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Introduction

Curcumin, as a natural polyphenolic nutraceutical has been shown many health-promoting effects, mainly associated
with its chemical structure. In various studies, different properties of this compound, including anti-tumor and anti-cancer
activity, reduction of blood and liver cholesterol levels, increase of immune function, prevention of cardiovascular
diseases, prevention of damage to biological membranes against peroxidation and anti-inflammatory properties have been
reported. Despite possessing a potential health benefits to humans, the susceptibility of this polyphenol towards
environmental conditions and low chemical stability has restricted the direct usage of curcumin into aqueous-based food
formulations. The encapsulation of curcumin in liposomes is a potentially effective way to protect them from degradation
during passing the digestive system.

Materials and Methods

Curcumin (powder, purity greater than 99%, 368.38 g/mol), lecithin, cholesterol (C3045-25G), pancreacin (extracted
from porcine pancreas, P7545-25G), bile salts (B8756-10G) and calcium chloride (CaCl;) was obtained from Sigma
Aldrich (USA). Consumable ethanol was purchased from Pars Ethanol Company (96%, Iran). Lipase enzyme (extracted
from pig pancreas, L8070) and pepsin (activity 3500-3000 NFU/g, P8390) were obtained from Solarabio (China).
Potassium chloride, dipotassium hydrogen phosphate (K2HPO4) and alpha-amylase enzyme with a purity of at least 99%
were obtained from Merck, Germany, sodium chloride (NaCl), sodium bicarbonate (NaHCO3) and calcium chloride were
obtained from Sigma. The effect of lecithin content (0.02- 0.08 g), lecithin cholesterol ratio (0.5- 4), curcumin level (1.5-
6mg) and ultrasound treatment time (1-5 minutes) on production of liposomes containing curcumin was evaluated. The
particle size, particle size distribution, zeta potential and efficiency were determined by response surface methodology.
Furthermore, physical nature, molecular structure, physical stability at 4°C and 25°C and release behavior of curcumin
loaded-liposome in mouth, stomach and intestines were explored.

Results and Discussion

The results showed that all independent variables had a significant effect on liposome particle size and increasing the
ratio of lecithin: cholesterol caused more uniform particle size. Lecithin was determined to be the only component
affecting the zeta potential of liposome particles, and increasing the ultrasound time increased the efficiency of curcumin
encapsulation in liposomes. The optimal point of liposome preparation conditions in the amount of 0.08 g lecithin, 4: 1
the ratio of lecithin: cholesterol, 4.16 mg curcumin and 5 minutes the ultrasound treatment was introduced by Design
Expert software. In addition, curcumin was amorphous in optimal liposome spherical particles. Furthermore, the results
of TEM showed that the liposomes are in the form of single-layer particles, spherical and without membrane rupture. This
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makes the bilayered nature of the vesicles clearly visible in this micrograph. The size of the particles obtained from this
method was consistent with the data obtained from the dynamic light scattering method. From the results of infrared
spectroscopy, it can be seen that curcumin is trapped in the liposome through hydrogen bonding in the double-layered
vesicle of the liposome, the phenolic ring of curcumin with the phospholipid head group, as well as the hydrophobic
interactions of the aromatic rings with the acyl phospholipid chains. Liposomes were more stable at refrigeration
temperature. A very small amount of curcumin was released in the simulated oral phase, which is probably due to the
short time and lack of specific enzymes to disrupt the phospholipid bilayers of the liposome. Although the pepsin enzyme
is unable to penetrate the liposome membrane, acidic conditions change the angle of the head and tail groups of the lipids
and lead to a change in the surface charge of the liposomes. The release of curcumin from liposome vesicles was greatly
increased in the intestine. This sudden increase is due to the presence of bile salts as an emulsifying agent that can disrupt
the phospholipid membrane and make the membrane more fluid. In addition, pancreatic lipase is adsorbed on the surface
of lipids and then hydrolyzes the phospholipid into 2-acyl and 1-acyl lysophospholipids and free fatty acids. The release
behavior of curcumin under gastrointestinal conditions was based on the Fick mechanism.
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Table 1- The results of the central composite design for the independent and dependent variables of the liposome

preparation process

Row Lecithin Lecithin: Cholesterol Curcumin | Ultrasound Size Particle Zeta Efficiency
(A) (9) (B) (C) (mg) treatment | (Nnometer) size potential | (Percent)
o] Jg i cpinnd s 595 (D) (min) 031431 distribution (mV) ool
Sosd il &g | el
Sgeol 4 olyd G
1 0.05 2.25 3.75 3.00 25341 0.15 -12.51 66.78
2 0.02 0.50 6.00 5.00 251.88 0.23 -8.87 69.09
3 0.08 2.25 3.75 3.00 238.18 0.12 -15.72 71.01
4 0.08 4.00 6.00 5.00 215.03 0.13 -16.60 67.28
5 0.05 0.50 3.75 3.00 245.16 0.12 -12.56 69.70
6 0.02 0.50 1.50 5.00 249.52 0.25 -10.56 67.56
7 0.05 2.25 3.75 5.00 245.39 0.14 -12.17 71.61
8 0.02 4.00 1.50 5.00 245.11 0.21 -11.28 74.72
9 0.08 4.00 1.50 1.00 221.79 0.20 -19.50 64.34
10 0.05 2.25 1.50 3.00 262.13 0.24 -11.47 68.34
11 0.02 4.00 6.00 1.00 271.88 0.14 -9.51 73.01
12 0.05 2.25 3.75 3.00 245.54 0.13 -11.75 66.65
13 0.05 2.25 3.75 1.00 259.20 0.12 -12.59 68.59
14 0.05 2.25 3.75 3.00 254.26 0.12 -13.91 70.36
15 0.05 4.00 3.75 3.00 235.36 0.10 -13.57 71.34
16 0.08 0.50 1.50 5.00 225.66 0.27 -14.16 70.86
17 0.02 4.00 1.50 1.00 264.07 0.20 -10.02 70.98
18 0.08 0.50 6.00 1.00 242.40 0.16 -18.16 69.31
19 0.02 2.25 3.75 3.00 279.25 0.10 -8.19 70.43
20 0.05 2.25 6.00 3.00 276.34 0.15 -12.36 70.11
21 0.05 2.25 3.75 3.00 271.06 0.14 -13.76 67.72
22 0.05 2.25 3.75 3.00 250.20 0.09 -10.27 70.65
23 0.05 2.25 3.75 3.00 257.10 0.10 -12.21 69.96
24 0.08 0.50 1.50 1.00 234.01 0.23 -15.21 65.99
25 0.08 0.50 6.00 5.00 231.76 0.18 -17.45 73.28
26 0.02 0.50 1.50 1.00 250.49 0.23 -8.31 59.47
27 0.08 4.00 1.50 5.00 210.00 0.23 -15.91 69.10
28 0.02 4.00 6.00 5.00 248.85 0.15 -11.56 76.82
29 0.08 4.00 6.00 1.00 225.30 0.13 -19.81 63.23
30 0.02 0.50 6.00 1.00 286.32 0.17 -11.12 60.12
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Table 2- The results of the variance analysis of the fitted models on the response data
Response Source Sum of squares Degrees of Average of F Probability of F
&b & Olz o Eg000 fregdom squares JloislF
Il e Sl (ke
Particle size Average 1.85E+00 1 1.85E+00
oy ojlal oSbe
Linear 6854.58 4 1713.64 13.12 <0.0001
s
2FI 469.39 78.23 0.53 0.7777
Quadratic 2110.03 527.51 11.52 0.0002
Yoasy
Yy 224.12 28.01 0.42 0.8741
Residual 462.96 66.14
sladly
Total 1.85E+00 30 61951.36
&9ore
Particle size Average 0.80 1 0.80
distribution oSobe
alyd o3lul x 505
Linear 0.031 4 7.63E-003 381 0.0149
s
2FI 1.76E-003 2.93E-004 0.12 0.9934
Quadratic 0.043 0.011 33.75 <0.0001
Yas
Y as 1.75E-003 2.18E-004 0.50 0.8267
Residual 3.09E-003 4.40E-004
osile By
Total 0.89 30 0.03
E9ore
Zeta potential Average 5097.86 1 5097.86
b5 Jyesliy ole
Linear 234.68 4 58.67 30.19 <0.0001
b
2FI 15.48 2.58 1.48 0.2375
Quadratic 13.07 3.27 2.45 0.0916
Y 4>,
Y4y 8.52 1.07 0.65 0.7224
Residual 1151 1.64
ool
Total 5381.11 30 179.37
g9ore
Efficiency Average 1.43E+00 1.43E+00
QLoAJl) u,_i;L,o
Linear 159.83 4 39.36 3.95 0.0128
b
2FI1 199.88 3331 11.94 <0.0001
Quadratic 8.15 2.04 0.68 0.6159
Yas,0
Yoy 17.52 291 0.56 0.7828
Residual 27.36 391
ooy
Total 1.43E+00 30 4767.45
Egone




PO g5 355 Slig 1920 St ol bty 09 9ed Sleoguas (oli5)l g gl ()00 9 (Kol Gqmge

Gl odld 51 Sy 2 (g1 duwd LS e (5 bl LT W -Y Joua
Table 3- The results of the statistical analysis of the selected models for each of the response data

Response R? adj (Adjusted R? (Coefficient of Coefficient of Standard Average
&b R-squared) Determination) variation deviation ol
AR el g O g O gt g oo Sure Bl
XYW
Particle size 0.82 0.85 3.16 7.85 248.22
s o))l
Particle size 0.88 0.90 10.84 0.02 0.16
distribution
lyd o318l xje5
Zeta potential 0.77 0.78 -11.42 1.49 -13.04
b5 Jewsly
Efficiency 0.80 0.83 2.46 1.70 68.97
L')Le,\Jl)

o301yl (slooys; o GiiSamy kg 4B 18 pojsrd
Ll —0 (slaog)S iz aimd g0 y18 b 0w ) Wopgjndsil
Gasigsy uto )b b bsdsind s (s saog)S b wlsie
90 90 pbd 90,5 )50 6)lub S laign b (S
Winketal.,) 8si 09500 &Y 43 (sla ksl ,d (glojlo Ol s
Rafiee et al., 2017 ) 5)li8 » Wb lie clw 5 SV
pMel (Nahr et al., 2019) 1,\Sen 45 .(Olbrich et al., 2000;
oried it 5L 53 3,50 (o J5Sge oliee taljél b o 55,8
i il osiged 13 ol 5 Lt cllow pised slié >
S 0,8 5)li5 (Karewicz et al., 2011) o))\ Sea 4 g9
ol el g oad (JgSuje V9> (e Crge (egS yoS a8l
@l o3lu) o350 (Karewicz et al., 2011) 555 o0 pgjoud Lo
Olllas )3 .0 (6550501 jogil YAS/YY =YV /v v il oyl )
b ol dupd um9f)5§ Sob> LSL‘”PQ}%:r.J alyd el uai}l.uo PIAALY
ol iyl58 OV @l ol mjes b yiegil YWA/Y 1) Louws cyuiad
ojlul (Jinetal., 2016) l,Sen 5 o> .(Ng et al., 2018) ¢l
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Table 4- Results of analysis of variance and regression coefficients of the selected model for response variables

Source Sum of squares Degrees of Average of F Probability of F
& Olzy o Ego00 freedom squares JloislF
&3l a2y Olasyo ik
Particle size
il o3l
Model 8640.63 5 1728.13 28.02 <0.0001
Jse
A 5108.58 1 5108.58 82.82 <0.0001
B 353.87 1 358.87 5.74 0.0248
C 420.31 1 420.31 6.81 0.0153
D 971.82 1 971.82 15.75 0.0006
B2 1786.05 1 1786.05 28.95 <0.0001
Residual 1480.45 24 61.69
sladly
Lack of fit 1102.92 19 58.05 0.77 0.6949
e B3l e aidlge
Total 10121.07 29
Eyoe
Particle size
distribution
Wlyd o3l 2395
Model 0.07 4 0.02 57.64 <0.0001
Jse
B 7.12E-003 1 7.12E-003 22.58 <0.0001
C 0.02 1 0.02 67.52 <0.0001
D 2.09E-003 1 2.09E-003 6.63 0.0163
C2 0.04 1 0.04 133.84 <0.0001
Residual 7.88E-003 25 3.15E-004
asile By
Lack of fit 4.90E-003 20 2.45E-004 0.41 09292
B
Total 0.08 29
Eyoxe
Zeta potential
U5 Jemdly
Model 221.20 1
Jse
A 221.20 1 221.20 99.81 <0.0001
Residual 62.05 28 221.20 99.81 <0.0001
asilely
Lack of fit 52.92 23 2.22
L
Total 283.25 29 2.30 1.26 0.4352
Eyoxe
Efficiency
olessly
Model 340.79 4 85.20 29.61 <0.0001
Jse
A 3.38 1 3.38 1.17 0.2888
B 35.96 1 35.96 12.49 0.0016
D 113.90 1 113.90 39.58 <0.0001
AB 187.55 1 187.55 65.17 <0.0001
Residual 71.94 25 2.88
ol
Lack of fit 54.95 20 2.75 0.81 0.6711
Joo il pis adlge
Total 412.74 29
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Fig. 1- The response surface diagram of the variable effect of lecithin, lecithin: cholesterol ratio, curcumin amount and
ultrasound time on the size of liposomal particles.
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Figure 2- Response surface graphs of variable effect of lecithin, lecithin: cholesterol ratio, curcumin amount and
ultrasound treatment on liposome particle size distribution
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Fig. 3- Response surface diagram of the variable effect of lecithin and lecithin:cholesterol ratio on liposome zeta potential
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Fig. 4- Response surface diagrams of the variable effect of lecithin, lecithin: cholesterol ratio and ultrasound treatment on
the encapsulation efficiency of liposomal particles
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Table 5- The minimum and maximum responses obtained based on the optimization response level plan

Response Minimum value Predicted value Maximum value
&b WgoS Il B S byl Al 51l
Particle size 210 214.17 286.32
alyd ojlul
Particle size distribution 0.08 0.11 0.27
alyd ojlul @jes
Zeta potential -19.81 -16.54 -8.19
b5 Jpuiliy
Efficiency 59.47 69.02 76.82
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Fig. 5- Transmission electron microscopy image of optimal liposome containing curcumin (A: x4000, B: x5000
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Table 6- The parameters obtained by fitting different models on the experimental results for the release of curcumin from

liposome in the conditions of simulating the digestive system

Zero-order Higuchi Kupcha Peppas sahlin
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