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2-Response surface method
3-1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
4-Coupling agent
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Table 1. Box-Behnken experimental design with process variables and experimental results of various chitosan nanogels

containing Shirazi thyme and nisin

ZEO Nisin Chitosan Particle zeta ICs0 EEzeo EEnisin
Runs . Potential 4
ppm ppm ©) Size (hm) v (mg.mL") ) o)
1 50 7 0.1 389 30.20 138 66.62 61.84
2 50 2 0.25 392 31.40 118 80.98 58.33
3 50 12 0.25 374 34.50 1.17 84.96 65.82
4 50 7 0.4 385 37.20 114 87.90 68.81

10-Gravimetric analysis
11-Dynamic light scattering

7- Box-Behnken
8- 1,1-diphenyl-2-picrylhydrazyl
9-Encapsulation efficiency
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5 150 2 0.1
6 150 12 01
7 150 0.25
8 150 04
9 150 12 04
10 250 01
11 250 0.25
12 250 12 0.25
13 250 04
14 150 0.25
15 150 0.25

468
421
415
438
422
481
487
461
471
423
413

25.00 0.95 71.06 59.16
28.10 1.09 69.11 63.20
30.10 0.81 83.18 68.16
27.80 0.77 88.03 67.12
29.16 0.78 86.49 76.23
25.60 0.87 68.11 68.11
27.16 0.71 77.05 61.28
27.80 0.74 74.34 7242
32.20 0.71 82.81 73.11
30.40 0.76 81.60 67.12
31.03 0.78 82.21 69.29

EE,sin: encapsulation efficiency of nisin; EEzeo: encapsulation efficiency of Zataria multiflora
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Table 2. Stepwise response surface regression: analysis of variance, coded coefficient, model equations and Models
summary for evaluation of quality properties of various chitosan nanogels containing Shirazi thyme and nisin

Model summary

Parameter Model Lac_k Coded coefficient Re(ad]
(p-value) of fit (p-value) S R? ) R?(pred)
. . Constant: 429.33 (0.000)
P"zritz'g'e 0000 999" 74500 (0.002) 1063 % N gageu
N: -13.38 (0.004)
Equation Particle size= 380.56+0.452-2.675N
Constant: 29.93 (0.000)
Z:-2.567 (0.001)
Zeta 0.083" N: 1.029 (0.072) 87.44 80.46
potentiate 0.00 s C:2.179 (0.002) 1428 % % 61.15%
7% 1.814 (0.037)
N2: -1.963 (0.027)
Equation Zeta potential (Mv) = 28.94 - 0.0801 Z + 1.305 N + 14.53 C +0.000181 Z?- 0.0785 N?
Constant: 0.7937 (0.000)
Z: -0.2317 (0.000)
ICso o000 %1 ¢ 0111 (008) 0.040 97%?1 9?,22 94.33%
Z2:0.1489 (0.000)
C% 0.0930 (0.001)
Equation 1C50=.9197 - 0.006783 Z - 2.808 C + 0.000015 Z?+ 4.135 C?
Constant: 81.118 (0.000)
Z: -2.267 (0.008)
EEzeo ooo0 O GET %géo(g%%) 188 PHB B g6
C% -3.290 (0.008)
ZC:-1.645 (0.114)
Equation EEzeo=51.71 +0.0835 Z + 148.2 C - 0.000263 Z2 - 146.2 C?- 0.1097 ZC
Constant: 68.05 (0.000)
EEnisin 0.000 O'%:M Z:2.52 (0.003) 1.87 9?))?5 82}?1 76.58%

N: 3.97 (0.000)

7



C: 4.125 (0.000)
N2: -5.44 (0.022)
Equation EEnisin=46.70 + 0.02524 Z + 2.260 N + 27.50 C - 0.1047 N2

EE:isin: encapsulation efficiency of nisin; EEzeo: encapsulation efficiency of Zataria multiflora

Stepwise Selection of Terms: a to enter=0.15, o.to remove =0.15

S: the standard deviation of the distance between the data values and the fitted values; R2: coefficient of determination; R%(adj): adjusted coefficient of
determination; R¥(pred): predicted coefficient of determination
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Table 3. The t-test conducted to compare the predicted and actual experimental response values and optimized
condition for preparation chitosan nanogels containing Shirazi thyme and nisin

Response Goal Fitted S’.E experimental % . . Mean STlg\r/]cilgiiI:fje
value Fit value Variation  difference
(p-value)
PS Minimum 424.27 360  411.39 -0.68 12.88 -1.23 (0.343)"s
+18.11
ZP Maximum 31.82 0.81 32.90+1.10 +3.28 1.08 1.70 (0.231)Ns
ICso Minimum 0.76 0.02 0.79+0.06 +3.79 0.03 0.87 (0.478)Ns
EEnisin Maximum 73.81 0.93 71.06+2.66 -3.87 2.75 -1.79 (0.215)™
EEzeo Maximum 87.33 1.06 82.69+3.12 -5.61 4.64 -258 (0.123)™
Multiple Response Prediction (optimized condition)
Chitosan nanogel ZEO Nisin Composite Desirability
0449 157.1 ppm 10.1 ppm 0.69

Ns: not significant difference (P > 0.05); *: Significant difference (P < 0.05)
PS: Particle size (nm); ZP: Zeta potential (mV); EEqsin: encapsulation efficiency of nisin (%); EEzeo: encapsulation efficiency of Zataria multiflora (%)
Stepwise Selection of Terms: a to enter = 0.15, o. to remove = 0.15
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Table 4 Effect of the combination of nisin and Shirazi thyme (Zatariamultiflora) essential oil on physicochemical and
microbial properties of Iranian white cheese during 60 days of cold storage.

Storage time Treatment
(days) Teo Tezn Tean Ts
Yeasts and molds count (Log CFU/g)
0 2.70+0.054 2.58+0.0278 2.29+0.055¢P 2.34+0,125¢P
30 1.80+0.04%¢ 1.69+0.09 &1 1.32+0.28'" 1.46+0.15H
60 2.47+0.0178C 2.17+0.10 ©PE 1.84+0.06 E¢ 2.04+0.04 PEF
Coliforms (Log CFU/qg)
0 3.14+0.03A 3.01+0.047 2.81+0.058 2.63+0.065¢
30 2.66+ 0.035¢ 2.59+0.04° 2.07+0.10F 2.40+0.05P
60 2.35+0.10D 2.12+0.10F 0.007 0.00F
Total viable mesophilic counts (Log CFU/g)
0 1.84+0.06°°F 1.76:0.09PFF 1.60+0.125% 1.59+0.265°
30 2.10£0.07°P 1.86+0.03°PF 1.32+0.25" 1.46+0.155°
60 4.25+0.07A 2.79+0.108 2.10£0.17°P 2.26+0.24°
TVB-N (mg N/100g)

0 0.25+0.03F 0.26+0.01F 0.25+0.01F 0.26+0.01F
30 0.68+0.02° 0.59+0.03F 0.53+0.03F 0.53+0.01F
60 1.08+0.024 0.90+0.028 0.8320.04° 0.81+0.03°
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Hardness (N)
0 6.56+0.46" 6.50+0.35% 6.54+0.28* 6.49+0.32A
30 2.72+0.19¢ 3.29+0.198 3.80+0.228 3.82+0.148
60 1.27+0.10° 1.52+0.09° 2.79+0.06° 2.62+0.13°
L*
0 81.96+0.514 82.03+0.45" 82.30+0.324 81.80+0.58"
30 70.4620.22F 78.64+1.058¢ 79.59+0.088 79.59+0.088
60 76.46+0.32° 72.09+0.36F 78.05+0.61¢ 78.70+0.108C
a*
0 5.94+0.21F 6.47+0.465 6.78+0.26PFF 6.09+0.16"
30 7.51+0.025¢P 7.25.11BCPE 7.40+0.278¢P 7.05+0.27CPE
60 8.85+0.314 8.04+0.4748 7.86+0.115¢ 7.42+0.4285¢P
b*
0 11.84+0.43% 12.32+0.987 12.94+0.555F 11.86+0.217
30 15.43+0.298¢ 14.67+0.108¢P 13.91+0.20°¢ 13.90+0.20°¢
60 17.80+0.10* 15.77+0.498 14.33+0.27°P 14.40+0.30°P
AE
0 0.00+0.00' 1.40+0.09¢" 1.76+0.20¢ 0.64+0.52"
30 11.57+0.29* 4.15+0.62° 3.09+0.07%F 2.92+0.29"
60 8.20+0.35° 10.28+0.418 4.59+0.30° 3.97+0.33"E

*Each value represents the mean + SD of triplicate experiments

Different capital letter for each factor indicated significant differences between various times or treatments (P< 0.05).

Teo: Cheeses produced without the addition of preservative; Tczn: Cheeses produced with the addition of optimal chitosan nanogel containing ZEO and
nisin (based on 0.4 g chitosan, 157.1 ppm ZEO and nisin at 10.1 ppm); Tezn: Cheeses produced with the addition of 157.1 ppm ZEO and nisin at 10.1 ppm
and Ts: Cheeses produced with the addition of sodium nitrate (35 ppm; based on INSO-11832)
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Fig 1. Effect of the combination of nisin and Shirazi thyme (Zatariamultiflora) essential oil on the sensory properties of
Iranian white cheese on A) 1% day; B) 30" day and C) 60" day of cold storage;

Teo: Cheeses produced without the addition of preservative; Tczn: Cheeses produced with the addition of optimal chitosan nanogel containing ZEO and

nisin (based on 0.4 g chitosan, 157.1 ppm ZEO and nisin at 10.1 ppm); Tezn: Cheeses produced with the addition of 157.1 ppm ZEO and nisin at 10.1

ppm and Ts: Cheeses produced with the addition of sodium nitrate (35 ppm; based on INSO-11832)
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This study aimed to optimize the formulation of chitosan-caffeic acid nanogel
containing Shirazi thyme (Zataria multiflora) essential oil (ZEO) and nisin. The
independent variables (the concentration of chitosan nanogel, Shirazi-thyme, and
nisin) were optimized based on the highest zeta potential and encapsulation
efficiency, besides the lowest particle size and ICso(DPPH) values. The results of
The Box-Behnken experimental design and Stepwise-response surface model
showed the optimal nanogel formulation was as follows: chitosan concentration=
0.4 g; ZEO= 157.1 ppm and nisin= 10.1 ppm. The particle size, zeta-potential,
antioxidant activity, and encapsulation efficiency of the optimal chitosan-ZEO-
nisin nanogel were 411.39+18.11 nm, 32.90+1.10 mV, 0.79+0.06 mg.mL?, 71.06-
82.69% respectively. Moreover, the addition of optimized nanogel to the Iranian
white cheese formulation showed that the treated cheese samples with ZEO and
nisin (free or encapsulated in chitosan nanogel) improved the microbial quality of
chess. The antimicrobial activity of the ZEO and nisin encapsulated in chitosan-
caffeic acid nanogel was higher than a free form of ZEO-nisin. The Coliforms
population of cheeses treated with sodium nitrate and chitosan nanogel containing
ZEO-nisin was acceptable during 60 days of storage. During the storage period, the
most changes in the color and texture (hardness) of the cheese samples were related
to the control sample, and the least change was obtained for samples treated with
sodium-nitrate and chitosan nanogel (P < 0.05). Also, the sensory quality of the
sample containing ZEO and nisin was acceptable for the sensory evaluator. The
sample containing chitosan nanogel received an acceptable sensory score (>3)
during 60 days of storage. In general, the potential of the nanogel in increasing the
shelf-life of Iranian white cheese was comparable with sodium nitrate.
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