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13 Abstract

14 This study aimed at understanding the effects of high pressure (HP) and ohmic heating (OH) on 

15 the peelability, the underlying mechanisms of HP- and OH-induced shell tightening, the thermal and 

16 structural properties of shrimp parts. HP improved the peelability of shrimp at low pressure level (<350 

17 MPa) and short holding time (≤3 min) and the optimum condition for peeling was at 100 MPa for 3 min 

18 at 5°C. However, a higher pressure level (>350 MPa) led to a decrease in the peelability. High pressure 

19 at 600 MPa stabilized cuticular and epidermal collagen and formed new collagen-like structures by new 

20 linkages, which strengthened the muscle-shell connection and reduced the peelability. Shrimp meat 

21 induced from HP at 100 MPa and 600 MPa had minorly denatured myofibrillar proteins. OH as a 

22 blanching method did not significantly improve the peelability of shrimp at most of the studied 

23 conditions. Some extreme conditions (e.g. at 50°C) caused a markedly low peelability due to occurrence 

24 of collagen gelatinization. The gel formation from collagen-gelatin transformation under heating added 

25 strength to adherence of shell to epidermis and muscle, as a consequence, a difficult peeling was 

26 experienced. OH also denatured proteins in shrimp meat and caused loss of astaxanthin.

27 Industrial relevance: The industrial processing of ready-to-eat shrimp involves the on-ice or in-brine 

28 maturation process which loosens the shrimp’s shell from its meat, and therefore enable the mechanical 

29 peeling. However, the traditional maturation is time consuming (up to 4 - 5 days), inevitably leads to 

30 reduced quality of shrimp meat. This study shows the possibility of the application of HP at mild pressure 

31 levels to promote the shell loosening at short HP processing time (≤3 min). However, at more severe HP 

32 conditions could lead to the shell tightening which was caused by HP-induced stabilization of collagen 

33 in shell and epidermis. The study also shows that ohmic heating (<5 min) might not be a significant 

34 blanching method to support the maturation since OH had minor positive effect on shell loosening at 
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35 some OH conditions (e.g. 2 or 10% NaCl, 92V, and 30 or 35°C), but had a counter effect at most OH 

36 conditions especially at high temperature.   

37 Keywords: shrimp; peeling; shell loosening; ohmic heating; high pressure; collagen 
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38 1. Introduction

39 Peeling is an important step in shrimp processing since the process can affect the yield, sensory, 

40 organoleptic and nutritional quality of final shrimp products (Dang et al., 2018a). The tight muscle-shell 

41 attachment causes difficulty in peeling freshly caught shrimp. Therefore, shell-loosening is needed to 

42 carry out as an essential pre-peeling step before the shrimp can be peeled in an automatic peeler. The 

43 most commonly used shell-loosening methods include empirical maturation of shrimp on ice and in brine 

44 for up to 4-5 days. However, as shrimp are highly perishable, such a long maturation could cause 

45 degradation in quality and risk of microbial growth in final products. A new method is therefore needed 

46 to both facilitate the peeling and meanwhile maintain the meat quality. In order to address the issue, our 

47 earlier studies (Dang et al., 2018b, 2018c) attempted to apply enzymes and/or ultrasound on shrimp 

48 peeling and quality, and found some positive results. Being inclined to green and novel application, more 

49 explorations have been continued to other emerging technologies, i.e. high pressure and ohmic heating. 

50 High pressure has increasingly gained interests among food researchers mainly due to its ability to 

51 improve food quality and safety (Dang et al., 2018a). Although some attempts have been made to apply 

52 high pressure in facilitating deshelling shellfish, e.g. oysters, clams, and mussels, (Bindu, Grinson, 

53 Kamalakanth, & Gopal, 2015; He, Adams, Farkas, & Morrissey, 2002; Hsu, Hwang, Chi, & Lai, 2010; 

54 Voisin, 2001), less attention has been paid on shrimp peeling. Scarcely, in an American Society of 

55 Agricultural and Biological Engineers meeting paper by Yang et al. (2010), HP was tested on peelability, 

56 tail integrity, drip loss and color changes of white shrimp (Penaeus vannamei Boone). It was found that 

57 HP at 200 MPa for three minutes improved those tested attributes. Particularly, HP-treated shrimp had 

58 the tail being less lost during peeling, drip loss being reduced by half, color remaining unchanged, all 

59 compared to untreated shrimp. Pressure appeared to promote water movement into the shrimp and to 

60 denature protein that enhanced water holding capacity due to exposure of water binding sites at the 
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61 protein surface. However, HP-induced changes in thermal-stable and structural properties of shrimp have 

62 not been investigated by far.

63 Ohmic heating is a thermal method which involves dissipation of electrical energy to heat, due to 

64 the electrical resistance of the food (Jaeger et al., 2016). Ohmic heating is used to precook, blanch, cook 

65 and sterilize vegetables, fruit, and meat (Allali, Marchal, & Vorobiev, 2010; Mesias, Wagner, George, 

66 & Morales, 2016; Sengun, Turp, Icier, Kendirci, & Kor, 2014; Zell, Lyng, Cronin, & Morgan, 2010). 

67 Ohmic heating is found to be efficient in tomato peeling (Wongsa-Ngasri & Sastry, 2015, 2016a, 2016b). 

68 The use of ohmic heating was addressed to a reasonably short time over traditional steaming, an improved 

69 diffusion of peeling media through tomato skin, an improved firmness of peeled tomato, and reduction 

70 of peeling agent (lye). However, based on our current knowledge, no previous studies have been 

71 conducted on shrimp peeling. The potential of ohmic heating on shrimp peeling was assumed and 

72 recommended for future investigation in a previous study on effect of ohmic heating on shrimp quality 

73 (Pedersen, Feyissa, Kavli, & Frosch, 2016). In comparison with conventional steam, ohmic heating was 

74 found to be more uniform and faster in cooking different parts of shrimp (head, body, and tail), 

75 comparable texture and drip loss, and less color difference (Lascorz, ToreIla, Lyng, & Arroyo, 2016; 

76 Pedersen et al., 2016).  

77 Proteins are the major components in shell and meat part of shrimp (Heu, Kim, & Shahidi, 2003; 

78 Rodde, Einbu, & Varum, 2008). Proteins are the main contributors to the textural and functional 

79 properties (e.g. texture, solubility, extractability, viscosity and water holding capacity), which are 

80 associated with the quality of shrimp (Herrero, 2008). Therefore, information on protein structure will 

81 provide a precise assessment on the textural and functional properties of shrimp. Spectroscopic methods 

82 have been used to obtain structural changes occurring during food processing (Herrero, 2008). 

83 Fluorescence spectroscopy is, for instance, a rapid and nondestructive technique exhibiting a huge 
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84 potential in food quality assessment based on descriptive and predictive methods (Karoui & Blecker, 

85 2011). In principle, a fluorescent molecule (fluorophore) absorbs energy of UV/VIS light at a specific 

86 wavelength and emits it at higher wavelength (Hassoun & Karoui, 2017). A excitation-emission matrix 

87 (EEM) forms a fluorescence landscape allowing to obtain more information about fluorophores present 

88 in the sample (Hassoun & Karoui, 2017). EEM fluorescence spectroscopy has been used to monitor the 

89 freshness of fish over a storage period by tracking changes in fluorescence intensity of certain intrinsic 

90 fluorophores (aromatic amino acids, lipids and pigments) of fish (Dufour, Frencia, & Kane, 2003; 

91 ElMasry et al., 2015; ElMasry, Nakazawa, Okazaki, & Nakauchi, 2016). Changes of fluorescence 

92 behavior during treatment (e.g. high pressure, heating) also allowed assessment of toughness of quality 

93 attributes such as palatability of beef meat (Swatland, Nielsen, & Andersen, 1995), and tenderness of 

94 beef meat (Egelandsdal, Wold, Sponnich, Neegård, & Hildrum, 2002). Fluorescence studies on meat and 

95 seafood reported in the literature are dominated by fluorophore of collagen, tryptophan, NADH, vitamin 

96 A, and fluorescent oxidation products (Hassoun & Karoui, 2017; Karoui & Blecker, 2011). Therefore, 

97 identifying changes of fluorophore behavior of shrimp during treatments (e.g. high pressure, ohmic 

98 heating, steaming, enzyme hydrolysis) may help assess the effect of the treatments on shrimp quality. In 

99 addition to fluorescence spectroscopy, Raman spectroscopy is also very useful for studying structural 

100 changes that occur during treatment (Herrero, 2008). By monitoring changes in spectral bands, one can 

101 obtain information about α-helix, β-sheet structures of protein, consequently predict the quality of food 

102 (Herrero, 2008). Raman spectra also give useful information on other biocomponents such as lipids, 

103 pigments, polysaccharides, water, calcites etc. (LiChan, 1996). 

104 The objective of this work was to study the effect of high-pressure treatment and ohmic heating on 

105 the peelability, the thermal and structural properties of body parts (shell and meat) of cold water shrimp, 

106 and to understand the mechanisms associated with peeling. 
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107 2. Materials and methods

108 2.1. Materials

109 Cold water shrimp (P. borealis) were provided by Royal Greenland A/S (Svenstrup, Aalborg, 

110 Denmark). The shrimp (160 – 200 shrimp/kg in size) were individually frozen, packed in carton packages 

111 and stored at −21°C. Fine table salt (NaCl) was obtained from a local supermarket (Copenhagen, 

112 Denmark). Endocut 03L (Endo3) and Tail21 enzyme preparations were obtained from Tailorzyme A/S 

113 (Sørborg, Denmark) and stored at 4 – 5°C until use. Endo3 is a food-grade endoprotease with broad 

114 specificity (60 Units/g) produced from Bacillus clausii whereas Tail21 is also a food-grade endoprotease 

115 but with high specificity (65 Units/mL) produced from fungi Rhizomucor miehei, as stated by the 

116 manufacturer.

117 2.2. High pressure

118 Frozen shrimp were thawed in tap water (~12°C) for 20 minutes. Thawed shrimp were packed in 

119 a Nalgene HDPE plastic bottle and the bottle was fully filled with chilled distilled water (5°C) and sealed 

120 with a cap. The bottle was placed in a pressure vessel submerged in hydrostatic fluid medium and 

121 pressurized in a Food Processing high pressure unit (QFP-6, Avure Technoliges AB, Vesterås, Sweden) 

122 between 100 – 600 MPa for 30 s – 3 min at 5 – 20°C. These selected ranges of parameters were based 

123 on the preliminary experiments in which peelability (by hand) and quality (texture and color by 

124 observation) of shrimp pressurized at extended ranges were considered. Immediately after high pressure 

125 treatment, shrimp were placed in ice water bath. 

126 Response surface methodology (RSM) based central composite design (CCD) was chosen to 

127 evaluate the effect of three processing conditions i.e. pressure (P, 100 – 600 MPa), time (t, 0.5 – 3 min), 

128 and temperature (T, 5 – 20°C) on peeling work. The complete design consisted of 18-treatment 
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129 combinations including four replicates at central point. Two replicates were conducted for 14 treatments 

130 at factorial points. Each treatment was performed on ten shrimp. Data analysis was performed using the 

131 software SAS 9.4 (SAS ® Institute Inc., Cary, New York). Experimental data were fitted to a second-

132 order polynomial model Eq. (1) and regression coefficients were obtained. 

Y = β0 +
3

∑
i = 1

βiXi +
3

∑
i = 1

βiiX2
i +

2

∑
i = 1

3

∑
j = i + 1

βijXiXj (1)

133 Where Y represents the response variable (peeling work, mJ/g), β0 is intercept, βi, βii, and βij are 

134 coefficients of the linear, quadratic and interaction effect, respectively. Xi and Xj are the independent 

135 variables (P, T, t).

136 2.3. Ohmic heating

137 A laboratory scale ohmic heater (BCH Ltd., Landcashire, UK) used to blanch shrimp consisted of 

138 a voltage regulator (0 – 230 V, 60 Hz, 40 A) suppling power to a rectangular polyethylene heating cell 

139 through two titanium electrodes positioned at two ends of the cell. The cell had inner width of 9.5 cm 

140 and inner length of 12 cm (also distance between the electrodes). Voltage and electric current were 

141 recorded by a built-in data logger system, and temperatures were monitored using a K-type thermocouple 

142 connected with TC-08 data logger (Pico Technology, Cambridgeshire, UK). 

143 Frozen shrimp (~120 g) were thawed in tap water bath for 20 min and then were placed into the 

144 heating cell. NaCl solution (400 mL, 2% or 10% w/v concentration) was prepared and added to ohmic 

145 heating cell and then the shrimp were placed within solution and heated to the desired temperature. The 

146 shrimp were heated to different temperature (30, 35, 40, 50 and 60°C) and at different voltages (92, 138 

147 and 184 V). Immediately after treatment, the shrimp were cooled in an ice water bath for 1 min before 

148 maturing in 2% NaCl for 24 h at 2°C. The matured shrimp were washed with ice water and then placed 

149 under ice cubes during peeling.    



9

150 2.4. Peelability

151 The shrimp peelability was measured using the method reported in our earlier study (Gringer et al., 

152 2018). In the present study, peeling work will represent the peelability of shrimp. Briefly, the three first 

153 abdominal segments of shrimp without legs were cut off, weighed (mi) and horizontally hold by a pin 

154 attached to a customized fixture. The edge of the C-shaped shell of the three-segment portion was 

155 clamped by a clip attached to the texture analyzer (TA, 1000-g cell load, Brookfield AMETEK Inc., 

156 Middleboro, Massachusetts, USA) as the probe. The tension test was implemented to vertically pull off 

157 the shell from the meat (the peeling process). After the peeling, the shrimp was classified as completely 

158 peeled or incompletely peeled, and peeling work was calculated. The completely peeled shrimp was the 

159 shrimp having no shells remaining on the meat. The incompletely peeled shrimp having any shells 

160 remaining on the meat. The peeling work (mJ/g shrimp) was defined as the work required to pull off the 

161 shell from the three abdominal segments. The lower peeling work corresponded to the easier peeling. 

162 The peeling work calculation was based on the force-distance curve by multiplying the force by the 

163 distance of shell pulling and dividing by the weight of the three segments (Eq.(2)). Only the peeling work 

164 obtained from the completely peeled shrimp are presented and evaluated. 

W =  
Fd
mi

(2)

165 Where: W (mJ/g) is the work. F (N) is force applied to peeling. d (mm) is distance pulling the shell off. 

166 mi (g) is initial weight of three segments with shell before peeling. 

167 2.5. Differential scanning colorimetry (DSC)

168 Two HP treatments: 100 MPa for 1.75 min at 12.5°C (HP100) and 600 MPa for 1.75 min at 12.5°C 

169 (HP600) and two OH treatments: 10% NaCl, 138 V, and 30°C (OH30) and 10% NaCl, 138 V, and 50°C 

170 (OH50) were selected to evaluate the thermal and structural properties. HP100 and OH30 represented 
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171 rather good peeling treatments in high pressure and ohmic heating, respectively, whereas HP600 and 

172 OH50 represented rather bad peeling treatments in high pressure and ohmic heating, respectively.  

173 DSC measurements were carried out with Mettler Toledo DSC I calorimeter, which is based on the 

174 heat flux principle. Calibration of heat flow and temperature was done with indium (Tm = 156.6°C, △Hfus 

175 = 28.5 J/g) and zinc (Tm = 419.5°C, △Hfus = 107.5 J/g) as standards. A sample of ~10 mg was placed in 

176 Mettler Toledo 40-μL standard aluminum crucible with pin and sealed with a lid. Measurements were 

177 made at 10°C/min scan rate in the temperature range 20-80°C. Two to four replicates per treatment were 

178 performed depending the availability of sample, and the results were presented as the average of the 

179 replicates. DSC thermogram analysis was carried out using STARe software (Mettler Toledo).

180 2.6. Spectroscopy

181 For better understanding of structural behaviors of shrimp parts (shell and meat) subjected to two 

182 main technologies: HP and OH, several other shrimp subjected to other techniques such as steam, 

183 Endocut 03L protease (Endo3), Tail21 protease (Tail21), and sodium chloride were added to 

184 spectroscopic measurements. Steam is a traditional thermal process and thus was selected to monitor the 

185 thermal effect in HP (if any) and OH. Shrimp were steamed for 90 s (shrimp temperature 90°C).  Endo3 

186 and Tail21 have been the most and least, respectively, effective enzymes in shrimp shell-loosening in 

187 our earlier study (Dang et al., 2018b), and were selected to evaluate the shell-loosening aspect and 

188 structural changes associated with shell-loosening. Shrimp were submerged in an enzyme solution (2% 

189 NaCl, 0.5% enzyme, and water) for 20 h at 5°C with continuous agitation. Sodium chloride (NaCl) was 

190 selected to evaluate ionic effect as well as mimic a commonly used maturation method in shrimp industry. 

191 Shrimp were submerged in 2% NaCl solution for 24 h at 5°C with continuous agitation. 
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192 2.6.1. Fluorescence spectroscopy

193 Fluorescence spectroscopic measurements were taken from the surface of shrimp parts (shell and 

194 meat) using a Cary Eclipse fluorescence spectrophotometer (Varian Inc., Palo Alto, California, US) 

195 through a double arm optical fiber probe bundle (C Technologies, Cedar Knolls, NJ). The probe was set 

196 at 45-degree angle and the sample end of the probe was kept at 5-mm distance from the sample. 

197 Excitation spectra were recorded in the 270-380 nm range with a 10-nm interval, and emission spectra 

198 were recorded in the 270 – 520 nm range with a 2-nm interval. The excitation and emission ranges were 

199 chosen based on preliminary survey scans. Both slit widths were set to 5 nm, and the scanning speed was 

200 12,000 nm/min. Intensity data were plotted in an excitation emission matrix (EEM). Four to seven 

201 measurements were performed on two to four shrimp for each treatment.

202 2.6.2. Raman spectroscopy

203 A Bruker RAM II Raman Spectrometer (Karlsruhe, Germany) was used to obtain the Raman 

204 spectra, which were acquired and processed with the Opus software (Bruker, Karlsruhe, Germany). 

205 Ground freeze-dried sample was placed on a stainless steel cup, and then laser light with power of 400 

206 mW was focused on the solid sample. Each spectrum was collected at room temperature under the 

207 following condition: 8 cm-1 resolution, 5-min scan time (~365 scans), over 3500 – 100 cm-1. The Raman 

208 spectra of each sample were obtained in triplicate and the results were recorded as the average of the 

209 triplicate. 

210 2.7. Data analysis 

211 One way and multiway ANOVAs and RSM analysis were performed using SAS statistical software 

212 (version 9.4, SAS ® Institute Inc., Cary, NY). Mean comparison among treatments was performed by 

213 Student-Newman-Keuls test.
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214 3. Results and discussion

215 3.1. High pressure on peelability

216 Pressure level is an essential parameter in any HP experiments. Its individual effect on shrimp 

217 peeling work when time and temperature are fixed at 1.75 min and 12.5°C is presented in Figure 1A. As 

218 seen, low pressure level (<350 MPa) offered a lower peeling work than that of control shrimp. However, 

219 its interactions with time and temperature in a HP system are of importance to optimize a processing 

220 condition.  

221 The peeling work of shrimp pressurized at various conditions was measured. The RSM results 

222 obtained from various high pressure treatments were fitted to Eq. (1) and a complete second-order 

223 polynomial regression model Eq. (3) was obtained. The ANOVA and lack of fit test showed that the total 

224 model was significant (p <0.05) for fitting the response, and adequately represented the real relationship 

225 between tested parameters and response (p lack-of-fit >0.05). The determination coefficient (R2) of the 

226 model was 0.51, which referred 51% of variations that could be explained by the fitted model (Figure 

227 1B). The linear and interaction effects were more significant than quadratic effects. Interaction between 

228 pressure and time was the most significant term (p = 0.047) in the model. Amongst the three factors 

229 studied, pressure had the most significant overall effect (p = 0.019) (i.e. sum of linear, quadratic, 

230 pressure-time interaction and pressure-temperature interaction effects of pressure factor), followed by 

231 pressurization time (p = 0.052) (i.e. sum of linear, quadratic, time-pressure interaction and time-

232 temperature interaction effects of time factor), and finally least important temperature (p = 0.676) (i.e. 

233 sum of linear, quadratic, temperature-pressure interaction and temperature-time interaction effects of 

234 temperature factor). 

W
= 11.11 ‒ 0.011P ‒ 0.895t ‒ 0.06T + 0.004Pt + 7.6 ∗ 10 ‒ 5PT + 0.088Tt + 9 ∗ 10 ‒ 6P2 ‒ 0.329t2 ‒ 0.005

T2

(3
)
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235 Where: P is pressure (MPa), t is time (min), and T is temperature (°C).

236 The contour response surface plots varying two independent factors when the third factor kept 

237 constant at its middle level are shown in Figure 1C-D. Increasing pressure or time resulted in increases 

238 in the peeling work, whereas temperature appeared to have less significant effect on peeling work. The 

239 peeling work decreased with decreases of pressure and time, reaching lowest peeling work (two lines 8 

240 in contour plot Figure 1C) at either a pressure of 100 – 200 MPa and time 2.5 – 3 min or 250 – 600 MPa 

241 and 0.5 min at fixed temperature of 12.5°C. When pressurization for 1.75 min at any temperature (5 – 

242 20°C), pressures from 100 – 350 MPa had similar effect to one another on peeling work, but increasing 

243 pressure at range 350 – 600 MPa resulted in increases in peeling work (Figure 1D). 

244 The calculation of lowest predicted peeling work was performed based on Eq. (3) in order to 

245 establish the optimum HP condition for peeling. The criteria for calculation included pressure range from 

246 100 to 600 MPa with 10-MPa interval, time range from 0.5 to 3 min with 0.1-min interval, and 

247 temperature range from 5 to 20°C with an interval of 1°C. The result showed that the optimum condition 

248 to obtain the lowest peeling work (6.6 mJ/g) was positioned at 100 MPa, 3 min and 5°C. This peeling 

249 work was 2.1 mJ/g lower than that of the control shrimp. However, the optimum condition was not 

250 validated by experiment, since it is out of scope of this study.

251 3.2. Ohmic heating on peelability

252 Effect of ohmic-heating blanching (OH blanching) on shrimp peeling work is shown in Table 1. 

253 Generally, OH blanching at most of studied conditions did not improve the peelability of subsequent salt 

254 matured shrimp. Comparing means of all samples showed that all OH-treated shrimp had similar or 

255 significantly higher peeling work than control shrimp (unblanched and matured in 2% NaCl for 24 h). 
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256 Three-way ANOVA showed that all the three OH parameters, i.e. salt concentration, voltage and 

257 temperature significantly influenced the peeling work. Interactions between salt and voltage and between 

258 salt and temperature were significant whereas interaction between voltage and temperature was not 

259 significant. Increasing voltage and temperature resulted in increases in the peeling working, probably 

260 due to transition of collagen into gelatin that was able to strengthen muscle-shell connection or fill 

261 existing shell-loosening gap (details described in section below). 

262 3.3. Shell and meat characteristics 

263 3.3.1. Thermal properties by differential scanning calorimetry (DSC)

264 DSC analysis was performed to understand thermal properties of shrimp parts after high pressure 

265 and ohmic heating treatments. Figure 2 shows the DSC thermograms of parts of shrimp after high 

266 pressure and ohmic heating treatments. For epidermis, the endothermic peak at ~55°C was seen in raw, 

267 HP100, HP600 and OH30 samples but disappeared in OH50. Two additional peaks at ~58°C and 69°C 

268 were seen in HP100 epidermis, and a small peak at ~65°C newly appeared in OH30. No peaks were 

269 observed in the OH50 thermogram, indicating that OH50 denatured all proteins in epidermis. The 

270 transition peak at 55°C was identified as sarcoplasmic and connective (collagen) proteins based on 

271 previous studies in shrimp (Schubring, 2009; Sriket, Benjakul, Visessanguan, & Kijroongrojana, 2007; 

272 Verhaeghe et al., 2016). The 55°C peak in raw epidermis shifted towards 56°C in OH30 epidermis and 

273 57°C in HP600. Additionally, enthalpy of transition increased from 0.07 J/g in raw epidermis to 0.19 J/g 

274 in OH30 and to 0.63 J/g in HP600 epidermis. The change in the endothermic peak temperature and the 

275 increased transition enthalpy suggest that OH30 and HP600 stabilized the structure of sarcoplasmic and 

276 connective proteins at different extent (Potekhin, Senin, Abdurakhmanov, & Tiktopulo, 2009). The 

277 existence of new peaks in the thermogram after high pressure treatment was also previously observed in 

278 pressurized fish muscle, which were attributed to the formation of structures that were stabilized by 
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279 hydrogen bonds (Angsupanich, Edde, & Ledward, 1999; Angsupanich & Ledward, 1998; Schubring, 

280 2005). When pressure level increased from 100 MPa to 600 MPa, the two peaks of 

281 sarcoplasmic/connective proteins merged to become a broader peak. This indicates that increasing 

282 pressure, at least to 600 MPa, led to an accelerated formation of new structures that were similar to native 

283 sarcoplasmic/connective proteins and an increased stabilization of native sarcoplasmic/connective 

284 proteins.

285 For shell, DSC thermograms displayed one large endothermic peak at 44 – 45°C in raw and all 

286 treated shells. The peak was assigned to the helix-coil transition temperature of collagen as the most 

287 abundant protein (60-75%) in total proteins of shrimp shell (Ong, Danujatmiko, Aylianawati, & 

288 Sudaryanto, 2014) and also the major structural protein found in skin and bone of all animals (Wasswa, 

289 Tang, & Gu, 2007). The transition temperature slightly decreased with increasing high pressure by a 

290 maximum of 0.8°C at the highest pressure level (600 MPa) compared to raw shell. However, the enthalpy 

291 change (∆H) and half-width temperature increased with increasing pressure, indicating pressure-induced 

292 stabilization of collagen structure. This pressure-induced stabilization was observed in pig acid-soluble 

293 collagen (Chen, Ma, Zhou, Liu, & Zhang, 2014; Potekhin et al., 2009) and bullfrog skin collagen (Nan 

294 et al., 2018). Some interpretations could be addressed to this phenomenon. Chen et al. (2014) suggested 

295 that high pressure at 500 MPa was speculated to form new hydrogen bonds between collagen and water 

296 and promoted the aggregation of collagen. Nan et al. (2018) attributed the stabilization to the dominance 

297 of axial pressure (pressure perpendicular to collagen axis) which compressed and strengthened the triple-

298 helix structure of collagen. The thermal stability of collagen could also be related to the state of 

299 intermolecular crosslinks that are of importance in stabilization and continuity of molecules of collagen 

300 (Kopp, Bonnet, & Renou, 1990). Accordingly, high pressure might introduce new crosslinks or promote 

301 stronger existing crosslinks, in effect stabilizing the collagen structure.



16

302 In contrast to HP-treated shells, both transition temperature and ∆H were lower in OH-treated shells 

303 than in the raw shell. This indicates that OH readily denatured cuticular collagen even at low temperature 

304 30°C to lesser extent and accelerating extent at 50°C. Due to a short holding time (~10 s) at 50°C in OH, 

305 the OH-induced denaturation of collagen was partial. Partial denaturation of collagen by OH could be 

306 the reason of increasing peeling work (Table 1) that challenged the shrimp peeling. When collagen is 

307 heated, intramolecular hydrogen bond breakage results in shrinkage of the collagen fibers, followed by 

308 solubilization and gelatinization (Kopp et al., 1990). The collagen gelatinization formed a gel that was 

309 able to glue the shell to the epidermis and the meat, consequently separation of the shell from meat was 

310 difficult. 

311 For muscle, a visible peak at ~39°C was present in raw muscle and other treated muscles, except 

312 for muscle treated with OH50. This peak was assigned to the denaturation temperature of myosin 

313 (Schubring, 2009). This temperature was higher than the  37.1°C reported by Schubring (2009) for the 

314 same shrimp species. The myosin peak slightly decreased with increasing pressure both in enthalpy and 

315 temperature values, indicating partial denaturation caused by high pressure. High pressure was also found 

316 to denature myosin of ocean perch, saithe, herring fish muscle (Schubring, 2005). Like high pressure, 

317 OH30 destabilized the structure of myosin, evidenced by decline in both enthalpy and temperature values 

318 of the myosin peak. OH50 completely denatured myosin and the peak disappeared. This finding is in 

319 agreement with the result from Schubring (2009) that the peak disappeared after preheating the shrimp 

320 muscle at 45°C. The DSC equipment used was not able to detect actin peak, yet actin was found to be 

321 more resistant to heat than myosin (Schubring, 2005). 

322 3.3.2. Raman spectra of shrimp

323 The main composition of shrimp meat (P. borealis) comprises of protein (84%, dry matter basis), 

324 lipid (2.5%, dry matter basis), ash (10%, dry matter basis) (Heu et al., 2003). The shell contains 33 – 
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325 40% protein (dry matter basis), 17 – 20% chitin (dry matter basis), and 34% ash (mainly calcium 

326 carbonate, dry matter basis) (Rødde, Einbu, & Vårum, 2008). Chitin is a modified polysaccharide that 

327 contains nitrogen in their polymerized N-acetylglucosamine structure (Raabe et al., 2006). Vibrational 

328 spectra of chitin and protein share many common peaks, especially amide groups. Characterization of 

329 the distinct peaks of chitin has previously been attempted by purification and fractionation (Hejazi, 

330 Behzad, Heidarian, & Nasri-Nasrabadi, 2018; Rahman & Halfar, 2014), but the results were not in 

331 agreement. Hejazi et al. (2018) reported that the peak at ~1540 cm-1 was one of indicative peaks for a 

332 complete protein removal, whereas Rahman and Halfar (2014) reported that peaks distinguished from 

333 the presence of collagen position in the fingerprint polysaccharide regions <900 cm-1. The inconsistence 

334 in the findings can arise from the difficulty of complete separation of chitin from collagen in a 

335 mineralized chitin-collagen matrix (Raabe et al., 2006). Under taxonomic point of view, lobster and 

336 shrimp belong to the crustacean group, therefore discussion concerning a mineralized chitin-collagen 

337 matrix of shrimp will refer to a mineralized chitin-collagen matrix of lobster reported by Raabe et al. 

338 (2006). In this context, the chitin nanofibril is coated by collagen fibrils, thus it is assumed that collagen 

339 will be more susceptible to treatments and that collagen will be addressed in discussion when analyzing 

340 spectra of shrimp shells. 

341 FT-Raman spectra of shrimp meat and shell subjected to high pressure, ohmic heating, steam, 

342 enzyme, and salt are presented in Figure 3. In general, structures of elements in meat were less 

343 susceptible to the treatments than structures in shell. As for meat, the band from 1625 to 1700 cm-1 was 

344 assigned to amide I, which is mainly due to C=O stretching and minor contribution from N-H in-plane 

345 bending (LiChan, 1996). The amide I band is useful for the investigation of secondary structure (LiChan, 

346 1996). The amide I peak was positioned at 1658 cm-1 for raw meat and all treatments except for OH50 

347 and steam. The peak shifted toward 1665cm-1 and became slightly broadened in OH50 and steam meat. 



18

348 The shifting and broadening during heating were indicators of the gradual loss of α-helix structure and 

349 increased formation of β-sheet and random coil (David, Foley, Mavon, & Enescu, 2008; Ngarize, 

350 Herman, Adams, & Howell, 2004), which was associated with heat denaturation. Thus, OH50 and steam 

351 denatured the meat proteins to some extent. OH50-treated meat reduced the peak intensity at 1518 cm-1, 

352 which, together with the peaks at 1156 and 1006 cm-1, are characteristics of carotenoids (mostly 

353 astaxanthin in shrimp) (Rau et al., 2017). This finding suggests that loss of some astaxanthin pigments 

354 in shrimp meat could occur either during ohmic heating at 50°C or during peeling. It is noteworthy that 

355 OH50-treated shrimp had a higher peeling work compared to the non-OH treated control shrimp (9.8 

356 mJ/g vs 4.2 mJ/g, respectively) and being difficult to peel, thus attempts to pull the shell off probably 

357 removed some surface pigments on shrimp meat. Interestingly, the overall spectrum of Endo3-treated 

358 meat was similar to that of raw meat, suggesting that the most shell-loosening effective enzyme did not 

359 affect the meat quality of shrimp. 

360 As seen from Figure 3, more peaks in the Raman spectra of the shell were affected by the 

361 treatments. Heat denaturation of protein (mainly collagen) happened to steam and OH50 shells, 

362 evidenced by the shifting and broadening of the amide I peak (1658 cm-1). The characteristic peaks of 

363 carotenoids (1518, 1158, and 1004 cm-1) in shells treated with OH50 and Tail21 increased in intensity 

364 compared to other samples, indicating an increase of carotenoids in OH50- and Tail21-treated shell. The 

365 increased pigments in OH50 shell were likely transferred from the meat. As mentioned above, OH50-

366 treated meat lost a certain amount of carotenoids. The pigment transfer was indeed due to the difficult 

367 peeling of OH50-treated shrimp. The attempts to pull off the shell from the meat of an insufficiently 

368 shell-loosened shrimp resulted in the pulling off some meat that were attached tightly to the shell. 

369 Pigments adhered in the pulled meat were therefore lost in the remaining meat (Raman spectra obtained) 

370 but appeared in the shell (Raman spectra obtained). The increased pigments in Tail21 shell were 
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371 enzymatically liberated from protein-pigment binding. The peaks at 1374 and 1079 cm-1 disappeared in 

372 OH50 shell, indicating CaCO3 decreased by ohmic heating 50°C (Chen, Yang, Zhong, & Yan, 2017). 

373 The peak at 760 cm-1 was found to be diminished in samples containing NaCl in their maturation solution, 

374 i.e. NaCl, Endo3 and Tail21, and this peak was assigned to tryptophan (Nonaka, Lichan, & Nakai, 1993). 

375 The peak 1448 cm-1 contributed by CH2-CH3 bending in protein (Alimova et al., 2009) was slightly more 

376 intense in OH50 and HP600 samples. This peak was insensitive to changes in protein secondary structure 

377 but sensitive to the concentrations of CH2 and CH3 groups. The change of this peak was likely caused by 

378 the formation of new components in the biological system (Alimova et al., 2009). 

379 3.3.3. Fluorescence spectra of shrimp

380 The excitation-emission fluorescence landscapes of shrimp meat and shell are presented in Figure 

381 4. Three dominant peaks 300/350 nm (λEx max/λEm max), 330/410 nm and 330/490 nm were present in both 

382 meat and shell and were assigned to tryptophan (the first peak) and collagen (the second and third peaks) 

383 (Andersen & Wold, 2003; ElMasry et al., 2016). The signal of tryptophan was stronger in raw meat than 

384 raw shell, whereas the signal of collagen was weaker in raw meat than in raw shell. This result suggests 

385 that shrimp meat consisted of more tryptophan and less collagen than shell does. The signal of tryptophan 

386 became stronger when meat were treated with high pressure 100 and 600 MPa, ohmic heating 50°C, 

387 steam, enzymes Endo3 and Tail21, and NaCl, and when shell treated with all studied treatments. In meat, 

388 tryptophan fluorescence appeared to be highly dependent on temperature and pressure since the intensity 

389 was markedly high in high-level pressure and high-level temperature samples (i.e. HP600, OH50, and 

390 steam). Moreover, the maximum emission of tryptophan fluorescence shifted from 340 nm in native meat 

391 to 346 nm in the meat treated with the three treatments. This shifting (also known as red shift) indicates 

392 that the exposure degree of tryptophan residues to the surrounding environment increased and the 

393 conformation of protein changed (Vivian & Callis, 2001). Tryptophan residue is essentially buried in the 
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394 interior of the protein by other residues (also called quencher) (Vivian & Callis, 2001). The use of high 

395 temperature or pressure partially or completely unfolded protein and granted water accessibility to 

396 tryptophan. Indeed, the Raman spectra provided another evidence of this temperature/pressure 

397 denaturation of protein by the shifting and broadening of the amide I band as discussed above. Unlike 

398 heating, steaming and high pressure, although fluorescence of Endo3-, Tail21- and NaCl meat increased 

399 compared to raw meat, there was no red shift of emission wavelength. Therefore, the interpretation for 

400 the intensity increase might be related to the modification of surface hydrophobicity of protein caused 

401 by ionic effect from salt. It is noteworthy that Endo3 and Tail21 solution each contained 2% NaCl, equal 

402 to concentration of NaCl sample. Jiang et al. (2015) reported that ionic effects from salt loosened the 

403 protein structure and resulted in the modification of surface amino acid distribution, i.e. more fluorescent 

404 amino acid residues exposed on the surface of protein.

405 Peaks at 330/390 nm, 330/410 nm and 330/490 nm excitation/emission wavelengths were assigned 

406 to collagen type V (the first peak) and collagen type I (the latter two peaks) (Andersen & Wold, 2003). 

407 Both collagen type I and V were abundantly found in shrimp shell, whereas only collagen type I was 

408 found in shrimp meat. Collagen from shrimp shell was similar to collagen from salmon with respect to 

409 autofluorescence characteristics studied by Andersen and Wold (2003). Fujimoto, Akiba, and Nakamura 

410 (1977) reported that collagen crosslinks, e.g. pyridinoline, was responsible for collagen fluorescence.

411 Collagen fluorescence was more intense in all treated shells than in raw shell. When interpreting 

412 predominance of collagen, some authors linked it to energy transfer or absorbance of other compounds. 

413 In the angle of energy transfer, pressure resulted in hindrance of energy transfer from red pigments 

414 (predominantly astaxanthin) to collagen molecule (Foguel, Chaloub, Silva, Crofts, & Weber, 1992). In 

415 the angle of absorbance of other compounds, Andersen and Wold (2003) discussed that because these 

416 red pigments absorbed light strongly in the region 350 – 520 nm, re-absorbance of collagen fluorescence 
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417 might occur, thus fluorescence intensity of collagen was weaker in pigmented materials than non-

418 pigmented materials. In both explanations, pigments were associated with the intensity of collagen 

419 fluorescence. In contrast, in the present study, the pigments were not found to affect the collagen 

420 fluorescence. For instance, high pressure increased the fluorescence intensity of shell (fluorescence 

421 examined), but the pigments were almost unchanged (Raman examined). Therefore, the increased 

422 fluorescence of high-pressure-induced shell may not relate to the pigments. In this context, 

423 conformational changes of collagen structure might be the cause of changes in its fluorescence intensity. 

424 Shells treated with proteolytic enzymes (Endo3 and Tail21) both had collagen intensity increased 

425 as compared to raw shell. This increase was in good agreement with previous studies (Deyl, Sulcova, 

426 Praus, & Goldman, 1970; Fujimori, 1989), where enzymatic liberation of fluorescent amino acids or 

427 crosslinks was attributed to the phenomenon.    

428 3.3.4. Mechanism of shell tightening

429 For high pressure, secondary structure of collagen in HP-treated shells, irrespective of pressure 

430 level, was not modified, which was evidenced by the unchanged amide I peak as compared to raw shell 

431 in Raman spectra. While the secondary structure was intact, the triple-helix structure of collagen was 

432 stabilized by high pressure (100 – 600 MPa), evidenced by increased helix-coil transition enthalpy. This 

433 stabilization could be explained by HP-shortened intramolecular and intermolecular hydrogen bonds and 

434 strengthened natural intermolecular crosslinks (HP100) or formation of new crosslinks (HP600). The 

435 new crosslinks or stabilized crosslinks emitted much stronger fluorescence in HP shells compared to raw 

436 shell. The difficulty in peeling shrimp at high pressure level therefore could be explained by interactions 

437 or crosslinks either strengthen the existing bonds or form new bonds, in both cases, could interact or link 

438 with materials in epidermis or meat, and consequently peelability was low (Figure 5).
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439 For ohmic heating, secondary structure of collagen in OH50-treated shell was modified in which 

440 some α-helices are lost, evidenced by the blue shift of amide I peak, meaning that partial denaturation 

441 took place. The partial denaturation was also confirmed by DSC curve, in which transition temperature 

442 and enthalpy of collagen decreased as compared to raw shell. In excess water medium, partial 

443 denaturation of collagen also means partial gelatinization of collagen to gelatin. This gelatinization could 

444 contribute to the difficulty of peeling for shrimp preheated at high temperature (Figure 5). Although 

445 collagen structure has been unfolded to some extent, the fluorescence intensity of collagen was still 

446 stronger than raw shell. This suggests that the fluorescence intensity was sensitive to partial denaturation. 

447 A possible explanation for strong fluorescence of OH shell was that the partial denaturation exposed 

448 some hydrophobic bonds and crosslinks in the core of collagen to the surface, facilitating access to laser 

449 light.

450 4. Conclusion

451 Effects of high pressure and ohmic heating on peelability, thermal and structural properties of 

452 shrimp parts (shell and meat) were studied. For high pressure, mild HP conditions (pressure <350 MP, 

453 holding time ≤3 min) reduced the peeling work compared to raw shrimp, but increasing pressure and 

454 time led to an increase in the peeling work. Based on a RSM prediction model, an optimum condition of 

455 best peeling was obtained, i.e. 100 MPa for 3 min at 5°C, under which a peeling work of 6.6 mJ/g was 

456 needed to peel the shrimp. DSC thermogram and spectroscopic spectra showed that pressurizations at 

457 both 100 and 600 MPa minorly denatured myofibrillar proteins (myosin and actin) in meat, and HP600 

458 obviously stabilized connective proteins (collagen) in epidermis and shell. The pressure-induced 

459 stabilization of collagen structure could be resulted from shortening existing hydrogen bonds and forming 

460 new hydrogen bonds in the triple-helix structure and/or stabilizing intermolecular crosslinks between 

461 collagen molecules. This resulted in a high peeling work of shrimp treated with high pressure level. 
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462 Ohmic heating as a blanching method did not improve the peelability of shrimp, and at some extreme 

463 conditions (high temperature, voltage, salt concentration) the peeling work was much higher than the 

464 control. Collagen gelatinization was responsible for this difficult peeling. When shrimp was ohmic heated 

465 at a temperature higher than the shell collagen transition temperature (45°C), the triple-helix structure of 

466 collagen molecule started to unfold into random coils that were able to reassemble into a gel matrix at 

467 cooling condition. The gel glued the muscle-shell connection even stronger than the native connection. 

468 Ohmic heating also denatured proteins in shrimp meat and caused loss of astaxanthin. 
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637 Table 1. Effect of ohmic heating on shrimp peelability

Salt Voltage Temperature Peeling Work Three-way ANOVA
(%) (V) (°C) (mJ/g) Effect term p value
0 0 0 4.2 ± 2.1de Salt <0.0001
2 92 30 4.7 ± 1.9de Voltage <0.0001
2 92 35 4.0 ± 1.9de Temperature <0.0001
2 92 40 4.4 ± 1.4de Salt*Voltage 0.0096
2 92 50 5.5 ± 2.0bcde Salt*Temperature 0.0005
2 138 30 4.0 ± 1.2de Voltage*Temperature 0.1649
2 138 35 5.4 ± 3.0bcde Salt*Voltage*Temperature 0.1857
2 138 40 4.3 ± 1.5de Model <0.0001
2 138 50 6.2 ± 2.0bcd

2 138 60 6.1 ± 2.0bcd

2 184 30 5.2 ± 2.5bcde

2 184 35 5.0 ± 2.4cde

2 184 40 4.3 ± 1.2de

2 184 50 5.7 ± 1.8bcde

2 184 60 5.5 ± 1.4bcde

10 92 30 3.5 ± 1.2e

10 92 35 5.5 ± 1.4bcde

10 92 40 5.4 ± 2.0bcde

10 92 50 6.2 ± 2.1bcd

10 138 20 4.4 ± 1.8de

10 138 30 5.6 ± 2.3bcde

10 138 35 6.2 ± 2.3bcd

10 138 40 7.2 ± 2.5bc

10 138 50 9.8 ± 1.9a

10 138 60 9.9 ± 2.5a

10 184 20 4.6 ± 1.7de

10 184 30 5.6 ± 2.0bcde

10 184 35 5.8 ± 2.6bcde

10 184 40 6.1 ± 2.1bcd

10 184 50 7.5 ± 3.1b

638 Values in the same column with different letters are significantly different at p <0.05, based on Student-

639 Newman-Keuls test. 



32

 
100 200 300 400 500 600Control

8.0

8.5

9.0

9.5

10.0

10.5

O
bs

er
ve

d 
pe

el
in

g 
w

or
k 

(m
J/

g)

Pressure (MPa)

640 Figure 1. High pressure effect on shrimp peelability. (A) individual effect of pressure level on peeling 

641 work when fixing time at 1.75 min and temperature at 12.5°C, (B) observed vs. predicted values for 

642 peeling work obtained by response surface method, (C-D) contour plots of paired interaction of HP 

643 conditions on peeling work.
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°C     44.9          44.6              44.1              44.0             43.6
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J/g    0.16          0.10              0.11               0.08             ND
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644 Figure 2. DSC thermogram of parts of shrimp under different conditions of high pressure and ohmic 

645 heating processing. Raw, control shrimp; HP100, high pressure at 100 MPa; HP600, high pressure at 600 

646 MPa; OH30, ohmic heating at 30°C; and OH50, ohmic heating at 50°C. Vertical dash line marks the 

647 transition temperature of raw shrimp. ND = not detected, J/g = unit of enthalpy change (∆H), °C = unit 

648 of transition temperature of the peak marked with the dash line.
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649 Figure 3. Raman spectra of meat and shell subjected to different treatments. Each spectrum is an average 

650 of three spectra from three shrimp. Peaks with an arrow and numeric label are peaks modified by one of 

651 the treatments in terms of intensity and visibility. 
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652

653 Figure 4. Fluorescence landscapes of shrimp meat and shell subjected to different treatments. Inset 

654 figures in meat set represent emission fluorescence spectra of tryptophan at 300-nm excitation, and the 

655 red dash line positions at 340-nm emission. Color bars on the right indicates the fluorescence intensity.
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656 Figure 5. Proposed mechanism of shell tightening of shrimp caused by extreme conditions of high 

657 pressure (600 MPa) and ohmic heating (50°C).




