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Abstract:



This work provides an evaluation of an ultrasound-assisted, combined extraction, centrifugation and ultrafiltration process for the optimal recovery of polyphenols. A purple sweet potato (PSP) extract has been obtained using ultrasonic circulating extraction equipment at a power of 840 W, a frequency of 59 kHz and using water as solvent. Extract ultrafiltration, using polyethersulfone (PES), was carried out for the recovery of polyphenol, protein and anthocyanin. Pre-treatment, via the centrifugation of purple sweet potato extract at 2500 rpm over 6 min, led to better polyphenol recovery, with satisfactory protein removal (reused for future purposes), than PSP extract filtration without centrifugation. Results showed that anthocyanin was efficiently recovered (99%) from permeate. The exponential model fit well with the experimental ultrafiltration data and led to the calculation of the membrane’s fouling coefficient. The optimization of centrifugation conditions showed that, at a centrifugation speed of 4000 rpm (1195× g) and duration of 7.74 min, the optimized polyphenol recovery and fouling coefficient were 34.5% and 29.5 m−1, respectively. The removal of proteins in the centrifugation process means that most of the anthocyanin content (90%) remained after filtration. No significant differences in the intensities of the HPLC-DAD-ESI-MS2 peaks were found in the samples taken before and after centrifugation for the main anthocyanins; peonidin-3-feruloylsophoroside-5-glucoside, peonidin-3-caffeoyl-p-hydroxybenzoylsophoroside-5-glucoside, and peonidin-3-caffeoyl-feruloyl sophoroside-5-glucoside. This proves that centrifugation is an efficient method for protein removal without anthocyanin loss. This study considers this process an ultrasound-assisted extraction-centrifugation-ultrafiltration for purple sweet potato valorization in “green” technology.
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1. Introduction


The use of synthetic pigments is becoming ever more restricted in a number of countries due to concerns over their association with diseases, including cancer and heart disease [1]. These restrictions have led both food researchers and food industries to replace them, in food products, with natural molecules, especially polyphenols, which display numerous benefits (e.g., antioxidant activity, hepato-protectant, etc.) [2,3,4].



Purple sweet potatoes (PSP) have been studied as a potential source of polyphenols, which could provide important applications in functional foods [3,5]. In fact, a number of conventional and non-conventional methodologies have been used for their extraction. These methods include ultrasound-assisted extraction (UAE), which is considered to be one of the most economic and efficient techniques for the recovery of polyphenols and other valuable compounds from PSP [6,7].



It is widely believed that the cavitation effect caused by ultrasound waves enhances cell disruption, solvent penetration and mass transfer [8,9,10,11], thus intensifying target molecular extraction. In a recent work, UAE has been successfully demonstrated to work in green extraction of polyphenols from PSP, using water as solvent [4]. Despite the unsatisfying polyphenol yields recovered under ultrasound conditions, advanced treatment may lead to improved denaturation of PSP tissues and the enhanced release of target molecules.



The feasibility of using ultrafiltration for polyphenol recovery and protein removal (major impurity) from PSP extracts has been recently investigated [12]. However, although the polyphenol content in the permeate increased, the filtration flux decreased because of membrane fouling caused by the accumulation and deposition of particles on the membrane surface, thus clogging the filtration pores. Membrane fouling is one of the major problems encountered in the food industry when using similar technologies. This fact limits the productivity of the process and means that additional maintenance steps are required. Controlling membrane fouling is a key to overcoming this problem and therefore achieving the efficient recovery and purification of target molecules (i.e., polyphenols). Fouling control has always been performed by preventing the formation of fouling elements using trans-membrane pressure, solute size and physicochemical properties as well as foulant and membrane characteristics [13].



The pre-treatment of feed juice is one of the most effective membrane fouling elimination technologies [13,14]. Centrifugation is an important juice pre-treatment method that has a great effect on membrane fouling and filtration kinetics by removing suspended particles [15].



Moreover, the biological activity and retention of polyphenols differ according to their chemical structure and the affinity of these compounds to the purification systems. It is thus necessary to study polyphenol profiles using innovative analytical tools, such as high performance liquid chromatography (HPLC) (with diode array detector (DAD)) coupled to mass spectrometry (MS) (with electro-spray ionization interface (ESI)) (HPLC-DAD-ESI-MS2). A detailed investigation of the centrifugation conditions, such as the centrifugation speed and duration, in PSP extraction ultrafiltration (UF) performance is therefore of paramount importance if polyphenols are to be recovered at higher productivities.



In the present study, polyphenols have been extracted from PSP using ultrasonic circulating extraction equipment. The extract was then pre-treated with centrifugation and separated with ultrafiltration. Filtration behavior and permeate quality have been analyzed. The impact of centrifugation conditions on polyphenol recovery and filterability (membrane fouling) have been investigated and furnished optimal centrifugation conditions. The HPLC-DAD-ESI-MS2 polyphenol profiles have also been investigated before and after the centrifugation and filtration processes.




2. Results and Discussion


2.1. Impact of Centrifugation Pre-Treatment on UF Efficiency


The contents of polyphenols, anthocyanins and proteins in the PSP extract were found to be 1.30 ± 0.01 mg/g, 0.13 ± 0.00 mg/g and 40.0 ± 0.01 mg/g. The efficiencies of UF in PSP extract purification, with and without centrifugation pre-treatment, are presented in Figure 1. Results show that better PSP juice polyphenol recovery (Rph) (29% ± 1%) was observed after centrifugation at 2500 rpm for 6 min, whereas the raw PSP extract provided lower recovery (23% ± 1%). This result demonstrates that centrifugation pre-treatment can improve the recovery of polyphenols from a PSP extract. This result could be attributed to the removal of fine particles, which may enhance fouling propensity during the filtration process. These fine particles are mainly composed of colloid aggregates, known to be highly involved in membrane fouling [16]. Their accumulation on the surface of the membrane may result in the build-up of a tight network with higher strength, leading to more polyphenol retention. The protein removal results (≈99%) show that centrifugation pre-treatment did not affect protein elimination via the UF process, implying that the retention of proteins is most likely dominated by membrane pore size, not the fouling layer. Moreover, satisfactory anthocyanin recovery was confirmed, proving that centrifugation and ultrafiltration did not affect the permeation of anthocyanin.


Figure 1. Polyphenol, protein and anthocyanin recovery after the ultrafiltration of purple sweet potato (PSP) extracts, both without centrifugation and with centrifugation at 2500 rpm during 6 min. Error bars correspond to standard deviations. Significant differences were marked with asterisk.
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An analysis of permeate quality highlighted the improvement that centrifugation pre-treatment had on the recovery of polyphenols. The effect of centrifugation on filtration behavior and membrane fouling was also investigated (Figure 2). The filtration behavior of PSP juice, obtained after centrifugation at 2500 rpm over 6 min, was clearly better than that of the PSP extracted without centrifugation. These results confirm that centrifugation can improve both the recovery of polyphenols and filtration behavior. Under the same filtration operating conditions (trans-membrane pressure (TMP), rotation speed, membrane pore size) better filtration behavior is generally obtained when less fouling occurs. In order to explain the drop in membrane fouling generated by centrifugation, the exponential model given by Equation (6) was applied to fit the experimental data (solid points in Figure 2a), and the fitting curves are shown as dashed lines. This model had successfully been used previously for the investigation of chicory juice filtration using an Amicon 8200 (Millipore, Bedford, MA, USA) [13]. Similarly, the fouling coefficients for the filtration of PSP exact, with and without centrifugation, were calculated. The results presented in Figure 2b show that the fouling coefficient of PSP juice decreased after centrifugation, as compared to PSP exact obtained without centrifugation.


Figure 2. (a) Permeate volume versus filtration time. The points represent the experimental data and the dashed lines represent the fitted results after applying Equation (2); and (b) fouling coefficient (k) for the filtration of the PSP extract without centrifugation and PSP juice with centrifugation (2500 rpm, 6 min). Error bars correspond to standard deviations.
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The results highlight the improved filterability of PSP juice after centrifugation pre-treatment, which removes particles in the PSP extract. The particle size distributions of both feeds were then analyzed (Figure 3) to verify the above assumptions. Before centrifugation, particle sizes were mainly around 1, 435, and 1289 nm, whereas, after centrifugation, the particle sizes were 195 and 485 nm. The complex composition of the suspension for PSP juice before centrifugation resulted in more serious fouling and declined flux.


Figure 3. Average size distributions for particles in PSP extracts before centrifugation (a) and after centrifugation (b).
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2.2. Optimization of the Centrifugation Conditions


Despite the positive effect that centrifugation has on the recovery of polyphenols and filtration kinetics, which has been supported by the above discussion, literature studies have also shown that centrifugation conditions have a significant effect on separation and filtration performance [15,17,18]. Detailed investigation and optimization of the centrifugation conditions (centrifugation speed and time) were thus carried out.



In order to obtain a well-fitted model, the linear regression coefficients for the model and the test for the lack of fit were determined. The results of the quadratic response surface model for polyphenol recovery and the fouling coefficient are presented in Table 1 in the form of an analysis of variance (ANOVA). The response surface methodology (RSM) model p-value for the recovery of polyphenols was 0.0349, meaning significance at 95% confidence. The p-value for the lack of fit was 0.741, which indicates that it is not significantly different from the pure error. The same analysis can also be applied to the fouling coefficient according to the ANOVA results presented in Table 1. The response surface models developed for all the response variables can therefore be stated to be adequate.



Table 1. Analysis of variance (ANOVA) for the response surface methodology (RSM) models of polyphenol recovery and the fouling coefficient.







	
Source

	
Sum of Squares

	
df

	
Mean Square

	
F-Value

	
p-Value (Prob > F)






	
Polyphenol recovery a

	

	

	

	

	




	
Model

	
135.09

	
5

	
27.02

	
4.62

	
0.0349

	
Significant




	
Residual

	
40.94

	
7

	
5.85

	

	

	




	
Lack of fit

	
32.64

	
3

	
10.88

	
5.24

	
0.0718

	
Not significant




	
Pure error

	
8.3

	
4

	
2.08

	

	

	




	
Fouling coefficient b

	

	

	

	

	

	




	
Model

	
262.73

	
5

	
52.55

	
4.85

	
0.0309

	
Significant




	
Residual

	
75.77

	
7

	
10.82

	

	

	




	
Lack of fit

	
61.83

	
3

	
20.61

	
5.91

	
0.0594

	
Not significant




	
Pure error

	
13.94

	
4

	
3.49

	

	

	








Note: df denotes degree of freedom. a R2 = 0.8; b R2 = 0.8.








Equations (1) and (2) give the equations in terms of coded variables achieved by applying multiple regression analyses to the experimental data:
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(1)
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(2)




where x1 and x2 represent the coded variables of TMP and shear rate, respectively.



The models in terms of actual variables obtained from Equations (1) and (2) and the actual values are presented in Equations (3) and (4):
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(3)
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(4)







The quadratic response models given by Equations (3) and (4) can be used to predict the polyphenol recovery and fouling coefficients within the limits of the experimental domain.



The combined effect of the centrifugation speed and time on polyphenol recovery is shown in Figure 4a,b. As expected, increasing the centrifugation speed led to the highest polyphenol recovery values and to less fouling, while the influence of centrifugation time was more complex. In fact, polyphenol recovery decreased with increasing rotation time, from 2 to 6 min, and then increased when further centrifugation was applied. Centrifugation led to accelerated sedimentation as well as particle flocculation. Flocculated particles did not successfully sediment at short centrifugation times and therefore act as a foulant in the upcoming filtration. Longer centrifugation times resulted in more foulant sedimentation and better polyphenol retention.


Figure 4. Surface response of polyphenol recovery (a) and fouling coefficient (b) as a function of centrifugation speed and time.
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Polyphenol recovery (Rph) and fouling coefficient (k) were used as responses to the optimization of centrifugation conditions. Considering that the conditions to achieve the highest Rph and the lowest k values were different, a compromise using a desirability function approach was made [19,20]. A detailed description of this method has been provided previously [21]. Briefly, an overall desirability function, which is a multiplicative model of individual desirability, was used. The optimal conditions, calculated from the models, correspond to a centrifugation speed of 4000 rpm (1195× g) and centrifugation duration of 7.8 min. The corresponding Rph and k values were 34.5% and 29.5 m−1, respectively. The experiment was run under the optimal conditions and in triplicate. Results were not significantly different from the predicted ones, confirming the adequacy of the predicted models.




2.3. Anthocyanin Identification and HPLC-DAD-ESI-MS2 Profiles


In order to identify the main anthocyanins in the PSP extract and investigate the variation of anthocyanin content in the PSP extract before and after the centrifugation and filtration processes, HPLC-DAD-ESI-MS2 analyses were used to determine the anthocyanin profiles for PSP raw extract (S1), PSP juice after centrifugation at 4000 rpm for 7.8 min (S2) and the permeate of filtration of S2 with 30 kDa membrane under 0.3 MPa and a rotation speed of 600 rpm (S3). The HPLC-DAD-ESI-MS2 profiles are presented in Figure 5a–c. From the results obtained after HPLC-DAD-ESI-MS2 analysis, three main anthocyanin molecules were identified in the PSP extracts: (i) peonidin-3-feruloylsophoroside-5-glucoside (peak 1); (ii) peonidin-3-caffeoyl-p-hydroxybenzoylsophoroside-5-glucoside (peak 2) and (iii) peonidin-3-caffeoyl-feruloyl sophoroside-5-glucoside (peak 3), as previously reported [22,23,24,25,26] (Table 2). It should also be noted that the raw extract and post-centrifugation sample HPLC peak intensities (anthocyanins present in Figure 5) did not show variation, meaning that centrifugation is an efficient method for protein removal without anthocyanin loss. Moreover, the normalized peak area remained at ≈90% after filtration with 30 kDa membrane, showing slight anthocyanin loss. The removal of protein and other impurities by centrifugation might lead to a lesser fouling layer, which not only retains high molecular weight molecules, but also anthocyanins during the filtration process.


Figure 5. HPLC profiles of anthocyanins in (a) purple sweet potato (PSP) raw extract; (b) supernatant via centrifugation of raw extract at 4000 rpm for 7.8 min; and (c) permeate of supernatant via centrifugation and ultrafiltration (UF) (600 rpm, 30 kDa membrane, trans-membrane pressure (TMP) = 0.3 MPa).
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Table 2. Anthocyanin identification of purple sweet potato (PSP) extracts and samples obtained via the centrifugation and filtration processes.







	
Peak

	
m/z

	
Anthocyanins

	
Normalized Peak Area




	
[M]+

	
Fragment Ions

	
S1

	
S2

	
S3






	
1

	
963

	
801; 463; 301

	
Peonidin 3-feruloyl sophoroside-5-glucoside

	
1

	
1

	
0.88




	
2

	
1069

	
907; 463; 301

	
Peonidin 3-caffeoyl-p-hydroxybenzoyl sophoroside-5-glucoside

	
1

	
1

	
0.96




	
3

	
1125

	
963; 463; 301

	
Peonidin 3-caffeoyl-feruloyl sophoroside-5-glucoside

	
1

	
1

	
0.86








S1: Raw extract; S2: Sample obtained after centrifugation at 2500 rpm and 6 min; S3: Sample obtained from filtration of sample 2 with 30 kDa membrane under 0.3 MPa and 600 rpm.










3. Materials and Methods


3.1. Samples


Purple sweet potatoes (PSP) were purchased from a local market in Wuhan, China. Fresh PSP samples (100 g each) were milled and accumulated using a Joyoung cooker (JYL-D022, Joyoung Corporation, Jinan, China) at a rotating speed of 20,000 rpm and a power of 250 W for extraction purposes.




3.2. PSP Extract Preparation


Ultrasonic circulating extraction equipment (Figure 6) (TGCXZ-10B, frequency 59 kHz, up to 1000 W power, Beijing Hong Xiang Long Co., Ltd., Beijing, China) equipped with an ultrasound horn-type probe of 20 mm diameter, was used for pilot scale extraction (500 g milled PSP sample). Twenty liters of deionized water were added as the extraction solvent. In this study, the ultrasonic treatment power was set at 840 W and the frequency was 59 kHz. The extraction temperature was fixed at 60 °C for 120 min. In the extraction test, a hydrochloric acid solution with a concentration of 4% (v/v) was added to give a pH ≈ 3 to the solvent, which is in the pH range for maximum anthocyanin color stability and thus prevents the degradation of these compounds [27]. The extract was pre-filtered on a mesh to remove the pulp, and then pooled and stored at −20 °C until needed for analysis.


Figure 6. Schematic representation of ultrasonic circulating extraction equipment and ultrafiltration experimental set-up.
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3.3. Centrifugation of PSP Extract


Centrifugation of PSP extract was carried out in an Optima XE-100 ultracentrifuge (Beckman Coulter, Brea, CA, USA), in order to remove impurities, such as proteins and hydrocolloids that were present in the PSP extract. The centrifugation speed varied from 378 rpm (11× g) to 4621 rpm (1595× g) and the centrifugation duration varied from 0 to 6 min.




3.4. Filtration of PSP Juice


Polyphenol recovery and protein separation was performed via dead-end ultrafiltration (UF) coupled with rotation (Figure 6), in a stirred Amicon 8010 cell (effective membrane area of 4.1 × 10−4 m2 and maximal volume of 10 mL) (Millipore, Bedford, MA, USA). For each experiment, 10 mL of PSP juice was used and 6 mL of filtrate was obtained. Polyethersulfone UF membranes (Microdyn-Nadir GmbH, Wiesbaden, Germany) with molecular weight cut-offs (MWCO) of 30 kDa were used for all the filtration tests. New membranes were used for each set of experiments. The stirring was done using a magnetic stirrer fixed over the membrane surface and rotating at fixed rate (ω = 600 rpm). Ultrafiltration experiments were performed at room temperature by applying a trans-membrane pressure (TMP) of 0.3 MPa. The volume of filtrate obtained during filtration was collected and recorded.




3.5. Membrane Fouling Analysis with Exponential Model


In order to quantify membrane fouling, an exponential model was used for the analysis of filtration performance and fouling coefficient calculation. The exponential model proposed previously [28], and presented in Equation (5) assumes that the total resistance (Rtot) to filtrate flow is empirically related to the filtrated volume:
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(5)




where Rme is the membrane resistance (m−1) and k is the exponential fouling coefficient (m−1), which depends on many factors, including feed composition, operation conditions and membrane properties. V (m3) is the filtrate volume and A is the effective membrane area (m2).



Equation (6) can be obtained after rearrangement by substituting Equation (5) into the general equation of filtration, as previously reported [14]:
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(6)




where t is filtration time (s), μ is the dynamic viscosity (Pa·s) of the feed juice and Ptm is trans-membrane pressure (Pa).



By fitting the experimental data V(t) to this equation, the value of k, which can be used as a response for the centrifugation condition optimization, was determined.




3.6. Compound Analyses


3.6.1. Polyphenol Analysis


HPLC-DAD-ESI-MS2 Anthocyanin Analysis


The anthocyanin profiles of the samples obtained from the PSP extract, centrifugation and filtration permeate were studied using HPLC-DAD-ESI-MS2, as recently reported [22]. An Accela series HPLC instrument (Thermo Fisher, San Jose, CA, USA) coupled with an Accela LTQ XL mass spectrometer (Thermo Fisher, San Jose, CA, USA) were used in this study. The HPLC instrument consisted of two Accela 600 pumps, Accela auto-sampler and Accela PDA detector. Chromatographic separation was carried out using a C18 reversed-phase column (250 mm × 4.6 mm, 5 μm, Merck, Billerica, MA, USA). The HPLC conditions were set as follows: column temperature was set at 25 °C, UV-Vis spectra were recorded in the wavelength range 220–780 nm, chromatograms were acquired on channel A (541 nm) and the injection volume was set at 10 μL. Prior to injection, all samples were filtered through a 0.2 μm cellulose acetate filter. The mobile phase was prepared with mixtures of formic acid/water (solvent A) and formic acid/acetonitrile/water (solvent B) at the ratios of 10/90 (volume of formic acid/volume of water), and 10/30/60 (volume of formic acid/volume of acetonitrile/volume of water), respectively. The elution gradient was as follows: 0 min: 20% (B), 70 min: 85% (B), 72 min: 100% (B), 75 min: 100% (B), 78 min: 20% (B), and 80 min: 20% (B) using a flow rate of 1 mL/min. MS conditions were as follows: sheath gas (N2) flow rate: 20 mL/min, spray voltage: 4.5 kV, capillary temperature: 270 °C, capillary voltage: 26 V and collision energy: 25–35V. Data acquisition was performed using X-Calibur software (version 2.1, Thermo fisher Scientific Inc., Waltham, MA, USA), and analyzed in positive spray ionization mode. A full scan MS-MS (MS2) mode of the most intense ions, determined using relative collision energy of 20 V, was applied.




Anthocyanin Analysis


Anthocyanin content (Can) was determined according to a pH-differential method based on the color change of anthocyanin with pH, as previously described [4]. The absorbance for each sample was measured at pH 1.0 and pH 4.5. The observed absorbance difference was proportional to the anthocyanin content, Can (mg·L−1) and was calculated according to Equations (7) and (8):


[image: ]



(7)
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(8)




where Can is the total anthocyanin content, expressed as cyanidin-3-glucoside equivalent (CGE) (mg CGE/L), A541 and A700 are the absorbance values at 541 and 700 nm, respectively, MW is the molecular weight of cyanidin-3-glucoside (449.2 g·mol−1), D is the dilution factor, ε is the molar absorptivity of cyanidin-3-glucoside (26,900 L·mol−1·cm−1), L is the cell path length (1 cm in the present study) and 103 is the conversion factor from g to mg.



Anthocyanin recovery (Ran) was determined as expressed in Equation (9):
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(9)




where Can,feed and Can,permeate represent the concentrations of anthocyanin in the feed and the permeate solutions, respectively.




Total Phenolic Compounds


Polyphenol content (Cph) was determined using a Folin–Ciocalteu assay [29]. Standard solutions of gallic acid at different concentrations (0–0.1 mg·mL−1) were used for the calibration curve. One milliliter of sample, 1 mL Folin-Ciocalteu reagent and 1.5 mL 20% (w/v) Na2CO3 were added successively to a glass tube. The volume was then made up to 10 mL using distilled water. The solution was placed in the dark for 2 h at room temperature and then the absorbance was measured at 760 nm. Cph was expressed as gallic acid equivalents (GAE) (mg GAE/L). Polyphenol recovery (Rph) was determined as expressed in Equation (10):
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(10)




where Cph,feed and Cph,permeate (mg GAE/L) represent the concentrations of polyphenols in the feed and the permeate solutions, respectively.





3.6.2. Total Protein Content


The protein concentrations (TC) in the extract and the permeate were determined as previously reported [30]. In brief, 1 mL of the sample was mixed with 5 mL of freshly prepared Coomassie Brilliant Blue G-250 solution in a glass tube. The volume was then adjusted to 10 mL. After 5 min incubation at room temperature, the absorbance was measured at 595 nm. Bovine Serum Albumin (BSA) was used for the calibration curve.



RCpr, representing the coefficients of protein rejection, was estimated using Equation (11):
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(11)




where Cpr,permeate and Cpr,feed are the protein concentrations in the filtrate and the feed, respectively.





3.7. Particle Size Distribution


The volume-based function of the particle size distribution SDF (%) of the PSP extract was measured using a Malvern Zen 3600 Zeta sizer instrument (Malvern Instrument, Malvern, UK). SDF was calculated using Zeta sizer software (Ver.7.11, Malvern Instruments, Malvern, UK).




3.8. Centrifugation Study by Experimental Design


Response surface methodology (RSM) using a Central Composite Design (CCD) was used to investigate the impact of two independent variables (centrifugation speed (X1), and centrifugation time (X2)), on polyphenol recovery and filterability.



Regression analysis was performed according to experimental data. RSM design and statistical analyses were performed using Design-Expert Version 7.0.0 software (Stat Ease Inc., Minneapolis, MN, USA). Coded and actual levels for the process of independent variables are shown in Table 3. The correspondence between coded and actual values can be obtained using the formula given in Equation (12):
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(12)




where xi is the coded value, Xi is the corresponding actual value, [image: ] is the actual value in the center of the domain and ∆Xi is the variation amplitude around the mean value.



Table 3. Independent variable values of the centrifugation process and their corresponding levels.







	
Independent Variables

	
Symbol

	
Levels




	
Actual

	
Coded

	
−1

	
0

	
1






	
Speed (rpm)

	
X1

	
x1

	
1000

	
2500

	
4000




	
(75× g)

	
(467× g)

	
(1195× g)




	
Time (min)

	
X2

	
x2

	
2

	
6

	
10










Experimental data for polyphenol recovery and filterability were fitted to a quadratic model given by Equation (13):
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(13)




where x1 and x2 correspond to the coded independent variables, namely, centrifugation speed and centrifugation time, respectively. The bn values represent the corresponding regression coefficients.



Five replicates at the center of the domain were used to estimate the pure error. The experiments were randomized in order to maximize the effects of unexplained variability in the observed responses.



The responses of each independent variable are listed in Table 4. The lack of fit was calculated in order to ensure satisfactory model optimization. The experimental Fisher value (F-value) is generally used to evaluate the significance of the model. Significance was tested at 95% confidence level.



Table 4. RSM design and its experimental values.







	
Run

	
Independent Variables

	
Response Variables




	
Centrifugation Speed (rpm) X1(x1)

	
Centrifugation Time (min) X2(x2)

	
Polyphenol Recovery (%)

	
Fouling Coefficient (m−1)






	
1

	
2500 (0)

	
6 (0)

	
29

	
25.78




	
2

	
2500 (0)

	
6 (0)

	
31

	
25.67




	
3

	
2500 (0)

	
6 (0)

	
27.3

	
25.39




	
4

	
1000 (−1)

	
2 (−1)

	
31.3

	
39.48




	
5

	
2500 (−1)

	
0.3 (−1.414)

	
37

	
38.05




	
6

	
4621 (+1.414)

	
6 (0)

	
38.1

	
33.67




	
7

	
379 (−1.414)

	
6 (0)

	
29.8

	
31.71




	
8

	
2500 (0)

	
12 (+1.414)

	
33.5

	
37.45




	
9

	
4000 (+1)

	
2 (−1)

	
29.6

	
27.34




	
10

	
1000 (−1)

	
10 (+1)

	
27.5

	
39.07




	
11

	
2500 (0)

	
6 (0)

	
27.8

	
29.45




	
12

	
2500 (0)

	
6 (0)

	
28.3

	
28.45




	
13

	
4000 (+1)

	
10 (+1)

	
36.8

	
32.62












4. Conclusions


The extraction of polyphenols from purple sweet potatoes has been carried out using ultrasonic circulating extraction equipment and water as a solvent. Ultrafiltration gave a polyphenol recovery of 23% and an anthocyanin recovery of 99%. Centrifugation pre-treatment of the PSP extract at 2500 rpm over 6 min increased the recovery of polyphenols to 29%. The positive effect of centrifugation on the filtration kinetics and membrane fouling has been demonstrated. By taking the polyphenol recovery and the fouling coefficient as responses, the centrifugation conditions were optimized by applying a response surface methodology using central composite design. Under the optimal conditions of 4000 rpm (1195× g) centrifugation speed and 7.8 min duration, the recovery of polyphenols and the fouling coefficient were of 34.5% and 29.5 m−1, respectively. Protein removal by centrifugation meant that the main anthocyanin content remained at ≈90% after filtration. This study demonstrates the promising potential of the ultrasound-assisted, combined green extraction, centrifugation and ultrafiltration process for the valorization of purple sweet potatoes.







Acknowledgments


The authors appreciate the financial support from the International Cooperation Research Funding granted by the Ministry of Science and Technology of China (2014DFG32310). The authors also acknowledge the support of the National Natural Science Foundation of China (31371727), the Natural Science Foundation of Hubei Province (2016CFB471 and 2014CFB891) and the Science and Technology Support Program of Hubei Province, China (2015BHE015).




Author Contributions


Zhenzhou Zhu and Tian Jiang conceived, designed and performed the experiments; Jingren He, Francisco J. Barba, Giancarlo Cravotto and Mohamed Koubaa supervised the study, wrote and reviewed the manuscript. All authors have read and approved the final manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Sun, W.; Zhang, M.; Chen, H.; Zheng, D.; Fang, Z. Effects of deodorization on the physicochemical index and volatile compounds of purple sweet potato anthocyanins (PSPAs). LWT-Food Sci. Technol. 2016, 68, 265–272. [Google Scholar] [CrossRef]

	2. 
Hwang, Y.P.; Choi, J.H.; Choi, J.M.; Chung, Y.C.; Jeong, H.G. Protective mechanisms of anthocyanins from purple sweet potato against tert-butyl hydroperoxide-induced hepatotoxicity. Food Chem. Toxicol. 2011, 49, 2081–2089. [Google Scholar] [CrossRef] [PubMed]

	3. 
Bovell-Benjamin, A.C. Sweet potato: A review of its past, present, and future role in human nutrition. Adv. Food Nutr. Res. 2007, 52, 1–59. [Google Scholar] [PubMed]

	4. 
Zhu, Z.; Guan, Q.; Guo, Y.; He, J.; Liu, G.; Li, S.; Barba, F.J.; Jaffrin, M.Y. Green ultrasound-assisted extraction of anthocyanin and phenolic compounds from purple sweet potato using response surface methodology. Int. Agrophys. 2016, 30, 113–122. [Google Scholar] [CrossRef]

	5. 
Wang, S.-M.; Yu, D.-J.; Song, K.B. Quality characteristics of purple sweet potato (Ipomoea batatas) slices dehydrated by the addition of maltodextrin. Hortic. Environ. Biotechnol. 2011, 52, 435–441. [Google Scholar] [CrossRef]

	6. 
Galanakis, C.M.; Schieber, A. Recovery and utilization of valuable compounds from food processing by-products. Food Res. Int. 2014, 65, 299–484. [Google Scholar] [CrossRef]

	7. 
Galanakis, C.M. Recovery of high added-value components from food wastes: Conventional, emerging technologies and commercialized applications. Trends Food Sci. Technol. 2012, 26, 68–87. [Google Scholar] [CrossRef]

	8. 
Roselló-Soto, E.; Galanakis, C.M.; Brnčić, M.; Orlien, V.; Trujillo, F.J.; Mawson, R.; Knoerzer, K.; Tiwari, B.K.; Barba, F.J. Clean recovery of antioxidant compounds from plant foods, by-products and algae assisted by ultrasounds processing. Modeling approaches to optimize processing conditions. Trends Food Sci. Technol. 2015, 42, 134–149. [Google Scholar] [CrossRef]

	9. 
Galanakis, C.M. Emerging technologies for the production of nutraceuticals from agricultural by-products: A viewpoint of opportunities and challenges. Food Bioprod. Process. 2013, 91, 575–579. [Google Scholar] [CrossRef]

	10. 
Kobus, Z. Dry matter extraction from valerian roots (Valeriana officinalis L.) with the help of pulsed acoustic field. Int. Agrophys. 2008, 1, 133–137. [Google Scholar]

	11. 
Lagnika, C.; Zhang, M.; Nsor-Atindana, J.; Tounkara, F. Extension of mushroom shelf-life by ultrasound treatment combined with high pressure argon. Int. Agrophys. 2014, 28, 39–47. [Google Scholar] [CrossRef]

	12. 
Zhu, Z.; Liu, Y.; Guan, Q.; He, J.; Liu, G.; Li, S.; Ding, L.; Jaffrin, M.Y. Purification of purple sweet potato extract by dead-end filtration and investigation of membrane fouling mechanism. Food Bioprocess Technol. 2015, 8, 1680–1689. [Google Scholar] [CrossRef]

	13. 
Zhu, Z.; Luo, J.; Ding, L.; Bals, O.; Jaffrin, M.Y.; Vorobiev, E. Chicory juice clarification by membrane filtration using rotating disk module. J. Food Eng. 2013, 115, 264–271. [Google Scholar] [CrossRef]

	14. 
Gökmen, V.; Çetinkaya, Ö. Effect of pretreatment with gelatin and bentonite on permeate flux and fouling layer resistance during apple juice ultrafiltration. J. Food Eng. 2007, 80, 300–305. [Google Scholar] [CrossRef]

	15. 
Dahdouh, L.; Delalonde, M.; Ricci, J.; Servent, A.; Dornier, M.; Wisniewski, C. Size-cartography of orange juices foulant particles: Contribution to a better control of fouling during microfiltration. J. Membr. Sci. 2016, 509, 164–172. [Google Scholar] [CrossRef]

	16. 
Loginov, M.; Loginova, K.; Lebovka, N.; Vorobiev, E. Comparison of dead-end ultrafiltration behaviour and filtrate quality of sugar beet juices obtained by conventional and “cold” PEF-assisted diffusion. J. Membr. Sci. 2011, 377, 273–283. [Google Scholar] [CrossRef]

	17. 
Loginov, M.; Larue, O.; Lebovka, N.; Vorobiev, E. Fluidity of highly concentrated kaolin suspensions: Influence of particle concentration and presence of dispersant. Colloids Surf. Physicochem. Eng. Asp. 2008, 325, 64–71. [Google Scholar] [CrossRef]

	18. 
Loginov, M.; Lebovka, N.; Vorobiev, E. Multistage centrifugation method for determination of filtration and consolidation properties of mineral and biological suspensions using the analytical photocentrifuge. Chem. Eng. Sci. 2014, 107, 277–289. [Google Scholar] [CrossRef]

	19. 
Hu, Y.-Y.; Zheng, P.; He, Y.-Z.; Sheng, G.-P. Response surface optimization for determination of pesticide multiresidues by matrix solid-phase dispersion and gas chromatography. J. Chromatogr. A 2005, 1098, 188–193. [Google Scholar] [CrossRef] [PubMed]

	20. 
Pinzauti, S.; Gratteri, P.; Furlanetto, S.; Mura, P.; Dreassi, E.; Phan-Tan-Luu, R. Experimental design in the development of voltammetric method for the assay of omeprazole. J. Pharm. Biomed. Anal. 1996, 14, 881–889. [Google Scholar] [CrossRef]

	21. 
Zhu, Z.; Ladeg, S.; Ding, L.; Bals, O.; Moulai-Mostefa, N.; Jaffrin, M.Y.; Vorobiev, E. Study of rotating disk assisted dead-end filtration of chicory juice and its performance optimization. Ind. Crops Prod. 2014, 53, 154–162. [Google Scholar] [CrossRef]

	22. 
Zhu, Z.; Guan, Q.; Koubaa, M.; Barba, F.J.; Roohinejad, S.; Cravotto, G.; Yang, X.; Li, S.; He, J. HPLC-DAD-ESI-MS2 analytical profile of extracts obtained from purple sweet potato after green ultrasound-assisted extraction. Food Chem. 2017, 215, 391–400. [Google Scholar] [CrossRef] [PubMed]

	23. 
Hu, Y.; Deng, L.; Chen, J.; Zhou, S.; Liu, S.; Fu, Y.; Yang, C.; Liao, Z.; Chen, M. An analytical pipeline to compare and characterise the anthocyanin antioxidant activities of purple sweet potato cultivars. Food Chem. 2016, 194, 46–54. [Google Scholar] [CrossRef] [PubMed]

	24. 
Kim, H.W.; Kim, J.B.; Cho, S.M.; Chung, M.N.; Lee, Y.M.; Chu, S.M.; Che, J.H.; Kim, S.N.; Kim, S.Y.; Cho, Y.S.; et al. Anthocyanin changes in the Korean purple-fleshed sweet potato, Shinzami, as affected by steaming and baking. Food Chem. 2012, 130, 966–972. [Google Scholar] [CrossRef]

	25. 
Cai, Z.; Qu, Z.; Lan, Y.; Zhao, S.; Ma, X.; Wan, Q.; Jing, P.; Li, P. Conventional, ultrasound-assisted, and accelerated-solvent extractions of anthocyanins from purple sweet potatoes. Food Chem. 2016, 197, 266–272. [Google Scholar] [CrossRef] [PubMed]

	26. 
Li, J.; Li, X.; Zhang, Y.; Zheng, Z.; Qu, Z.; Liu, M.; Zhu, S.; Liu, S.; Wang, M.; Qu, L. Identification and thermal stability of purple-fleshed sweet potato anthocyanins in aqueous solutions with various pH values and fruit juices. Food Chem. 2013, 136, 1429–1434. [Google Scholar] [CrossRef] [PubMed]

	27. 
Lapornik, B.; Prošek, M.; Golc Wondra, A. Comparison of extracts prepared from plant by-products using different solvents and extraction time. J. Food Eng. 2005, 71, 214–222. [Google Scholar] [CrossRef]

	28. 
De la Garza, F.; Boulton, R. The modeling of wine filtrations. Am. J. Enol. Vitic. 1984, 35, 189–195. [Google Scholar]

	29. 
Singleton, V.L.; Rossi, J.A. Colorimetry of total phenolics with phosphomolybdic-phosphotungstic acid reagents. Am. J. Enol. Vitic. 1965, 16, 144–158. [Google Scholar]

	30. 
Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [Google Scholar] [CrossRef]






	
Sample Availability: Samples of the compounds are not available from the authors.





























© 2016 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license ( http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  molecules-21-01584


  
    		
      molecules-21-01584
    


  




  





media/file8.jpg





media/file11.png
Ultrasonic ‘m“-
generator M <—Agitator

- PSP juice
Sonotrode PSP extract 2= = ===== - Compr_essed
> \ventrlfugatlon,—> air
Filtration
Chamber
Stirrer
\ /}
\k\\ // Membrane

Temperature Filtrate

control system






media/file6.jpg
Polyphenol recovery
(mg GAE.L)

Fouling coeficient, k (m1)






media/file1.png
h

©

==

oo TR Es
80—
s
~ 60—
14
5
(14
T 40—
14
*
—
*
—
20—
0
Permeate (without centrifugation) Permeate (

with centrifugation):
2,500 rpm, 6 min)






media/file10.jpg
3,";’,:;?1 Ju

Sonotrode- * - <= Compress
N roponus, grnonin Canpresed
Sl
‘ e
-
$ 4 -





media/file7.png
Polyphenol recovery
(mg GAE.L")

Fouling coefficient, k (m™)

2 1000 1750 '
ugat©






media/file9.png
Peak 3
2004
650000
600000
550000
500000
450000
400000
2
< 350000
300000 Peak 2
250000 Peak 1 It
13.84
200000
150000
100000
2307
50000
Y T T T T I I |
2 24 2 28 30 32 34
Time (min)
600000
550000
500000
450000+
400000
2 208
5 350000
300000
250000+
200000
150000+
100000
50000

b - Peak 3
19.51
650000
600000
550000
500000
450000+
400000+

2
3 350000+

300000

250000+

200000+

150000

100000

50000+

Time (min)

Peak 3
19,51

Peak 2
18.02

2267

Time (min)





media/file5.png
(a)

Intensity (%)

12
10 -
8-
6
4 -
2

Size distribution by volume

.

0
0.1

(b)

Intensity (%)

40 -

30

20

10+

[ILLULLLL
1

T | IIIIIIII | IIIIIIII |
10

Diameter size (nm)

Size distribution by intensity

J

0
0.1

ERERLN
1

|ILULBULLLL Alllll IIIIIIII
10 1OO
Diameter size (nm)

OOO

Peak # Size (nm) Intensity (%)
Peak 1 435 34

Peak 2 1289 33

Peak 3 1 33

Peak # Size (nm) Intensity (%)
Peak 1 485 60

Peak 2 190 33

Peak 3 51 5






media/file12.png





media/file3.png
V (mL)

/\ PSP extract with centrifugation: 2,500 rpm, 6 min

B PSP extract without centrifugation

X
//
// ,’/
// /,
A J |
7 7
Vs 7’
7 ,’
4 ,
4 ,
N
/7 '
7/ ,’
7 -,
4 7
// //
A
//,"
/7 s
/7 7
///
///
4¢
500 1000 1500 2000

Time (s)

2500

k(m")

40 -

30 A

20 A

10 ~

PSP extract without
centrifugation

PSP extract with centrifugation:
2,500 rpm, 6 min





media/file4.jpg
(a)

omdatimsy
s
: r I
- 435 )
—
: T ———
—
"
: T e
R,
® ‘Size distribation by intensity
s
.
. I
i . —
;
4 T

Disso o





media/file0.jpg
100

80—

@
2
I

Rom Rs Ry (%)
i

20+

00
K]

H

[EN

Permeate o centritugaton)

Permeate i centiugation):
2,500 rpm, 6 min)





media/file2.jpg
V(L)

w

0.

L

o e





