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ABSTRACT

Orange sweet potato (Ilpomoea batata L., Convolvulaceae) roots are an attractive source
of B-carotene and other carotenoids. These compounds (allelochemicals) are used in the
pharmaceutical, medicinal and food industries. In this study, the extraction of carotenoid-
allelochemicals from roots of orange sweet potato cultivar ‘pushu 32’ was optimized by response
surface methodology (RSM) in aqueous two-phase systems (ATPS) based on polymer/salt
mixtures. Preliminary tests yielded higher contents of carotenoids in ATPS, based on sodium
sulfate-PEG than on ammonium sulfate-PEG. Hence the effects of PEG-4000 concentration,
sodium sulfate concentration, liquid-to-solid ratio and ultrasonic time were further investigated on
carotenoids yield in single factor experiments. Four factors were used in a 3-level Box-Behnken
design (BBD) of response surface model (RSM) to find the best conditions for carotenoid yield.
Optimum carotenoids yield was obtained with 35.96 % (w/w) PEG-4000; 15.40 % (w/w) sodium
sulfate; an ultrasonic time applied for 31.84 min and a liquid-to-solid ratio of 25.96:1 (v/w). Under
these conditions, carotenoids yield was 0.594 mg/g which was very close to the predicted value
(0.597 mg/g). The new proposed extraction method is promising for higher recovery of carotenoids
from roots of orange sweet potatoes.

Keywords: Allelochemicals, aqueous two-phase system, B-carotene, carotenoids, Jpomoea batata
L., response surface methodology, sweet potato roots.

INTRODUCTION

Sweet potato (I[pomoea batata L., Convolvulaceae) is a staple food crop. China has
about 70 % of the total world area, hence, plays great role in ensuring food security (29). Its
roots are rich in secondary metabolites such as carotenoids and anthocyanins (3,6,8). The
carotenoids are abundant in yellow and orange-fleshed sweet potatoes, its variety Pushu 32
(Fig. 1) is rich in carotenoid and B-carotene (13). While purple roots are rich in anthocyanin
(16). In plants, B-carotene and other carotenoids act as light-energy receptors/dissipators in
photosynthesis as well as antioxidant agents and allelochemicals (25). B-carotene is used in
pharmacy, medicine and the food industry as a natural colourant and antioxidant (11). Diets
rich in B-carotene reduces the risk of heart diseases and some cancers (1). The B-carotene is
also a precursor of vitamin A, which prevents several health disorders viz., the
xerophthalmia and night blindness (12).

Biotechnologically advanced extraction methods of secondary metabolites from
sweet potato are developed to extract anthocyanins and polyphenols but not carotenoids
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(3,8,17,32). The traditional methods for carotenoids extraction from plant organs used
organic solvents, supercritical fluids, microwaves, ultrasound and adsorption by coarse
pored resins (4,5,14-16,21,23). These methods have many drawbacks (a) partial recovery of
carotenoids from the extraction source, (b) large consumption of solvents and (c)
degradation losses (15). Aqueous two-phase systems might improve carotenoid extraction
from sweet potato roots. They are a promising tool to separate the natural products from
plant sources (24,28), offer simple separation steps and absence of toxic residues in organic
solvents (24). Aqueous two phase systems are widely used to purify various enzymes,
nucleic acids, growth hormones and secondary plant compounds (18). They often contain
polyethylene glycol (PEG), which is a non-toxic and non-volatile polymer, more
environmentally friendly than organic solvents used in conventional extraction systems (2).

Figure 1. Orange-fleshed sweet potato roots variety Pushu 32.

Response surface methodology (RSM) is a multivariate regression analysis, it predicts
the effects of several factors or independent variables provided at several levels on the
response of a dependent or output variable (26). RSM also allows to know how factors
interact each other in the response observed of an output variable and means an important
advantage respect to data provided by the orthogonal method (22). It is widely used in
extraction processes designed for plant metabolites (anthocyanins, phenolic compounds and
oils) (14).

This research aimed to optimize carotenoid ultrasound-assisted aqueous two phase
system extraction from sweet potato roots. Key extraction parameters (PEG-4000
concentration, sodium sulfate concentration, ultrasonic time and liquid-to-solid ratio) were
optimized using the RSM methodology.

MATERIALS AND METHODS

Materials and Chemicals

This research was done in the College of Chemical and Materials Engineering,
Zhejiang A&F University from September 2020 to September 2021. Roots of the orange
sweet potato ([pomoea batatas L.) cultivar pushu 32 were provided by the sweet potato
research base of our University in September 2020. The roots were cut into small pieces and
freeze dried at -40 °C for 48 h. The dry samples were pulverized, passed through a sieve of
40-60 mesh and stored at 4 °C for further use. Polyethylene glycol 4000 (PEG 4000) and
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sodium sulfate were obtained from Zhejiang Lanxi Chemical Reagent Factory (China).
[-carotene was purchased in Sigma (China). All chemicals were of analytical grade.

Preparation of phase diagram
Phase diagrams were prepared for two ATPS by titration method using an aqueous salt
solution (20 %, w/w sodium sulfate or 40 %, ammonium sulfate) and 48 % PEG 4000 (9).
The first diagram was prepared by dropwise addition of sodium sulfate solution to PEG-
4000 solution until the mixture becomes turbid, indicating the appearance of a biphasic
system. Then, water drops were added until the mixture turned clear (monophasic system),
thereafter the sodium sulfate solution was added dropwise till reach turbidity again. These
additions were done under constant vortexing. The masses of sulfate solution and water
required to reach each turbid point were determined in a balance and used to calculate the
percentage of sodium sulfate and PEG 4000 as described elsewhere (2,7). The same
procedure was used to prepare the binodal curve involving ammonium sulfate. The partition
coefficient (K) and phase ratio (R) were calculated as under:
Vi Ce
TR
Where, C; and C, : Concentrations of carotenoids in the top and bottom phase,
respectively. Vi and Vy : Volumes of top and bottom phase.

The relative carotenoid recovery in the top phase (Y) was expressed in percentage
and was determined as under:

RK
Y= TRK X 100% (3)

2.3. Single factor experiments

Preliminary experiments showed that salting out occurred when the salt
concentration was above 20 % and precipitation occurred when PEG-4000 concentration
was over 40 wt %. Accordingly, we select PEG-4000 concentrations of 25, 30, 35 and 40 %
and sodium sulfate concentrations of 14, 16, 18 and 20 % to maximize the carotenoids
extraction efficiency. Other two factors were the ultrasonic time at 20, 30, 40 and 50 min,
and the liquid-to-solid ratio at 15:1, 20:1, 25:1 and 30:1. Ultrasonic extraction was done in
ATPS at an operating power of 300W. Each extraction was done on a sweet potato sample
of 0.5 g. After that, the mixture was filtered and centrifuged at 3000 rpm for 10 min.
Concentration of carotenoids was estimated in the top phase at 450 nm using a microplate
spectrophotometer (Epoch2, Bio Tek) from a 6-point standard calibration curve. Each time
3-replicates were used. The carotenoids content (ET) was calculated as under:

ET (mg/g) = CVD/W

Where, C : Concentration of carotenoids determined from the standard curve as mg
B-carotene equivalents (mg/ml), V : Volume (ml), D : Dilution factor performed in the top
phase before entering in the curve, and W : Sample weight (g).
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Statistical analysis

RSM was used to determine the optimum condition for extraction of carotenoids
based on the results recorded in the single factor experiment. Four independent factors viz.,
(A). PEG-4000 concentration, (B). Sodium sulfate concentration, (C). Liquid-to-solid ratio
and (D). Ultrasonic time were studied, at three levels using a Box-Behnken design. Levels
included in the design for each factor were set according to the results of single factor
experiments. The statistical design and the data analysis were done using the Design Expert
8.0.6 (Stat-Ease, USA). The expt data were fitted by the second-order polynomial model:

Y = B0+ X BiXi + X BuX{ + X ByXiX;

Where, Y : Predicted response; Bo, i, Bii and Bjj are regression coefficients for intercept,
linear, quadratic and interaction effects, respectively; and X; and X are the factors (20).

RESULTS AND DISCUSSION

Phase diagrams and selection of the ATPS

Phase diagrams were built with PEG-4000 and either sodium sulfate or ammonium
sulfate to find which of their combinations will provide biphasic systems. Each binodal curve
separates monophasic systems beneath the curve from biphasic systems located above
(Figure 2). Concerning the sulfate salts tested, the binodal curves showed that ammonium
sulfate had only a slightly higher phase-forming ability than sodium sulfate. Hence, the
partition effectiveness of salts tested depended on the sulfate anion, irrespective of salt-
forming cation. Investigations in other salt-PEG systems suggest the same (7,9,24). However
preliminary experiments, where root slices were extracted with salt-PEG mixtures at salt
conc of 16 or 20 % (w/w) combined with PEG conc of 25 % to 40 % (w/w), yielded higher
carotenoids with sodium sulfate (0.354+0.012 mg/g) than with ammonium sulfate
(0.21740.012 mg/g). Thus we selected sodium sulfate/PEG-4000 ATPS for further studies.
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Figure 2. Phase diagrams recorded for the aqueous two-phase systems based on sodium
sulphate-PEG 4000 and ammonium sulphate-PEG 4000.
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Effects of single factors on carotenoids yield

Several carotenoids are absorbed in the wavelength range of 425 to 475 nm. Hence,
the middle value of 450 nm was selected to measure their presence in the PEG-rich layers of
the salt-PEG systems. This value agrees with maximum absorbance of -carotene which is
the main constituent of carotenoids fraction present in roots of sweet potato cv. Pushu 32.
Figure 3 showed how carotenoids recovery varied with the change in PEG-4000
concentration (20-40 %), liquid-to-solid ratio (15:1-30:1), sodium sulfate concentration (14-
20 %) and ultrasonic time (20-50 min). Factors not represented in each graph, were assigned
at fixed levels at 30 % and 18 % concentrations for PEG-4000 and sodium sulfate,
respectively, a liquid-to-solid ratio of 25:1 and an ultrasonic time of 30 min.

(A). PEG-4000 : Its addition favoured carotenoids solubility in the hydrophobic top
phase till reached yield of 0.476 mg/g at 35 % (Figure 3). This advantage disappeared at
40 % PEG, where the high viscocity slowed down carotenoids diffusion from the bottom
salt-rich phase to the PEG-rich layer (17,30). In case of liquid-to solid ratio, the contact
area of the root samples increased with growing liquid volumes leading to the highest
yield of 0.468 mg/g at ratio of 25:1 (v/w) (Figure 3). The fall in carotenoids content at
higher liquid volumes could be due to oxidation or another degradative process.
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Figure 3. Carotenoids yields obtained in single factor experiments. Factors tested were PEG-4000
concentration, liquid-to-solid ratio, sodium sulfate concentration and ultrasonic time.
Factors not represented in each graph were kept constant, with values of 30 % PEG-4000,
18 % sodium sulfate, liquid-to-solid ratio of 25:1, and ultrasonic time of 30 min. Carotenoid

yields are expressed as mg f-carotene equivalents.
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(B). Sodium sulfate: It was the single factor achieving the highest carotenoids retrieval
(Figure 3). Carotenoids contents varied from 0.441 mg/g to 0.591 mg/g, when salt
concentrations was changed from 14 to 16 %, respectively. The large amount of water
absorbed by sodium sulfate at 16 % probably maximized PEG richness in the upper phase
helps in carotenoids solubility (30). However, concentrations equal and higher than 18 %
hinders carotenoids transfer to the top phase (31).

(O). Liquid to Solid Ratio: The contact area of the root samples increased with growing
liquid volumes leading to maximum yield of 0.468 mg/g at ratio of 25:1 (v/w) (Figure 3).
The decrease in B-carotene content at higher liquid volumes could be due to oxidation or
some other degradative process.

(D). Ultrasonic time: It required 30 min to provide the best carotenoids retrieval
(0.589 mg/g). The time was shorter to destroy cell compartmentalization in root samples,
while took longer time to oxidize the carotenoids molecules (10,27).
The results of above single factor experiment led us to set the centerpoints and ranges
for each BBD factor as under: (A). 35 % PEG (30-40 %), (B). Liquid-to-solid ratio of 25:1
(20:1-30:1, v/w), (C). 16 % Sodium sulfate (14-18 %) and (D). Ultrasonic time of 30 min
(20-40 min).

Optimization of carotenoids extraction by BBD and predicted regression equation
model

The carotenoids yields obtained are also indicated. The BBD consisted of 29-
experiments, with 25-randomized runs (values of 1-25) and 4-replicates (values of 26-29) at
the central point, to estimate the experimental error (Tables 1 and 2).

Table 1. Factors levels used in the Box-Behnken design.

# Factor Levels

A PEG-4000 30, 35, 40 % w/w
B Liquid-to-solid ratio 20:1, 25:1, 30:1
C Sodium sulphate 14,16, 18 %

D Ultrasonic time 20, 30, 40 min

The regression model is as under:

Y =-6.40550 + 0.17218A + 0.25747B + 0.24777C + 0.11643D — 1.350 x 10 AB + 3.80 x
10#AC + 4.0 x 105AD + 4.0 x 10“BC - 8.0x10“CD - 2.284 x 103A2 - 6.775 x 10°B? -
8.185x 104C*-2.114 x 10°3D?

Where, Y: Predicted carotenoids yield (mg/g), A : PEG concentration, B : Sodium
sulfate concentration, C : Ultrasonic time and D : Liquid to solid ratio, respectively.
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Table 2. Box-Behnken experimental design and the carotenoids yields.

51

Run A: PEG B: Sodium | C: Ultrasonic | D: Liquidto | Actual values of

4000 (%, sulfate . . solid ratio carotenoids yield
wiw) (%, wiw) | time (min) (viw) (ma/g)
1 40 (+1) 18 30 25:1 0.432
2 30 16 30 20:1 0.394
3 30 16 40 25:1 0.454
4 35 14 40 25:1 0.502
5 35 16 20 30:1 0.444
6 35 16 40 20:1 0.406
7 40 14 30 25:1 0.546
8 35 14 30 30:1 0.570
9 40 16 30 20:1 0.446
10 30 16 20 25:1 0.408
11 30 16 30 30:1 0.476
12 35 18 30 30:1 0.526
13 35 16 20 20:1 0.382
14 35 16 40 30:1 0.528
15 40 16 20 25:1 0.412
16 35 18 30 20:1 0.468
17 40 16 40 25:1 0.534
18 30 14 30 25:1 0.522
19 40 16 30 30:1 0.532
20 35 18 40 25:1 0.458
21 30 18 30 25:1 0.462
22 35 14 30 20:1 0.480
23 35 16 30 25:1 0.578
24 35 14 20 25:1 0.484
25 35 18 20 25:1 0.408
26 35 16 30 25:1 0.578
27 35 16 30 25:1 0.596
28 35 16 30 25:1 0.566
29 35 16 30 25:1 0.578

The ANOVA (Table 3) indicated that A, B, C, D, AB, AC, A%, C? and D? had
significant participation in the quadratic regression model. The F-values revealed that
significance of individual factors followed the order: Salt concentration > Ultrasonic time >
PEG-4000 concentration > Liquid-solid ratio. PEG concentration significantly interacted
with sodium sulfate and ultrasonic time to determine the carotenoids yields. The F-values
indicated that the ionic strength provided by sodium sulfate was the main factor in
carotenoids recovery. The same was concluded from the variables of the regression model,
where B (sodium sulfate concentration) doubled the magnitude of A (PEG-4000
concentration) and C (ultrasound time), and was 6-folds higher than D, A x B or A x C.
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Values of the adjusted R2 (89.76 %) and the predicted R2 (79.81 %) were very near to the
determined R2 coefficient (94.86 %) demonstrating a strong match between the predicted
and empirical carotenoids yields (9). Good model fitting was also reflected in a short
standard deviation of 0.023 and a small variation coefficient of 4.62 (19).

Table 3. Analysis of variance (ANOVA) for response surface quadratic model

Source Sumof | Df | Mean F- | p-value | Remarks
Squares Square | Value
Model 0.11 |14 |7.79E-03 | 15.29 | <0.0001 |Significant
Linear Model

A - PEG-4000 conc 9.86E-03| 1 |9.86E-03 | 19.37 | 0.0006 |Significant

B - Sodium sulfate conc 0.021 | 1 | 0.021 |40.92 | <0.0001 |Significant

C - Ultr. extraction time 0.01 1 0.01 |20.05| 0.0005 |Significant

D - Liquid-solid ratio 2.88E-03| 1 |2.88E-03| 5.66 | 0.0321 |Significant

Two way interaction Model
AB - PEG-4000 conc x sodium sulfate conc 0.030 1 |7.29E-03| 7.10 | 0.0351 |Significant
AC - PEG-4000 conc x ultr. extraction time 0.021 1 |1.44E-03| 6.43 | 0.0398 |Significant
AD - PEG-4000 conc x liquid-solid ratio 4.00E-06| 1 |4.00E-06 |7.86E-| 0.9306 NS
03
BC -Sodium sulfate conc x ultr. extraction time| 2.56E-04 | 1 | 2.56E-04 | 0.5 | 0.4899 NS
BD - Sodium sulfate conc x liquid-solid ratio | 2.56E-04| 1 |2.56E-04| 0.5 | 0.4899 NS
CD - Extraction time x liquid-solid ratio 9.00E-04| 1 |9.00E-04 | 1.77 | 0.2049 NS
Square Model

A? - PEG-4000 conc x PEG-4000 conc 0.018 | 1 0.018 | 35.59 | <0.0001 (Significant
B? - Sodium sulfate conc x sodium sulfate conc| 0.043 | 1 0.043 | 85.35 | <0.0001 [Significant
C? - Ultr. extraction time x ultr. extraction time| 0.021 | 1 0.021 |41.54 | <0.0001 |Significant
D? - Liquid-solid ratio x liquid-solid ratio 4.76E-03| 1 |4.76E-03 | 9.36 | 0.0085 |Significant
Residual 7.13E-03 | 14 | 5.09E-04
Lack of fit 6.67E-03| 10 | 6.67E-03 | 5.79 | 0.0526 NS

Pure Error 4.61E-04 | 4 |1.15E-04

Cor Total 0.12 28

Analysis of the response surface plots

Response surface plots for pair factors PEG-4000 x sodium sulfate (A x B) and PEG-
4000 x ultrasonic time (A x C) are shown in Figure 4 together with their contour plots. Figure
3 predicts carotenoids yields > 0.58 mg/g in the concentrations range of 34-38 % PEG-4000
and 13.61-15.92 % sodium sulfate. PEG concentrations needed to reach carotenoids yields
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> 0.58 mg/g were reduced to the interval 34.67-36.90 %, when co-tested with ultrasonic time
in the range 28.49-34.11 min. The regression equation predicted the maximum carotenoids
yield as 0.597 mg/g under the following conditions: 35.96 % PEG, 15.40 % sodium sulfate,
ultrasonic time of 31.84 min and liquid-solid ratio of 25.96:1.

Sodium sulfate vs PEG 4000
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Figure 4. Surface and contour plots showing the interactive impact of factor pairs on B-carotene yields:
PEG-4000 concentration vs sodium sulphate concentration and PEG-4000 concentration vs
ultrasonic time. Liquid-to-solid ratio was 25:1 in both graphs, while ultrasound time of 30
min was in PEG-4000 concentration vs sodium sulphate concentration, and 16 % sodium
sulphate in PEG-4000 concentration vs ultrasonic time. Carotenoid yields are expressed as
mg B-carotene equivalents.
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Verification of the model

The optimal extraction conditions defined in the regression equation previously
shown needed to be empirically confirmed. They were slightly fixed to ensure their
reproducibility. Hence, factors were set at 36 % of PEG 4000, 15 % sodium sulfate, an
ultrasonic time of 31 min and a liquid-solid ratio of 26:1. These conditions provided a
carotenoids yield of 0.594 mg/g, similar to the value predicted by the regression equation
(0.597 mg/g). The carotenoids recovery was high, if we consider that carotenoids contents
reported for roots of Pushu 32 are about 0.600 mg/g (13).

CONCLUSIONS

Four factors were optimized for carotenoids extraction from sweet potato roots in an
aqueous two phase system through RMS. Sodium sulfate concentration was the main factor
affecting the carotenoids recovery in both single factor experiments and the regression
model obtained by the BBD design. A set of empirical conditions, 36 % (w/w) PEG 4000, 1
5% (w/w) sodium sulfate, ultrasonic time of 31 min and liquid-solid ratio of 26:1, established
from the optimization process achieved the highest carotenoids yield. The optimized method
is a potent tool to extract carotenoids from sweet potato roots and may be used on other plant
materials.
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