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Table 1. Effect of different emulsifiers and co-emulsifiers on initial state, transparency, and initial stability
of emulsions

Water Co- Initial o o
Entry Emulsifier amount (g) amount solvent emulsion Transpar_ency (% Phase st‘ablhty after
transmittance) centrifugation
(g) amount state
1 Tween 80 (10 g) 79.8 Single 91.2 96
& ' phase '
Single
2 Tween 80 (10 g) 77.8 PG (2g) phase 93.3 98
Single
3 Tween 80 (10 g) 77.8 Glys. (2g) phase 91.8 97
4 Gum arabic (10 g) 79.8 Single 75 26
phase
5 Gum arabic (5 g) 84.8 Single 1 14
g ' phase
Gum arabic (5 g) + ) Single
6 Tween 80 (5 g) 738 phase 12 16
7 Lecithin (5 g) 84.8 - Two phase
8 Lecithin (3 g) 87.8 - Two phase
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Water Co- Initial o o
Entry Emulsifier amount (g) amount solvent emulsion Transpar'ency (% Phase St.ablht}‘, after
transmittance) centrifugation
(g) amount state
Whey protein non- ) ) )
9 isolate (5 g) 84.8 Two phase
10 Starch-OSA (5 g) 84.8 - Two phase - -
11 Starch-OSA (10 g) 79.8 - Two phase - -
Starch-OSA (5 g) + ) ) )
12 Tween 80 (2 g) 82.8 Two phase
Starch-OSA (2.5 g) + ) ) ;
13 Tween 80 (2 g) 85.3 Two phase
14 Brij35 2.5 g) 87.3 - Two phase - -
15 Brij35 (5 g) 84.8 - Two phase - -
16 Brij35 (10 g) 79.8 - Two phase - -
Brij35 (2.5 g) + Tween ) ) ;
17 80 (1 g) 86.3 Two phase
Single
18 Tween 80 (1 g) 79.8 PG (9 g) phase 14 54
PEG-400 Single
19 Tween 80 (1 g) 79.8 © g) phase 12 49
Single
20 Tween 80 (1 g) 79.8 Gly. 9 g) phase 11 48
Gum arabic (2.6 g) + ) Single
21 Xanthan (0.1 g) 8591 phase 8 20
. Single
Gum arabic (2 g) + )
22 Xanthan (0.7 g) 85.91 Phase 7 15
viscous
Single
23 Tween 80 (0.8 g) 80 PG(9g) phase 8 22
Single
24 Tween 80 (0.7 g) 80.1 PG(9g) phase 8 20
Gum arabic (2 g) + Single
25 Xanthan (0.7 g) + 85.71 - phase 7 14
Tween 80 (0.2 g) viscous
Gum arabic (5 g) + .
26 Xanthan (0.1 g) + 83.31 - Sl}‘]lagsf 10 19
Tween 80 (0.2 g) P
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Water Co- Initial o s
Entry Emulsifier amount (g) amount solvent emulsion Transpar.ency (% Phase stgblhty after
transmittance) centrifugation

(g) amount state
Single

27 Span 20 (1 g) 79.8 PG(9g) phase 21 35
Single

28 Span 20 (5 g) 75.8 PG(9g) phase 29 46

Note: Ultrasonication conditions were constant for all tests: time (2 min), power 90% (360 W). All tests
were performed using 4% saffron essential oil.
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Figure 1. Physical state of emulsions prepared with different emulsifiers (1: Tween 80, 2: Gum arabic +
Tween 80, 3: Gum arabic, 4: Gum arabic + Xanthan, 5: Lecithin, 6: Whey protein, 7: Brij35, 8: Starch-

OSA)

transmittance %
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Figure 2. Response surface plot (3D Surface) and contour plot showing the interactive effect of Tween 80

concentration (A) and propylene glycol concentration (B) on the percent transmittance of saffron
nanoemulsion (constant conditions: essential oil 4%, power 85%, time 105 s)

transmittance %
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Figure 3. Response surface plot (3D Surface) and contour plot showing the interactive effect of

ultrasonication time (E) and power (D) on the percent transmittance of saffron nanoemulsion (constant
conditions: Tween 80 10.5%, propylene glycol 7.5%, essential oil 4%)

initial stability (%)
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Figure 4. Response surface plot (3D Surface) and contour plot showing the interactive effect of Tween 80
concentration (A) and propylene glycol concentration (B) on the initial stability (%) of saffron
nanoemulsion (constant conditions: essential oil 4%, power 85%, time 120 s)
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Figure 5. The saffron essential oil used in the present study showing insolubility in water and two-phase

formation (right), and the transparent, single-phase, stable saffron emulsion prepared from the same
saffron essential oil (left)
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Figure 6. DLS analysis of the final saffron emulsion sample
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R Sample D | 20 T Sy | Rt (pe) | Rate (keps) RS Residual
PALS |09/17/2024 12:51:13 3. | Zamanian - 1 ' 47.14- 3.68- 126 595 838 3.9336e-02
PALS | 09/17/2024 12:51:50 3. | Zamanian -2 [ 44.01- 3.44- 126 59| 838  4.4832e-02]
PALS |09/17/2024 12:52:26 3. | Zamanian -3 47.59- 3.72- 126 595 838  2.7009-02
'PALS |09/17/2024 12:53:02 3. | Zamanian - 4 ’ 44.50- 3.48- 126 595| 838  2.4214e-02]
PALS |09/17/2024 12:53:39 3. | Zamanian - 5 43.40- 3.40- 126 595 838  2.8126-02
PALS |09/17/2024 12:54:15 3. | Zamanian - 6 43.54- 3.40- 126 595 838  14893e-02
PALS | 09/17/2024 12:54:51 3. | Zamanian - 7 45.97- 3.59- 126 595 838 27231e-02
Mean: 45.18 3.53] 126 595 2.9377e-02

Std Err- 0.65 0.05 0 0 0 3.7361e-03

Std Dev: 172 0.13 o 0 0 9.8848e-03
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Figure 7. Zeta potential analysis of the final saffron emulsion sample
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Figure 8. TEM images of the optimized emulsion sample
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Figure 9. GC-MS analysis of the final saffron emulsion sample
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Table 2. Comparison of sensory evaluation of non-emulsified and emulsified saffron essential oils

immediately after

reparation
Sample name Odor desirability Taste desirability Overall desirability
Emulsified 4.9+0.1a 4.9+0.1a 4.9+0.1a
Non-emulsified 4.8+0.2a 4.8+0.1a 4.840.2a

Note: 5 is the highest and 1 is the lowest desirability.
S 5o Olhas Seemdsal 5 (Somdsalp slo Guilul cu S5l A lie Y Jgo
Table 3. Comparison of sensory evaluation of non-emulsified and emulsified saffron essential oils in

beverage

Sample name Odor desirability Taste desirability Overall desirability
Emulsified 4.940.1a 4.940.1a 4.9+0.1a
Non-emulsified 4.8+0.2a 4.8+0.1a 4.8+0.2a

Note: 5 is the highest and 1 is the lowest desirability.
Sk slo S 5l (S galgils iged (gl Gl 9 (Sod LolyS Sl T Jgu
Table 4. Evaluation of physical properties and stability of nanoemulsion sample after stability tests

Stability test type Appearance Stability (%) Transmittance (% transparency)

Initial sample Clear yellow liquid 100 93.1

Sample after 1 week at 45°C Clear yellow liquid (no 100 92.8
change)

Sample after 2 weeks at 45°C g2 Y Ied (no 100 92.9
change)

Sample after 3 weeks at 45°C Clear yellow liquid (no 100 93.5
change)

Sample after 4 weeks at 45°C Clear yellow liquid (no 100 92.5
change)

Pasteurized sample (75°C, 15 min) Clear yellow liquid (no 100 92.2
change)

Note: Stability was measured after centrifugation at 10,000 rpm for 30 minutes. Transmittance was measured using a UV-Vis spectrophotometer.

and ionic strength

S 8 5 PH olozsl 2l 50 (Gsendgalgils aigad (oIl olie 5 (S olo> b)) 0 Jgo
Table 5. Evaluation of physical properties and stability of nanoemulsion sample against freeze-thaw, pH,

Stability test type

Appearance

Stability (%)

Transmittance (% transparency)

Initial sample

Clear yellow liquid

100

93.1
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Stability test type Appearance Stability (%) Transmittance (% transparency)
Freeze-thaw stability (-18°C) Clear yellow liquid (no change) 100 92.3
pH stability (pH 2) Clear yellow liquid (no change) 100 92.7
pH stability (pH 9) Clear yellow liquid (no change) 100 92.6
lonic strength stability (NaCl) Clear yellow liquid (no change) 100 93.1

Note: Stability was measured after centrifugation at 10,000 rpm for 30 minutes. Transmittance was measured using a UV-Vis spectrophotometer.

Sk sl S 5l oy O gel o8 Wged 5 g galgils gl (Dbl 5 (pliend ols Anlie F Jgu
Table 6. Comparison of chemical properties and sensory evaluation of nanoemulsion and non-emulsified
samples after stability tests

. Safranal peak Taste Odor Overall
Sample type Stability test type area (%) desirability desirability desirability

Initial sampl 29.52 4.9+0.1 Aa 4.940.1 Aa 4.9+0.1 Aa

& safmpe 29.52 4.8£0.2 Aa 48+0.1 A 48402 Aa

Sample after 1 week at 29.49 4.9+0.1 Aa 4.940.1 Aa 4.9+0.1 Aa

45°C 23.55 4.4+0.1 Be 4.5+0.3 Be 4.4+0.5 Be

Nanoemulsion Sample after 2 weeks at 29.43 4.840.1 Aa 4.940.1 Aa 4.940.1 Aa

cample 45°C 21.54 42+0.2 Bd 4.4:03 Bd 43+0.5Bd
sample

NontelllUISiﬁed Sample after 3 weeks at 29.41 4.9+0.1 Aa 4.8+0.1 Aa 4.9+0.1 Aa

sample 45°C 20.15 4.1+0.2 Bd 4.0£0.3 Bd 4.0+0.5 Bd

Sample after 4 weeks at 29.31 4.840.1 Aa 4.840.1 Aa 4.840.1 Aa

45°C 18.62 3.8+0.2 Be 3.6+£0.3 Be 3.7+£0.5 Be

Pasteurized sample 29.26 4.8+0.1 Aa 4.8+0.1 Aa 4.8+0.1 Aa

(75°C, 15 min) 14.90 3.1+0.2 Bf 3.0+0.3 Bf 3.0+£0.5 Bf

Notes: In the table above, similar lowercase Latin letters indicate no significant difference of a characteristic over time. Similar uppercase Latin
letters indicate no significant difference of a characteristic between the emulsion and non-emulsion samples. Safranal percentage was measured
using GC-MS. 5 is the highest and 1 is the lowest desirability.

Food-Grade Saffron Nanoemulsion with Ultrafine Particles: Process and Formulation Optimization
for Maximum Transparency and Stability
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Introduction:Saffron, known as the world's most expensive spice, is a valuable source of natural
essential oil with unique aroma and flavor. The main volatile compound of saffron essential oil is safranal,
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which is responsible for its distinctive odor. However, direct application of saffron essential oil in
aqueous-based food products such as beverages faces significant challenges due to its lipophilic nature,
poor water solubility, high volatility, and susceptibility to oxidation. Conventional methods for
overcoming these limitations rely on organic solvents and fillers (e.g., triacetin, propylene glycol,
vegetable oils), which increase production costs, reduce flavor intensity, and exhibit limited
physicochemical stability over time. In recent years, nanoemulsion technology has emerged as a novel
and efficient strategy to overcome these limitations. Nanoemulsions are heterogeneous colloidal systems
with droplet sizes typically ranging from 20 to 200 nm, offering high kinetic stability, optical
transparency, and enhanced bioavailability of lipophilic compounds. Among various high-energy
emulsification methods, ultrasonication has gained significant attention due to its high efficiency in
droplet size reduction, narrow size distribution, and relatively low energy consumption. The objective of
this study was to design, formulate, and optimize a food-grade, water-based saffron essential oil
nanoemulsion using response surface methodology (RSM), and to evaluate its physicochemical
properties, stability, and sensory performance.

Nanoemulsion preparation: The aqueous phase containing modified starch (2-5%), xanthan gum (0.2-
0.7%), sodium benzoate (0.2 g), and citric acid (0.39 g) was stirred for 30 min at 50-60°C to ensure
complete hydration. The oil phase containing saffron essential oil (3-5%) and Tween 80 (0.5-1%) was
prepared separately. The pre-emulsion was prepared using a magnetic stirrer at 700 rpm for 15 min. For
the final nanoemulsion preparation, an ultrasonic processor (Misonix S-4000, USA, 20 kHz, 280-400 W)
was used for 90-150 s. The temperature was controlled using a cooling circulator (Lauda RA 8, Germany)
to prevent overheating.

Results and Discussion: The screening results demonstrated that formulations based on Tween 80 were
significantly superior. The sample containing 10 g Tween 80 and 2 g propylene glycol (PG) exhibited the
best performance with 93.3% transparency and 98% stability after centrifugation. This superiority is
attributed to the high HLB of Tween 80 (~15), making it ideal for oil-in-water emulsion formation. PG, as
a polar co-solvent, enhanced the solubility of lipophilic components in the aqueous phase and reduced
interfacial tension, facilitating the formation of finer droplets. In contrast, natural emulsifiers such as gum
arabic and modified starch showed poor transparency (7.5-12%) and stability (14-26%). Consequently,
the combination of Tween 80 and propylene glycol was selected as the optimal emulsifier system for
subsequent optimization.

The ANOVA results showed that the quadratic model was significant for both responses (p-value <
0.0001). The R? values for transparency and initial stability were 0.9977 and 0.9367, respectively,
indicating excellent model fit. The lack-of-fit was not significant for both responses (p-value = 0.4468
and 0.0754, respectively), confirming model adequacy.

Effect on transparency: Tween 80 concentration (A) had the strongest effect on transparency (F-value =
15577.25, p < 0.0001). Increasing Tween 80 from 1% to 20% enhanced transparency from <10% to
>95%. PG exhibited a positive synergistic effect with Tween 80; at high Tween 80 concentrations,
increasing PG from 5% to 10% improved transparency from 90.3% to 95.6%. Ultrasonication power and
time also showed positive effects. Maximum transparency was achieved at high power (400 W), adequate
time (150 s), high Tween 80 concentration (20%), and moderate saffron oil concentration (4%).

Effect on stability: Tween 80 concentration had the strongest effect on initial stability (F-value = 526.49,
p < 0.0001). At low Tween 80 concentrations (1%), stability was very low (45-65%), whereas increasing
Tween 80 to 20% resulted in 100% stability. PG showed a positive complementary effect, increasing
stability up to 100%. Optimal stability (100%) was achieved at high levels of both process parameters
(400 W, 150 s) and high Tween 80 (20%) and PG (10%) concentrations.

Optimal conditions: Based on statistical analysis and considering economic efficiency, the optimal
conditions were determined as: Tween 80 (10%), propylene glycol (9%), saffron essential oil (3.5%),
ultrasonication power (360 W), and ultrasonication time (150 s). The optimal nanoemulsion exhibited a
mean particle size of 14.7 nm, zeta potential of -45.18 mV, transparency of 93.1%, and initial stability of
100%. Achieving such a small particle size (below 50 nm) is a remarkable achievement, as most food
emulsions are in the micrometer range. The zeta potential value indicates excellent electrostatic stability
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and resistance to flocculation. TEM images confirmed the formation of spherical droplets with uniform
size distribution in the range of 15-20 nm, which is in good agreement with DLS results. No aggregation
or coalescence was observed, consistent with the high zeta potential and physical stability. GC-MS
analysis confirmed the preservation of 29.52% safranal in the final nanoemulsion. Sensory evaluation
revealed that the nanoemulsion received significantly higher scores for odor, taste, and overall
acceptability (4.9+0.1 out of 5) compared to non-emulsified saffron essential oil (4.8+0.2).

The optimized nanoemulsion maintained 100% physical stability and excellent transparency (92.2-93.5%)
throughout 4 weeks of storage at 45°C and after pasteurization (75°C, 15 min). It also remained stable
after a freeze-thaw cycle (-18°C, 24 h) and under extreme pH conditions (pH 2 and 9) as well as in the
presence of NaCl (200 mM), maintaining 100% stability and desirable transparency (92.6-93.1%).
Comparative stability studies (Table 5) showed a dramatic difference between the nanoemulsion and non-
emulsified saffron oil. After 4 weeks at 45°C, safranal in the non-emulsified sample decreased from
29.54% to 18.62% (~37% loss), and sensory scores dropped below 3 out of 5. In contrast, the
nanoemulsion maintained safranal at 29.31% and sensory scores remained in the range of 4.8-4.9 under
identical conditions.

Conclusion: This study successfully developed and optimized a food-grade, water-based saffron essential
oil nanoemulsion using response surface methodology. The optimal formulation consisted of 10% Tween
80, 9% propylene glycol, and 3.5% saffron essential oil, processed by ultrasonication at 360 W for 150 s.
The resulting nanoemulsion exhibited exceptional characteristics: mean particle size of 14.7 nm, zeta
potential of -45.18 mV, transparency of 93.1%, and 100% initial stability. TEM imaging confirmed
spherical morphology with uniform size distribution (15-20 nm). The nanoemulsion showed outstanding
physical stability under various environmental stresses including thermal treatment (4 weeks at 45°C and
pasteurization), freeze-thaw cycles, extreme pH conditions (2 and 9), and ionic strength (200 mM NaCl).
Sensory evaluation revealed significantly higher acceptability of the nanoemulsion compared to non-
emulsified saffron oil. Furthermore, the nanoemulsion effectively protected safranal from thermal and
oxidative degradation. This technology provides a practical and effective solution for delivering saffron
flavor in clear beverages and other aqueous food products, offering improved shelf-life, enhanced sensory
quality, and increased commercial value.
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