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Extraction of astaxanthin using ultrasound-assisted natural deep eutectic solvents from 1 

shrimp wastes and its application in bioactive film 2 

Abstract 3 

The present work focuses on astaxanthin (ASX) extraction from shrimp wastes using ultrasound-4 

assisted extraction (UAE) natural deep eutectic solvents (NaDESs) and the utilization of ASX-5 

rich DES extract (ASX-DES extract) for preparing biodegradable active packaging. The effect of 6 

hydrogen bond donor (HBD)/acceptor (HBA) molar ratio, ultrasound amplitude, and extraction 7 

time for the ASX extraction was observed, and influential parameters were optimized using 8 

three-level-factor Box-Behnken design (BBD) with response surface methodology (RSM). The 9 

ASX-NaDES extract obtained in the optimum condition (68.98 ± 1.22 µg/g of shrimp waste), 10 

which was predicted by the model (69.09 µg/g of waste), was further used as plasticizer for 11 

chitosan (CS)-based biodegradable films. Films prepared using the ASX-DES/CS extract show 12 

better radical scavenging activities than films prepared using pure NaDES/CS. Thermal stability 13 

and optimal and mechanical properties of the prepared films were also observed. ASX extraction 14 

using UAE NaDESs and further utilization of the ASX-DES extract in biodegradable films can 15 

play an important role in green chemistry.  16 

Keywords: Deep eutectic solvents; Astaxanthin; Bioactive film; Plasticizer; Chitosan. 17 

 18 
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1. Introduction 24 

Because of its excellent health benefits, astaxanthin (ASX) is an important ketocarotenoid and is 25 

widely used in food, pharmaceutical, and cosmetics industry (Higuera-Ciapara et al., 2006). This 26 

compound also has higher antioxidant and anticancer activities (El-Agamy et al., 2018; Sowmya 27 

and Sachindra, 2012; Zuluaga et al., 2018). Crustacean wastes, especially shrimp wastes can be 28 

one of the cheap and main sources of this valuable compound (Prameela et al., 2017; Roy et al., 29 

2020). Every year, 6–8 million tons of crustacean wastes are discarded to the environment, 30 

which poses a real threat. However, proper waste valorization could contribute to boosting the 31 

aqua food industries (Ghaly et al., 2013; Kim and Mendis, 2006). Of its total body weight, 32 

shrimp produces nearly 50% by-products (Rodrigues et al., 2020; Sánchez-Camargo et al., 2012), 33 

which are the prominent source of calcium carbonate, chitin, lipids, and carotenoids, such as 34 

ASX (Hülsey, 2018). Currently, several methods for ASX extraction from natural sources are 35 

used, such as using organic solvents, supercritical carbon dioxide, and ultrasonication methods, 36 

as well as using green solvents such as ionic liquids (ILs) and deep eutectic solvents (DESs) 37 

(Dong et al., 2014; Gao et al., 2020; Koutsoukos et al., 2019; Lee and Row, 2016; Molino et al., 38 

2018; Rodrigues et al., 2020; Roy et al., 2020). 39 

DESs are unique solvents having both hydrogen bond donors (HBDs) and acceptors (HBAs). 40 

These transitional mixtures usually have a higher extraction ability of different bioactive 41 

compounds (Koutsoukos et al., 2019; Li et al., 2020; Zhang et al., 2012). This green extraction 42 

technology is popular for its extraction ability, solvent availability, and good thermal stability; 43 

most of the DESs are biodegradable and possess almost similar solvent properties as ILs 44 

(Koutsoukos et al., 2019; Yang et al., 2018; Zhang et al., 2012). DESs can be easily prepared and 45 

are cheaper than ILs; DESs also easily work at moderate temperature, becoming the potential 46 
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alternatives to organic solvents (Cao et al., 2018b; Li et al., 2020; Zhao and Baker, 2013). 47 

Moreover, DES has a wide range of extractability, both polar and nonpolar bioactive compounds 48 

(Liu et al., 2018) that has proven for its applications in sustainable chemistry (Cao et al., 2018a; 49 

Pena‐Pereira and Namieśnik, 2014). 50 

Natural deep eutectic solvents (NaDESs) are receiving attention worldwide due to its non-51 

toxicity, low viscosity and transparency, extraction and separation ability, easy preparation, and 52 

availability (Abbott et al., 2004; Alcalde et al., 2019; Bakirtzi et al., 2016; Radošević et al., 2016; 53 

Zainal-Abidin et al., 2017; Zhang et al., 2019). Choline chloride (ChCl) is a typical salt (HBA) 54 

has been used for decades in pharmaceutical and agrochemical industries as essential nutrients 55 

(Radošević et al., 2015) which have good biodegradability as DES when combined with different 56 

types of HBDs like lactic acid, as well as other organic acids are environment-friendly, cost-57 

effective, and biocompatible (Alcalde et al., 2019). Extraction of carotenoids such as ASX from 58 

shrimp waste using ultrasound-assisted DES can be a good approach toward the green extraction 59 

techniques. NaDESs are already proven as a potential carriers of several bioactive compounds, 60 

which can be used in formulating several final product in the food, pharmaceutical, nutraceutical, 61 

or different personal care industries (Galvis-Sánchez et al., 2018; Rodrigues et al., 2020). 62 

Although extraction of bioactive compounds such as ASX using DES gains more attraction due 63 

to its environment-friendly and green characteristic nature, it can also be problematic because of 64 

the separation hurdle of bioactive materials from this DES extract (Koutsoukos et al., 2019). 65 

Different studies showed that the addition of various organic co-solvents enhance the 66 

extractability of non-polar carotenoids (Alcalde et al., 2018; Tsiaka et al., 2015). Organic 67 

solvents like methanol is carcinogenic and possess human health hazardous effects (Barragán-68 

Martínez et al., 2012; Lee and Row, 2016; Lynge et al., 1997). Other studies showed the addition 69 
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of moderate amounts of water may be useful to control and fine-tuning the NaDES properties 70 

and extracting the carotenoids like ASX but almost inseparable extract (Zhang et al., 2014). ASX 71 

has a unique molecular structure (Fig. S1). ASX is physiologically different compared to other 72 

carotenoids for having hydroxyl (-OH) and keto (C=O) group and long carbon chain moieties on 73 

each ionone ring (Anarjan et al., 2010; Hussein et al., 2006). The presence of two hydroxyl 74 

groups in its molecular structure makes it soluble in polar solvent (Lee and Row, 2016) and 75 

easily extractable using NaDES solvents. In an ideal situation, the ASX-rich NaDES extracts 76 

could be used directly used in downstream applications without a further tiresome procedure for 77 

ASX recovery. Utilization of this ASX-rich extract for the preparation of biofilm with other 78 

polymers like chitosan (CS) could be an excellent way for application. Moreover, insertion of 79 

bioactive materials highly influenced biofilm properties (Ho et al., 2020).. 80 

Chitosan (CS), a cationic polysaccharide derived from deacetylation of chitin is a prominent 81 

candidate for the preparation of antimicrobial packaging films (Rafique et al., 2016; Sokolova et 82 

al., 2018). However, films with pure CS showed lower mechanical properties (Sokolova et al., 83 

2018). The addition of ILs or DES as plasticizers overcomes this problem (Colomines et al., 84 

2016). However, due to its unique physicochemical characteristics and low cost, DES has 85 

attracted more attention than ILs (Abo-Hamad et al., 2015; Samarov et al., 2018). In addition, 86 

ASX obtained from NaDES-based extract can enhance different biofilm properties, such as 87 

antioxidant activities. 88 

In this study, we aimed to utilize NaDESs as the efficient extraction medium for ASX. The use 89 

of NaDESs for the extraction of bioactive compounds like ASX are gaining more attention over 90 

the other solvents owing to its environment-friendly and green processing behavior. However, 91 

there is no information regarding the utilization of ASX-rich DES extract (ASX-DES extract) for 92 
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the preparation of biodegradable films. Moreover, in this study, based on ultrasound-assisted 93 

extraction (UAE) of ASX using NaDESs were optimized for the extraction yield using response 94 

surface methodology (RSM); and the effects of HBD/HBA molar ratio, extraction time and 95 

ultrasound amplitude were analyzed using Box-Behnken design (BBD). 96 

2. Experimental section 97 

2.1. Raw materials, and chemicals 98 

Shrimp (Penaeus monodon) shells were freeze-dried, crushed to less than 250 µm particle size, 99 

and stored at −24°C until further use. Lactic acid and choline chloride were purchased from 100 

Samchun Chemical Co. Limited (South Korea). ASX standard, CS (medium molecular weight, 101 

Cat. No. 44,887-7), and ABTS+ and DPPH antioxidant standards and chemicals were bought 102 

from Sigma-Aldrich Chemical Co. (USA). All other chemicals and reagents used in this study 103 

were of high-performance liquid chromatography (HPLC) or analytical grade. 104 

2.2. Preparation of DES 105 

NaDES solutions were prepared following the methods from our lab (Saravana et al., 2018). 106 

Accurately weighted HBA (salt) and HBD (acid) (Table 1) were placed in a round-bottom flask 107 

and continuously stirred at 60°C, 300 rpm in a magnetic stirrer until the mixture formed a clear 108 

solution (Fig. S2). Water solvent (10%) was added to the mixture to get a better extraction yield 109 

reported by Zhang et al. (2014). The uniform mixtures were cooled before used for extraction. 110 

2.3. Extraction instrumentation 111 

Ultrasonication was carried out using an ultrasonic processor (VCX750, power 750 W, 20 kHz; 112 

Sonics and Materials Inc., USA). A piezoelectric converter was attached with it, and a titanium 113 

alloy (Ti-6AI-4V) probe (13-mm diameter) was used in the ultrasonication process in the batch 114 

system. Extraction was carried out observing the following procedure: shrimp waste (5 g) was 115 
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uniformly mixed with 50 ml previously prepared DES solutions in a 120-ml beaker, making 116 

solid solvent ratio at 1/10; then, the mixtures were placed in an ice bath to minimize the 117 

overheating of the mixture because of the temperature created by cavitation during the 118 

ultrasonication process. The extraction was performed according to the extraction conditions 119 

described in section 2.4. The pulse sequence interval was 30 seconds ON and 30 seconds OFF in 120 

the whole extraction process, and the ultrasonication power was measured by ultrasonication 121 

intensity. 122 

2.4. Extraction and optimization of ASX 123 

Table 1 represents the NaDES used for ASX extraction and Fig. S3 (A) represents the best DES 124 

used for continuing the experiments. To obtain the best extraction condition using ultrasound-125 

assisted DES, HBA and HBD (1:1–1:4), ultrasound amplitude (20%–80%), and extraction time 126 

(15–60 minutes) were considered as the independent variable in the extraction, and RSM was 127 

used to find out the effects of the abovementioned parameters. The effects of the parameters 128 

were also analyzed using single-factor analysis to confirm the effect on the extraction condition. 129 

Seventeen randomized runs were conducted to evaluate the applied three-level-factor BBD, and 130 

to reduce the error, five runs were conducted in the central point. A second-order polynomial 131 

equation explaining the correlation between the independent variable and targeted response 132 

(Bezerra et al., 2008) was used to fit the obtained data (Roy et al., 2020): 133 

� = �� + ∑ ���� + ∑ ����� + ∑ ∑ �����
	
�
���

	
���

	
��� ��                                    (1) 134 

where Y represents the response; Xi and Xj are the independent variables influencing the response; 135 

and β0, βi, βii, and βij indicate the regression coefficients for intercept, linear, quadratic, and 136 

interaction, respectively. 137 
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According to the desirability function (Tables S1 and S2), the best condition was selected with 138 

the aid of the Design-Expert software (Design-Expert version 7 Stat-Ease, Minneapolis, 139 

Minnesota, USA). 140 

2.5. Analysis of ASX 141 

The ASX content of the obtained extracts was quantified according to our previous experiment 142 

(Roy et al., 2020), with slight modification. The obtained extracts were centrifuged (Combi R515, 143 

Hanil Scientific Inc., Republic of Korea) at 8000 rpm for 20 minutes, and the supernatants were 144 

collected and subjected to HPLC analysis for ASX quantification. Extracts were dissolved in 145 

chloroform solution and shaking at 600 rpm in dark place for 6 hours at room temperature. ASX 146 

was dissolved in chloroform and filtered using 0.45-µm microscopic filter before injecting into 147 

HPLC. Ethanol, dichloromethane, and acetonitrile (85:10:5) were used as isocratic mobile phase 148 

at 1 ml/min flow rate during the HPLC analysis of ASX using 600E HPLC (Milford, USA), 149 

Eclipse Plus C18 column, and 484 UV/VIS detector. A standard curve was prepared from 0.5 to 150 

100 µg/ml presented in Figure S4. The amount of ASX was measured using the following 151 

equation: 152 

ASX of extract (µg/g extract) = 
×�×��

������ �� ��� ������ (�)
                                         (2) 153 

where A is the y-axis value of the sample in the calibration curve, V is the chloroform mixed with 154 

the extract, and DF is the dilution factor. After measuring the amount of ASX present in the 155 

extract, ASX extraction per gram shrimp wastes was measured using the following equation: 156 

ASX (µg/g shrimp waste) = 
"# �$���%&� �% �'�$�&� ×��.�� ��� �'�$�&�

��.�� ��� ��$��� )����
                          (3) 157 

2.6. Preparation of biofilm 158 
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Biofilms prepared with the obtained ASX-DES extract were mixed with CS according to the 159 

methods of (Galvis-Sánchez et al., 2018), with slight modification. DES/CS mixtures were 160 

prepared in a beaker at 25°C ± 2°C and continuously stirred at 500 rpm for 24 hours. The ASX-161 

DES extract provided the acidic medium essential for dissolving the CS and acted as a green 162 

plasticizer. The obtained mixtures were filtered, and the air bubbles were removed in vacuum 163 

conditions. Finally, the best combination was selected by measuring the undissolved CS and 164 

viscosity. The viscosities of all samples were analyzed by DVII-Brookfield viscometer 165 

(Middleboro, USA) with S52 adapter at 35°C ± 2°C. The selected film solution was also 166 

prepared following the above procedures and was dried in a silver dish (15 g film-forming 167 

solution in 65-mm diameter silver plate). A control biofilm was prepared using pure DES with 168 

the same molar ratio instead of the ASX-DES. 169 

2.7. Antioxidant activities 170 

DPPH and ABTS+ antioxidant activities were measured as percentages following our previous 171 

work (Roy et al., 2020), with slight modifications. For the analysis of ABTS+ scavenging 172 

activities of the ASX-DES extract, the previously prepared ABTS+ solution was adjusted to 1.00 173 

± 0.10 absorbance at 734 nm wavelength. Different volumes (20, 40, 60, 80, 100 µl) of the ASX-174 

DES extract were added with 2 ml adjusted ABTS+ solution, mixtures were kept at dark for 6 175 

minutes, and the absorbance was measured at the same wavelength. For the DPPH analysis, 176 

different volumes (20, 40, 60, 80, 100 µl) of the extract mixed with 2 ml DPPH solution and 177 

absorbance were measured at 517 nm wavelength. The antioxidant activities of the obtained 178 

extracts were compared with the 300 µg/ml Trolox solution. For the film samples, 200 mg film 179 

was mixed with 20 ml distilled water, making a concentration of 10 mg/ml. Then, 0.20, 0.40, 180 
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0.60, 0.80, and 1 ml dissolved film mixed with previously prepared ABTS+ and DPPH solutions 181 

and antioxidant activities were measured following the extract. 182 

ABTS+ and DPPH scavenging activities were measured using the following equations: 183 

ABTS+ radical scavenging activity (%) = [1 - (
*+ , *-

*.
)] × 100               (4) 184 

where As indicates the absorbance of the sample, Ac indicates the absorbance of the control 185 

(containing only ABTS+ solution), and Ab indicates the absorbance of the sample mixed with 186 

ethanol at 734 nm wavelength. 187 

DPPH radical scavenging activity (%) = [1 - (
*+ , *-

*.
)] × 100     (5) 188 

where As indicates the absorbance of the sample at 517 nm wavelength, Ac is the absorbance of 189 

the control (containing only DPPH solution) at 517 nm wavelength, and Ab is the absorbance of 190 

blank mixed with ethanol at 517 nm wavelength. 191 

2.8. FTIR, NMR and Thermal property analysis 192 

Fourier transform infrared spectroscopy (FTIR) spectra of the samples were analyzed) with a 193 

spectral resolution of 1 cm-1 at a range of 500–4000 cm−1 (PerkinElmer Inc., USA. Hydrogen 194 

bonding of the optimized DES was confirmed by nuclear magnetic resonance (1H NMR) 195 

analysis.1H NMR spectra of samples (40 mg) were recorded in D2O (1 mL) on FT-NMR 600 196 

MHz (JEOL JNM-ECP600, Japan). Thermal stability was analyzed as “thermogravimetric 197 

analysis (TGA)” following our previous work (Roy et al., 2020). Briefly, a thermogravimetric 198 

analyzer (Pyris 1 TGA, Perkin Elmer Life and Analytical Sciences, CT, USA) was used under 199 

nitrogen atmosphere (25 mL/min flowrate) where the temperature used from 50-750° C (10° 200 

C/min constant increasing). 201 
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2.9. Morphology, thickness, optical, mechanical, and water behavior of films 202 

Scanning electron microscopy (SEM) of the film samples captured as surface and cross-section 203 

microstructure (JSM-6490LV, JEOL Ltd., Tokyo, Japan). The thickness of film samples were 204 

measured using a Digimatic Caliper Sincon (SD500-150WP, China). The colors of the samples 205 

were measured using a Lovibond RT Series portable spectrophotometer. Subsequently, three 206 

major parameters were measured: lightness (L*), redness (a*), and b*. Then, the overall color 207 

difference (ΔE*) was measured using the following equation: 208 

∆E*= [(∆/∗)2 +(∆1∗)2 +(∆2∗)2]1/2                                                                     (6) 209 

Mechanical properties of film samples were measured following the methods of Ho et al. (2020) 210 

and expressed a tensile strength (TS; MPa), Young’s modulus (YM; MPa), and elongation at 211 

break (EB; %). The moisture content and solubility (60 minutes) were measured following the 212 

methods of Kchaou et al. (2018), and water vapor permeability (WVP) was measured following 213 

the method of Villalobos et al. (2006). 214 

2.10. Statistical analysis 215 

Design-Expert software (version 7.0.0) was used for RSM optimization, OriginPro (version 9.0, 216 

OriginLab, USA) was used for analyzing FT-IR and TGA graphs, Delta NMR Processing and 217 

Control software (V5.3.1) was used for 1H NMR data analysis, and SPSS software (version 218 

18.00) was used for analysis of one-way variance. 219 

3. Result and discussion 220 

3.1. Single-factor analysis on the extraction yield of ASX 221 

As the first step, the selection of NaDES and the experimental factors to be optimized were 222 

analyzed. Figure S2 shows the effect of different NaDES, HBD/HBA molar ratio, ultrasound 223 
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power, and extraction time on the yield of ASX. Screening experiments among the five different 224 

NaDESs were observed for ASX extraction. All NaDESs showed the extraction efficiency for 225 

ASX. However, in the screening experiments for the selection of best deep eutectic solvents, 226 

NaDES-3 (CC/LA) showed comparatively higher extraction yield (60.07 µg ASX/g shrimp 227 

waste) than other NaDESs (CC/GL, 49.33 µg ASX/g; CC/OX, 49.61 µg ASX/g; CC/TA, 53.76 228 

µg ASX/g ; and  CC/MA 52.96 µg ASX/g) at 1:2 molar ratios, 60% ultrasound amplitude, and 229 

30 minutes’ screening time. The extraction yield of ASX of different NaDESs was different due 230 

to physicochemical properties such as viscosity, surface tension, and polarity, which affects the 231 

hydrogen bonding ability and interaction of ASX molecule. The effect of HBA/HBD molar ratio 232 

of CC/LA showed better extraction yield at 1:2, 60% ultrasound amplitude, and 30-minute 233 

extraction. CC/LA is one of the important choline chloride-based NaDESs that has low viscosity, 234 

which directly influences the surface tension and extractability of bioactive compounds such as 235 

ASX (Marcus et al., 2019). Lee and Row (2016) extracted 39.37 µg/g ASX from shrimp waste 236 

using DES and reported that the yield of ASX highly increased in higher solvent/raw material 237 

ratio. Ultrasound extracts the ASX by disrupting the shrimp powder and releases it in DES 238 

(Khoo et al., 2020). However, longer extraction time negatively affects the ASX yield, because 239 

all-trans isomerized ASX can be isomerized easily when exposed to oxygen, light, and/or 240 

temperature produced by cavitation (Seabra and Pedrosa, 2010). Power is also another important 241 

factor in determining ASX yield. Low power has low efficiency in breaking down the raw 242 

material, and the ASX yield increased with the increase of ultrasonication power, but after a 243 

certain power, the ASX yield is also decreased (Gao et al., 2020; Lee and Row, 2016).  244 

3.2. Extraction optimization 245 
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Table 2 shows the experimental and predicted values obtained from the model. The amount of 246 

ASX ranged from 45.56 to 69.08 µg/g shrimp waste. A second-order polynomial equation (Eq. 1) 247 

was applied to obtain the data. In evaluating the significance of each variable, Fisher’s statistical 248 

test (F-test) was applied to analyze the variance. The F-value indicates the significance of each 249 

controlled factor on the tested model (Huiping et al., 2007). The F-value obtained from the 250 

model is 58.96, whereas the p-value was found to be p < 0.0001 (Table S1). Table S2 presents 251 

the regression coefficients, and a second-order polynomial equation was used to the maximize 252 

yield of the ASX. The equation is expressed as follows: 253 

Astaxanthin (µg/g) = −9.92500 + 11.54075 M + 1.67360 U+ 1.66455 T −0.090250 MU-0.32283 254 

MT-0.00595 UT- 0.72675 M2-0.012586 U2 -0.13319 T2 255 

Response surface and 3D graphs (Fig. 1) showing the effect of molar ratio, ultrasonication power, 256 

and extraction time on the extraction yield of ASX (µg/g shrimp waste). Several variables were 257 

used to optimized the desirability function (Bezerra et al., 2008). Derringer’s desirability 258 

function (Derringer and Suich, 1980) was used in this experiment to optimized the extraction 259 

yield of ASX. The model predicted the following extraction parameters: HBA/HBD molar ratio 260 

(CC/LA), 1:1.02 ; ultrasound amplitude, 54.43 %; and extraction time, 39.23 minutes, with 261 

predicted regression coefficient and expected yield 69.09 µg/g shrimp waste, which is close to 262 

the actual yield 68.98 ± 1.22 µg/g of shrimp waste. Liu et al. (2018) reported that the HBD/HBA 263 

ratio of almost 95% of the assessed NaDES lies in between 1:1 and 1:4. Moreover, Alcalde et al. 264 

(2019) analyzed the dynamic viscosity of CC/LA DES at 1:1–1:2.5 molar ratio with different 265 

percentage of water and found that the viscosity of the obtained DES solutions increases with the 266 

increase of lactic acid ratio at 10% of water (Table S3) which might favored for the yield of 267 

ASX. However, the present study reveals that ultrasonication power and sonication time proved 268 
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to be a significant factor for the extraction of ASX using CC/LA NaDES. Zhang et al. (2014) 269 

extracted the highest amount of 146 µg/g ASX from shrimp waste using choline chloride/1,2-270 

butanediol DES. Ultrasound assisted NaDESs can be a good alternative than the conventional 271 

extraction of ASX. 272 

3.3. Preparation of biofilm 273 

The optimized ASX-DES extract was mixed with CS according to Table S4 to find out the best 274 

mixing condition for preparing a film-forming solution. According to Table S5, CS/DES-60 275 

solution can dissolve 97.50% CS, and it showed high viscosities among all sample solutions. 276 

Galvis-Sánchez et al. (2018) reported that choline chloride-based NaDES can be used as green 277 

plasticizers for CS based thermoplastic preparation. Films fabricated with ASX-DES 278 

simultaneously increase the physicochemical, mechanical, and bioactivity, which can be utilized 279 

for active packaging material. Recovery of bioactive compounds from NaDESs extract is one of 280 

the challenging problems. However, some recent studies reported recovery of these bioactive 281 

compounds is not a necessary step because NaDES helps to stabilize these compounds and act as 282 

a storage medium for these bio sensitive compounds and can be directly used in food, 283 

pharmaceuticals, nutraceuticals, or cosmetics (Jeong et al., 2017; Koutsoukos et al., 2019). 284 

3.4. Antioxidant activities 285 

The optimized CC/LA-based ASX-DES extract clearly showed high antioxidant activity than 286 

Trolox as a standard. To compare the antioxidant activities, different volumes of ASX-DES 287 

extracts (Fig. 2A-B) were used. CC/LA DES did not show any antioxidant activities, whereas the 288 

ASX-DES showed strong ABTS+ and DPPH+ antioxidant activities. Obtained results clearly 289 

depicted the differences on antioxidant activity between ASX-DES films and control films (Fig. 290 

2C-D). The incorporation of antioxidant compounds like ASX into biopolymer films enhances 291 
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the functionality of packaging materials and increases the shelf-life of the food products.  292 

Sowmya and Sachindra (2012) reported that ASX contains strong antioxidant activity and that 293 

even a fractional amount can show its activity in the final product. Moreover, ASX possesses 294 

strong singlet oxygen quenching activity, the properties that can help in food, pharmaceutical, or 295 

cosmetics industry (Goto et al., 2001; Nishida et al., 2007).  296 

3.5. FTIR and 1H NMR analysis 297 

FTIR of CC/LA DES, ASX-DES extract, CS, and films were prepared using DES presented in 298 

Fig. 3 (due to low transmittance CS further described in Fig. S5). The spectra obtained from the 299 

CC/LA DES and ASX-DES extract show almost the same pattern. Stretching vibrations of O-H 300 

and N-H groups were observed in a wide range, ranging from 3000 to 3700 cm−1 at a center 301 

around ~3350 cm−1, almost the same properties showed in the ASX-DES and controlled films 302 

prepared with CS. The outline of the bond may be due to the combined bonding of LA and CC 303 

molecules overlapping in the O-H and N-H bond (Galvis-Sánchez et al., 2018). Two weak peaks 304 

were observed at 2987 cm−1 in DES, indicating C-H stretching bonds, but shifted to slightly 305 

lower wavenumber. The intensity of the C=O bonds (~1732 cm−1) decreased in the prepared 306 

films, indicating that the concentration of carboxylic acid reduced in the prepared films (de 307 

Cuadro et al., 2015; Matet et al., 2013). CS showed C-O-H and C-O-C vibrations at ~1058 and 308 

~1025 cm−1 in the film samples, and a strong peak due to the C-O-H was observed at 1073 cm−1 309 

wavelength in both film samples. C-H (~865 cm−1) and C-C-O (~952 cm−1) bonds were observed 310 

in both DES and extract and also shown in both films. Similar results were also reported by 311 

Galvis-Sánchez et al. (2018) for the preparation of CS thermoplastic using NaDES. 312 

1H NMR spectra of CC/LA NaDES were observed to check whether there is new chemical bond 313 

formation or not at the optimum molar ratio A comparative 1H NMR spectra of CC/LA NaDES 314 
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and its constituents (lactic acid and choline chloride) were shown in Fig. S6. The obtained 315 

spectra confirmed that formation of CC/LA NaDES is a physical process and there is no new 316 

chemical bond were formed during its synthesis. 317 

3.6. Thermal property analysis 318 

TGA was observed to determine the thermal stability of the prepared DES, extract, and films 319 

(Fig. 4). TGA showed two main stages of weight loss (%) of the samples. The first stage took 320 

place at a temperature of 50°C–200°C for the DES and extract, possibly due to the loss of free 321 

water and lactic acid in the samples, whereas film samples showed this stage in between 50°C 322 

and 250°C. The extension of this stage is possibly due to the removal of water and the presence 323 

of CS in the film samples (Sokolova et al., 2018). The ASX-DES extract comparatively showed 324 

better stability than pure CC/LA DES, possibly due to the presence of extra compounds during 325 

the extraction. Saravana et al. (2018) reported that CC/LA DES can efficiently extract chitin 326 

from crustacean waste. The presence of these compounds makes the ASX-DES extract thermally 327 

more stable than pure CC/LA DES. Films prepared with the ASX-DES extract also showed 328 

better thermal stability than the control film. 329 

3.7. Morphology, optical, thickness, mechanical, and water behavior of films 330 

SEM images of both the control and ASX-DES films are presented (Fig. 5) as surface and cross-331 

section. The surface of both films appeared as smooth and unbroken, whereas a small fracture 332 

zone was observed in the cross-section of the ASX-DES film, possibly due to the presence of 333 

ASX in the film, which has a degradation tendency by the temperature generated during the 334 

scanning process (Sowmya and Sachindra, 2012). 335 
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The color properties of the CC/LA DES, ASX-DES extract, ASX-DES film, and control film are 336 

presented in Table 3 (Fig 6). The obtained results clearly describe the lightness of the CC/LA 337 

DES having high L*  value, whereas the ASX-DES extract shows the high redness value (a*), 338 

which has a strong relationship with carotenoids, especially ASX (Roy et al., 2020). Similarly, 339 

the ASX-DES film also showed a high value than the control film. Ho et al. (2020) reported that 340 

the color properties of films can affect consumer preference in food products. 341 

The thickness and mechanical properties of the two different films are presented in Table 4. 342 

Films prepared using the ASX-DES extract and CC/LA DES were not significantly different. 343 

Although exact same amount of film-forming solution was used, the thickness of the ASX-DES 344 

film (0.06 ± 0.01 mm) is comparatively higher than the control film (0.05 ± 0.01 mm). The 345 

presence of ASX and other carotenoid compounds present in the ASX-DES film results in the 346 

final volume of the film. Wu et al. (2019) reported that the concentration of the tea phenol can 347 

affect the thickness of the pomelo peel flour-based films. Adilah et al. (2018) reported that oil 348 

droplets present in the fish gelatin film have a positive correlation with the increased volume of 349 

the film. A similar result was also reported by Ho et al. (2020) in their gelatin sodium alginate-350 

based films. 351 

Mechanical properties are the important factors of biofilms when introduced packaging materials 352 

(Adilah et al., 2018; Ho et al., 2020). The influence of the ASX-DES extract on the TS, YM, and 353 

EB is summarized in Table 4. ASX-DES films showed higher TS and YM values than the 354 

control films. TS value observed in ASX-DES film 28.09 ± 0.41 whereas in control film 22.25 ± 355 

0.98. A possible cause for the difference of these results might be the presence of ASX in the 356 

extract. Moreover, this possible reasons also be responsible for the YM value of ASX-DES film 357 

(501.89±6.29 MPa) and control film (362.68±2.38 MPa). EB of ASX-DES film (32.17±0.61%) 358 
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shows lower values comparatively control films (35.35±1.05%) which indicates that the presence 359 

of ASX slightly reduces this value.  Previous studies reported that the presence of carotenoids 360 

can affect the mechanical properties of the films (Kalaycıoğlu et al., 2017; Liu et al., 2016). 361 

Almeida et al. (2018) reported that the addition of curcumin increases the TS and YM values. 362 

Hydrogen bonding between carotenoids and CS molecules might be the cause behind this 363 

phenomenon (Liu et al., 2016). 364 

Water properties of biodegradable films are an important consideration for the packaging ability 365 

of food products and can directly affect food quality (Ho et al., 2020). Table 5 represents the 366 

water behavior of the prepared films. The ASX-DES film showed lower solubility in the water 367 

sample in comparison to the control film. Films prepared by DES as a plasticizer tend to be 368 

soluble in water media due to the hydrophilic behavior of DES (Almeida et al., 2018). The 369 

incorporation of carotenoids decreases the solubility due to their hydrophobic properties (Liu et 370 

al., 2016). However, the WVP results of the ASX-DES film showed a lower value compared to 371 

LL/CC DES-based film. Almeida et al. (2018) reported that curcumin inserted in the CS-based 372 

DES films reduced the WVP. Galvis-Sánchez et al. (2018) demonstrated that the level of 373 

porosity a film surface affects the WVP of a particular film 374 

4. Conclusion 375 

ASX is successfully extracted by NaDESs using ultrasonication, proving that it is an efficient 376 

extraction method. This green extraction process can be an alternative to the traditional 377 

extraction and utilization of low-grade materials such as shrimp waste. The ASX-DES extract 378 

was successfully incorporated with CS for the preparation of biodegradable active packaging 379 

film. This ASX-DES extract is environment-friendly and showed interesting results with good 380 

antioxidant activities. NaDESs used in this study showed the potentiality of ASX extraction and 381 
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obtained ASX-NaDES extracts have the potentiality for acting as a plasticizer in CS-based films. 382 

Therefore, our work shows that it would be of interest not to separate the ASX from the obtained 383 

extract which is the main hurdle for using DES and directly used for further utilization. The 384 

extraction of carotenoids and utilization of the ASX-DES extract as an active ingredient and 385 

plasticizer in CS-based films will open a new perspective for the production of the biodegradable 386 

film industry. 387 
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Table 1. Types of Natural Deep eutectic solvents (NaDES) used in this work 

Abbreviation Code Hydrogen bond donor 

(HBD) 

Hydrogen bond acceptor 

(HBA) 

Molar 

ratio 

DES-1 CC/GL Choline chloride Glycerol 1:2 

DES-2 CC/OX Choline chloride Oxalic acid 1:2 

DES-3 CC/LA Choline chloride Lactic acid 1:2 

DES-4 CC/TA Choline chloride Tartaric acid 1:2 

DES-5 CC/MA Choline chloride Mallic acid 1:2 
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Table 2. Central composite design presenting the combination of coded and real values of 
independent variables, the predicted and actual values of the response. 

 

 

 

Trials Independent variables  

 
Investigate response of ASX 

(µg/g shrimp waste) 
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Table 3. Color Properties of the extracts and prepared films 

Samples L* a* b* ΔE 

CC/LA DES  41.74±1.35a 0.21±0.01c -0.97±0.44c 35.19±0.14b 

ASX-DES 

Extract 

31.40±1.58b 3.33±0.38c 4.18±0.31c 41.22±1.27a 

Molar ratio 
 

Ultrasound-
amplitude (%) 

Extraction 
Time 

 Experimental Predicted 

1 1:1 20 30  52.30 52.22 

2 1:3 20 30  45.56 46.50 

3 1:1 60 30  69.08 68.14 

4 1:3 60 30  55.12 55.20 

5 1:1 40 15  56.84 57.65 

6 1:3 40 15  58.23 58.01 

7 1:1 40 45  66.56 66.78 

8 1:3 40 45  48.58 47.77 

9 1:2 20 15  46.30 45.58 

10 1:2 60 15  61.32 61.46 

11 1:2 20 45  48.74 48.60 

12 1:2 60 45  56.62 57.34 

13 1:2 40 30  60.92 61.28 

14 1:2 40 30  61.53 61.28 

15 1:2 40 30  60.91 61.28 

16 1:2 40 30  63.13 61.28 

17 1:2 40 30  59.89 61.28 Jo
urn

al 
Pre-
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ASX-DES film 29.44±4.93b -0.10±0.33c -0.94±0.68c 46.75±2.99a 

Control film 35.03±3.47b -0.37±0.14c 0.22±0.66c 40.82±2.78a 

 

±, indicates the standard deviation from the mean; different superscripts indicate the significant 

differences (P<0.05) in the same column 
 

 

 

Table 4. Thickness and mechanical properties of the films 

Film samples Thickness (mm) 

  

Tensile strength 

(MPa) 

Young’s 

modulus (MPa) 

Elongation at 

break (%) 

ASX-DES film 0.06±0.01 28.09±0.41 

 

501.89±6.29 32.17±0.61 

Control film 0.05±0.01 22.25±0.98 362.68±2.38 35.35±1.05 

±, indicates the standard deviation from the mean (n=3) 

 

 

 

 

 

 

Table 5. Moisture content (MC), water solubility (WS), and water vapor permeability (WVP) of 
films 

Film samples MC (%) WS (%) WVP (×10-9 gm-2s-1Pa-1) 
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±, indicates the standard deviation from the mean (n=3) 

  

 

 

ASX-DES film 14.82±0.60 48.00±1.53 6.35±0.09 

Control film 16.24±1.44 53.75±1.91 7.31±0.17 
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Fig. 1. Response surface three dimensional plot representing interaction effect of each    
experimental variable on the response. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Jo
urn

al 
Pre-

pro
of



 

 

Fig. 2. Antioxidant activities (A) ABTS+ radical scavenging activities of the extracts, (B) DPPH 

radical scavenging activities of the extract, (C) ABTS+ radical scavenging activities of the films, 
(D) DPPH radical scavenging activities of the films. 
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Fig. 3. FTIR analysis of the extract, chitosan and DES films. Jo
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Fig. 4. Thermal stability analysis of DES extracts and films. 
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Fig. 5. Surface and cross-section images of films using Scanning electron microscopy (SEM); 
ASX-DES film (A) and Control film prepared by CC/LA DES (B). 
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Fig. 6. Biofilms; ASX-DES film (A), Control film with pure CC/LA DES (B). 
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Highlights 

- Aastaxanthin (ASX) was successfully extracted using natural deep eutectic solvents 

(NaDESs). 

- Ultrasound power and extraction time largely influenced the ASX-yield. 

- ASX-rich NaDES extract proved a good plasticizer on chitosan based biofilm. 

- FT-IR analysis showed good interaction between ASX-rich NaDES and chitosan. 

- ASX-rich NaDES enriched the bioactivity of prepared films. 
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