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Table 1. Central composite design and response variables for production of Carum CarviO/W nanoemulsions

(agewly) dimsly Sl yuiia
Dependent variables (Response)
Jwo 5o icio
(Joo) (S B losl (i oo o> 31 3lgo 3 3Lie)
Predicted Experimental Independent variables
Amount of Materials (mL)
oy bl
U5 ity 0313l (Silin U drilly 15 03Il eSilso sl .
(dg L) (yegib) wlyd (edg o) (;%0g3b) ko o Ae g Essential
Zeta Potential Mean Particle Zeta Potential Mean Particle Size Water Emulsifier Oil
(mV) Size (nm) (mV) (nm) (Tween 80) (Carum
Carvi)

-13.44 228.1 -13.2 226 23.90 1.00 0.1 1
-21.10 189.3 -20.9 181 22.55 1.75 0.7 2
-17.98 165.8 -17.5 176 20.50 4.00 0.5 3
-21.45 255.3 -21.4 264 23.10 1.00 0.9 4
-17.80 195.2 -18.1 194 23.50 1.00 0.5 5
-22.75 197.8 -22.9 199 20.10 4.00 0.9 6
-16.63 175.0 -17.1 186 21.45 3.25 0.3 7
-16.82 182.8 -17.3 178 22.95 1.75 0.3 8
-21.47 167.6 -21.8 159 21.05 3.25 0.7 9
-23.71 208.6 -23.7 206 21.60 2.50 0.9 10
-12.51 226.7 -12.6 213 20.90 4.00 0.1 11
-14.58 209.5 -144 221 22.40 2.50 0.1 12
-19.50 162.6 -18.9 162 22.00 2.50 0.5 13
-19.50 162.6 -18.8 161 22.00 2.50 0.5 14
-19.50 162.6 -18.8 162 22.00 2.50 0.5 15
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Table 2. The significance probability (p value, t value) of interaction coefficients in final reduced polynomial models

Linear effects X1 Xz X1 X3 XaX3

(yogil) @l)d o031l yusiluo
Mean Particle Size (hm)

P-Value 0.000 0.000 0.036
F-Value 54.27 44.99 6.72
(dg o) U3 iy
Zeta Potential (mV)
P-Value 0.043 0.062 0.001
F-Value 4.82 3.98 30.67
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Table 3. Regression coefficients, R?, adjusted R? and probability values for the final reduced models

. . (Frogil) ©lyd ojlil uSilee (g (o) U5 Jommiiliy
il lpe Mean Particle Size (nm) Zeta Potential (mV)
Regression Coefficients

\f Y2
a 703.52 43.56
a 17.26 14.26
as 1.12 -0.39
an -32.15 -3.85
s -29.02 -2.20
axs -0.79 -0.71
R-square (%) 96.07 95.10
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Fig 1. Contour plot (a) and Surface plot (b) of estimated Mean Particle Size (nm) as a function of used material components
according to the model
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Fig 2. Contour plot (a) and Surface plot (b) of estimated Zeta Potential (mV) as a function of used material components according to
the model
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Fig 5. Particle size distribution of the produced Carum Carvi essential oil nanoemulsion at obtained optimum of material
components
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Figure 7. Antifungal properties Carum Carvi essential oil nanoemulsion in optimal formulation conditions
(Growth rate of Penicillinum expansum in two conditions, presence and absence of nanoemulsion)
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Table 4- Antibacterialproperties of Carum Carvi essential oil nanoemulsion under optimal formulation conditions

(Investigation of the effect of the produced nanoemulsion on two species of gram-positive bacteria, Staphylococcus aureus and gram-
negative Escherichia coli)
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Abstract

The Carum carvi essential oil contains volatile constituents with noteworthy biological
value. These compounds exhibit strong antibacterial and antifungal properties. Nanoemulsions,
by increasing the interfacial area between the oil and aqueous phases, enhance the bioactivity
of the essential oil and facilitate its access to target tissues. Production of nanoemulsions via
subcritical water methods can contribute to improved efficacy of the active materials.This study
focuses on the formulation of a Carum carvi essential oil nanoemulsion using a mixture design.
In the present work, Carum carvi essential oil was extracted using a Clevenger apparatus,
yielding 3.6 mL. Based on a mixture design, the nanoemulsion formulation of the essential oil
was optimized within these ranges: essential oil 0.1-0.9 mL, Tween 80 as emulsifier 1-4 mL,
and distilled water 20.1-23.9 mL, under subcritical water conditions at 150 °C for 90 minutes.

The results indicate the optimal formulation for oil, emulsifier, and water contents as: 0.62 mL
essential oil, 2.75 mL emulsifier, and 21.63 mL water. Dynamic light scattering (DLS) analysis
of this formulation showed a mean particle size of 156 nm, polydispersity index (PDI) of 0.196,
and zeta potential of —24.1 mV. The application of the product prepared under the optimal
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conditions, with antifungal activity assessed by diffusion (permeation) method, demonstrated
an inhibition of growth of Penicillium expansum by 68.78% and antibacterial activity against
the Gram-positive Staphylococcus aureus and the Gram-negative Escherichia coli, with
inhibition zone diameters of 1.6 cm and 1.4 cm, respectively.

Keywords:Carum Carvi essential oil, Mixture Design, Antifungal, Antibacterial, Subcritical
water, Formulation, Nanoemulsion



