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Table 3 - Quadratic polynomial coefficients along with fitting coefficients for each dependent variable in the
production of black cumin essential oil nanoemulsion
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Figure 1- Response surface plot for the average particle size of black cumin essential oil nanoemulsion with
temperature and time of production process under subcritical water conditions
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Figure 2- Response surface diagram for the dispersion index of black cumin essential oil nanoemulsion with
temperature and time of the production process under subcritical water conditions



ree P12 093l O bl Cod ol 825 (9, (il oamdgoleil g5 (Sllos byl i (55l iy

oslail SausTy ulidl g o5lw Ken (ials 4y o,lgs a5
oo losl o (Jl ol b oogd o e Ol adgils
5 )18 3925 wnld 65y » Sy S awgte U oy
4y ojl (pl )0 (ilwaige a5 o) oo Hlal 4y o lgen
A dals (6 silecSen 5 oIk

& Dyl 0wl ploy Glaldl S ) b
2 e shole plsie 4w Td oloj Gralilecul g ol
azls oiolidl gaig, PDI g 0050 Jos SaSTy asli
St o ol b LS5 g 4 e oS
A ©ogd god odnlie YU slales jo aig, cpl 00,5
Syl ol ley Gialidl YU g el slales o le
SU et Gg g Sb T (Sassly asla (s
Gl by Liulidl (ol g b by jo aileas
QAT 4 WlgT co D9y 00 i (0S5 4 aS Jale e
SpesilSo o 2ol 5 (a8l gilepSen sloanly
BB ol Gl 65509 e g 5 3l 0 ,ladsil
5 s jlal b CAls S e (SIS ol 4y s
S e e p ol I3 5, ol 3 sl S, S
Olpadgl JuSas (Joleel v s iiSer e 4
&5 4 e Soled o 45 wes oo ol e 9 S gS
590 Oyle 4y 098 o0 PDI iolidl g S e sloslu]
obey 9wl e dgaze ol p (oles oL ol o
sl gl Ren jo (g ol dgugy Wlgi ced 5 SYeb
I, Oglee slaojlal b al)d LSes Jlz] asly s
MEXPPIg-N L]

@5l el g 5L lales jo wonuay cnl Jlis 5o
v iS jmals ( JeSsge oS > iuli8l el LS
Sybin cHlpSy L 53lugFon slastl Joged 5
s Jlsot Y5 sloley Jsb 55 58 Ll ol 5o U
slszes b cwlil b Glapasle pad
L old obml 4 e Wilgs oo a5 8510 0529 atulesl
aS aad oo olid b (Jl ol Lo 5 Sglaie slaojlal

S92 Sy Sl Sloy Ol s YU Sles slaosl yo

sl ley o ¥ S ,0 ool Cewds i w az g5 b

s e Sl sles bl L oml 5 ot
L s eIy ol 5 008 lay als SuisT,
o gbalos 13 Lol el ot odgi Sy Ly, o5l
o3Il b wliladgil 5 00 8 Ty (2221381 W9, (YL (L)
WBL o0 Sy g SzeS sla ojluil Jeld a5 glite slo
REITIRC NI JEC RS RPIC VIR X
L g oud osalie mo Vb g <ol sl (loj )3 Wy, (0
Goga> U SuSly, als (20 Ol sl ilial
5 0dd (oduldl wigy b SV slales jo g adly ialS
e b blaws oo caws i1 0g3 31938 Ol yladgils
5 omb sle ploy p3 il (oo Sowlie Foml labes
i 58 Gl 4 e oo oy ol ol
Ll ol o o308 Sl o8 > 5 5 J3Sse
Slogh » osiS iy 5 Ol e Joged el
O3 o3lail (g 3lwKed doeis 18 g 99 g0 Al (slajle
2 N Oile 4 abige L2l PDE g wb oo 20l
dngr Sl 5 g 5 i s 4 clie Lo slales
5 039 amlie iliSie slasle (rm JUH (55l el ladsil
S Sloj b koo halS oz g a35l5 4 SIS bles
b oo 5 (oo Slhails 1Sy s ol 595 42 2
§ 09> § u Dgde L_,...,., ool o oo ol aslol
Al Gial38 0aSs bl 055 51 5 el o8 > (65
Al (oo R csllael sla oy oy 2, Gl
alide sla ojlal b Dlyladgil JoSis a4 joie a5
I L5 slales ,o by oo il PDI (el 5 ous
Crge Sl (Son e 4y (Sl (6551 G5 e
P9z pe oy wiile )L slapusile (b Jld
Jolge (nl 09h Shatie lajle fSis 5 IS pead
Azl )0 g alisee glaoslail b ol a8 olon | g wilgs o
SlyS o 550 bl 3V slagyle; jo 050 PDI ]38l
Wlgi oo stz 5 Gl g Rase bl 055
o003, SISl Bl luglo o Y g 55 & i



A4 = 1YY o /1 £+ 0/ il g,k [As 5ylowd [ YO s/ i @slhuo smtiee Ui

Hlodis Canol> (i diwgy bghas g Ol ol .Sl
ool job (pred 4 2 (SasSTy aSld ol &5 4,
oA Ls 5l S (n o e abal bshas &5 (pme (o
oop ol pa s g (SRS e e 4 (SuSTy
> e Gl dwgn bolas g oad LS &l ladgils
Lty 5 bk e (0 ool o 458, 155 s
OSiles (n eS Gl o0 gadgalgil o ez (Sliles
b sl Jlanl 1) SasST, asls o ieS 5 ol ojlull
om0 ¥ S 3 ot atdls 455l 4
sk Silwdinte Sl p3Y 0 S o pyo 1) byl
08,5 siio slaads 4y b ogd plowl YL CEo b g 5 580
| Sy a2l SR 5 ol ol 0 &5
slaghy, Sl sxSene oibie (nl a4 awes ol
OBl 0,50s, nl &Sz (ol (5598 39 (3lainge
L @mbs g wS oo mol 3 1) 335 ane lajlade gl o]
JS s oo LS (ST sl e 5l (5 i B0 L
alhdi g Cewl gooe (gilwaig opl Al saimo b IS F

Ao o lid b el )l 380 a0 lade bl aigs

o LWl 5L @350 L) ol 526 Lews b sl PDI
47 o5 dgdige ke Sy Ay g LA slacee s
58S Wiz el Sl B g3l San L
sl o oo sl S Vb slaplejone g Ll,b
D 038 Cewl Koo i
g gz eabolll byl (g5lwais
ol 0323 (9 il (gamdgolgil

5 bl sl p pbxl 5 Giulesl 2Lk 5w
o Lo ol Jiine (6bopeiie )31 &y bgy o (gla ol
OeSSle (s cdinnly Slo yeiie 2 g galgil ados (e
99 5,0 (§jlwainge anl g SuS, asls g O3 o5l
Gilwdingr ol s ad abul gooe 5 SIS am
Sl 0as S &IE 5 ¥ o IS5y Juadiay

Ogemdsalsil 0dgl Sz alge oogazme ¥ S o
5 S5 o3l S0l (2 oS b ol 05 (289, il
(Ohhdgll i B1550) (SosSTn (a3l (ny omb
0 Lasal, bals 3 a5 jebiylen awl oadosls jli

DAY Gy by bohs (wl cnyo S axie

120

PDI
: —— 0.185
e 0.641
." Mean
10 & Particle
1 Size (nm)
,-'.-' — 141
R 204
100!
i
s
E
o 90
£
=
80
70

6‘0 T T T T
110 120 130 140 150

T T T
160 170 180 190

Temperature (C)

b Gy (9 4 lalojl (B (ol 1 ol 025 (g (il (igmulgolail Mgs (SIS (g jlwatags Y IS
Figure 3- Graphical optimization of black cumin essential oil nanoemulsion production based on response surface
methodology experimental design



ree P12 093l O bl Cod ol 825 (9, (il oamdgoleil g5 (Sllos byl i (55l iy

New

» High 190.0
D: 0.9448 Cur [161.511
Low 110.0

Composite
Desirability
D: 0.9448

PDI

Minimum
y = 0.1783
d = 1.0000

Mean
Particle
Size (nm)
Minimum
y = 138.8764
d = 0.89256

Temperature (°C)

8]

Time (min)
120.0

[96.9697]
60.0

b Gl gy @ plalojl (il (bl y2 ol 8525 (B89, (il (oamdgalgil g (533 (5 jludinge) dinger 23l —€ JSS
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temperature and process time
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Extended Abstract
Abstract

Carum Carvi essential oil, possessing effective antioxidant compounds and strong antibacterial
properties, is introduced as a natural source with high potential for applications in the food and
healthcare industries. Optimizing the operational conditions for producing the nanoemulsion of this
essential oil under subcritical water conditions using a response surface methodology provides uniform
distribution, improved stability, and enhanced bioavailability of the active constituents. In this study,
the oil phase (Carum Carvi essential oil), the agueous phase (distilled water), and the emulsifier (Tween
80) were mixed in volume ratios of 0.62, 21.63, 2.75 mL, respectively, to optimize the operating
conditions (temperature and time) for nanoemulsion production via subcritical water method. A design
of experiments with a response surface approach was conducted in the temperature range of 110-190
°C and heating times of 60-120 minutes. Following optimization, the results indicated that a temperature
of 161 °C and duration of 97 minutes were the most suitable conditions for nanoemulsion production,
yielding the smallest average particle size (141 nm) and the lowest polydispersity index of 0.183. The
properties of the nanoemulsion produced under the optimal conditions were evaluated: antioxidant
activity of 63.53 %, and antibacterial activity (zone diameter indicating inhibition of growth) against
both the Gram-positive Staphylococcus aureus and the Gram-negative Escherichia coli, measured at 1.8
cm and 1.6 cm respectively. Finally, the product stability, assessed by zeta potential analysis, showed
—25.87 mV, indicating high stability of the produced product.
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