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The aim of this study was to employ nanoparticles as drug carriers. The research involved the design of cromolyn polyamide-
disulfide nanocomposites to overcome the problem of frequent cromolyn doses and improve their properties. The cromolyn
polyamide-disulfide samples were prepared using several amounts of cromolyn and sodium polyamide-disulfide polymer at
different pH values. Analysis of variance (ANOVA) was performed to obtain the significant independent variables affecting the
dependent response by using a P value lower than 0.05. The nanocomposites produced were characterized using Fourier
transform infrared (FTIR) spectroscopy and in vitro release. An FTIR test was used to evaluate the functional groups of cromolyn
in nanocomposites, which indicated that the drug was encapsulated inside the polymer. All data indicated the presence of
cromolyn in the nanocomposites. The release profile of nanocomposites was found to be sustained. Therefore, the outcome of this
research project could be a starting point for further work to optimize and assess polyamide-disulfide polymers for delivering

another drug.

1. Introduction

Nanoparticles are a broad category of materials that include
particulate substances with dimensions less than 100 nm.
Nanoparticles are categorized into different groups based on
their shapes, properties, and size and offer various advan-
tages [1, 2], including sustained release in the gastrointes-
tinal tract, GIT, better penetration, and excellent uptake by
cells [3, 4]. Furthermore, these nanoparticles are biode-
gradable and nontoxic to cells. All these benefits enable them
to be ideal candidates with improved effectiveness. There are
several advantages of using nanoparticles in drug delivery,
including improved stability in vivo, as well as long-term

capacity for release and penetration through small capillaries
and body compartments [3].

Nanoparticles may also improve drug bioavailability and
enhance biodistribution properties and pharmacokinetics.
The following are the primary criteria for nanoparticle
delivery: high loading capacity, slow dissociation in vivo, and
optimized targeting to the desired tissue with reduced ab-
sorption by other tissues. The production of formulations
that have these characteristics, while being cost-effective and
simple to design, is important for the development of an
effective delivery system [5].

Polyamides and disulfide polymers were synthesized by
interfacial polycondensation of diamines and cystine amino
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acids with dicarbonyl dichlorides derived from renewable
dicarboxylic acids [6].

Cromolyn was initially used to treat allergic asthma and
soon has been shown to be successful in treating intestinal
allergies, mastocytes, and allergic skin conditions. The mast
cell stabilizer is widely used for its therapeutic function in the
treatment of allergic diseases [7]. Cromolyn sodium is
synthesized by linking two monochrome nuclei with a
shared alkyl residue. It is unique in its mechanism of action
and wide range of clinical applications, although cromolyn
sodium has been approved for the treatment of asthma since
1973. It is a white, hydrated powder that is lipophobic and
highly polar, and its highly ionized acid salt has a PKa of 2
[8]. Cromolyn can be administered via inhalation or through
intranasal, oral, or ophthalmic routes [9]. Under the bio-
pharmaceutical classification scheme, cromolyn is classified
as a Class IIT compound (BCS). Cromolyn’s high solubility
and poor permeability make it difficult to absorb from the
gastrointestinal tract. Two carboxyl groups make cromolyn
very hydrophilic, hampering its absorption across the gas-
trointestinal tract (GIT) and resulting in poor bioavailability
in the treatment of health issues [10].

We expect the drug to reach its location at a certain
concentration and be sustained for a long time for effective
treatment; however, the drug’s effect can be limited by
several factors, including drug destruction. As a result,
studies are being conducted on how to enhance the drug
reaction and analyze its association with other cells as well as
its inability to penetrate tissues because of its chemical
character. Some researchers have attempted to improve the
drug response by adding polymers with various physico-
chemical properties [11, 12].

Our study aims to devise a simple method to obtain a
safe, stable mucoadhesive nanoparticulate formulation that
can retain cromolyn inside the nasal mucosa. The nano-
composites were characterized in terms of particle size, zeta
potential, and %LE. Furthermore, in vitro release studies
were performed to study the nanoparticles’ ability to deliver
the drug in the nasal cavity.

2. Materials and Methods

2.1. Materials. The following chemicals were obtained from
commercial sources and used: cromolyn from Sigma, pol-
ysulfide polyamine polymer from Dr. Dalia, sodium hy-
droxide from Chem Co (England), phosphate-buffered
saline solution, ferric chloride of 98% purity, and deionized
water.
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2.2. Preparation of Blank-Polymer Nanoparticles and Cro-
molyn-Polymer Nanocomposites. The modified method,
called the inotropic gelation method, was used for the
preparation of nanoparticles and nanocomposites [13, 14]. A
solution of cromolyn, FeCl;, was prepared in distilled water,
and a polymer solution was prepared in 0.1 Molar of NaOH.
The solution of cromolyn was mixed with the polymer
solution. After that, the solution of FeCl; was added
dropwise to the mixture of the drug and polymer under
stirring, and the pH was adjusted to 4.4 and 2.2. The
nanocomposites were stirred overnight to allow the for-
mation of nanocomposites with uniform size. The nano-
composites ~ were  collected  using  centrifugation
(11,000 rpm). The final product was washed three times
using distilled water and dried to obtain the final dry
powder.

2.3. Methodology

2.3.1. Modeling of Different Responses. In this study, we
studied the effect of different independent variables (drug,
FeCl;, polymer concentrations, and pH value) on three
responses. The %LE is the first response that was used as a
parameter and is defined as the total amount of entrapped
drug divided by the total weight of nanoparticles. Particle
size and zeta potential were the second and third responses
used in this study.

2.3.2. Full Factorial Design (FFD). According to the levels in
Table 1 and the full factorial design in Table 2, 54 samples
were prepared according to Minitab 18 software [15, 16].

2.3.3. Multiple Regression Method. Regression analysis was
used to show a mathematical relationship between the re-
sponses (%LE, particle size, and zeta potential) and inde-
pendent variables (cromolyn, polymer, FeCl;, and pH) [17].

2.4. Determination of the %LE of Cromolyn. %LE of cro-
molyn in the prepared nanocomposites was measured using
an ultracentrifugation system at 11000 rpm, and the ab-
sorbance for free drug in the supernatant was measured at
Amax 0f 326 nm using the following equation [18]:

%loading =

2.5. Determination of Particle Size and Zeta Potential. At
25°C, each sample was analyzed in triplicate. The samples
were dispersed in distilled water for 15 minutes, and they
were sonicated. The cuvette was filled and covered. The

total mass of cromolyn — total mass of free cromolyn y
mass of nanocomposites

100. (D

Malvern logo should be directed to the instrument front and
the absence of bubbles in the cuvette should be checked. The
software automatically defined the run numbers in each
measurement.
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TaBLE 1: Levels of drug, FeCl;, polymer, and pH factors.

TaBLE 2: Matrix for full factorial design.

Factor Unit Low level Middle level High level Run order Drug (gm) FeCl; (gm) Polymer (gm) PH
Drug gm 0.05 0.10 0.20 1 0.05 0.6 0.05 2.2
FeCl, gm 0.3 0.6 1.2 2 0.05 0.6 0.20 4.4
polymer gm 0.05 0.10 0.20 3 0.05 0.3 0.10 4.4
pH None 2.2 — 4.4 4 0.20 0.3 0.10 2.2
5 0.05 0.3 0.05 4.4
. . 6 0.10 0.6 0.10 2.2
2.6. In Vitro Release Study of Cromolyn from Nanocomposites. - 0.20 12 0.20 22
The in vitro release of cromolyn from the nanocomposites 3 0.05 1.2 0.20 22
was determined in PBS at pH 7.4 using a Perkin Elmer UV- 9 0.20 0.3 0.20 4.4
vis spectrophotometer with A,,,,, of 326 nm. Suitable amount 10 0.10 0.3 0.20 4.4
of nanocomposite was added to release media. The per- 11 0.05 0.3 0.10 22
centage release of cromolyn in PBS was obtained using the 12 0.20 1.2 0.05 22
following equation [19]: 13 0.20 0.6 0.10 2.2
. 14 0.10 0.3 0.10 4.4
orelease = mass of crom9lyn attimet %100, (2) 15 0.10 1.2 0.20 4.4
mass of cromolyn it nanocomposite 16 0.10 0.6 0.20 44
17 0.20 0.6 0.20 2.2
18 0.20 1.2 0.10 4.4
19 0.10 0.6 0.20 2.2
2.7. Instrumentation. UV-vis spectra were measured to 20 0.05 0.3 0.05 22
determine the release of cromolyn using a Shimadzu UV- 21 0.10 1.2 0.10 22
1601 spectrophotometer. Fourier transform infrared (FTIR) 22 0.05 0.6 0.05 44
spectroscopy spectra of the materials were recorded over the 23 0.05 0.6 0.10 2.2
range of 400-4000cm ™' on a Perkin Elmer spectrometer 24 0.05 0.6 0.10 44
(model Smart UAIR-two). The zeta potential was measured 25 0.05 1.2 0.20 4.4
at 25°C by dynamic light scattering (DLS) using a Malvern 26 0.20 0.3 0.20 2.2
Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). 27 020 1.2 0.10 22
X-ray diffraction (XRD) technique was used in the range of ;g 8?(0) i; ggg ;i
5-70° by XRD D5005 diffractometer with CuKa radiation 30 0.20 0.6 0.05 22
(Siemens, Munich, Germany). Scanning electron micros- 3] 0.05 03 0.20 29
copy (FE-SEM) was done using Zeiss LEO 1550 (Jena, 32 0.05 1.2 0.10 2.2
Germany). 33 0.20 0.6 0.20 44
34 0.10 0.3 0.05 4.4
3. Results and Discussion 3 0.10 1.2 0.05 4.4
36 0.10 0.3 0.05 2.2
3.1. Multiple Linear Regression Analysis Using Full Quadratic. 37 0.20 0.6 0.10 4.4
The result values of the three models are shown in Table 3. 38 0.20 03 0.10 44
The R-squared, R-sq (adj), and R-sq (pred) values for %LE 431(’; 8%3 (l)i 838 ;L;l
are 94.95%, 93.32%, and 90.48%, respectively. The difference 41 0.20 03 0.05 a4
2 . 2 . . . B .
between R” and adjusted R” was 2.84%, which showed a good 4 010 12 0.20 22
result for the data. 43 0.10 0.6 0.02 4.4
Additionally, from Table 3, the R-squared, R-sq (adj), 44 0.05 0.3 0.20 4.4
and R-sq (pred) values for zeta potential are 93.69%, 91.43%, 45 0.10 12 0.10 4.4
and 87.10%. respectively. The difference between R* and 46 0.05 0.6 0.20 22
adjusted R* was 4.33%, which showed a good result for the 47 0.10 0.6 0.05 22
data. 48 0.10 0.3 0.20 2.2
After taking the source (liner and 2-way interaction) 49 0.05 12 0.05 44
during data analysis, the software was used to build the >0 0.20 0.3 0.05 2.2
equation for %LE and zeta potential models. Table 4 shows g; 8(1)(5) (1)2 818 ii
the equations for the %LE and zeta potential models. 53 020 0.6 0.05 44
54 0.05 1.2 0.05 2.2

3.2. ANOVA for %LE, Size, and Zeta Potential

3.21. ANOVA for %LE. Table 5 shows the ANOVA data
analysis for %LE models. From the table, the linear inter-
action contains drug, FeCls, polymer, and PH, while the 2-
way interaction contains six different ways (drug*FeCls,
drug*polymer, drug*PH, FeCl;*polymer, FeCl;*PH, and

polymer*PH). With further analysis of the data, we found
that only PH as linear (drug*PH, FeCl;*PH, and poly-
mer*PH) had a P value greater than 0.05 and nonsignificant
properties, while the other sources had significant
properties.
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TABLE 3: Regression model for dependent variables.
R-sq (pred) R-sq (adj) R-sq
90.48% 93.32% 94.95% %LE
87.10% 91.43% 93.69% Zeta potential
TaBLE 4: The %LE and zeta potential equations.
%LE _ 0.58+327.7 drug+3.66 FeCl; + 6.0 polymer +0.17 pH —202.6 drug*FeCl; —570 drug®polymer + 14.20 drug*pH + 92.8
0 ~ PeCly*polymer —1.99 FeCl;*pH —11.41 polymer*pH
Zeta _ 67.8+144.1 drug —56.5 FeCl; + 127.0 polymer —22.88 pH +42.0 drug*FeCl; —233 drug*polymer —48.1 drug*pH -13.4
potential " FeCls*polymer + 25.78 FeCl3*pH —30.6 polymer*pH
TABLE 5: ANOVA data of LE.
Source DF Adj SS Adj MS F value T value VIF P value
Model 10 6173.26 617.33 58.25 — — 0.001
Linear 4 3771.58 942.89 88.97 — — 0.001
Drug 1 2819.09 2819.09 266.00 16.31 1.20 0.001
FeCl; 1 1162.33 1162.33 109.67 -10.47 1.34 0.001
Polymer 1 125.90 125.90 11.88 -3.45 1.31 0.002
pH 1 39.15 39.15 3.69 -1.92 1.22 0.064
2-Way interaction 6 1200.79 200.13 18.88 — — 0.001
Drug*FeCl; 1 755.44 755.44 71.28 -8.44 1.16 0.001
Drug*polymer 1 131.92 131.92 12.45 -3.53 1.43 0.001
Drug*pH 1 33.43 33.43 3.15 1.78 1.18 0.086
FeCl;*polymer 1 139.76 139.76 13.19 3.63 1.22 0.001
FeCl;*pH 1 24.20 24.20 2.28 -1.51 1.11 0.141
Polymer*pH 1 21.16 21.16 2.00 -1.41 1.11 0.168
Error 31 328.54 10.60 — — — —
Total 41 6501.81 — — — — —

3.2.2. ANOVA for Zeta Potential. Table 6 shows the
ANOVA data analysis for the zeta potential models. From
the table, the linear interaction contains drug, FeCls,
polymer, and PH, while the 2-way interaction contains six
different ways (drug*FeCl;, drug®polymer, drug*PH,
FeCl;*polymer, FeCl;*PH, and polymer*PH). With further
analysis of the data, we found that only FeCl; and PH as
linear (drug*PH and FeCl;*PH) had P values less than 0.05
and significant properties.

3.2.3. ANOVA for Particle Size. Table 7 shows the ANOVA
data analysis for particle size models. From the table, the
linear model contains drug, FeCls, polymer, and PH, while
the 2-way interaction contains six different ways
(drug*FeCls;, drug”polymer, drug*PH, FeCl;*polymer,
FeCl;*PH, and polymer*PH). With further analysis of the
data, we found that the P value for the particle size model
was nonsignificant (0.339 > 0.05), so the particle size model
was removed from the work.

3.3. Evaluation of the Models

3.3.1. Pareto Chart of Responses Standardized Effect and Half
Normal Plot of the Standardized Effects. A Pareto chart in
Figure 1 is a graphical overview of the process factors and/or
interactions of influence, in ranking order from the most

influencing to the least influencing. A threshold line (P value
0.05) indicates the minimum magnitude of statistically
significant effects. The insignificance of factors can also be
reasserted from the half normal plot (Figures 2(a)and 2(b)),
where the points that do not fall near the fitted line and the
variables that have a small effect on the output response are
usually centered around zero. The effect of A (cromolyn) has
the highest standardized effect on %LE, followed by B, AB,
BC, AC, and C. All the significances of the factors are shown
in the half normal plot (Figure 1(a)).

Figure 1(b) shows that PH, FeCls, FeCl; * PH, and drug *
PH passed the reference line at 2.05, which means that these
factors greatly affect the zeta potential at the 0.05 level.
Additionally, this plot made it clear that zeta potential was
not highly dependent on polymer * PH, drug * FeCls, drug *
polymer, polymer, drug, and FeCl; * polymer. The effect of
D (PH) has the highest standardized effect on the zeta
potential, followed by B, B, and AD. All the significances of
the factors are shown in the half normal plot (Figure 1(b)).

From the results shown in Figure 1(c) and for the Pareto
charts of particle size, it can be seen that the particle size was
not significant for all factors.

3.3.2. Residual Plots for %LE and Zeta Potential. The nor-
mality of the data can be checked by the normal probability
plot of the residual, high value of R* and approximate
straight line of the normal probability plot, as presented in
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TABLE 6: ANOVA results for zeta potential.
Source DF Adj SS Adj MS F value T value VIF P value
Model 10 20062.1 2006.21 41.56 — — 0.001
Linear 4 14610.4 3652.61 75.66 — — 0.001
Drug 1 17.4 17.39 0.36 -0.60 1.31 0.553
FeCl; 1 4322.6 4322.60 89.54 9.46 1.31 0.001
Polymer 1 19.3 19.26 0.40 -0.63 1.40 0.533
pH 1 6514.6 6514.65 134.95 -11.62 1.23 0.001
2-Way interaction 6 4517.6 752.94 15.60 0.001
Drug*FeCl; 1 29.8 29.81 0.62 0.79 1.33 0.439
Drug*polymer 1 26.9 26.88 0.56 -0.75 1.27 0.462
Drug*pH 1 333.7 333.74 6.91 -2.63 1.22 0.014
FeCl;*polymer 1 3.3 3.30 0.07 -0.26 1.19 0.796
FeCl;*pH 1 3209.4 3209.43 66.48 8.15 1.38 0.001
Polymer*pH 1 123.5 123.54 2.56 -1.60 1.42 0.121
Error 28 1351.7 48.28 — — — —
Total 38 21413.8 — — — — —
TaBLE 7: ANOVA data of particle size.
Source DF Adj SS Adj MS T value VIF P value
Model 10 66952 6695.2 — — 0.339
Linear 4 33543 8385.9 — — 0.231
Drug 1 1041 1040.8 -0.43 1.14 0.672
FeCl; 1 16719 16718.9 1.71 1.08 0.095
Polymer 1 1768 1768.1 0.56 1.17 0.581
pH 1 11510 11509.9 -1.42 1.11 0.164
2-Way interaction 6 26922 4487.0 0.585
Drug*FeCls 1 3082 3082.2 0.74 1.06 0.467
Drug*polymer 1 49 48.8 0.09 1.18 0.927
Drug*pH 1 1391 1391.4 —-0.49 1.09 0.624
FeCl;* polymer 1 16810 16809.9 -1.72 1.09 0.095
FeCl;*pH 1 208 208.3 -0.19 1.04 0.849
Polymer*pH 1 3677 3677.4 —-0.80 1.11 0.427
Error 35 199300 5694.3 — — —
Total 45 266252 — — — —
Pareto Chart of the Standardized Effects Pareto Chart of the Standardized Effects
Term 2.04 (response is % LE; a = 0.05) Term (response is Zeta Potential; a = 0.05)

A

I
b A B FeCl3

AD i C Polymer

BD : D pH

CD |
|

0 2 4 6 8 10 12 14 18
Standardized Effect

(a)

2.05
T

D
B
BD
AD
CD !
AB i
AC : A Drug
C i B FeCl3
H C Polymer
A 1
1 D pH
BC |
1
0 2 4 6 8 10 12
Standardized Effect

(b)

Ficure 1: Continued.
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Pareto Chart of the Standardized Effects

(response is Particle size; a = 0.05)

Term 2‘0‘30
BC - |
3 |
l
cp | |
AB | |
C A Factor Name }
AD - A Drug i
Al B FeCI3 | |
BD A C Polymer i
AC | b pH !
1
0.0 015 ll.O 115 2I.0

Standardized Effect

(c)

Figure 1: Pareto chart of the standardized effects on %LE (a), zeta potential (b), and particle size (c).

Half Normal Plot of the Standardized Effects
(response is % LE; a = 0.05)
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FiGure 2: Half normal plot for %LE (a) and zeta potential (b).

Figure 3(a) and Figure 4(a)) for %LE and zeta potential,
respectively. The plot of this figure is normally distributed
and resembles a straight line. There was no evidence of
nonnormality and any pointing to possible outliers.
Figures 3(b) and and 4(b) were observed to be within the
acceptable ranges, and the histogram showed a visibly bell-
shaped pattern of normal distribution.

Figures 3(c) and 4(c) clarify the residuals versus the fits
plot, and Figures 3(d) and 4(d) explain the residuals versus the
order plot for the %LE and zeta potential to validate the model
in which residues are not dependent on each other, using a
residual value versus arrangement chart. The residuals on the
plot should ideally fall randomly around the centerline. The

residuals were used to validate the model in which the re-
siduals are randomly distributed and have a constant variance
in the versus fits plot. Ideally, points must fall randomly on
both sides. In general, these results showed that the experi-
ment does not contain any possibility of systemic errors.

3.3.3. Contour Plot and Surface Plot of %LE and Zeta Po-
tential e against Selected Independent Variables.
Figure 5(a) shows the surface plot of %LE, where the in-
dependent variables are drug and FeCl;. From the figure, the
highest %LE (>45%) can be collected at a high level of drug
(>0.175 gm) and a low level of FeCl; (<0.49 gm) with a fixed
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FIGURE 3: Residual plot for %LE. (a) Normal probablity plot; (b) histrogram; (c) versus fits; (d) versus order.
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value of polymer (0.125 gm) and pH at 3.3 gm. These results
are also shown in the contour plot in Figure 5(b).

From Figure 5(c) of the surface plot and Figure 5(d) of
the contour plot of %LE, the %LE with more than 30% can be
collected at a high level of drug (0.2 gm) with a large range in

Histogram

Frequency

-5 0 5

Residual
(b)

Versus Order

Residual

10 15 20 25 30 35 40 45 50
Observation Order

(d)

FIGURE 4: Residual plot for zeta potential. (a) Normal probablity plot; (b) histrogram; (c) versus fits; (d) versus order.

pH starting from 2.2 to 4.4, with a fixed value of FeCl;
(0.75gm) and polymer (0.12 gm).

The effect of the polymer and drug on the %LE is shown
in Figures 5(e) and 5(f). The results show that a %LE greater
than 35% can be collected by using a concentration greater
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FIGURE 5: Contour and surface plots for %LE.
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than 0.175 gm of drug and a low concentration of polymer
at less than 0.1 gm, with a fixed pH (3.3) and FeCl; at
0.75 gm.

Figure 5(g) shows the surface plot of %LE, where the
independent variables are polymer and FeCl;. From the
figure, the highest %LE (>35%) can be collected at a low
level of FeCl; (<0.8gm) and a low level of polymer
(<0.125 gm) with a fixed value of drug (0.125 gm) and pH at
3.3 gm. These results are also shown in the contour plot in
Figure 5(h).

From Figure 5(i) of the surface plot and Figure 5(j) of the
contour plot of %LE, the %LE with more than %30 can be
collected at a low level of FeCl; (<0.6 gm) with a large range
in pH starting from 2.2 to 4.4, with fixed values of drug
(0.125gm) and polymer (0.125gm).

The effect of polymer and pH on the %LE is shown in
Figures 5(k) and 5(1). The results show that a %LE greater
than 25% can be collected by using a concentration less than
0.100 gm of polymer with a large range in pH starting from
2.2 to 4.4, with a fixed value of drug (0.125 gm) and FeCl; at
0.75gm.

Figure 6(a) shows the surface plot of zeta potential,
where the independent variables are drug and FeCl;. From
the figure, the highest zeta potential (>25%) can be collected
at a large scale of drug starting from 0.050 to 0200 gm and a
high level of FeCl; (>0.9 gm) with a fixed value of polymer
(0.125gm) and pH at (3.3 gm). These results are also shown
in the contour plot in Figure 6(b).

From Figure 6(c) of the surface plot and Figure 6(d) of
the contour plot of the zeta potential, a zeta potential greater
than 30% can be collected at a high level of drug (>0.159 gm)
with a pH less than 2.5, with a fixed value of FeCl; (0.75) and
polymer (0.125).

The effect of the polymer and drug on the zeta potential
is shown in Figures 6(e) and 6(f). The results show that a zeta
potential greater than 15% can be collected by using a large-
scale drug starting from 0.050 to 0.200 gm, and the average
scale of the polymer starts from 0.100 to 0.200 gm with a
fixed pH (3.3) and FeCl; at 0.75 gm.

Figure 6(g) shows the surface plot of the zeta potential,
where the independent variables are the polymer and FeCls.
From the figure, the highest zeta potential (>30%) can be
collected at a high level of FeCl; (>1.0 gm), and the large
scale of the polymer starts from 0.05 to 0.200 gm with a fixed
value of drug (0.125 gm) and pH at (3.3 gm). These results
are also shown in the contour plot in Figure 6(h).

From Figure 6(i) of the surface plot and Figure 6(j) of the
contour plot of the zeta potential, a zeta potential of more
than 30% can be collected at a low level of FeCl; (<1.0 gm)
with a large range in pH starting from 2.2 to 4.4, with fixed
values of drug (0.125gm) and polymer (0.125gm).

The effect of the polymer and pH on the zeta potential is
shown in Figures 6(k) and 6(l). The results show that a zeta
potential greater than 30% can be collected by using large-scale
polymers starting from 0.50 to 0.200 gm with a low pH (<2.5)
and fixed values of drug (0.125 gm) and FeCl; (0.75 gm).

Journal of Chemistry

3.3.4. Main Effects Plot for %LE and Zeta Potential. The
main effect plots are used to assess the significance of each
variable at various levels, which are related to each other by
line on the outcome or response.

From Figure 7(a), the %LE can reach 34% by using
0.18 gm of drug. In addition, the relation between the %LE
and concentration of drug was direct. However, the rela-
tionships between %LE and FeCl,, polymer, and pH were
indirect. According to the figure, we can collect 30%, 25%,
and 22% LE by using 0.4 gm FeCls, 0.06 gm polymer, and 2.2
PH, respectively.

From Figure 7(b), the zeta potential can reach 30% by
using 1.2 g of FeCls; in addition, the relationship between the
zeta potential and concentration of FeCl; was direct.
However, the relationships between the zeta potential and
the drug, polymer, and pH were indirect. According to the
figure, we can collect 15%, 15%, and 30% zeta potentials by
using 0.06g of drug, 0.06g of polymer, and 2.2 PH,
respectively.

3.3.5. The Interaction between the Factor Effects on %LE and
Zeta Potential. From Figure 8(a), the interaction between
drug”PH indicates that, to prepare the nanocomposite with
32%, we should use 0.2gm of drug at different pH values
(2.2, 3.3, and 4.4). To prepare 40% LE, we used 0.2 gm of
drug and 0.05gm of polymer. In addition to preparing
nanocomposites with 48% LE, we used 0.2 g of drug with
0.3 g of FeCls.

Figure 8(a) also describes the interaction between
FeCl;*PH and the FeCl;*polymer. Based on the figure, we
can prepare a nanocomposite with 30% LE at 0.4 gm FeCl,
and pH 2.2, whereas, to prepare a nanocomposite with 35%
LE, we should use 0.41 gm FeCl; and 0.05 polymer.

Figure 8(a) also shows the interaction between poly-
mer*PH and the effect on %LE. Based on the figure, we can
prepare 20% LE in the nanocomposite by using 0.06 mg
polymer and 2.2 PH media.

From Figure 8(b), the interaction between drug*PH
indicates that, to prepare nanocomposites with 22%, we
should use 0.2 gm of drug at different pH values (2.2). If
the lines are parallel to the drug with FeCls, the plot shows
that there is no interaction between these two factors, and
if the lines are parallel to the drug with polymer, the plot
shows that there is no interaction between these two
factors.

Figure 8(b) also describes the interaction between
FeCl;*PH and the FeCl;*polymer. Based on the figure, we
can prepare nanocomposites with 20% zeta potential at
1.2gm FeCl; at different pH values (2.2, 3.3, and 4.4),
whereas, to prepare nanocomposites with 30% zeta poten-
tial, we should use 1.2 gm FeCl; and 0.05 polymer.

Figure 8(b) also shows the interaction between poly-
mer*PH and the effect on the zeta potential. Based on the
figure, we can prepare a 30% zeta potential nanocomposite
by using 0.2 mg polymer and 2.2 PH media.
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FIGURE 8: Interaction plot for LE% (a) and zeta potential (b).

3.4. Optimization and Validation of %LE and Zeta Potential

3.4.1. Optimization of %LE and Zeta Potential. Figure 9
shows an optimized concentration for the response fac-
tors %LE and zeta potential. The first optimized compound
selected had the highest %LE and the highest Zeta potential.
The second and third optimized samples were collected
randomly by changing the vertical red line in Figure 9.

3.4.2. Validation of %LE and Zeta Potential. According to
the optimized nanocomposite, the other two samples in
Figure 9 contain three independent variables with the
predicate %LE and zeta potential. These three samples were
prepared in the lab, and, after that, we deferred the %LE and
zeta potential.

From Table 8, we can see that the bias for the first formula
was approximately 5.3% and 14.6% (drug=0.2, FeCl;=0.3,
polymer =0.05, and pH=2.2) for %LE and zeta potential,
respectively. In addition, the bias for the second formula was
approximately —5.2% and —13.1% for %LE and zeta potential,
respectively (drug=0.121, FeCl;=0.6926, polymer=0.12,
and pH=3.1) and the bias for the third formula was ap-
proximately —4.1% and —19.0% for %LE and zeta potential,
respectively (drug=0.2, FeCl;=0.3, polymer=0.2, and
pH=2.2). These findings and information supported the
validity of the model created and indicated good correlation

between experimental and predicted values. A bias formula
was developed under optimized factors to compare experi-
mental values with the predictor values.

3.5. Characterizations of the Optimized Nanocomposite

3.5.1. X-Ray Diffraction (XRD). Powder XRD patterns of
polymer nanoparticles and cromolyn-polymer nano-
composites are presented in Figures 10(a) and 10(b), re-
spectively. From Figure 10(a), the strong peaks at 26 =31.7°
and 45.3 indicate semicrystalline properties. In addition, the
cromolyn-polymer nanocomposite in Figure 10(b) shows a
peak similar to that of polymer nanoparticles. From the
literature, free cromolyn shows different sharp peaks at 20 8,
9.8, 11.5, 14, 16.9, 19.7, 24.3, and 26.6, indicating that
cromolyn is highly crystalline in nature [20].

In addition, the absence of characteristic drug peaks in
the nanocomposite shown in Figure 1(b) indicated that the
drug had converted from a crystalline into an amorphous
form and was incorporated into the polymer.

3.5.2. Fourier Transform Infrared (FTIR) Spectroscopy.
Figures 11(a)-11(d) show FTIR spectra for cromolyn,
polymer, polymer nanoparticle, and nanocomposite, re-
spectively. From the figures, pure cromolyn showed basic
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TaBLE 8: Comparative results between observed and predicted response values of variables of optimized formulation.

Concentrations Experimental response Predicted values Observed values Bias (%)
Drug (0.2 gm) . . . .
FeCl; (0.3 gm) LE (%) 55.1% 58.0% 5.3%
Polymer (0.05gm) Zeta potential (mV) 28.1mV 32.2mV 14.6%
p
pH=22
Drug (0.121 gm) . . , .
FeCl; (0.6926 gm) LE (%) 23.2% 22.0% 5.2%
l;;llyznéelr (0121 gm) Zeta potential (mV) 153 mV 133 mV -13.1%
Drug (0.2 gm) 0 . . o
FeCl; (0.3 gm) LE (%) 39.3% 37.7% 4.1%
Polymer (0.2 gm) Zeta potential (mV) 29.5mV 23.9mV -19.0%

pH=22

% bias was calculated as (observed value — predicted value/predicted value) x100

peaks at 1605cm™" due to (C=0), a broad band at
3285cm™! due to (O-H) stretching vibrations, and
characteristic peaks at 2880 cm ™" due to (C-H alkane). An
aromatic C-H gives bands at 1477 cm™!, 1573 cm™!, and
1410 cm ™' (asymmetric and symmetric COO~) and a large
number of characteristic absorption bands in the fin-
gerprint region (1400-600 cm™") [21].

The IR spectra of the polymer are shown in Figure 11(b).
The stretching vibrations of the carboxylic and carbonyl
groups ranged from 1720 to 1727 cm ™, and the formation of
hydrogen bonding carboxylic acid O-H stretching appeared
as a very broad band from 2543 to 3623 cm ™. In the range of
3732 to 3737cm”’, a weak band for the monomeric O-H

stretch band was also observed. From 1626 to 1636cm™,

strong bands of the stretching vibration for the carbonyl
bond of the amide group were observed. The IR band of
amide group NH bonds was observed for stretching and
bending vibrations between 3268 and 3316cm 1 and be-
tween 1517 and 1527 cm™, respectively [22].

The IR spectra of blank-polymer nanoparticles are
shown in Figure 11(c). The spectrum of the polymer
nanoparticles showed a characteristic vibrational peak for
O-H at 3320cm™". The peak observed at approximately
583cm™" is characteristic of Fe vibrations. Comparing the
spectrum of the nanocomposite with the spectrum of the
blank-polymer particle, specific peaks of cromolyn appeared
at 1604cm™' due to C=0, and a band at approximately
1477 cm™" was also observed due to aromatic C-H. All these
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results indicate the incorporation of cromolyn into the
nanocomposite, as shown in Figure 11(d).

3.5.3. Scanning Electron Microscopy (SEM). The surface
morphology of the samples for polymer nanoparticles and
nanocomposites as studied by scanning electron microscopy
(FE-SEM) is shown in Figures 12(a)and 12(b), respectively.
Figure 12 shows a spherical shape and nearly uniform size
with diameters of 55 and 68nm for the polymer nano-
particles and nanocomposites, respectively.

3.5.4. In Vitro Release Study. The in vitro release of cromolyn
from the cromolyn-polymer nanocomposite at pH 7.4 is
shown in Figure 13. It is shown that the amount of cromolyn
released at 23 hours was 100%. Cromolyn is released via
several mechanisms, such as diffusion, erosion, and swelling.
In the diffusion method, the drug diffuses from the matrix of
the polymer to the surrounding area. In the erosion method,
the polymer breaks the bond and then releases the drug.
The medium’s pH value, surrounding media enzymes,
and uptake of water via the polymer can all affect drug
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FIGURE 13: In vitro release profile of cromolyn from the cromolyn-
polymer nanocomposite.

release. The swelling of hydrogel beads is one of the main
mechanisms that play an important role in drug release by
allowing water to enter through the polymer and dissolve it.

4. Conclusion

In this study, the main aim was to use polyamide-disulfide
nanoparticles as a drug delivery system. We used cromolyn
as a model and formed nanocomposites. In this work, we
investigated the effect of independent variables (cromolyn,
FeCls, polymer, and pH) on the dependent variable (%LE,
zeta potential, and particle size). We used Minitab 18 soft-
ware to evaluate the nanocomposite. The study obtained %
LE (25%-45%) and zeta potential (15%-30%). The formu-
lation that we prepared can be used as a drug delivery system
for cromolyn to improve its absorption, stability, bioavail-
ability, and drug release profile for extended release for 23
hours. This study indicated that cromolyn with the polymer
had the most significant impact on %LE and zeta potential.
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The present study aimed to optimize luliconazole nanoemulsion using Box-Behnken statistical design, which was further in-
corporated into the polymeric gel of Carbopol 934. The formulation was characterized for its size, entrapment efficiency, ex vivo
permeation, and mechanism of release. The size of the dispersed globules of the optimized drug-loaded nanoemulsion was found
to be 17 + 3.67 nm with a polydispersity index (PDI) less than 0.5. Although the surface charge was recorded at -9.53 + 0.251, the
stability was maintained by the polymeric matrix that prevented aggregation and coalescence of the dispersed globules. The
luliconazole-nanoemulgel (LUL-NEG) was characterized for drug content analysis, viscosity, pH, and refractive index, where the
results were found to be 99.06 + 0.59%, 9.26 +0.08 Pa.s, 5.65+0.17, and 1.31 + 0.08, respectively. The permeation across the rat
skin was found to be significantly higher with LUL-NEG when compared with LUL gel. Furthermore, the skin irritation test
performed in experimental animals revealed that the blank NEG, as well as the LUL-NEG, did not produce any signs of erythema
following 48 h exposure. In addition, the histopathological findings of the experimental skins reported no abnormal signs at the
formulation application site. Finally, the NEG formulation was found to create a statistically significant zone of inhibition
(P <0.05) when compared to all other test groups. Overall, it could be summarized that the nanoemulgel approach of delivering
luliconazole across the skin to treat skin fungal infections could be a promising strategy.

1. Introduction fungi, especially against filamentous fungi, for example,
dermatophytes [1]. Although the exact mechanism of this
Luliconazole (LUL), an antifungal drug containing imid-  novel agent for antifungal efficacy is unknown, it has been

azole moiety with ketone dithioacetate, is a broad-spectrum  reported that LUL acts by inhibiting the fungal cytochrome
agent, which has shown its potential against wide varieties of =~ P450; that is, 14-a demethylase enzyme thus prevents the
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biosynthesis of ergosterol from lanosterol and interrupts cell
wall synthesis within the fungi [2-4]. Since 2013, the United
States Food and Drug Administration has approved the
commercial cream formulation of LUL (1%, w/w) for clinical
use against fungal infections and dermatophytosis including
tinea corporis, tinea cruris, and tinea pedis resulting from
the invasion of Epidermophyton floccosum and Trichophyton
rubrum [5]. The solubility of LUL is low. This low solubility
restricts permeation of the drug across the skin upon topical
delivery [6]. Alternatively, conventional topical cream for-
mulations possess several drawbacks of low permeation
from the stratum corneum along with reduced retention at
the site of application [7]. Moreover, the rate-limiting step
for LUL permeation is its solubility in the lipid phase of the
stratum corneum that limits its dermal availability [6]. With
no formulations in the market other than cream and lotion
for LUL, there is an urgent requirement for novel deliveries
for improved retention and penetration from the site of skin
application. A few research outcomes are available in the
literature where different researchers tried to improve the
delivery approach of LUL via liposomal and ethosomal gel
preparation [7], lyotropic liquid crystalline nanoparticle [8],
nanocrystals-loaded hydrogel [6], niosomal gel [9], solid
lipid nanoparticle gel [10], and so on. The ethosomal and
elastic liposomal-based gel preparation of LUL had reported
safety and efficacy of the formulation without delivering the
drug to the systemic circulation [7]. Similarly, 181 + 12.3 nm
particle size of the LUL lyotropic liquid crystalline nano-
particle increased retention of the drug (LUL) on the stratum
corneum and epidermis when compared with the com-
mercial topical formulation. This increased retention time
allowed the formulation to penetrate higher in the different
layers of the skin [8]. An alternate formulation approach by
Kumar and team depicted that nanocrystals-loaded hydrogel
of LUL could retain highest in different skin layers when
compared to the coarse suspension, nanosuspension, and
D-gel [6]. Although extensive research was not conducted, it
was concluded by Garg and team that the niosomal gel
formulation of LUL could provide a platform for topical
delivery against Candida [9]. Alternatively, topical gel de-
livery of LUL solid lipid nanoparticle showcased safety as
there were no signs of oedema and erythema [10]. The
advantages of different formulation approach on topical
delivery of LUL have been implemented in this research via
the development of nanoemulgel (NEG) delivery approach.

Advancement of NEG-based researches in the recent era
has gained tremendous attention because of their stability,
appearance, penetrability across the biological membranes,
longer retention, and sustained release profile of the
entrapped drug [11-14]. NEG is a novel biphasic polymeric
nanoemulsion platform to topically deliver lipophilic agents,
where nanometric size range of the oil globules facilitates
permeation across the stratum corneum of the skin [11]. The
polymeric networks in this architecture allow entrapping the
dispersed globules promoting the stability of the formulation
following incorporation of lipidic agents within the oil core
of oil-in-water nanoemulsion. This NEG platform possesses
the potential of enhanced solubility of lipophilic drugs,
sustained release of the entrapped therapeutic agents,
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superior topical applicability, biocompatibility, and biode-
gradability [15, 16]. The thixotropic NEG allows easy
spreadability at the desired site and prolongs retention at the
application site due to mucoadhesive property, where the
hydrophilic nature of the formulation allows easy removal
from the application site after accomplishment of desired
efficacy [16, 17]. A wide number of researches have been
conducted with NEG-based topical formulations of lipo-
philic drugs for improved efficacy of the entrapped thera-
peutics [15, 18, 19].

Thus, the present study was attempted to develop and
optimize LUL-loaded nanoemulgel for improved efficacy
against fungal infection by enhancing the solubility and
simultaneously the permeability across the skin barrier.
Eucalyptus oil was selected as the lipid phase in the prep-
aration of the nanoemulsion containing LUL for our study.
This eucalyptus oil has been well documented for its anti-
fungal efficacy [20, 21]. Thus, it is hypothesized that the final
NEG formulation of LUL would provide improved anti-
fungal efficacy. The development of nanoemulsion was
optimized using Box-Behnken statistical design and char-
acterized. Furthermore, the permeation across the rat skin,
zone of inhibition against Candida, and the skin irritability
tests were performed to establish the superiority of the LUL-
NEG over commercial preparation.

2. Materials and Methods

2.1. Materials. Luliconazole (purity >98%) was provided
as a gift sample from Jamjoom Pharmaceutical, Jeddah,
Saudi Arabia, whereas eucalyptus oil was obtained from
Allin Exporters, Noida, India. Carbopol 934, Tween 20,
and polyethylene glycol 200 (PEG 200) were purchased
from Sigma Aldrich, MO, USA. The HPLC grade solvents
were purchased from Merck, NJ, USA. The rest of the
chemicals used in this current experiment were of ana-

lytical grade.

2.2. Preparation of Nanoemulsion. The selection of surfac-
tant for the development of eucalyptus oil nanoemulsion was
made based on the literature [22]. The selection of cosur-
factant was made on the pseudoternary phase diagram, and
finally, the ratio of surfactant and cosurfactant was done
following evaluation of a wide range (4:1,3:1,2:1,1:1,1:2,
1:2,1:3, and 1:4) [23]. A preliminary study on the solu-
bility of LUL was analysed in eucalyptus oil, surfactant
(Tween 20), and PEG 200 (selected cosurfactant) to deter-
mine the maximum drug solubility within different com-
ponents of nanoemulsion [24].

The formulation was developed following solubilization
of the drug into the oil phase and mixed using a vortex mixer
for 10min. The mixture of surfactant and cosurfactant
(Smix) was then added to the drug solution in the oil fol-
lowed by the addition of aqueous phase and high-speed
homogenization (6000 rpm) using Ultra Turrax® equipment
(IKA, Germany) for 15 min under an ice bath to control the
temperature. Finally, a clear transparent homogenous
nanoemulsion was developed.
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2.3. Optimization of Nanoemulsion by Box-Behnken Statistical
Design. Optimization of % of oil, Smix, and stirring time for
the nanoemulsion development was achieved using
Box-Behnken statistical design (Design Expert®, version 12;
State-Ease Inc., USA). In the optimization process, three
independent variables (percentage of oil, Smix, and ho-
mogenization time) were considered as three factors and the
effect of their interaction at their three levels (-1, 0, and 1) on
globule size and entrapment efficiency of the formulation
was studied. The software suggested 17 batches of formu-
lations with varying levels of three independent variables.
The formulations were developed and the globule size and
entrapment efficiency for all the 17 batches were determined
following the methodology mentioned in Sections 2.4 and
2.5. The data were incorporated in the response column in
the software to obtain the optimized formation. Statistical
analysis was performed using analysis of variance (ANOVA)
and the effect of the interaction of three independent var-
iables at their different levels on the globule size and en-
trapment efficiency was analysed from the generated
perturbation plots, contour plots, experimental versus
predicted plots, and 3D surface plots [25, 26]. Quadratic
equation generated by the best-fit quadratic model is
depicted in

Y =b0+blA +b2B +b3C + bl2AB + b13AC
+b23BC + b11A2 + b22B2 + b33C2,

where Y represents measured responses, globule size, and
entrapment efficiency whereas b0 is the intercept and b1, b2,
b3, b12, b13, b23, b11, b22, and b33 are the regression co-
efficient for the model term of A, B, and C and combination
of them [27].

_ amount of drug determined in the formulation

2.4. Determination of Dispersed Globule Size, Polydispersity
Index, Surface Charge, and Morphology. The size of the
dispersed globules and the PDI in the nanoemulsions was
measured following dilution (50 times) in distilled water
using the Zetasizer analyzer (Nano ZSP, Malvern, Wor-
cestershire, UK) by measuring the changes in intensity of
scattered light through the sample. The analysis was per-
formed in triplicate at room temperature. The potential at
the outside of the stationary layer of the dispersed globules
was measured using the same Zetasizer instrument.

The morphology of the optimized nanoemulsion was
determined using by polarized microscope (Nikon Instru-
ments Inc. Melville, NY, US) and transmission electron
microscopy (TEM) (JEOL JEM 1010, Tokyo, Japan). For
TEM analysis, the drops of diluted samples were placed on a
carbon grid and stained after drying the sample and analysed
under electron microscopy operated at 80 KV at 10000X
magnification.

2.5. Determination of Entrapment Efficiency of LUL within the
Formulated Nanoemulsion. The entrapment of LUL within
the nanoemulsion formulation was determined following
the method of Hussain and team [28]. This was done by
removing the unentrapped drug from the developed
nanoemulsion using the dialysis bag of 10,000 to 14,000 mol
wt. cutoffs (Sigma Aldrich, MO, USA). The concentration of
the drug was determined by the use of a UV-visible spec-
trophotometer at Amax 299 nm [6]. The following equation
(equation (2)) was used to determine the entrapped quantity
of LUL within the formulated nanoemulsion:

Entrapment efficiency (%) =

2.6. Preparation Method of LUL-Loaded NEG. The optimized
nanoemulsion containing the drug was developed using
eucalyptus oil (15%) and Smix (3:1) (45%) at a homoge-
nization time of 15 min. The NEG of the optimized nano-
emulsion was developed by incorporating into Carbopol 934
to the nanoemulsion to get final polymer concentration of
0.5% (w/w) [28]. Consistent dispersion of the polymer was
prepared initially in distilled water to get the hydrogel of
Carbopol 934. The dispersion was kept overnight at constant
stirring using magnetic stirrer (50 rpm) following the ad-
dition of triethanolamine (2-3 drops) to facilitate the for-
mation of crosslinking between the polymeric components.
Finally, the developed formulation contains an LUL con-
centration of 10 mg/mL in the fabricated LUL-NEG.

2.7. Determination of Viscosity, pH, and Refractive Index of the
LUL Nanoemulgel. The pH of the fabricated LUL-loaded
nanoemulgel was determined using calibrated pH meter,
whereas the viscosity of the formulation was determined

total drug added in the formulation

x 100. (2)

using a rotational viscometer at room temperature
(25+2°C). The refractive index of the optimized nano-
emulgel was determined using an Abbe refractometer.

2.8. Determination of Rheological Property of the LUL
Nanoemulgel. The rotational viscometer attached to the
cone and plate of the Brookfield viscometer (Model DV-E,
Brookfield, Middleboro, MA, USA) was used in this present
study to determine the rheological properties of the LUL-
NEG. The rheogram for the determination of viscosity was
determined with the increasing shear rate from 0 to 200S™".
The measured values of viscosity were (Pa.s) recorded at
room temperature (25 + 1°C) and plotted the viscosity versus
shear rate curve to interpret our findings.

2.9. Determination of In Vitro Antifungal Activity Using the
Well-Diffusion Method. Determination of antifungal effi-
cacy of the LUL-NEG was compared with DMSO (5%),



blank NEG, LUL gel, and LUL solution following the
method described by Kadimi and group [29]. In this well,
diffusion method was used where the efficacy of the for-
mulations was tested against Candida albicans. Initially, the
organism was cultured in sabouraud dextrose agar media
(pH 6.2). Then, the media was prepared and sterilized using
an autoclave (121°C for 20 min). The media was then
transferred into the sterile Petri dishes aseptically in
laminar flow cabinet. Just before the addition of media, the
grown culture was mixed with the normal media. The Petri
dishes were incubated in inverted positions at 35°C for 48 h
after an hour of loading the respective formulation into the
wells prepared using a cork borer. The readings were
recorded as the zone of inhibition by measuring the
diameters.

2.10. Animal-Based Study

2.10.1. Animal Procurement. Procured experimental
Wistar rats (180 to 220g) from registered breeder were
acclimatized to the standard laboratory conditions
(25+2°C and 55+ 5% relative humidity) for 7 days with
free access to food and water. The animals were kept in
polypropylene cages, which were maintained 12h dark
and light cycle under the standard condition. The ex-
perimental protocols were approved by the Research
Ethics committee, approval number (PH-130-41), Faculty
of Pharmacy, King Abdulaziz University, Jeddah, Saudi
Arabia.

2.10.2. Ex Vivo Permeability Study. Ex vivo skin permeation
study of the LUL-NEG and LUL gel formulations through the
rat skin was studied using Franz diffusion cells. A freshly
excised abdominal rat skin was collected after 24 h of removal
of skin from the experimental animal. The freshly excised skin
was washed with normal saline and the subcutaneous fat layer
beneath the skin was removed. Thereafter, the skin was
arranged between the donor and acceptor compartment, facing
the stratum corneum of the skin towards the donor com-
partment and the dermis part touching the receptor com-
partment [28]. A 1 mL volume of the nanoemulgel was loaded
to the 3.104 cm” diffusion area and the setup was maintained at
34 +1°C to mimic the skin condition. A magnetic bead was
used to maintain constant stirring of the phosphate buffer (pH
74) in the receptor chamber. The samples (0.5mL) were
withdrawn from the receptor chamber of the diffusion cell at
predetermined time intervals with the replacement of a similar
volume of fresh buffer. The samples were analysed for LUL
after filtration using HPLC with the mobile phase consisting of
ammonium phosphate buffer (0.1 M) and acetonitrile at 60 : 40
ratio [30]. Later, the permeation parameters (apparent
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coefficient of permeation (Papp) and flux (Jss)) were calculated
using the following equations:

P - slope
%P " tissue surface area
x volume of the donor compartment,
(3)
Jss = P,
x concentration of LUL in the donor compartment.
(4)

2.10.3. Skin Irritation Studies. The irritation study of the
developed LUL-NEG was determined in experimental
Wistar rats [31]. The acclimatized animals were used to
remove the hair from the dorsal side 24 h before the study,
keeping precaution of not to damage the superficial layer of
the skin. The animals were then divided into four groups,
where the first group was left untreated (group I; control
group) and the other three groups were treated with for-
malin solution (0.8%) (group II, positive control), blank
NEG (group III), and LUL-NEG (group IV), respectively.
The formulations were applied on the cleaned skin over an
area of 1 cm” and a similar volume of blank NEG was applied
in the drug-free treatment group. The skins of the experi-
mental animals were observed at 24 and 48 h for any dermal
reactions, that is, erythema or oedema scores. The score for
severe erythema or oedema is 3, where the corresponding
scores of moderate, slight, and no erythema or oedema are 2,
1, and 0, respectively.

2.10.4. Histopathological Assessment of Treated Rat Skin.
A portion of rat skin was exposed to different treatments,
that is, control group, formalin-treated (positive control),
and LUL-NEG, to determine possible topical toxicity. The
animals were sacrificed using an overdose of ketamine/
xylazine and the skin samples were collected by excision.
Sample preparation and sectioning were carried out using a
microtome. Furthermore, the sectioned samples were
stained using haematoxylin and eosin dye. The staining of
the samples helped in visualization of the cross-sectioned
samples under microscopy. Each slide was properly visu-
alized and imaged using an optical Leica microscope under
400 magnification.

2.11. Statistical Analysis. All the readings were measured in
triplicate and the results were presented as mean + standard
deviation. The analysis of the data was performed using one-
way ANOVA followed by Tukey multiple comparison test to
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compare the groups of experimental results where P < 0.05
was considered as statistically significant findings among the
groups.

3. Results and Discussion

3.1.  Preparation  of LUL-Loaded  Nanoemulsion.
Preliminary screening on solubility study of LUL in the
eucalyptus oil, Tween 20, and PEG 200 revealed
74.6 +£2.2mg/mL, 68.3 +1.7mg/mL, and 52.2 + 1.4 mg/mL,
respectively. The solubility results suggest that the desired
concentration of LUL can easily be incorporated within the
nanoemulsion formulation for delivery of LUL in the
treatment of fungal infection. Among the tested cosurfac-
tants (ethanol, carbitol, transcutol, and PEG 200) for the
emulsification of eucalyptus oil with the help of Tween 20,
we found that PEG 200 was most suitable with the higher
area of nanoemulsion within the pseudoternary diagram
(data not shown). Further, regarding the determination of
ratio for the Smix for further processing of nanoemulsion
development, we observed that 3 : 1 provides the highest area
of nanoemulsion in the pseudoternary phase diagram.
Therefore, the 25% cosurfactant in the Smix helps in in-
creasing the fluidity of the surfactant significantly, which
resulted in the highest nanoemulsion area in the pseudo-
ternary phase diagram [32]. Selecting the ratio of Smix (3:1),
the optimization of drug-loaded nanoemulsion was per-
formed in the next stage.

3.2. Optimization of LUL-Loaded Nanoemulsion Using
Box-Behnken Statistical Design

3.2.1. Optimization for Globule Size of the Nanoemulsion.
Globule size is one important measure for the nanoemulsion
formulation as it provides the stability, the aesthetic appeal
of the nanoemulsion together with penetration through the
skin [13, 33]. Therefore, the software-based optimization
process was adopted in this study to optimize the globule size
to reduce the experimental burden. The compositions of
seventeen formulations recommended by the software are
presented in Table 1. The statistical results on the effect of the
interaction of process parameters such as homogenization
time and the important formulation components such as oil
% and % of Smix on globule size of LUL-loaded nano-
emulsions are presented in Table 2. From the representation,
it could be said that the model terms A, B, C, A%, and B> have
a statistically significant influence (P values <0.05) on the
globule size of the developed formulations.

The model F-value of 85.75 and P value of <0.05 rep-
resented the significance of the used quadratic model. The
predicted R?(0.8585) and adjusted R? (0.9795) values are in
reasonable agreement with a difference of less than 0.2.
Additionally, the desirable value for adequate precision
(signal-to-noise ratio) should be greater than 4, whereas the
adequate precision value of 28.962 indicated an adequate
signal in the used model. Hence, this model could be used to
navigate the design space. The observed and predicted values
for the globule size are also in close agreement as depicted in
Table 1.

A polynomial equation on the effect of the interaction of
three independent variables on globule size of the developed
nanoemulsion formulations was generated in the fitted
model (equation (5)), where coefficient values for the model
terms A (+13.68) and B (+11.01) are positive, which indi-
cated that the globule size will increase with increasing % of
oil and Smix, respectively. On the contrary, the negative
coefficient value of —8.06 for the model term C indicated that
increasing homogenization time resulted in decreasing
globule size of the nanoemulsion. The increasing globule size
with increasing oil % is in agreement with reported data
[34, 35].

Y1=+16.33+13.68 * A+ 11.01 * B—8.06 « C
+20.60% A> 378+ A+B+1.73% A+ C (5)
+31.13% B, +2.79 %« B C — 1.45 % C”.

Further, the initial decrease followed by an increase in
globule size of the nanoemulsion with increasing % of oil
and Smix is evident in the perturbation plot and 3D surface
plot (Figures 1(a) and 1(b)). The initial increase in oil % may
lead to proper solubilization of LUL, which might result in a
decrease in globule size, and a further increase in oil %
resulted in an increase in globule size due to insufficient
surfactant to effectively coat the dispersible globule. A de-
crease in globule size with an initial increase in surfactant %
was noted which might be due to a reduction in interfacial
tension between the dispersible globules and aqueous phase
and provide a successful coating over the dispersible glob-
ules [34], whereas a further increase in surfactant concen-
tration leads to an increase in globule size which might be
due to formation aggregation after a certain % of Smix
concentration. Increasing stirring time (model term C)
resulted in decreasing the globule size, which is reflected in
equation (5) by the negative coefficient value for model term
C and also in perturbation plot (Figure 1(a)) with decreasing
slope associated with increasing stirring time. Our findings
are in agreement with the existing reported data [36]. As
mentioned previously, all three model terms have a sig-
nificant effect on the globule size of the formulation (Ta-
ble 2). Predicted and experimental data for the globule size
are in close agreement, which can be seen in the predicted
versus actual plot (Figure 1(c)) and also in Table 1.

3.2.2. Optimization for Entrapment Efficiency of the
Nanoemulsion. Higher % of encapsulation efficiency is one
of the major targets in formulation development. During the
optimization process of encapsulation efficiency of nano-
emulsion formulation, the statistical outcome (Table 2) on
the interaction of three independent variables indicated that
model terms A, C, AC, A%, B’ and C’ are significant
(P <0.05).

Further, the F-value of 122.76 of the model and the P
value of <0.05 indicated the significance of the used qua-
dratic model. The predicted R* (0.9587) and adjusted R*
(0.9856) values are in close agreement as the difference is less
than 0.2. Additionally, an adequate precision value of 32.838
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TaBLE 1: Box-Behnken statistical design: levels of three independent variables from the experimental runs along with the predicted

responses on LUL-loaded nanoemulsion.

Levels of independent variables

Actual responses

Predicted responses

Batch Globule size Entrapment efficienc Globule size Entrapment efficienc

A6V BN COVN) D P Y2 06 Y (YD) (nm) P Y2 (%) Y
F1 0 -1 1 20.62 85.23 24.13 85.3
F2 0 0 0 16.67 92.86 16.33 92.74
F3 1 1 0 87.32 93.51 88.96 93.94
F4 0 1 1 54.02 86.54 46.87 86.19
F5 0 0 0 15.77 93.46 16.33 92.74
F6 1 0 -1 53.61 95.34 55.48 94.98
F7 0 0 0 17.23 91.79 16.33 92.74
F8 0 0 0 15.89 92.44 16.33 92.74
F9 -1 0 -1 32.21 85.45 31.56 85.53
F10 1 -1 0 78.63 93.56 74.49 93.57
F11 1 0 1 42.18 94.48 42.81 944
F12 -1 -1 0 41.23 82.46 39.59 82.03
F13 -1 1 13.88 79.33 12.01 79.69
F14 -1 1 0 65.02 81.32 69.16 81.31
F15 0 -1 -1 43.57 89.22 45.84 89.57
Fl16 0 1 -1 65.79 88.39 62.28 88.32
F17 0 0 0 16.07 93.14 16.33 92.74

. Levels

Independent variable Low (-1) Medium (0) High (1)
A=oil (% v/v) 10 15 20
B=Smix (% v/v) 35 45 55
C=homogenization time (min) 10 15 20

Dependent variables
Y1 =globule size (nm)
Y2 = entrapment efficiency (%)

TaBLE 2: Analysis of variance data for globule size and entrapment
efficiency.

ANOVA on globule size ANOVA on entrapment

efficiency
Source F-ratio P value Source F-ratio P value
Model 85.75 <0.0001  Model 12276  <0.0001
A 124.66  <0.0001 A 792.44  <0.0001
B 80.84 <0.0001 B 0.1710 0.6916
C 43.30 0.0003 C 55.76 0.0001
AB 4.75 0.0657 AB 0.8061 0.3991
AC 0.9918 0.3525 AC 18.77 0.0034
BC 2.60 0.1506 BC 3.11 0.1213
A? 148.84  <0.0001 A? 39.55 0.0004
B? 339.93  <0.0001 B? 11449  <0.0001
lon 0.7407 0.4179 c? 56.71 0.0001

indicated an adequate signal for the used model. Hence, this
model could be used to navigate the design space.

A polynomial equation on the effect of the interaction of
three independent variables on entrapment efficiency of the
developed nanoemulsion formulations was generated
(equation (6)). The positive coeflicient value for the model
terms A (+6.04) indicated that the entrapment efficiency
would increase with an increasing % of oil. On the contrary,

the negative coefficient of model terms B (—0.0887) and C
(-1.60) indicated that the increasing % of Smix and stirring
time would lead to decreasing in entrapment efficiency of the
LUL nanoemulsion. However, Smix does not have a sig-
nificant effect on entrapment efficiency as indicated by P
values in Table 2.

Y1 =+92.74+6.04 % A — 0.0887 + B— 1.60  C — 1.86 * A”
+0.2725% A% B+132% A%« C—3.17% B’
+0.5350 B+ C — 2.23 % C~.
(6)

Increasing the entrapment efficiency with increasing oil
% is further confirmed in perturbation plot (Figure 2(a))
with positive slope associated with increasing oil %, in
contour plot (Figure 2(b)) with colour changes from blue to
red with increasing oil %. A similar effect of oil on en-
trapment efficiency is evident in the 3D surface plot
(Figure 2(c)). A higher % oil supports solubilization of the
entrapped drug, which might help in enhancing the en-
trapment efficiency of the LUL in the formulation, whereas
increasing stirring time resulted in decreasing entrapment
efficiency, which could be represented by the negative slope
associated with model term C (Figure 2(a)), and the finding
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is at per the negative coeflicient of stirring time in equation
(6). A similar effect of stirring time on entrapment efficiency
is reported in the literature [36]. The effect of % oil and
stirring time on entrapment efficiency was further confirmed
in the 3D surface plot (Figure 2(c)). The closeness of ex-
perimental and predicted values for the entrapment effi-
ciency is represented in Table 1 and the predicted versus
actual plot (Figure 2(d)).

3.3. Characterization of the Formulation for Globule Size, PDI,
Morphology, and Zeta Potential. Being an important char-
acterizing parameter of nanoemulsion, the size of the dis-
persed globules provides the stability of the formulation,
whereas the nanometric lipid globule allows easy penetration
from the stratum corneum. Alternatively, the PDI of the
dispersion refers to the uniformity of the dispersed globule
size, where the PDI <0.5 is considered as homogenous
distribution [13, 32]. The results of the optimized nano-
emulsion were found to be 16.67 £+ 3.67 nm, where the PDI
was 0.376 £0.022, indicating the usefulness of our drug-
loaded nanoemulsion for topical application [37].

The zeta potential provides the charge on the globule
surface that contributes to the stability of the formulation,
where higher charges allow repulsive forces between the
globules and thus prevent aggregation or coalition of the
dispersed globules [38]. However, the zeta potential of the
dispersed globules was found to be —9.53 +0.25mV. This
low zeta potential is due to the nonionic surfactant incor-
porated in our formulation. Incorporation of these globules
in the polymeric matrix will hinder the movement of the
globules, thereby imparting the stability of the formulation
[15]. Further, the negative charge of the dispersed drug-
loaded oil globules might be due to the presence of anionic
groups in the cosurfactant and oil core [14].

Further, analysis of morphology and globule size of the
developed formulation as obtained under a polarized mi-
croscope and TEM study are presented in Figures 3(a) and
3(b). The polarized microscopic and TEM micrographs
represented the spherical morphology of the dispersed
globules in the system. Further, the size of the globules
obtained from the dynamic light scattering method is in
agreement with the size found in the TEM micrograph. Our
results on the morphology of the formulation are as per our
previous findings [14].

3.4. Characterization of the LUL-NEG for Viscosity, pH, and
Refractive Index. Carbopol is a water-soluble cross-linked
polyacrylic acid polymer, widely used in topical preparation
as a gelling agent. This pH-sensitive polymer has also gained
popularity in pharmaceutical products as suspending, sta-
bilizing, and emulsifying agent. The addition of trietha-
nolamine helps to neutralize the developed formulation to
form into gel at skin pH [39]. The incorporation of the
formulated and optimized nanoemulsion in the prepared gel
matrix of 0.5% (w/w) Carbopol 934 at a ratio of 1:1 pro-
duced the final NEG containing LUL.

The pH of the NEG to be applied on skin should be
compatible; thus, determination of pH is important. The

Journal of Chemistry

determination of pH of the developed LUL-NEG was found
to be 5.65+0.17, almost comparable to the pH of the skin.
Thus, it could be said that the pH of the formulation would
be favorable to the patients [14]. Further, the viscosity of the
LUL-NEG was found to be 9.26 + 0.08 Pa.s at a shear stress of
60 Pa and shear rate of 6s™'. It was found that the incor-
poration of optimized nanoemulsion into the blank NEG did
not alter the rheological property of the formulation. Our
results are in agreement with our previous findings [14],
which suggest that the viscosity of the product would be in a
stage to easily spread over the skin.

Further, the refractive index is an optical property where
the isotropic nature of the formulation reflects no interac-
tion between the drug and excipient. The refractive index of
our optimized LUL-NEG formulation was found to be
1.31 +0.08, which is quite similar to water representing clear
and transparent hydrogel without any interaction.

3.5. Rheological Property of the LUL-NEG. Two important
parameters, adherence and spreading, are essential for the
formulations to be applied topically. After equilibration of
the formulation for a week, the curve was plotted to rep-
resent the relationship between shear rate and the applied
stress (Figure 4). The experimental results of viscosity (Pa.s)
of the LUL-NEG were found to be thixotropic characteristics
with the increase in shear within the range of 20 to 200 S~
The descending lines of the presented curves (Figure 4)
confirmed it. The rheological properties of the gel formu-
lations are correlated to the preparation process, the mo-
lecular weight of the incorporated polymer, and the degree
of crosslinking [40]. Based on the findings of the present
investigation, it could be said that the rheological property of
the formulation could be easily applied topically as the
increasing rate of shear to the formulation resulted in a
decrease in viscosity [41]. Therefore, to initiate a flow of the
formulation, stress needs to be applied, which will facilitate
easy spreadability over the topical area.

3.6. In Vitro Antifungal Efficacy. The results of the in vitro
antifungal efficacy of DMSO (5%), blank NEG, LUL solu-
tion, LUL gel, and LUL-NEG using well-diffusion technique
are presented in Figures 5(a) and 5(b). The developed and
commercial NEG formulations of LUL were found to be
sensitive against strain of tested fungi within the limit of our
experiment. The LUL-NEG was found to inhibit the growth
of C. albicans significantly (P <0.05) when compared with
other four groups (Figure 5(b)). Significant efficacy of the
developed LUL-NEG formulation over LUL solution and
LUL gel might be explained by the fact of incorporating
eucalyptus oil in the LUL-NEG, which potentiated the ef-
ficacy of the antifungal agent. This might be due to the
inherent antifungal effect of eucalyptus oil [20, 21], which
was reflected by the zone of inhibition by blank nano-
emulsion. Thus, the increased inhibitory effect of LUL-NEG
is due to the synergistic role of LUL and eucalyptus oil when
codelivered through nanoemulsion platform, which allowed
intense diffusion of the drug containing oil globules. A
comparable result is available in the literature where the
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FIGURE 5: Areas of zone of inhibition in the tested samples in the Petri dish containing Candida albicans (a) and the presentation of the
measured area of the zone of inhibition of different groups (b). The results were presented as mean + SD (n=3). *P<0.05.

authors compared the microemulsion of LUL with the
commercial formulation and reported statistically signifi-
cant inhibition of growth with LUL microemulsion when
compared to commercial formulation [42]. Therefore, the
nanoemulsion platform containing eucalyptus oil as the oil
core for LUL was found to possess superior efficacy against
C. albicans species.

3.7. Ex Vivo Skin Permeation Study. The results of ex vivo
permeation of LUL from the LUL-NEG and LUL gel
preparation are presented in Figure 6. From the comparison
on permeation profile of LUL from the two formulations, it
is clearly observed that the permeation of LUL from the
developed NEG formulation (406.2+ 18.6 ug/cm®) is sig-
nificantly higher (P <0.05) when compared to the LUL gel
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formulation (247.7 + 8.8 ug/cm?®) (Figure 6). This in-
creased permeation might be due to the presence of
nanosized oil globules containing LUL, which could in-
crease the rate of permeation from the lipophilic layers of
the skin to facilitate the permeation of the drug across the
skin without any lag time [43, 44]. Simultaneously, when
the permeation parameters were compared, it was found
that the permeation flux was significantly enhanced
(P<0.05) with LUL-NEG (37.098+1.05ugcm *h™")
when  compared to  the gel  formulation
(25.37+1.21 ygcm >h™'). A similar result was observed
when the permeation coefficient of LUL-NEG
(1.289 10 *cm™?h™") and LUL gel (0.880 x 10 *cm™*h™")
was compared. Finally, the apparent permeation and flux
of the two formulations were compared and it was found
that there is an enhancement ratio of 1.46 when compared
the LUL-NEG to the LUL gel formulation. This might be
due to the increase of skin permeation attributable to the
presence of PEG 200 [45], whereas the nanometric li-
pophilic globules also facilitated such permeation.

3.8. Skin Irritation Study. Compliance of the patient is of
utmost importance when a novel approach of formulation is
made. Any signs of irritation might restrict the use of the
formulation in patients; thus, the topical preparations
should be free from any irritation. Thus, to evaluate the skin
irritation, the fabricated LUL-NEG was tested and compared
with other groups of treated animals. The outcome of the
irritation study in different groups of animals is presented in
Table 3. The results of the formulations containing LUL, the
fabricated and commercial, did not show any signs of ir-
ritation (erythema (redness) and edema (swelling)) even
after 48h of exposure. Alternatively, the animals in the
positive control group (Group II) showed signs of irritations
with a score of 2 and 3 after 24h and 48h of exposure,
respectively [28]. Thus, it indicated that the application of
formalin to the skin of the experimental animals resulted in
redness and itching reaction. On the other way, the animals

TasLE 3: Erythema/oedema scores of the skin in treated animals
after 24 and 48 h.

Erythema
Groups Treatment scores
24h 48h
Control group No treatment 0 0
Group 1I (0.8% formalin solution) 2 3
Group III Blank NEG 0 0
Group IV LUL-NEG 0 0

in groups I and IIT did not show any signs of erythema. Thus,
from this study, it could be concluded that the polymeric
blank NEG and LUL-NEG did not exhibit any signs of
inflammation or irritation possessing safe delivery of the
formulation to the skin for the treatment of any fungal
infection.

3.9. Histopathological Study. To rule out any possible tox-
icity of the optimized formulation LUL-NEG, histopath-
ological assessment was performed. The rat skin was treated
with formalin solution as a positive control; blank NEG and
LUL-NEG were compared with the control group. The
examination of H&E-stained sections of control rats” skin
which is formed of 3-4 layers of keratinized stratified
squamous cells with normally appearing keratin layer.
Furthermore, the four distinct layers of epidermis consisted
of keratinized stratified squamous epithelium cells, where
the layers are separated by the name, stratum corneum,
stratum granulosum, stratum spinosum, and stratum
basale, from outside to inside. The junction of the epi-
dermal-dermal depicted several epidermal elevations and
dermal papillae. Alternatively, the other layer, dermis,
consisted of 2 layers, papillary (thin, present directly below
the epidermis) and reticular layer (thick, dense irregular
connective tissue). The sweat gland and sebaceous, hair
follicle were seen in the dermis (Figure 7(a)). The formalin-
treated group showed pathological changes such as the
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Ficure 7: H&E staining of control skin of the rat (a) showed 3-4 layers of keratinized stratified squamous cells with normally appearing
keratin layer epidermis (Ep). Formalin exposed rat skin (b) showed thickened degenerated epidermis (Ep) and inflammatory cells infiltrate
(+), and LUL-NEG (c) exposed rat skin revealed no abnormal changes in the treated rat skin tissue as compared to controls (400x).

thickened degenerated epidermis (Ep), intercellular edema,
and inflammatory cells infiltrate (Figure 7(b)). The LUL-
NEG-treated groups (Figure 7(c)) revealed no abnormal
changes in the treated rat skin tissue as compared to
controls, except moderately thickened epidermis. The
overall results indicated that the LUL-NEG was within the
limit of the skin tolerance and safe to use for topical
applications.

4. Conclusion

LUL, a broad-spectrum antifungal agent, possesses perme-
ability and retention issues with commercially available
products. Thus, the present approach of improving pene-
tration is using the nanoemulsion platform where the
mucoadhesive polymer helped to develop the NEG for-
mulation. The development of nanoemulsion was optimized
using Box-Behnken statistical design. The ex vivo skin
permeability of LUL from the developed NEG was found to
be higher when compared to the commercial formulation;
thus, there was 46% improvement in flux and Papp with
LUL-NEG when compared with the commercial product.
Incorporation of eucalyptus oil in the preparation revealed
synergistic inhibition of the tested fungi, where improved
diffusion of the oil globules from the NEG facilitated the
efficacy. The prepared formulation was found to be safe
when applied topically on the experimental animal. There
were no signs of erythema in the LUL-NEG-administered
animals. Furthermore, the histopathological study demon-
strated a lack of toxicity on the skin of the experimental
animals, suggesting the safe and efficacious cutaneous ap-
plication of the formulation. Hence, from the obtained
results, it could be concluded that the LUL-NEG would be an
effective approach for localized delivery of LUL safely with
improved efficacy.
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