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Abstract:



Aqueous mixtures of glycerol and 2-hydroxypropyl-β-cyclodextrin (CD), two non-toxic eco-friendly substances, were used as a means of extracting antioxidant polyphenols from oak acorn (Quercur robur) husks. The process was optimized by implementing a central composite (Box-Behnken) experimental design and response surface methodology, taking into consideration the critical parameters (independent variables) of glycerol concentration (Cgl), CD concentration (CCD) and temperature (T). The assessment of the extraction model was based on three responses: the total polyphenol yield (YTP), the antiradical activity (AAR) and the reducing power (PR). The model illustrated that YTP depended significantly on Cgl and CCD, but not on T, whereas both antioxidant properties considered (AAR and PR) were temperature-dependent. The maximum predicted YTP was 122.19 mg GAE per g dry husk weight, while the extract obtained under optimized conditions displayed strong antioxidant activity.
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1. Introduction


The demand for renewable chemicals is nowadays directing industrial practices towards manufacturing procedures with higher sustainability to minimize waste generation, improve cost-effectiveness, reduce energy consumption and meet customers’ demand [1]. Agri-food waste valorization is a concept that has attracted important attention over the past few years, under the recognition that the development of innovative strategies could contribute to the exploitation of residual materials. The rational exploitation of waste plant material is largely based on white biotechnology and environmentally benign physico-chemical processes, aimed at fully utilizing the bio-organic constituents, and in this regard green extraction is a notion based on the principles of green engineering and green chemistry, which promotes sustainable extraction processes as a result of using non petroleum-based solvents and renewable plant material [2]. A holistic, 5-stages recovery process for the extraction of valuable compounds from natural products has been described by Galanakis [3].



Molecular inclusion is a method of encapsulation during which the guest molecule is incorporated in a biopolymer which contains a cavity. The biopolymers, otherwise called host molecules, are often cyclodextrins, a group of cyclic oligosaccharides that have the structure of a truncated cone enabling the formation of inclusion complexes with phenolic rings [4]. Encapsulation is a technique that is widely used in food processing and pharmaceutical formulations, as it facilitates the handling of unstable substances by averting degradation caused by environmental conditions, while it also improves processability by ameliorating physical properties like solubility and dispersibility [5,6]. Aqueous solutions of cyclodextrins can be considered as alternative, green solvents because, via the formation of complexes between the hydrophobic CD cavities and non-polar compounds, reduction of the system energy is achieved [7].



Likewise, glycerol is an abundant bio-solvent of low cost because it is a by-product of the bio-diesel industry, it possesses no toxicity, it is not flammable and has a high boiling point. These unique features make glycerol an ideal solvent, which could have an important perspective in the production of functional polyphenol-containing extracts. Recent studies pertaining to eco-friendly extraction methodologies demonstrated that aqueous glycerol mixtures might constitute a very suitable extraction medium for polyphenol recovery, since it possesses relatively low dielectric constant, which has been claimed to be a key characteristic regarding its efficiency in dissolving polyphenols that are otherwise sparingly soluble in water [8,9].



Acorns are largely produced by oak trees during the period between the end of November to the end of December, and proximate analyses have revealed acorn chemical composition to be similar to chaffy cereals [10]. Acorns are used as pig feed and they have been shown to have a significant polyphenolic load and antioxidant activity [11], but the use of acorn in the human diet and folk medicine has also been reported [12,13]. The beneficial effects of acorn extracts have been attributed to the richness in polyphenols, which occur in relatively high levels, reaching 14.93% per dry weight [14]. Apart from gallic acid, several other biologically active compounds with antioxidant activity are present in acorns, including ellagic acid and different galloyl and hexahydroxydiphenoyl derivatives. Recent studies have indicated that the acorns [15,16] and acorn husks [17] may contain high amounts of polyphenols with associated antioxidant effects [18].



However, there are no reports whatsoever regarding the extraction of polyphenolic substances from acorn husks and estimation of the antioxidant properties of the extracts. This investigation, therefore, is aimed at performing an optimization of an extraction process for the efficient recovery of polyphenols from oak acorn husks, using eco-friendly and non-toxic water/glycerol/2-hydroxypropyl-β-cyclodextrin mixtures. The optimization was based on a Box-Behnken experimental design, and the responses considered were the total polyphenol yield (YTP), the antiradical activity (AAR) and the reducing power (PR) of the extracts.




2. Method and Materials


2.1. Chemicals and Reagents


Folin-Ciocalteu phenol reagent was from Fluka (Sigma-Aldrich: Steinheim, Germany). 2-Hydroxypropyl-β-cyclodextrin (CD, average MW~1460), gallic acid, ascorbic acid, trolox™, 2,4,6-tripyridyl-s-triazine (TPTZ) and 2,2-diphenyl-picrylhydrazyl (DPPH) stable radical were from Sigma Chemical Co. (St. Louis, MO, USA.). Glycerol (>99%) was from Fisher Scientific (New Jersey, NJ, USA.).




2.2. Plant Material


Acorn fruits, without apparent damages and infections, were collected from Quercus robur trees that grow naturally, in the Evros prefecture (Thrace, Northern Greece), in November 2014. The fruits were transferred to the laboratory within a few hours and acorn husks (pericarp or fruit wall) were manually separated from the cupule and the nut with a sharp cutter, meshed and dried in an oven. Dried husks were stored at −20 °C until used.




2.3. Extraction Procedure


An amount of 0.4 g of dried and grounded acorn husk was mixed with 20 mL of solvent (liquid-to-solid ratio 50 mL·g−1), composed of varying concentrations of water (40%–100% w/v), glycerol (0%–60% w/v) and CD (1%–13% w/v) in a stoppered glass bottle. The material was subjected to extraction under stirring at 600 rpm for 180 min in a water bath at three different temperatures (40, 60, and 80 ± 1 °C). Following extraction, samples were centrifuged in a table centrifuge (Hermle Z300K, Hermle: Wehingen, Germany) at 5000 rpm for 10 min. The clear supernatant was stored at −20 °C until used for further analysis.




2.4. Determination of Total Polyphenol Yield (YTP)


The concentration of total polyphenols in the extracts (CTP) was determined according to a well-established protocol [19], using the Folin-Ciocalteu methodology. Yield in total polyphenols (YTP) was expressed as mg gallic acid equivalents (GAE) per g of dry acorn husk weight.




2.5. Determination of the Antiradical Activity (AAR)


For AAR determination, a previously described protocol was essentially used [20]. Briefly, an aliquot of 0.025 mL of sample was added to 0.975 mL DPPH solution (100 μM in MeOH), and the absorbance was read at t = 0 and t = 30 min. Trolox™ equivalents (mM TRE) were determined from linear regression, after plotting %ΔA515 of known solutions of trolox™ against concentration, where
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(1)




Results were expressed as μmol TRE per g of dry acorn husk weight.




2.6. Determination of the Reducing Power (PR)


A previously reported methodology was employed [18]. A sample aliquot (0.05 mL) was mixed with a 0.05-mL FeCl3 solution (4 mM in 0.05 M HCl), and incubated for 30 min in a water bath at 37 °C. Following this, a 0.9-mL TPTZ solution (1 mM in 0.05 M HCl) was added, and the absorbance was recorded at 620 nm after exactly 5 min. PR was determined as μmol ascorbic acid equivalents (μmol AAE) per g of dry weight.




2.7. Experimental Design


A 23-full factorial, central composite design was used to identify the relationship between the response functions and process variables, as well as to determine those conditions that optimized the simultaneous extraction/inclusion complex formation process. The three independent variables or factors studied were 2-hydroxypropyl-β-cyclodextrin concentration (CCD), varying between 1% and 13% (w/v), glycerol concentration (Cgl), varying between 0% and 60% (w/v) and temperature (T), varying between 40 °C and 80 °C. Value ranges were chosen on the basis of preliminary experimentation and previous studies [8,9]. Each variable to be optimized was coded at three levels, −1, 0 and 1 (Table 1). The three independent variables were coded according to the following equation:
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(2)




Where xi and Xi are dimensionless, and the actual value of the independent variable i, X0 is the actual value of the independent variable i at the central point, and ΔXi is the step change of Xi corresponding to a unit variation of the dimensionless value. The extraction yield (YTP), the antiradical activity (AAR) and the reducing power (PR) were chosen as the dependent variables or responses because of their well-known respective dependency on the extraction process [21,22].



Table 1. Experimental values and coded levels of the independent variables used for the 23 full-factorial design.







	
Independent Variables

	
Code Units

	
Coded Variable Level






	

	

	
−1

	
0

	
1




	
CCD (%, w/v)

	
X1

	
1

	
7

	
13




	
Cgl (%, w/v)

	
X2

	
0

	
30

	
60




	
T (°C)

	
X3

	
40

	
60

	
80












The data obtained were subjected to regression analysis using least square methodology to extract the equations that described the response values as a function of the independent variables (mathematical models). Analysis of variance (ANOVA) was used to assess the statistical significance of the model. Insignificant dependent terms (p > 0.05) were omitted from the regression models obtained, through a “backward elimination” process. Contour plots were obtained using the fitted model.




2.8. Statistical Analysis


Extractions were repeated twice and all determinations were carried out in triplicate. The values obtained were averaged. The experiment design and response surface statistics were performed with JMP™ 10.





3. Results and Discussion


The screening carried out was designed to evaluate the effect of three selected variables, that is, the CD concentration (CCD), glycerol concentration (Cgl) and temperature (T). The values of the responses (YTP, AAR and PR) obtained experimentally were analyzed by multiple regression and after removal of the non-significant factors (p > 0.05), the theoretical models were as shown in Table 2. The significance of model fitting was assessed using the square coefficient of correlation (R2), which was over than 0.93 (p < 0.05). This outcome clearly pointed to a statistically significant match between observed and predicted responses, and that the models given in Table 2 can predict the optimal experimental conditions with high reliability. Values of the independent process variables (X1, X2 and X3) considered, as well as measured and predicted values for all responses, are analytically given in Table 3. The variation in YTP, AAR and PR as a function of simultaneous variation in the process variables were given in the form of contour plots. As can be seen, maximization of YTP levels (red colour) was observed when both CCD and Cgl varied within 0.0 to 1.0 (coded values) and T within 0.5 to 1.0 (Figure 1). On the other hand, AAR maximization appeared to occur within particularly narrower limits, pointing essentially to values of 1.0, 1.0 and 1.0 for CCD, Cgl and T, respectively (Figure 2). A similar pattern was observed for PR, the maximization of which was shown to occur at a CCD values of 0.5–1.0 and Cgl and T values of 1.0, respectively (Figure 3).


Figure 1. Contour plots illustrating the effect of the independent variables considered on the YTP. The upper left, upper right and lower plots show the effect of simultaneous variation of Cgl and CCD, T and CCD and T and Cgl, respectively (numbers on the axes correspond to coded values). Extractions of oak acorn husks were carried out under stirring at 600 rpm, for 180 min and a liquid-to-solid ratio of 50 mL·g−1.
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Figure 2. Contour plots illustrating the effect of the independent variables considered on the AAR. The upper left, upper right and lower plots show the effect of simultaneous variation of Cgl and CCD, T and CCD and T and Cgl, respectively (numbers on the axes correspond to coded values). Extractions of oak acorn husks were carried out under stirring at 600 rpm, for 180 min and a liquid-to-solid ratio of 50 mL·g−1.
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Figure 3. Contour plots illustrating the effect of the independent variables considered on the PR. The upper left, upper right and lower plots show the effect of simultaneous variation of Cgl and CCD, T and CCD and T and Cgl, respectively (numbers on the axes correspond to coded values). Extractions of oak acorn husks were carried out under stirring at 600 rpm, for 180 min and a liquid-to-solid ratio of 50 mL·g−1.
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Table 2. Polynomial equations and statistical parameters calculated after implementation of a 23-full factorial, central composite experimental design.







	
Response Variables

	
2nd Order Polynomial Equations

	
R 2

	
p






	
YTP (mg GAE g-1·dw)

	
99.47 + 6.82X1 + 12.00X2

	
0.95

	
0.0308




	
AAR (μmol TRE g-1·dw)

	
860.4 + 0.14X2 + 0.09X1X3 + 0.13[image: there is no content] − 0.1[image: there is no content]

	
0.96

	
0.0166




	
PR (μmol AAE g-1·dw)

	
408.1 + 81.8X2 + 69.7X1X3

	
0.94

	
0.0418










Table 3. Measured and predicted YTP, AAR and PR values determined for the individual design points.







	
Design Point

	
Independent Variables

	
Responses






	

	

	

	

	
YTP (mg GAE g−1·dw)

	
AAR (μmol TRE g−1·dw)

	
PR (μmol AAE g−1·dw)




	

	
X1

	
X2

	
X3

	
Measured

	
Predicted

	
Measured

	
Predicted

	
Measured

	
Predicted




	
1

	
−1

	
−1

	
−1

	
72.73

	
74.21

	
862.8

	
822.9

	
237.5

	
209.4




	
2

	
−1

	
−1

	
1

	
72.73

	
73.21

	
672.8

	
665.4

	
237.5

	
261.2




	
3

	
−1

	
1

	
−1

	
90.91

	
91.41

	
1063.6

	
1101.3

	
377.6

	
373.0




	
4

	
−1

	
1

	
1

	
100.00

	
99.50

	
986.7

	
995.3

	
457.7

	
406.2




	
5

	
1

	
−1

	
−1

	
77.27

	
78.80

	
746.6

	
736.9

	
482.0

	
491.7




	
6

	
1

	
−1

	
1

	
90.91

	
91.40

	
981.7

	
942.9

	
377.6

	
379.9




	
7

	
1

	
1

	
−1

	
100.00

	
100.50

	
966.0

	
971.8

	
257.5

	
231.4




	
8

	
1

	
1

	
1

	
122.73

	
122.19

	
1190.9

	
1229.3

	
517.8

	
543.5




	
9

	
−1

	
0

	
0

	
86.36

	
84.37

	
952.3

	
954.0

	
297.6

	
358.1




	
10

	
1

	
0

	
0

	
100.09

	
98.01

	
1023.4

	
1028.0

	
397.7

	
346.7




	
11

	
0

	
−1

	
0

	
90.45

	
85.98

	
526.4

	
622.8

	
377.6

	
330.7




	
12

	
0

	
1

	
0

	
107.00

	
109.98

	
994.6

	
905.2

	
437.7

	
494.3




	
13

	
0

	
0

	
−1

	
100.00

	
95.98

	
866.5

	
874.1

	
257.5

	
267.1




	
14

	
0

	
0

	
1

	
95.45

	
106.33

	
901.2

	
924.1

	
397.7

	
449.0




	
15

	
0

	
0

	
0

	
100.00

	
99.47

	
931.3

	
860.4

	
437.7

	
408.1




	
16

	
0

	
0

	
0

	
90.91

	
99.47

	
803.9

	
860.4

	
397.7

	
408.1
















For YTP, the significant terms of the mathematical model were CCD and Cgl, whereas T had a non-significant effect (p > 0.05). This finding suggests that the amount of both glycerol and CD largely defined YTP within the limits specified by the experimental design (Table 1). With regard to Cgl, the results obtained were in accordance with previous investigations, which showed that increases in Cgl up to 70% (w/v) favored polyphenol extraction from apple peels [8]. A similar trend was also reported for polyphenol extraction from two Artemisia species, where the higher yield was achieved with 90% (w/v) glycerol [9]. Such behavior was ascribed to polarity modifications induced by glycerol, which enabled solubilization of polyphenols of low solubility in water. Glycerol may facilitate the extraction of relatively polar molecules, as shown for olive leaf extracts produced with 10% (w/v) aqueous glycerol, in comparison with extracts obtained with water/ethanol [23].







On the other hand, the non-significant effect of temperature was quite a paradox, since solubilization of polyphenols such as catechin has been proven to be endothermic and hence thermodynamically favored at higher temperatures [24]. This effect has been demonstrated in several cases of solid-liquid polyphenol extraction, where increased temperatures favored increased extraction yield [8,9,25]. A rational explanation would be that, if the polyphenols occurring in acorn husks are readily soluble in the extraction medium used, a large amount would be rapidly extracted even at regular ambient temperature; thus, a further increase in temperature would have a rather non-significant contribution to the overall yield. Another possibility could be the considerably compact cell wall structures of the husk particles, imposing diffusion limitations to the extraction process; following initial solubilization of the relatively accessible phenolics, the remaining portion of phenolics is strongly bound within the plant tissue matrix and cannot be retrieved unless further pulverization of the husk material is carried out. In this case, the role of both glycerol and CD would become important, assuming that they could have a prominent effect in solubilizing the acorn husk polyphenols.



Indeed, the mathematical model revealed a positive effect of CCD (Table 2), which suggested that increasing CCD up to 13% (w/v) contributed in obtaining higher YTP. Such a phenomenon would be reasonably anticipated because ligand inclusion in the CD cavity is a stoichiometric phenomenon and usually only one molecule may be incorporated into the cavity so as to become entrapped. This fact is corroborated by studies using single-polyphenol solutions and β-cyclodextrin, where the molecular stoichiometry observed was 1:1 [26,27,28,29]. Thus, increased CD enabled the entrapment of more polyphenol molecules that diffused from the solid particles, leading to higher solubilization in the liquid phase [30,31,32], hence the higher YTP.



The AAR of the extracts was positively influenced by Cgl, but the interaction term of CCD with T and the quadratic term of Cgl have also had a significant and positive effect. On the contrary, the quadratic term of Cgl had a negative effect on AAR (Table 2). The trend recorded for PR shared some similar features, but no quadratic terms of any variable tested were significant. The optimization pattern was also very different, as judged by the visualized effect of simultaneous variation of the process variables (Figure 3). The positive effect exerted by Cgl on both AAR and PR could be ascribed to the fact that the higher Cgl promoted higher YTP. In several instances, the antioxidant effects manifested by polyphenol-containing extracts are directly proportional to polyphenol concentration [33], although this is not a universal principle because of phenomena of synergism and/or antagonism amongst different polyphenols [34]. However, it is likely that similar phenomena amongst the entrapped polyphenols could be hindered owed to steric effects; their impact would therefore be quite minimal, if not null. Thus, extracts enriched in polyphenols would be normally expected to exhibit stronger antioxidant potency. Furthermore, inclusion of polyphenols in CD has been shown in several instances to enhance the antioxidant potency [25,28,35,36], mainly by enhancing polyphenol solubility, although contrasting results have also been reported [37].



The use of the mathematical models permitted the determination of the optimal set of conditions and the maximum predicted YTP, AAR and PR values. The determination was based on the simultaneous maximization of the desirability function, which provided the optimal values for all process variables considered (Figure 4). The maximum desirability (0.93) was achieved with CCD = 13% (w/v), Cgl = 60% (w/v) and T = 80 °C. Under these conditions, the maximum values estimated were YTP = 122.19 ± 13.99 mg GAE g−1·dw, AAR = 1209.8 ± 153.2 μmol TRE g−1·dw and PR = 555.8 ± 148.8 μmol AAE g−1·dw. The YTP value is significantly higher than those reported for other agri-food residues, such as onion solid wastes extracted with aqueous glycerol, which were shown to have a polyphenol content as high as 93.42 mg GAE g−1·dw, AAR = 720 μmol TRE g−1·dw and PR = 712 μmol AAE g−1·dw [22]. These findings indicated that oak acorn husks may be a very rich source in polyphenolic phytochemicals, with exceptionally high antioxidant potential. The latter is particularly significant because other waste biomaterials, such as pomegranate husks, which were also found to be very rich in ellagitannins, did not display antioxidant activity of proportional magnitude [38].


Figure 4. Prediction profiler displaying the overall desirability of the model, following adjustment of the independent variable at their optimal values. Extractions of oak acorn husks were carried out under stirring at 600 rpm, for 180 min and a liquid-to-solid ratio of 50 mL·g−1.
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4. Conclusions


The study presented herein showed for the first time that a combination of glycerol and 2-hydroxypropyl-β-cyclodextrin, two non-toxic substances, might be a very effective co-solvent system regarding the extraction of antioxidant polyphenols from oak acorn husks, acting as a simultaneous extraction/inclusion system. The experimental design based on a response surface optimization methodology permitted the determination of the optimal set of conditions, which enabled the generation of extracts with enhanced antioxidant properties. The results indicate that the recovery yield in total polyphenols, as well as the antioxidant activity observed, may surpass the values reported in the literature for other agri-food waste extracts. In this respect, oak acorn husks may be considered a very rich source of functional constituents, with a high potential in developing bioactive formulations for the food, pharmaceutical and cosmetics industries.
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Abbreviations


The following abbreviations are used in this manuscript:







	AAR
	
antiradical activity (μmol TRE g−1·dw)





	CCD
	
hydroxypropyl-β-cyclodextrin concentration (%, w/v)





	Cgl
	
glycerol concentration (%, w/v)





	CTP
	
total polyphenol concentration (mg GAE L−1)





	PR
	
reducing power (μmol AAE g−1·dw)





	T
	
temperature (°C)





	YTP
	
yield in total polyphenols (mg GAE g−1·dw)





	AAE
	
ascorbic acid equivalents





	CD
	
hydroxypropyl-β-cyclodextrin





	DPPH
	
2,2-diphenyl-picrylhydrazyl





	GAE
	
gallic acid equivalents





	TRE
	
trolox equivalents





	TPTZ
	
2,4,6-tripyridyl-s-triazine
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