a maximized adsorption
surface for ENO and vice versa (Figure 7B). This adsorption
may be attributed to lipophilic−lipophilic interaction, electro-
static interaction, and −COO mediated H-bonding interaction
(the terminal N-atom of the piperzyl ring of ENO,
uncoordinated −COOH group, and lecithin involved in
intermolecular H-bonding).63,65 To investigate the impact of
exposure time, the study was carried out at different time
points of contact. We observed a slight increment in %RE
values from 5 to 15 min (Table 5).
Considering Hansen parameters of ENO, Tween 80, NMP,

and C90, adsorption of ENO with a globular surface can be
explained as well. The δp values of Tween 80, NMP, and C90
are 16.8, 17.9, and 18.4, which are close to the drug (δp = 19.2)
for giving the difference values within an acceptable range of
miscibility. The δh values of Tween 80, NMP, and C90 are 9.5,
7.4, and 9.8, which are close to the drug (δh = 9.7) for giving
the difference values within acceptable range of miscibility.28

The Tween 80 was expected to interact mainly through
dispersion and H-bonding parameters due to non-ionic nature
(δp = 6.5). Thus, these interactions (polarity, dispersibility, and
H-bonding capability) worked together for preferential
adsorption of ENO to the globular surface of nanoemulsion.
Furthermore, lipophilic lecithin, C90, and lipophilic ENO were
anticipated to interact cohesively for maximum adsorption
when dispersed. ENE1−ENE5 (w/o) undergo in situ trans-
formation from w/o to o/w ENE1−ENE5 for hastened
comparative intrinsic diffusion of ENO on to C90. These
excipients can be understood in terms of polarity, London-
dispersion force (apolar), and H-bonding responsible for
facilitating interaction between ENO and C90. Tween 80
being highly hydrophilic (HLB = 14) and lipophilic lecithin
(HLB = 5) served as surfactant together for generating
significantly reduced sized nanoglobules after emulsification in
the drug solution through particular (H-bonding capability)
intermolecular noncovalent interactions and nonspecific (di-
pole−dipole, dipole-induced, and instantaneous dipole-in-
duced forces) followed by decreasing surface tension and
capillary action while kinetic diffusion in the bulk.24,66 Relative
content of C90 to Tween 80/lecithin decides emulsification
efficiency and generated nanoglobules. Conclusively, various
factors and mechanistic driving force play simultaneously after
dispersion for improved kinetic adsorption of the drug to the
available organic surface.21

Five factors were studied such as (a) globular size (real dm
values and square of size), (b) contact time up to 15 min, (c)
viscosity, and (d) composition (C90 and water). These played
a remarkable role on %RE as shown in Figures 6 and 7 (Tables
4 and 5).62 Considerably low globular size and PDI of ENE5
were 61 nm and 0.18, respectively, suggested they are quite
suitable for maximum %RE (99.5%) at the end of 15 min. The
combined form of Tween 80 and lecithin substantially fastened
emulsification (within 15 min) and stabilized even after
dispersion (10 times higher volume). Low size, high ζ potential
values, optimal viscosity, and uniform distribution at explored
temperature and pH may facilitate diffusion of trace ENO from
water phase to organic surface followed by slow molecular
rearrangement kinetics.67 Conclusively, %RE depends upon
several other factors (process variables, charged on the drug,
pH, and physicochemical properties of excipients), which
directly or indirectly had impact on the removal efficiency
under experimental conditions.62 However, we studied the

effect of viscosity, size, composition, and exposure as prime
factors controlling %RE of ERN from the aqueous drug
solution. Dispersion step results into reduced size o/w
nanoemulsion for maximum adsorption surface, reduced
viscosity due to phase inversion and high water to C90
volume ratio, and the C90/water volume ratio swiftly varied
when dispersed (1:10 dilution). Figure 7C established a
relative pattern of the square of size of “ENE1−ENE5” on %
RE.
Assessment of Treated Water Using ENE5. It was

imperative to negate the presence of ENO in the treated water
at the end of 15 min, and the treated water was expected to be
free from the drug. UV−vis spectrophotometer and HPLC of
the treated water showed no absorbance value and retention
peak, respectively, suggesting the absence of the drug from
water (data not shown). Chemically, ENO is 1,8-naphthyridine
derivative with fluoro substitution at the fifth position of the
basic ring. On the other hand, lecithin is rich with phosphorus
atom due to phosphate as functional group. To negate this
hypothesis, SEM-EDX and elemental analysis (ICP-OES) were
the most suitable available advanced tools to identify the drug
at the elemental level. The results are presented in Figure 8A,B.
The elements “F” and “P” were taken as identifying markers for
the drug and lecithin, respectively. Natural hardness of the
drinking water is due to carbonate salts of magnesium and
calcium. However, other elements may be present such as
fluoride, arsenic, lead, copper, mercury, and chromium. It is

Figure 8. Assessment of the treated water to negate the presence of
ENO using (A) SEM-EDX and (B) ICP-OES techniques. The most
optimized ENE5 was used to treat water for 15 min and assessed
under both techniques to identify the presence of the marker element
present in the drug. F- and P-atoms are characteristic elements in
ENO and lecithin, respectively.
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reported that the acceptable hardness (carbonate hardness) of
the drinking water is 300−400 mg/L and TDS value < 500.68
However, the result showed that there is no fluoride present in
SEM-EDX and ICP-OES results. This can be correlated with
the absence of the drug or below the detection limit of the
used instrument. However, the presence of Mg and Ca
suggested the carbonated hardness of the treated water.
Similarly, the presence of “P” indicates the trace content of
lecithin, which is biocompatible and safe for human body.
In general, the multielement analysis of water is one of the

prime applications of ICP-OES to describe the presence or
absence of metal or nonmetal elements in drinking water in
terms of accuracy, sensitivity, and precision. WHO (World
Health Organization) published a guideline as “Guidelines for
drinking water quality, 1995” to define a minimum standard
and permissible content of inorganic and organic constituents
in the drinking water.69 Potassium as KCl is soluble (344 g/L)
in cold water. Iron is the most abundant element in water, and
daily consumption required for human is in the range of 10−
50 mg/day (FAO/WHO 1988). Its concentration varies as per
the source of water such as industrial water (<0.2 mg/L) and
black swamp (<0.2 mg/L). Above 0.2 mg/L concentration of
iron as ferrous salt causes bitterness in the taste of water.
However, the current aquatic life standard for iron content is
1.0 mg/L (1 ppm).70 Chloride as NaCl is present in public
drinking water, and it should not exceed 0.02 ppm set up by
WHO. Magnesium (Mg) and calcium (Ca) are significant to
detect hardness of water and the set up standards are 75 and
50 ppm by WHO, whereas Cu and Fe are set up as 1 ppm by
WHO.70 Zn should not exceed 3−5 ppm in drinking water as
set up by WHO, and recommended hardness of drinking water
is 500. The maximum allowable concentration of titanium in
drinking water is 0.1 ppm, whereas the smell and taste
threshold values were reported (literature) as 4.3 and 3.3 ppm,
respectively.71

In the sample processing, common elements were ignored to
avoid any interference in the result. These are C, O, N, and H.
To support the above findings, we further analyzed the treated
water using ICP-OES and the results are portrayed in Figure
8B. SEM-EDX report illustrated that the treated water
contained Ca, K, and Na at the highest intensity among
dissolved salt for causing soft and hard hardness of water.
Among the transition metals, Ti, Fe, and Cu were observed
which may be due to trace salt present. However, F- and P-
atoms were completely absent which may be correlated to very
low content below the limit of detection or the absence of the
elements (Figure 8A). The abundance of alkali metals
(including alkaline earth metals) (Na, K, and Ca) is common
due to the natural hardness of water from the dissolved salt.
The results of ICP-OE and SEM-EDX were supportive to each
other and negated ENO presence. ICP-OES results disclosed
that Ca (0.079 ppm), K (0.0018 ppm), Na (0.065 ppm), Ti
(0.012), Fe (0.027), P (0.36), and Zn (0.22) were detected in
the water whereas a few elements (F, AS, Sb, Cu, and P) were
estimated as zero or BDL (below detection limit). These
metallic elements are below the set up limit by WHO. Thus,
the tailored and optimized ENE5 can be a promised
nanocarrier to culminate contaminated water from ENO due
to simplicity, effectiveness, rapid process, eco-friendliness, and
scalability. To couple with metallic sensor, the approach may
be further explored for real time assessment of contamination
control and efficiency validation in future advancement. Qin et
al. reviewed various transition metal based carbide novel

materials exhibiting interaction with organic compound for
multiple applications.72

Mechanistic Hypothesis of Removal Process and
Pros/Cons Aspect. The drug is a poor aqueous soluble
drug due to lipophilic nature. Chemically, it is a mono-
carboxylic acid compound of a 1,8-naphthyridine derivative.
HSPiP parameter and experimental solubility dictated the
explored oil, surfactant, and cosurfactant to tailor green
nanoemulsion. The drug is present in trace content (below
ppm) in the contaminated water. Therefore, it was
hypothesized that ENO and oil can be amalgamated due to
lipophilic−lipophilic interaction, HSP parameters based
interactions (dispersion force and polarity interaction), and
hydrogen bonding interactions (as shown in Tables 1 and 2).
The dispersed w/o nanoemulsion (w/o of ENE1−ENE5) into
the drug bulk aqueous solution get transformed into respective
oil-in-water types (o/w of ENE1−ENE5) of nanoemulsion
through emulsification. Surfactant and cosurfactant are capable
of stabilizing the transformed nanoemulsion in the studied
volume (at room temperature). The dissolved trace content of
ENO facilitated to be adsorbed onto the nanoscale exposed the
globular surface of the nanoemulsion through fast diffusion
(from aqueous medium-to-oil phase) and the described
interactive forces (as shown in Figure 9). The process depends

upon various other factors not included in the study. The drug
loaded nanoemulsion is heated at high temperature (60 °C)
for a long time to crack the nanoemulsion. This results in two
phase separation. Both are removed, and the treated water is
conformed for the absence of water.
The adopted method is simple, rapid, nontoxic, scalable, and

economic. This method is an alternative to the conventional
method, wherein trace content of the dissolved drug is unable
to be removed due to a low detection limit and instrumental
limitation. The method can be set up as a large scale water
treatment process after identification of variable factors critical
(design related variable process factors and physicochemical
properties of nanoemulsion controlling removal efficiency
depending upon volume) to control from laboratory to

Figure 9. Illustrative representation of the proposed hypothesis for
removal of ENO using ENE1−ENE5. The phase separation was
thermally induced, and the obtained treated water was analyzed using
UV, HPLC, SEM-EDX, and ICP-OES techniques to negate the
presence of ENO.
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industrial plant. The method can be designed even for
specificity by implementing certain points during the design,
development, and process validation. This depends upon
physicochemical factors of the drug and the nature of the drug
metabolites dissolved in the aqueous system. The developed
method is not suitable to remove metallic contaminant due to
poor interaction between the organic phase and the dissolved
metal ions.

■ CONCLUSION
ENO is the most frequently used antibiotic to control bacterial
infections. However, its frequent outflow to the aquatic
systems challenges aquatic lives and human health. Conven-
tional methods of its removal from contaminated water are
challenged due to low efficiency and toxic byproducts such as
chlorination method of the drug degradation. Therefore, the
present approach was nondegradation method to treat water
using green nanoemulsion (biocompatible excipients such as
lecithin and medium chain triglycerides). HSPiP program
assisted in screening excipients possessing maximum phys-
icochemical interaction with the drug during adsorption
phenomenon after dispersion into the aqueous drug solution.
ENE5 was the most suitable product based on composition,
size, size distribution, viscosity, and %RE. These products were
substantially stable over a wide range of temperature and
capable of withstanding physical stress during storage and
transportation. It was imperative to identify the major critical
factors and variables affecting %RE which can be taken into
account during tech transfer from small scale to large scale
installation at wastewater treatment plant. These prime
variables are composition (oil and water), globular size (low
for maximum adsorption surface area), viscosity (improved
flow behavior and emulsification), and exposure time for
emulsification for the drug. The current method is efficient to
remove the trace content of ENO. The proposed approach is
simple, rapid, economical, and nontoxic. Conclusively, the
approach is promising for controlling ENO contamination
from water with high specificity, efficiency, eco-friendliness,
and simple installation.
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