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 13 

Abstract 14 

Coffee silverskin (CSS) is a coffee by-product obtained during the coffee roasting process, and a 15 

potential source of proteins (14-19% protein content). In this study, conventional extraction (CE) and 16 

novel extraction methods were investigated for protein extraction from CSS. Optimum extraction pH 17 

and concentration for conventional acid and alkali extraction were studied. In addition, ultrasound-18 

assisted extraction (UAE) and microwave-assisted extraction (MAE), which have been widely 19 

recognised as efficient and economic novel extraction techniques, were employed to enhance the 20 

protein extraction from CSS using alkaline and acid extraction. Among the extraction techniques 21 

studied, MAE was found to generate the highest yield of protein recovery, 43.53% of recovery with 22 

an average molecular weight of 6.64 kDa. Comparing with the conventional sequential extraction 23 

using NaOH followed by HCl at two different concentrations (0.2 M and 0.6 M), the recovery yields 24 
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were significantly increased by 2.8-fold and 2.3-fold by applying UAE; and by 5.8-fold and 7-fold by 25 

applying MAE. The present work shows that UAE and MAE have potential to be rapid and effective 26 

tools for protein extraction from coffee silverskin. In this study, extracted proteins and raw material 27 

were characterized considering the molecular weight, the amino acid profile as well as its nutritional 28 

composition and its mineral contents.  29 

Keywords: coffee silverskin, ultrasound-assisted extraction, microwave-assisted extraction, protein 30 

recovery, acid and alkali 31 

 32 

1. Introduction 33 

Utilization of agri-food by-products is attracting scientific and industry attention in order to generate 34 

an eco-friendly environment, a more sustainable agroindustry, and acquire additional economic 35 

benefits (Contreras et al., 2019). Due to the need for new sources of protein and the increase in global 36 

population, proteins from agri-food by-products have obtained increasing attention. Extraction of 37 

protein from agri-food residues, such as rice bran (Capellini et al., 2017, Han et al., 2015, Phongthai 38 

et al., 2016), wheat bran (Alonso, 2018, Celiktas et al., 2014), brewer’s spent grains (Qin et al., 2018), 39 

pomegranate seeds (Talekar et al., 2018), cauliflower leaves (Xu et al., 2017) and pumpkin seed (Liu 40 

et al., 2017), have been widely studied. The nutritional properties of proteins from these by-products 41 

could be as adequate as other proteins sources and could be applied in many purposes like functional 42 

ingredients and food/flavour enhancers (Görgüç et al., 2019, Contreras et al., 2019).  43 

Coffee is one of the most consumed beverages in the world with the global coffee production of 158.6 44 

million of 60 kg bags in 2018 (ICO, 2019). When coffee is processed, large quantities of residues (such 45 

as coffee pulp and husk, coffee silverskin, and spent coffee grounds) are generated at the same time. 46 

Coffee pulp and husk account for about 45% of coffee cherry (Iriondo-DeHond et al., 2019). There 47 

can be 680 kg produced from 1000 kg of fresh coffee (Janissen and Huynh, 2018). Coffee silverskin 48 

(CSS), a thin integument of the outer layer of coffee beans, is a coffee by-product obtained during the 49 
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coffee roasting process (Regazzoni et al., 2016). It accounts for about 4.2% (w/w) of the coffee cherry 50 

(Iriondo-DeHond et al., 2019). CSS can be supplied in large quantities from the coffee roasting factory 51 

and is the only residue produced during the coffee roasting procedure, which could make it greatly 52 

accessible and easy to be utilized for extraction (Narita and Inouye, 2014). The protein content of CSS 53 

is at 14.0-19.0%, which is higher than some other coffee wastes such as coffee husk (5-11%) and 54 

coffee pulp (9.5-13.5%) and similar as green coffee beans (12.1-16.4% ) (Iriondo-DeHond et al., 2019, 55 

Murthy and Naidu, 2012, Janissen and Huynh, 2018, Barbosa et al., 2019). 56 

Generally, traditional methods used for protein extraction prolong the extraction time and have limited 57 

extraction efficiency (Tiwari, 2015). Novel extraction methods have already been reported to 58 

overcome various drawbacks of conventional extraction methods and could enhance the extraction       59 

efficiency and provide better products. Ultrasound-assisted extraction (UAE) has been extensively 60 

studied to improve extraction due to the cavitation phenomena (Wen et al., 2019). It can enhance the 61 

disruption of cells and membranes, accelerate heat and mass transfer, and thus improve the extraction 62 

efficiency (Wen et al., 2018). Microwave-assisted extraction (MAE) can cause increased temperature 63 

and pressure inside the sample matrix by direct heating, which can facilitate the transfer of the target 64 

compounds into the solvent (Marić et al., 2018, Wen et al., 2019). In addition, both UAE and MAE 65 

can bring notable economic and environmental benefits (such as reduction of solvent usage or a better 66 

use of raw materials), and they have great potential for development and application (Wen et al., 2019). 67 

In this study, UAE and MAE were employed to enhance the protein extraction from CSS. UAE has 68 

been applied for extraction of protein from many sources such as pumpkin seed (Liu et al., 2017), 69 

rapeseed (Wang et al., 2016), peach stone (Vásquez-Villanueva et al., 2015), or cauliflower leaves (Xu 70 

et al., 2017). In the same way, MAE has been applied for extraction of protein including rice bran 71 

(Phongthai et al., 2016) or pumpkin seed (Liu et al., 2017). However, to date limited research studied 72 

protein extraction from CSS, and ultrasound-assisted or microwave-assisted alkali-acid extraction has 73 

not been reported for the protein extraction from CSS. The aim of this work was to explore the effects 74 
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of ultrasound-assisted and microwave-assisted alkali-acid on the yield of extraction of protein from 75 

CSS and amino acid degradation, and to characterize extracted protein according to the molecular 76 

weight and the amino acid profile. CSS was also characterised considering its nutritional composition, 77 

including dietary fibre (soluble dietary fibre and insoluble dietary fibre), protein, fat, moisture and ash 78 

content, as well as its mineral contents. 79 

 80 

2. Methods and materials  81 

2.1 Materials 82 

Dried coffee silverskin flakes were supplied by Illycaffe S.p.A. (Trieste, 84 Italy). The flakes were 83 

powdered by using a hammer mill (Retsch SM100, Germany). The obtained powders were then sieved 84 

through a 2.0 mm mesh. The powder was vacuum packed and stored in the dark at room temperature 85 

prior to further studies. 86 

 87 

2.2 Nutritional composition and mineral contents of coffee silverskin  88 

Fat content was determined according to AOAC Method 2008.06, using an Oracle fat analyser (Oracle, 89 

CEM Corporation, Matthews, North Carolina, USA) based on NMR technology and pre-drying to 90 

complete dryness overnight. Ash content was determined according to ISO2171 using Pyro Milestone 91 

Microwave muffle furnace (Milestone Srl, Italy). Moisture was determined according to ISO2171 92 

using M-Series Sanyo Gallenkamp air oven (Leicester, UK) at 105 oC overnight. Protein content was 93 

determined according to AOAC Method 968.06, using a nitrogen analyser (FP-328 Leco Instrument; 94 

Leco Corporation, St Joseph, Michigan, USA) based on the Dumas principle (N*6.25). Soluble (SDF), 95 

insoluble (IDF) and total (TDF) dietary fibre were determined according to AOAC Method 991.43, 96 

using the ANKOM dietary fibre analyser (ANKOM technology, New York, USA). Non-fiber 97 

carbohydrate was calculated by difference. 98 
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The mineral content (calcium, potassium, magnesium, sodium and iron) of CSS was determined 99 

according to Analytical Methods for Atomic Absorption Spectrophotometry, Perkin Elmer using the 100 

Model 3110 Atomic Absorption Flame Spectrophometer (Perkin Elmer, UK). Samples were pre-ashed 101 

before dilution. 102 

 103 

2.3 Optimising pH value to precipitate extracted protein 104 

Twenty grams of powdered CSS were mixed with 0.6 M acid (HCl) or 0.6 M alkali (NaOH) solutions 105 

at 1:20 solid/liquid ratio. The mixtures were then shaken in an orbital shaker (Model SHKE6000-1CE, 106 

Thermo Scientific, U.S.A.) at 50 oC and 250 rpm for 4 h. After extraction, the mixtures were 107 

centrifuged (Sigma 2-16 KL, Germany) at 8,634 x g for 20 min. The extracted proteins in the 108 

supernatant were precipitated by adjusting the pH value to 1.5, 2.5, 3.5, 4.5, 5.5, 6.5 and 7.5 by adding 109 

1 M HCl or 1 M NaOH. Precipitates obtained were dried in a hot air oven (Binder E 28, Germany) at 110 

40 oC for 24 h and then analysed for protein content.  111 

 112 

2.4 Extraction of protein at different acid and alkali concentration 113 

Ten grams of powdered CSS were mixed with HCl or NaOH at three different concentrations of 0.2, 114 

0.4, and 0.6 M. A solid to liquid ratio of 1:40 was employed and the mixture was shaken in an orbital 115 

shaker (Model SHKE6000-1CE, Thermo Scientific, U.S.A.) at 50 oC and 200 rpm for 4 h. The 116 

supernatant was precipitated by adjusting the pH value to 3.5 by adding 1 M HCl or 1 M NaOH. The 117 

resulting pellets were dried in a hot air oven at 40 oC for 24 h and then analysed for protein content.  118 

 119 

2.5 Extraction of protein with different extraction methods  120 

Conventional, ultrasound-assisted and microwave-assisted alkaline-acid extraction methods were 121 

applied in this study for protein extraction. An overview of the flow process employed for the 122 

extraction is shown in Figure 1. For all the methods, the sequential alkaline-acid extraction (Álvarez 123 
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et al., 2018) was employed: firstly, either 0.2 or 0.6 M NaOH was added to ten grams of powdered 124 

CSS, followed by centrifugation at 8,634 x g for 20 min. Secondly, the pellet acquired from the first 125 

extraction was then mixed with 0.2 or 0.6 M HCl. Based on the results of preliminary trials, a solid to 126 

solvent ratio of 1:40 was applied for all different extraction methods. Supernatants acquired from the 127 

two extractions were mixed and precipitated by adjusting the pH value to 3.5. The dried pellets were 128 

subjected to protein analysis.  129 

 130 

2.5.1 Conventional alkaline-acid extraction methods 131 

Conventional extraction (CE) method was investigated in the study. The mixture was shaken in an 132 

orbital shaker (Model SHKE6000-1CE, Thermo Scientific, U.S.A.) at 50 oC and 200 rpm for two 133 

extraction times: 10 min and 24 h. 134 

 135 

2.5.2 Ultrasound-assisted alkaline-acid extraction 136 

An ultrasonic generator (UIP500hdT, Hielscher ultrasound technology, Germany) connected with a 137 

1.8 cm diameter probe (20 kHz) was employed for UAE. The mixture was prepared in a jacketed 138 

beaker, which was connected with a refrigerated circulator (Thermo Haake K20 Digital Control Bath, 139 

Thermo Fisher Scientific, UK) at 50 oC. The mixture was sonicated for 10 min at the ultrasound 140 

amplitude level of 100%, which is of 38.0 W/cm2 ultrasound intensity for this system. A schematic 141 

overview of the equipment employed for UAE is shown in Figure 2. 142 

 143 

2.5.3 Microwave-assisted alkaline-acid extraction 144 

MAE was carried out in a modified microwave oven (NN-CF778BPQ, Panasonic) equipped with a 145 

condenser and a refrigerated circulator (Grant LTD6/20, Grant Instruments Ltd, Cambridge, UK). The 146 

equipment employed for MAE is illustrated schematically in Figure 3. The mixture was prepared in a 147 
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sealed beaker connected with a condenser. The mixture was irradiated for 10 min and 20 min at the 148 

‘high’ microwave level, which was 434.7 W. 149 

 150 

2.6 Determination of protein recovery 151 

The content of proteins was determined as explained in section 2.2. Amount of protein in each fraction 152 

was compared with the amount of protein in the raw material to determine the yield of recovery. 153 

Protein recovery (%) was calculated as in Eq. (1): 154 

 155 

 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑦𝑖𝑒𝑙𝑑 (%) =  
𝑀1

𝑀0
∗ 100% (1) 156 

Where M0 is the total protein quantity in the sample, and M1 is the protein quantity of the freeze-dried 157 

pellet after extraction and precipitation. 158 

 159 

2.7 Molecular weight of recovered protein by size exclusion-high-performance liquid 160 

chromatography (SEC-HPLC) 161 

SEC-HPLC analyses were applied to determine the molecular weight distribution of the protein 162 

extracted from CSS. Trizma-HCl buffer (pH 8.0, 0.1 M) was the mobile phase with a flow of 0.35 163 

mL/min in a Waters HPLC (2795 Separations Module) coupled to one column and a guard column: 164 

AdvanceBio SEC (2.7 μm particle size, 130 Å pore size) and AdvanceBio SEC (2.7 μm particle size 165 

and 130 Å pore size). Detection was performed at 254 nm in a Photodiode Array Detector (Waters 166 

2996). Empower Pro 2 software (Waters Corporation) was used for evaluating the area of each peak. 167 

A calibration curve (R2=0.995) was prepared with BSA dimer (128 kDa), BSA monomer (64 kDa), 168 

ovalbumin (45 kDa), myoglobin (17 kDa) and vitamin B12 (1.3 kDa).  169 

 170 

2.8 Free amino acid profile 171 
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In order to determine the impact of UAE and MAE on the protein integrity, the amount and 172 

composition of free amino acids were determined. One hundred μL of each selected protein sample 173 

were mixed with equal volume of ice cold 12.5% TCA in an Eppendorf tube. The mixture was 174 

incubated at 4 °C for 1 h and centrifuged at 10.000 x g for 20 min. The supernatant obtained was 175 

neutralized with NaOH and then mixed with equal volume of aminocaproic acid (internal standard, 50 176 

μM). Then, the sample was filtered through 0.2 μm nylon membrane filter before injection. Amino 177 

acids were quantified using ultra-high performance liquid chromatography linked with fluorescence 178 

detection (UHPLC-FLD). Agilent AdvanceBio AAA (100*3.0*2.7) and a guard column were used for 179 

separation. The initial condition for each run was 98:2 mobile phase A: mobile phase B, which are 10 180 

mM Na2HPO4 in 10 mM Na2B4O7 (pH 8.2) and acetonitrile: methanol: water (45:45:10, v:v:v), 181 

respectively, and held for 0.35 min. The gradient was increased to 43:57 (A:B) and 100% A at 0.35 182 

min and 13.4 min respectively followed with a ramp to initial condition of 2:98 (A:B) by 15.8 min and 183 

held for 2.2 min. Standard curves, covering the range (2.5-125 μM each amino acid authentic standard) 184 

were generated and were used to quantify the free amino acid in the extracts. Results were expressed 185 

as nmols of free amino acids per mL of selected samples (nmol/mL). 186 

 187 

2.9 Statistical analysis 188 

SPSS (Vision 24, USA) was used for data analysing. One-way and two-way ANOVA was applied 189 

with Tukey’s HSD Post Hoc tests. The level of significance for all hypothesis tests (P) was 0.05. All 190 

the experiments were carried out in triplicates and the data was expressed as means ± standard 191 

deviation. 192 

 193 

3. Results and discussion 194 

3.1 Nutritional and mineral composition of coffee silverskin  195 

The nutritional composition of CSS was studied and the profile is shown in 196 
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Table 1. CSS is a by-product with high concentration of total dietary fibre (64.45%), of which 197 

approximately 85% is insoluble and 15% is soluble. CSS is also rich in protein with a content of 198 

14.62%. The fat and ash contents are 3.60% and 3.47%, respectively. Mineral composition consists 199 

mainly of potassium (1.21 g/100 g CSS) and calcium (1.48 g/100 g CSS). The results are in agreement 200 

with some other studies: Jiménez-Zamora et al. (2015) who reported 17.3% of protein and 61.6% of 201 

total dietary fibre, as well as Mussatto et al. (2011) who found 16.2-18.6% of protein and 62.4% of 202 

total dietary fibre in CSS. In the study of Ballesteros et al. (2014), they reported that the macromineral 203 

of CSS contains mostly potassium (2.1 g/100 g CSS), calcium (0.9 g/100 g CSS), and magnesium (0.3 204 

g/100 g CSS) with 5.4% of ash. The results are slightly different from our study. The differences might 205 

be attributed to the origins and varieties of the provided CSS, and the roasting conditions. 206 

 207 

3.2 Optimising pH value to precipitate extracted protein  208 

In order to determine which pH values for acid and alkali extraction should be applied to precipitate 209 

the extracted protein from CSS, the pH values from 1.5 up to 7.5 were tested. The results of the 210 

recovered protein are shown in Table 2. For alkali extraction, it was demonstrated that best yields were 211 

achieved at pH 2.5 and 3.5, which were 24.98 ± 0.04% and 24.97 ± 0.07%, respectively; the values 212 

were statistically not different (p > 0.05). For acid extraction, the yield of protein was relatively low. 213 

The highest yield of recovered protein was only 0.69 ± 0.02% after precipitation at pH 3.5. Therefore, 214 

pH value of 3.5 was used for precipitation at both acid and alkali methods in the following sections of 215 

protein extraction. The selected pH value agreed with previous studies of plant protein isolates. Most 216 

of them applied isoelectric precipitation at around pH 4 at which the lowest solubility occurs for the 217 

proteins (Hou et al., 2017, Han et al., 2015, Jia et al., 2010, Celus et al., 2009, Sari et al., 2015). 218 

 219 

3.3 Protein recovery at different acid and alkali concentration  220 
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In the study, 0.2 M, 0.4 M and 0.6 M solutions of NaOH and HCl were assessed to determine the 221 

optimum concentration for protein recovery. The protein recovery yields obtained at different 222 

concentrations are presented in Table 3. For the acid extraction, the protein yield was observed to be 223 

significantly (P < 0.05) enhanced by increasing the acid concentration from 0.2 M (0.31 ± 0.02 %) to 224 

0.6 M (0.68 ± 0.03 %). However, with the recovery rate lower than 1%, the acid extraction from CSS 225 

was found to be extremely inefficient. For alkali extraction, the protein recovery was enhanced 226 

significantly (P < 0.05) from 14.55 ± 0.14% (0.2 M NaOH) to 18.84 ± 0.15% (0.4 M NaOH) with an 227 

increase of 29.5%; the recovery was also enhanced significantly (P < 0.05) by increasing the 228 

concentration from 0.4 M to 0.6 M NaOH (19.95 ± 0.37 %) with a relatively low increase of 5.9%. 229 

According to the results, the yields of extracted protein were significantly higher by applying alkaline 230 

than acidic extraction conditions. The reason for improved yields at alkaline condition could be 231 

explained by an enhanced solubilization of water insoluble hydrophobic proteins from CSS at these 232 

conditions (Sari et al., 2015). According to previous studies, plant proteins have been commonly 233 

extracted at alkaline condition. This includes plant by-products such as brewer’s spent grain (Rommi 234 

et al., 2018) , wheat bran (Celiktas et al., 2014), sunflower meal (Kachrimanidou et al., 2015), and rice 235 

bran (Han et al., 2015). In these cases, the protein recovery was reported to be up to approximately 236 

60%, which could be influenced by the employed biomass and conditions (such as extraction 237 

temperature, solid/liquid ratio, particle size, etc.) (Contreras et al., 2019).  238 

 239 

3.4 Protein recovery using sequential extraction assisted by ultrasound or microwave 240 

Conventional and novel extraction methods were employed in this study to investigate protein 241 

extraction from CSS. .  242 
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Table 4 shows the protein extraction yield of CSS extracts after the different extraction methods. For 243 

conventional extraction, sequential alkaline-acid extraction was applied at two concentrations: 0.2 M 244 

NaOH  0.2 M HCl and 0.6 M NaOH  0.6 M HCl. With extraction time of 10 min, the extraction 245 

yields were 4.78 ± 0.71% and 6.23 ± 0.23% at 0.2 M and 0.6 M, respectively. When increasing the 246 

extraction time to 24 h, the extraction yields were increased to 24.35 ± 1.90% and 32.52 ± 0.82% at 247 

0.2 M and 0.6 M, respectively. The results indicated that increased acid and alkali concentration, as 248 

well as extended extraction times, had a significant effect (p < 0.05) on the extraction yield. 249 

UAE was performed at ultrasound intensity of 38.0 W/cm2 for an extraction time of 10 min. It was 250 

applied with two different concentrations 0.2 M and 0.6 M, which yielded a protein recovery of 13.51 251 

± 1.35% and 14.04 ± 0.63%, respectively. The recovery yields showed no significant (P > 0.05) 252 

difference between the two concentrations by UAE. Comparison with the control extraction (10 min), 253 

it revealed a significant increase of 2.8-fold and 2.3-fold in recovery yield at 0.2 M and 0.6 M, 254 

respectively. The influence of UAE can result from its cavitation phenomena which can facilitate the 255 

disruption and degradation of plant matrix, enhancing the penetration of solution into the internal 256 

structure thus enhancing the extraction yield (Tiwari, 2015, Sharayei et al., 2019). Therefore, it 257 

indicated that UAE can be considered as a clean and green technique to improve the extraction 258 

efficiency of conventional acid and alkali-based methods for protein extraction from CSS. 259 

MAE was set at microwave power of 434.7 W for extraction time of 10 min and 20 min. With 260 

extraction time of 10 min, the two different concentrations 0.2 M and 0.6 M yielded a protein recovery 261 

of 27.92 ± 1.71% and 43.53 ± 1.42%, respectively. The yield was enhanced significantly (P < 0.05) 262 

with an increase of 55.9% when the solvent concentration increased from 0.2 M to 0.6 M. Comparison 263 

with the conventional method (10 min), the extraction yields were 5.8-fold and 7-fold higher at 0.2 M 264 

and 0.6 M, respectively. Moreover, the extraction yield generated by MAE for extraction time of 10 265 

min was significantly (P < 0.05) higher than by conventional methods for 24 h at a concentration of 266 

0.6 M, which indicated that microwave irradiation can enhance the extraction efficacy by greatly 267 



27 
 

shortening the extraction time. With extraction time of 20 min, the extraction yields were 36.88 ± 0.54% 268 

and 39.95 ± 1.89% at the concentration of 0.2 M and 0.6 M, respectively. The yield was enhanced 269 

significantly (P < 0.05) by 8.3% when increasing the concentration from 0.2 M to 0.6 M. The extraction 270 

yield produced by MAE for extraction time of 20 min was significantly (P < 0.05) higher than by 271 

conventional methods for 24 h at both concentration of 0.2 M and 0.6 M.  272 

When increasing the extraction time from 10 min to 20 min at 0.2 M concentration, it was shown that 273 

the extraction yields increased significantly (P < 0.05). The reason could be microwave irradiation can 274 

cause direct heating inside the plant matrix, enhance the local temperature and pressure, and then 275 

enhance the transfer of the target compounds into the solvent (Sun et al., 2019, Kaderides et al., 2019). 276 

Thus, with higher extraction time, MAE could damage the matrix more aggressively leading to release 277 

more target compounds by rapid heating (Pimentel-Moral et al., 2018). However, when increasing the 278 

extraction time from 10 min to 20 min at 0.6 M concentration, a significant (P < 0.05) decrease on 279 

extraction yield was revealed. The reason might be due to the protein denaturation, the amino acid 280 

degradation as well as the overheating of the sample mixture (Pimentel-Moral et al., 2018, Contreras 281 

et al., 2019). This observation is in agreement with the total free amino acid (FAA) amounts detected 282 

(Section 3.5.2), where more aggressive treatments lead to the release of higher amounts of FAA 283 

coming from protein hydrolysis. It was observed that samples were boiling after microwave extraction 284 

at both times, which could increase FAA release. 285 

 286 

3.5 Characterization of protein extracted by different extraction methods 287 

3.5.1 Molecular weight 288 

After extraction, the molecular weight of the extracted proteins were studied and listed in Table 3 and .  289 
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Table 4. The average molecular weight was in the range from 4.99 kDa to 6.89 kDa. The highest 290 

molecular weight detected was 6.89 kDa which was acquired by conventional extraction for 24 h. The 291 

one identified using MAE for 20 min was similar, which was 6.67 kDa. With the same extraction 292 

concentration and extraction time, the molecular weight obtained by employing MAE was higher than 293 

UAE. SEC-HPLC analyses were carried out to determine the protein profile (Figure 4). A peak, 294 

referring to large molecular weight proteins (between 375 kDa and 520 kDa), was observed when UAE 295 

and MAE were employed. This peak was also detected after CE for 24 h, but not found after CE for 296 

10 min. In the chromatograms, the main peaks observed are those corresponding to smaller proteins 297 

or peptides in the range between 8.8 kDa and 1.8 kDa. Some short peptides (less than 1 kDa) were also 298 

detected.  299 

During extraction, acid and alkali can hydrolyse proteins into smaller proteins or shorter peptides, 300 

which results in lower molecular weight of proteins in the extracts. It has been studied that UAE can 301 

decrease the molecular weight of whey proteins significantly and narrow their distribution (Jambrak 302 

et al., 2014). However, in this work, the application of UAE and MAE generated similar 303 

chromatographic profiles and showed no major differences with the other extraction methods 304 

employed. 305 

 306 

3.5.2 Free amino acid profiling 307 

Table 5 shows the free amino acid (FAA) profile of proteins obtained from CE methods (10 min and 308 

24 h), UAE and MAE at both 0.2 M and 0.6 M concentrations. The result revealed that total free amino 309 

acid obtained at 0.6 M was significantly higher than at 0.2 M by the same extraction method, which 310 

indicated that more amino acid can be released at higher alkaline concentration. More FAA was 311 

detected by applying UAE and MAE than by CE with same extraction time. According to two-way 312 

ANOVA results, both factors and their interaction have a significant effect (P < 0.001) on the amount 313 

of FAA generated. Noticeable amount of Gly was found from the extracts of all the methods in the 314 
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range between 35.28% and 49.81%. Interestingly, extracts contained relatively high proportions of 315 

Asp (9.94-28.13%) and Glu (11.69-24.49%, depending on the extraction conditions), which are known 316 

to impart umami taste (Poojary et al., 2017). Thr, Leu, Lys and Phe were also identified to be present 317 

in some of the extracted samples. Thr was detected from all the extraction methods employed except 318 

CE for 10 min at 0.2 M. Leu, Phe and Tyr were only found by MAE and CE for 24 h at 0.6 M. None 319 

of Val, Met, Ile, His and Trp was detected regardless of the extraction techniques applied. The reason 320 

might be they are not present in the samples or remain unextracted at the extraction condition employed 321 

in the study.  322 

 323 

4. Conclusion 324 

In this study, ultrasound-assisted and microwave-assisted alkali-acid extractions were employed to 325 

enhance the protein extraction from CSS. Among the extraction techniques studied, MAE was found 326 

to generate the highest yield of protein recovery, 43.53% of recovery with an average molecular weight 327 

of 6.64 kDa. Comparing with the CE (10 min), the recovery yields were found a significant increase 328 

of 2.8-fold and 2.3-fold by applying UAE; while 5.8-fold and 7-fold by applying MAE at 0.2 M and 329 

0.6 M, respectively. It revealed that UAE and MAE can enhance the extraction efficiency. The present 330 

work shows that UAE and MAE have the potential to be a rapid and effective tool, as well as a positive 331 

modification of the conventional methods, for protein extraction from coffee silverskin.  332 
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Table 1 Proximate and mineral composition of coffee silverskin (data are expressed as g per 100 457 

g of dry weight) 458 

Coffee silverskin composition (g/100 g) 

Moisture 5.89 ± 0.46 

Protein 14.62 ± 0.23 

Fat 3.60 ± 0.29 

Ash 3.47 ± 0.39 

Dietary fibre 64.45 ± 1.63 

 Insoluble fibre 54.7 ± 0.85 

 Soluble fibre 9.75 ± 0.78 

Carbohydrate 7.97 ± 0.44 

Macrominerals  

 Ca 1.48 ± 0.05 

 K 1.21 ± 0.04 

 Mg 0.05 ± 0.01 

 Na 0.05 ± 0.01 

 Fe 0.04 ± 0.01 

  459 
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Table 2 Recovered protein (%) by alkali (0.6 M NaOH) and acid assisted extraction (0.6 M HCl) 460 

at different precipitation pH values 461 

pH NaOH (0.6 M)  HCl (0.6 M) 

pH 1.5 19.59 ± 0.07b 0.01 ± 0.00e 

pH 2.5 24.98 ± 0.04a 0.33 ± 0.01c 

pH 3.5 24.97 ± 0.07a 0.69 ± 0.02a 

pH 4.5 9.87 ± 0.10c 0.32 ± 0.01c 

pH 5.5 2.31 ± 0.07d 0.53 ± 0.04b 

pH 6.5 1.30 ± 0.03e 0.24 ± 0.02d 

pH 7.5 1.38 ± 0.03e 0.24± 0.01d 

Note: Values in the same column for percentage of recovered protein with different superscript letters 462 

are significantly different (P < 0.05).  463 
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Table 3 Protein recovery yield at different acid and alkali concentrations, followed by 464 

precipitation at pH 3.5. Average molecular weight is shown as well. 465 

Solvent % Recovered protein Average molecular 

weight (kDa) 

NaOH 0.2M 14.55 ± 0.14c 5.95 ± 0.03a 

NaOH 0.4M 18.84 ± 0.15b 6.12 ± 0.06b 

NaOH 0.6M 19.95 ± 0.37a 6.16 ± 0.02b 

HCl 0.2M 0.31 ± 0.02f n.d. 

HCl 0.4M 0.54 ± 0.02e n.d. 

HCl 0.6M 0.68± 0.03d n.d. 

 Note: Values in the same column for percentage of recovered protein with different superscript letters 466 

are significantly different (P < 0.05).  467 
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Table 4 Protein extraction yield and average molecular weight of CSS extracts after conventional sequential extraction (alkaline  acid), 

ultrasound- and microwave-assisted extraction methods. 

Extraction methods Extraction time Solvent concentration % Recovered protein  Average molecular weight (kDa) 

CE  10 min 0.2M 4.78 ± 0.71a 4.99 ± 0.02a 

0.6M 6.23 ± 0.23b 5.41 ± 0.01b 

24 h 0.2M 24.35 ± 1.90c 6.02 ± 0.04c 

0.6M 32.52 ± 0.82d 6.89 ± 0.04d 

UAE 10 min 0.2M 13.51 ± 1.35e 4.98 ± 0.32a 

0.6M 14.04 ± 0.63e 5.74 ± 0.04e 

MAE 

 

 

 

10 min 0.2M 27.92 ± 1.71c 6.50 ± 0.17f,g 

0.6M 43.53 ± 1.42f 6.64 ± 0.16g 

20 min 0.2M 36.88 ± 0.54g 6.32 ± 0.03f 

0.6M 39.95 ± 1.89h 6.67 ± 0.02g 

Note: Values in the same column for percentage of recovered protein with different superscript letters are significantly different (P < 0.05)  
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Table 5 Free amino acid profile of proteins extracted from coffee silverskin (% of total free amino acid) 

Amino  

acid  

Method of extraction 

NaOH (0.2M) NaOH (0.6M) 

CE (10 min) CE (24 h) UAE (10 min) MAE (10 min) CE (10 min) CE (24 h) UAE (10 min) MAE (10 min) 

Asp 28.13 ± 0.27 17.27 ± 1.28 23.99 ± 0.00 17.33 ± 0.49 18.49 ± 0.25 9.94 ± 0.10 16.05 ± 0.25  11.24 ± 0.11 

Glu 18.21 ± 0.72 11.69 ± 0.52 18.19 ± 0.07 14.67 ± 0.25 24.12 ± 0.13 12.49 ± 0.10 20.49 ± 0.19 13.09 ± 0.14 

Ser 7.36 ± 0.29 16.11 ± 0.21 7.20 ± 0.49 9.93 ± 0.29 9.66 ± 0.01  17.77 ± 0.06 11.84 ± 0.11 12.74 ± 0.26 

His - - - - - - - - 

Gly 35.28 ± 0.01 43.76 ± 0.56 40.27 ± 0.90 48.59 ± 1.01 37.67 ± 0.66 45.60 ± 0.02 41.34 ± 0.12 49.81 ± 0.27 

Thr - 2.02 ± 0.35 1.07 ± 0.09 0.48 ± 0.16 0.89 ± 0.12 2.85 ± 0.05 1.51 ± 0.08 1.73 ± 0.13 

Arg 1.35 ± 1.41 - 0.36 ± 0.45 0.61 ± 0.28 0.87 ± 0.28 0.48 ± 0.01 0.81 ± 0.29 0.64 ± 0.06 

Ala 10.23 ± 0.40 8.60 ± 0.02 9.11 ± 0.19 8.82 ± 0.03 8.31 ± 0.14 8.92 ± 0.11 7.95 ± 0.29 9.28 ± 0.20 

Tyr - - - - - 0.39 ± 0.01 - 0.26 ± 0.04 

Val - - - - - - - - 

Met - - - - - - - - 

Trp - - - - - - - - 

Phe - - - - - 0.32 ± 0.02 - 0.17 ± 0.06 



23 
 

Ile - - - - - - - - 

Leu - - - - - 1.00 ± 0.04 - 0.79 ± 0.09 

Lys 0.23 ± 0.00 0.07 ± 0.01 - - - 0.24 ± 0.01 - 0.25 ± 0.03 

Total 

(nmol/mL)  

169.91 ± 9.85 422.55 ± 52.13 230.98 ± 17.50 347.29 ± 9.11 338.41 ± 5.30 1134.49 ± 2.99 435.61 ± 1.80 1010.41 ± 19.43 
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Figure 1 Flow chart of sequential alkaline-acid extraction assisted by ultrasound and microwave.  
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Figure 2 Schematic diagram of ultrasound-assisted extraction assembly with ultrasound probe 

system (A – ultrasound generator, B – transducer, C – ultrasound cylinder probe, D – jacket 

beaker with sample - solvent mixture inside, E – refrigerated circulator, F – bubble cavitation 

phenomena).  
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Figure 3 Schematic diagram of microwave-assisted extraction (A – microwave oven, B – sealed 

beaker, C – condenser connected with refrigerated circulator).  
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Figure 4 SEC-HPLC chromatogram of protein profile obtained: (a) 0.2M CE (10 min); (b) 0.2M 

UAE (10 min); (c) 0.2M MAE (10 min); (d) 0.2M CE (24 h); (e) 0.6M UAE (10 min); and (f) 0.6M 

MAE (10 min). 


