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ABSTRACT  16

BACKGROUND: hydrolysates from collagen of the jumbo squid Dosidicus gigas tunics 17

have shown excellent angiotensin I converting enzyme (ACE) inhibitory activity, however,18

peptides directly included in food systems may suffer a decrease in activity, which could 19

be minimized by loading them into nanoliposomes. 20

RESULTS: a fraction of peptides with molecular weights <1 kDa, obtained from 21

hydrolyzed squid tunics, with reasonably high ACE-inhibitory activity (half maximal 22

inhibitory concentration IC50 = 0.096 g·L-1), was encapsulated in phosphatidylcholine 23

nanoliposomes. The peptide concentration affected the encapsulation efficiency and the 24

stability of the resulting liposomes, which remained with a high zeta potential value (-54.3 25

mV) at least for one week at the most convenient peptide concentration. The optimal 26

peptide concentration was established at 1.75 g·L-1. Liposomes obtained with this peptide 27

concentration showed an encapsulation efficiency of 53 %, a zeta potential of -59 mV, an 28

average diameter of 70.3 nm, and proved to be stable in a pH range between 3 and 7 at 4 29

ᵒC.  30

CONCLUSION: liposomes containing ACE-inhibitory peptides were incorporated in fish 31

gelatin without detriment to the rheological properties and thermal stability of the resulting 32

cold-induced gel. The ACE-inhibitory activity of the peptide fraction, which was not 33

affected by the encapsulation process, conferred the bioactive potential to the 34

nanoliposome–containing gelatin gel. 35

KEYWORDS: Peptides; Squid collagen; ACE-inhibitory activity; Nanoliposomes; 36

Fish gelatin 37

38
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39

INTRODUCTION 40

Liposomes are colloidal vesicular structures composed of one or more lipid bilayers that are 41

used as carriers of drugs, peptides, proteins, plasmid DNA, antisense oligonucleotides or 42

ribosomes, for pharmaceutical, cosmetic, and biochemical purposes 1. The phospholipid-based 43

liposomes have the ability to act as carriers for both lipophilic and hydrophilic drugs and have 44

been used as a potential drug delivery system in tumor targeting, gene and antisense therapy, 45

genetic vaccination, immunomodulation, and for topical products 2,3. In the field of food 46

industry, liposomes may offer a potential solution to enhance the efficacy and stability of 47

bioactive substances such as proteins, enzymes, vitamins, antioxidants, carotenoids, minerals 48

and flavors which could be included in the formulation of functional foods 4-7.  49

Gelatin is a natural polymer widely used in the industry in a broad variety of products, and 50

commonly used for pharmaceutical and medical applications because of its biodegradability 51

and biocompatibility in physiological environments 8. Gelatin itself may be considered a 52

highly-digestible dietary food, ideal as a complement in certain types of diet. Most 53

commercial gelatins are derived from mammalian sources, mainly pigskin and cowhide, but 54

due to socio-cultural and health-related concerns, marine gelatins are increasingly demanded 55

9. For technological purposes, gelatin can be used as an ingredient to improve the elasticity, 56

consistency and stability of foods, and therefore its functionality depends largely on the 57

rheological properties 10. Upon cooling, gelatin chains in solution give rise to the formation of 58

networks, result of the ability of gelatin molecules to re-form the native collagen structure 11. 59

The extent of cross-links and hydrogen bonds formed greatly influences both the gel strength 60

and the thermal stability, which are the main quality indicators of a commercial gelatin 12. 61

Nevertheless, the gel properties may be affected by the presence of other components, such as 62
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low molecular weight compounds or other food biopolymers that can interact with gelatin 63

chains 13. 64

The use of lipids for reinforcement of gel systems has been reported for different protein 65

matrices suggesting that, in non-interactive systems, lipid droplets might fill pores in the gel 66

matrix without actively interacting with the protein-based network 14. There is evidence that it 67

is possible to incorporate liposome-loaded bioactive compounds into the pores of the gel 68

matrix in gelatin systems improving their release over prolonged periods of time 2. However, 69

scarce information is available regarding the effect of liposomes on the rheological properties 70

of gelatin gels 15, especially when focused as a functional food with potential bioactive 71

properties. 72

Antihypertensive peptides are peptide molecules which may lower blood pressure when 73

ingested through inhibition of vasoactive enzymes such as the angiotensin converting enzyme 74

(ACE) 16. Synthetic ACE-inhibitors, such as Captopril, Enalapril, etc. are being used 75

extensively in the treatment of hypertension and heart failure in humans. However, these 76

compounds are believed to produce certain side effects such as coughing, taste disturbances, 77

skin rashes or angioneurotic edema 17. Therefore, much work has concentrated on finding 78

natural sources of ACE-inhibitors, such as food proteins, which though less potent that the 79

synthetic ones are without known side effects. Reasonable potent ACE-inhibitory 80

hydrolysates and peptides have been obtained from diverse collagenous materials from marine 81

origin 12. Specifically, hydrolysates from collagen of the jumbo squid Dosidicus gigas tunics 82

have shown excellent antioxidant and ACE-inhibitory activities 18,19. Dosidicus gigas is the 83

largest ommastrephid squid and it is endemic to the eastern Pacific 20. The big size of the 84

mantle together with the fact that it is usually marketed as cleaned and peeled mantle, imply 85

the generation of large amounts of collagenous wastes, which after convenient and eco-86
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friendly enzymatic hydrolysis, could yield high value-added products in the form of bioactive 87

peptides, with promising health benefits for nutritional or pharmaceutical applications.  88

However, within the organism, a large number of peptides are degraded before reaching its 89

target 21. Liposome entrapment represents a way to stabilize bioactive compounds against a 90

range of environmental and chemical agents. Peptides directly included in food systems may 91

suffer a decrease in activity as a result of proteolytic degradation or interactions with food 92

components, which could be minimized by loading them into nanoliposomes 22. An important 93

area of functional food development concerns the encapsulation of bioactive compounds in 94

liposomes to protect them from a range of environmental, enzymatic and chemical changes 95

that may lead to the loss of their bioactivity. Gelatin is considered as a model system for the 96

incorporation of peptide-containing liposomes in this study, since it is widely used in the food 97

industry, both as a final product in a wide variety of desserts and also as an ingredient in 98

processed food due to its well-known binding properties or hydrogel formation. 99

The aims of this work were: (i) to encapsulate a low molecular weight peptide fraction (< 1 100

kDa) with ACE-inhibitory activity from jumbo squid tunics into phosphatidilcoline 101

nanovesicles at the most suitable concentration, and (ii) to study the gelling behavior and 102

potential antihypertensive activity of a gelatin gel incorporated with the peptide-containing 103

liposomes. 104

MATERIALS AND METHODS 105

Materials 106

Frozen tunics of jumbo squid (Dosidicus gigas) were provided by PSK Océanos, S.A. (Vigo, 107

Spain), Angiotensin-I converting enzyme (ACE; EC 3.4.15.1, 1 U), hippuryl-L-histidyl-L-108

Leucine (HHL), and hippuric acid (HA) were purchased from Sigma-Aldrich (St. Louis, MO, 109
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USA). Esperase (EC 232.752.2, 8.0 L) was supplied by Novozymes (Bagsvaerd, Denmark). 110

NaOH was obtained from Panreac (Madrid, Spain). Crude soybean lecithin was provided by 111

Solae S.A. (Esteio, Brazil). A commercial warm water fish gelatin was purchased from Lapi 112

Gelatin S.P.A. (Empoli, Florence, Italy). 113

Enzymatic hydrolysis 114

Lyophilized squid tunics were subjected to hydrolysis with Esperase using a pH-stat (TIM 115

856, Radiometer analytical, Villeurbanne, France), with an enzyme-substrate ratio of 1:100 116

(w:w) at the optimal conditions for enzymatic activity (pH 8, 60 ºC) for 3h. The pH of the 117

reaction was kept constant by continuous adding of a 0.1 N NaOH solution to the reaction 118

medium. Afterwards, the enzymes were inactivated by heating the mixture at 90 ºC for 10 119

min. 120

Ultrafiltration 121

The hydrolysate obtained from squid tunics was fractionated by ultrafiltration with molecular 122

weight cut-off (MWCO) membranes of 1 kDa (Omega 1 kD CentramateTM cassette medium 123

screen channel, Pall Corporation, Madrid, Spain). The resulting permeate was freeze-dried 124

and stored at -80 ºC until analysis (maximum one week). The peptide fraction obtained was 125

designated as P1. 126

Purification of crude soybean lecithin 127

The crude soybean lecithin (10 g) was dissolved in 50 mL of ethyl acetate (99.8 %; Merck, 128

Darmstadt, Germany). Then, distilled water (2 mL) was added slowly and under agitation, 129

resulting in the formation of two phases. The upper phase was separated from the lower phase 130

and discarded. The lower phase was washed with 30 ml of acetone (99.9 %) twice. The 131
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precipitate was vacuum-filtered and dried in a desiccator. The product obtained was partially 132

purified phosphatidylcholine (PC). 133

Liposome production  134

The encapsulation of the peptide fraction was carried out following the film hydration 135

method, as reported previously 23. Phosphatidylcholine (0.15 g) was dissolved in 10 mL of 136

chloroform (99 %) in a round-bottom flask and the organic solvent was removed by rotary 137

evaporator until a thin film was formed on the walls. Traces of organic solvents were removed 138

by storage in desiccator under vacuum for 18 h. P1 was dissolved in phosphate buffer (10 139

mM, pH 7) at varying concentrations, and 5 mL were added to disperse the resulting dried 140

lipid film. Six concentrations of P1 between 0.5 and 3 g·L-1 were tested, taking into account 141

the zeta potential and the entrapment efficiency of the encapsulated product to determine the 142

optimum peptide concentration. These mixtures were vortexed above their phase transition 143

temperature (60 ºC) to produce multilamellar lipid vesicles (MLVs). Sonication of the 144

preparation (in order to reduce the size and homogenize liposomes) was carried out in an 145

ultrasonic cell disrupter (Model Q700, Qsonica sonicators, Newton, CT, USA) with a power 146

rating of 700 W (100 % amplitude), where the MLV were exposed to five cycles of sonication 147

for 1 min, followed by 1 min stopped to allow sample cooling. The peptide fraction 148

encapsulated in the nanovesicles at the selected concentration of 1.75 g·L-1 was designated as 149

LP1. The peptide-loaded liposome suspension (LP1) was filtered through 0.22 m membrane 150

(Millex-GP Syringe Filter Unit, Millipore, USA). 151

Entrapment efficiency 152

Sephadex filtration method was performed to separate free peptides (P1) from encapsulated 153

peptides (LP1). A glass-column (350 mm high x 7 mm diameter) was packed with 8 mL of 154
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drained resin Sephadex® G-100 (Pharmacia Biotech, Uppsala, Sweden). The column was 155

eluted with 10 mM phosphate buffer pH 7.0 as mobile phase. Fractions of 0.5 mL were 156

collected for measurement. Prior to the start of the test, 10 ml of a suspension with empty 157

liposomes (without peptides) was passed through the column to avoid liposome disruption 158

during further elution. Entrapment efficiency (EE) was evaluated by determining the amount 159

of protein in each one of the collected fractions by the Lowry method 24. Data were analyzed 160

with Origin 8SR0 data analysis software version 8.0724 (OriginLab Corporation, 161

Northampton, MA 01060 USA). Data obtained were plotted and areas of curves representing 162

P1 and LP1 concentration were determined (output timing of each of them were determined in 163

a previous analysis). The EE was calculated using the following equation: 164

EE= (LP1 area/(free P1 area + LP1 area)) x100. 165

Characterization of nanovesicles 166

Liposome size and polydispersity index (PDI) were determined by Dynamic Light Scattering 167

(DLS) in a Zetasizer nano-ZS (Malvern Instruments Ltd, Worcestershire, UK), using Laser 168

Doppler Electrophoresis (LDE). Average diameter was provided as z-average. Both 169

measurements were carried out after dilution of the formulations in 10 mM phosphate buffer, 170

to avoid particle aggregation. To determine the liposomal stability at pH 7 as a function of 171

time, DLS measurements were performed on the newly prepared liposomes (t0) and after one 172

week of storage at 4 ºC (t1). 173

Stability of liposomes at different pH 174

The liposomal solution (10 µL) was diluted into 10 mL of different buffers and stored at 4 ± 175

0.5 ºC. Hydrochloric acid-potassium chloride buffer 0.05 M was used at pH 1 and 2; citrate-176

phosphate buffer 0.05 M was used at pH 3, 4, 5 and 6; phosphate buffer 0.05 M was used at 177
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pH 7 and 8. After 24 h of incubation with the different buffers, the zeta-potential was 178

measured as described above. 179

Incorporation of nanovesicles in gelatin 180

Fish gelatin was dissolved at 40ºC at 66.7 g·L-1  in phosphate buffer (10 mM, pH 7) 181

containing free (P1) or encapsulated peptide fraction (LP1) at increasing concentrations 182

ranging from 0.175 to 1.75 g·L-1. Thus, P1 or LP1 concentrations (g·kg-1 dry gelatin) were a) 183

2.62 g·kg-1, b) 6.56 g·kg-1, c) 13.12 g·kg-1 and d) 26.24 g·kg-1. The same gelatin solution 184

without added peptides (P1 or LP1) was used as control (G). 185

Dynamic oscillatory study 186

Viscoelastic properties were performed on a Bohlin CRS-10 controlled stress rheometer 187

rotary viscometer (Bohlin Instruments Ltd, Gloucestershire, UK) using a cone-plate geometry 188

(cone angle 4 °, gap = 0.15 mm). A dynamic frequency sweep was done at 4 ºC by applying 189

an oscillation amplitude within the linear region (strain γ = 0.005) over the frequency range 190

0.1-10 Hz. The elastic modulus (G’; Pa) and viscous modulus (G’’, Pa) were plotted as a 191

function of angular frequency. To characterize the frequency dependence of G’ over the 192

limited frequency range, the power law 25 was used: 193

G’ = G0’ωn194

where G0’ is the energy stored and recovered per cycle of sinusoidal shear deformation at an 195

angular frequency of 1 Hz, ω is the angular frequency and n is the power law exponent that 196

should be near-zero for gels exhibiting an ideal elastic behavior 26.  197
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The dynamic temperature sweep was done by cooling and heating from 5 to 40 ºC and back to 198

40 ºC, at a scan rate of 1 ºC·min-1, frequency of 0.5 Hz and oscillating target strain γ = 0.005. 199

The elastic modulus (G’, Pa) was plotted as a function of temperature.200

ACE-inhibitory activity 201

Reverse-phase high performance liquid chromatography (RP-HPLC) was used to determine 202

the ACE-inhibition capacity of the non-encapsulated (P1) and encapsulated (LP1) peptide 203

fraction, according to the method described by Alemán et al 27. The total reaction volume was 204

230 μL, made up of 50 μL of 5 mM HHL (Hippuryl-L-Histidyl-L-Leucine), 160 μL of 0.025 205

U/mL of ACE and 20 μL of sample at different concentration (all prepared with 100 mM 206

potassium-phosphate buffer, containing 300 mM NaCl, pH 8.3). The mix was incubated at 37 207

ºC for 2 h in a water bath with continuous agitation at 160 shakes·min-1 (OSL 200, Grant 208

Instruments Ltd., Cambridge, England) and the reaction was quenched by addition of 100 μL 209

0.1 M HCl. The released hippuric acid (HA) was quantified by RP-HPLC (model SPE-210

MA10AVP, Shimadzu, Kyoto, Japan) on a C18 column (Tracel excel, 120 ODSA 5 μm, 211

Teknokroma, Barcelona, Spain). The injection volume was 50 μL and the flow rate 0.8 212

mL·min-1 using an acetonitrile gradient from 20 to 60% in 1 g·L-1 trifluoroacetic acid (TFA) 213

(v/v) for 26 min. The HA and HHL were monitored at 228 nm and eluted at 8.30 and 15.70 214

min, respectively. The IC50 value was defined as the concentration of peptide fraction (g·L-1) 215

required to reduce the HA peak by 50 % (indicating 50 % inhibition of ACE activity). The 216

IC50 of a synthetic ACE inhibitor, Enalapril©, was also determined for comparative purposes. 217

All determinations were carried out at least in duplicate. 218

Statistical analysis 219
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Statistical analysis was performed using a STATGRAPHICS Centurion XV version 15.2.06 220

program (StatPoin, Inc. Warrenton, VA, USA). One-way analysis of variance (ANOVA) was 221

performed, and Tukey HSD test was used for determining statistical differences. The level of 222

significance of the difference was set at p ≤ 0.05. In the case of the zeta-potential 223

measurement at different peptide concentrations and measurement times (newly produced 224

liposomes t0 and liposomes after one week at 4ᵒC storage t1), two-way ANOVA was 225

performed. All experiments were run in triplicate (n=3). 226

227

RESULTS AND DISCUSSION 228

Encapsulation of peptides 229

Concentrations between 0.5 and 3 g·L-1 of the < 1 kDa peptide fraction (P1), obtained from 230

the squid tunics after hydrolysis with Esperase 27, were tested for encapsulation into partially 231

purified soybean phosphatidylcholine (PC) vesicles. The entrapment efficiency (EE) of P1 in 232

liposomes at pH 7 is shown in Figure 1. Values of EE between 44.0 % for a peptide 233

concentration of 3 g·L-1 and 52.5 % for 2 g·L-1 were obtained, which contradicts the idea that 234

increasing concentrations of peptides may induce greater encapsulation efficiency. Beyond a 235

certain peptide concentration liposomes are likely saturated and do not support an increased 236

load. Entrapment around 50 % represents an intermediate value among the different EE 237

reported in the literature for PC-based liposomes encapsulating peptides, being possible to 238

find values from ˂ 20 % to > 90 % 28-31. The EE greatly depends on the lipid composition and 239

concentration, the preparation method, the chemical properties of peptides to be encapsulated, 240

as well as on the electrostatic and hydrophobic interactions between phospholipids and 241

peptides 32,33. The peptide fraction P1 has around 53 % of hydrophobic amino acid residues 34, 242
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indicating that a considerable part of peptides is located in the inner aqueous phase of the 243

liposome, while the other, slightly more abundant, will be locked within the lipid bilayers 244

mainly through hydrophobic interactions 35,36. 245

246

The zeta potential of the newly produced liposomes (t0) was hardly modified as a function of 247

the peptide concentration, with values ranging from - 45 to - 51 mV (Figure 2). 248

In order to monitor the stability of liposomes over time, the zeta potential analysis was 249

repeated after one week at 4 ºC (t1). In this case, the stability was significantly higher (p 250

≤ 0.05) at 1.5 and 2 g·L-1, without significant differences between them (p > 0.05). The 251

rest of the peptide concentrations tested showed a significant (p ≤ 0.05) loss of liposome 252

stability with time (Figure 2), which would decrease the aptitude of peptide-loaded 253

liposomes to be included in the formulation of a functional food. The zeta potential is a 254

measure of the liposomal surface charges and it is used as an index of particle stability 255

37. When the zeta potential is higher than 30 mV or lower than -30 mV, it is possible to 256

obtain a physically stable nanosuspension stabilized only by electrostatic repulsions 38. 257

All the treatments resulted in highly stable liposomes at t0, but only the vesicles with P1 258

concentrations of 1.5 and 2 g·L-1  maintained the stability at the highest level one week 259

later. This indicates that these concentrations were the most appropriate to obtain very 260

stable liposomes containing the peptide fraction. In a previous work, PC nanovesicles 261

entrapping a peptide fraction from sea bream scales showed zeta potential of -40.8 mV 262

23. Similarly, the zeta potential of nisin-loaded liposomes prepared with the same lipid 263

used in this study was of -52.3 mV 31. Surface charge of liposomes depends greatly on 264

phospholipid composition. PC liposomes normally show properties of uncharged or 265

slightly anionic monolayers at near neutral pH values. For instance, empty PC vesicles 266

have been reported to have zeta potential values of -2.3 mV 39 or -8.3 mV 40. The 267
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liposomes prepared in the present study without peptide entrapment showed zeta 268

potential of -44.37 mV at pH 7, which strongly suggests that the partially purified PC 269

used may contain other lipids or impurities that may influence the membrane charge 30. 270

Indeed, in agreement with Taylor et al. 40, the liposomal surface charge changed little 271

with the inclusion of the peptide fraction. 272

The diameter of the liposomes with increasing concentrations of peptides is shown in 273

Figure 3. Average diameters between 69 and 110 nm were obtained, depending on the 274

peptide concentration tested; however differences were found statistically not 275

significant (p ≤ 0.05) in most cases. Therefore, no definite relationship between particle 276

size and peptide concentration could be established. 277

According to Taylor et al. 40, the size of liposomes is not necessarily related to the 278

amount of encapsulated peptide. Average sizes of around 100 nm have been also 279

described for PC liposomes containing peptides of a considerably higher molecular 280

weight (~ 14 kDa lysozyme and ~ 3.5 kDa nisin) than the peptide fraction of the present 281

work (<1 kDa) 22,33, which suggests that the molecular weight of peptides is not a key 282

factor in the size of liposomes. 283

There is evidence that the smaller the size of liposomes, the more efficient the 284

compound-delivery into the organism 41,42, although the transport also depends on the 285

surface properties of the lipid used 22. The size of the liposomes depends largely on the 286

sonication conditions used and on the lipid species 43,44. In this case, the sonication 287

treatment was optimized in a preliminary study and both the amplitude and duration of 288

sonication were the same in all cases. 289
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From the EE and zeta potential results, it could be concluded that the most suitable 290

peptide concentration for encapsulation in PC-liposomes was between 1.5 and 2 g·L-1. 291

In order to find a more accurate concentration, liposomes were produced using a peptide 292

concentration of 1.75 g·L-1. With this concentration, new nanovesicles (LP1) were 293

obtained with EE of 53.2 ± 1.3 %, zeta potential of -58.8 ± 2.9 mV and average 294

diameter of 70.3 ± 6.0 nm (Figure 4).295

The particle size distribution was uni-modal, with a polydispersity index of 0.215 ± 0.021, 296

which was very acceptable and similar to that previously reported for nisin-containing 297

liposomes 22. The peptide concentration of 1.75 g·L-1 was then selected as the most 298

appropriate for further experiments.   299

Effect of pH on liposome stability 300

The stability of liposomes in food systems can be affected by numerous factors; among them, 301

the pH may play a relevant role. The pH stability of the encapsulated peptide fraction was 302

determined by dissolving LP1 in different buffers between pH 1 and 8 for 24 hours at 4.0 ± 303

0.5 °C. Table 1 shows the zeta potential values after incubation at different pH values. 304

Liposomes at pH 1 precipitated immediately, indicating that the system became extremely 305

unstable and formed large aggregates. Certain instability was also observed at both pH 2 and 306

pH 8, showing zeta potential values around -22.5 mV. The nanovesicles proved to be stable at 307

pH ranging from 3 to 7, which is more common in most food systems. This is a very 308

important characteristic, as it indicates that the liposomes obtained have high capacity to 309

retain the encapsulated material in a wide pH range. According to Taylor et al. 40, the possible 310

chemical interaction of peptides with the phospholipid membrane may exert a stabilizing 311
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effect on nanovesicles. The highest zeta potential was obtained at pH 7 (-54.3 mV), therefore 312

this pH was considered the most suitable to ensure liposomal stability. 313

Incorporation of liposomes into gelatin 314

In order to evaluate the degree of interference caused by the addition of LP1 in the gelling 315

behavior of gelatin, dynamic oscillatory studies were carried out to determine the viscoelastic 316

properties of gelatin with increasing LP1 concentrations. For comparison purposes, gelatin 317

solutions without added peptides (G) and with the non-encapsulated peptide fraction (P1) 318

were also characterized. Despite the intrinsic pH of the gelatin solution was around 5, the 319

gelatin system was adjusted to pH 7 in order to favor liposome stability. The G’ and G’’ 320

frequency dependence of the gelatin solutions with encapsulated (LP1) and non-encapsulated 321

(P1) peptides at 5ºC, is shown in Figure 5.  322

All the samples showed a typical gel-like behavior after a brief cold maturation period, as 323

denoted by G’ > G’’ values. The gelatins containing either LP1 or P1 showed slightly higher 324

G’ and G’’ values throughout the frequency range than the gelatin without added peptides 325

(G), being indicative of certain gel reinforcement. No definite variations were found between 326

gelatin with LP1 and P1 up to peptide concentrations of 13.1 g·kg-1. However, at the highest 327

concentration (26.2 g·kg-1), a remarkable increase in G’ values at frequencies > 1Hz were 328

clearly observable with the non-encapsulated peptides (P1). Moreover, this sample exhibited 329

also noticeable higher G’’ values than the others. All the samples showed G’ values which 330

successfully fitted the power law (R2 = 0.92–0.99). The Power law exponent n’ is related to 331

structural stability and protein network conformation: the higher the n’ values, the higher the 332

instability of the matrix against frequency changes. For gels exhibiting an ideal elastic 333

behavior n’ should be near-zero. The n’ value obtained for the gelatin solution without 334

peptides was 0.12. Increasing concentrations of LP1 did not alter the frequency dependence of 335
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the resulting gelatin gels, since n’ values were 0.11 in all cases. Thus, the structural stability 336

of the gel network was practically unaffected by the presence of the nanovesicles. Similarly, 337

no remarkable changes in the gel stability were found when the non-encapsulated peptide 338

fraction (P1) at moderate concentration (from 2.62 to 13.12 g·kg-1) was included, as denoted 339

by the corresponding n’ values ranging between 0.10 and 0.11. However, P1 increased 340

considerably the frequency dependence (n’ = 0.19) at the highest concentration, indicating 341

that the incorporation of the non-encapsulated peptides beyond a certain concentration might 342

be detrimental to the gel stability, probably due to interactions with the gelatin polypeptide 343

chains. 344

The gelling behavior of gelatin solutions with both LP1 and P1 at the highest peptide 345

concentration (26.2 g·kg-1) was determined as a function of temperature, by performing a 346

cooling ramp from 40 to 5 ºC and a subsequent heating ramp from 5 to 40 ºC (Figure 6). The 347

cold-induced increase in G’ was more evident in the samples containing LP1 and P1 than in 348

the gelatin without added peptides (G), being gelling and melting temperatures unaffected in 349

any case. Despite peptide addition induced certain gel reinforcement, the highest increase was 350

observed in the liposome-containing gelatin (LP1). In this connection, Thakur et al. 45351

reported the well dispersed oil droplets in oil-in-water gelatin emulsions to cause an increase 352

in gel strength. A slight increase in the tolerance of cross-linked gelatin gels to tensile stress 353

by incorporating liposomes has been also reported 46,47. As in the present work, these authors 354

observed that the presence of liposomes did not affect the gel thermal stability. 355

ACE-inhibitory activity 356

The concentration of P1 required to inhibit 50% of the ACE activity (IC50 value) was 0.096 ± 357

0.005 g·L-1. This peptide fraction was more potent ACE-inhibitor than various previously 358

reported squid gelatin hydrolysates, which showed IC50 values in the concentration range of 359
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0.34-0.89 g·L-1 27. The main difference with the study of Alemán et al. 27 consists in that the 360

dry tunics were directly subjected to enzymatic hydrolysis without a previous gelatin 361

extraction. The high ACE-inhibitory activity showed by P1 may be related to the high content 362

of hydrophobic amino acids (537 residues per 1000 residues) and proline residues (64 363

residues per 1000 residues). Specifically, Pro seems to be one of the most effective amino 364

acids for increasing ACE inhibitory activity and has been identified in many of the naturally 365

occurring ACE peptide inhibitors, especially those from collagenous sources 12. It is worth 366

noting that no inhibitory activity was found in the mixture of gelatin with the encapsulating 367

material in the absence of squid tunic peptides. When the encapsulated peptide fraction (LP1) 368

was incorporated into the gelatin solution, the IC50 value, calculated per weight of peptides, 369

was 0.0905 ± 0.0085 g·L-1. Therefore, it was concluded that neither the encapsulation process 370

nor the presence of gelatin significantly affected the ACE inhibitory activity of the peptide 371

fraction (p > 0.05). Furthermore, the encapsulation in liposomes allowed the peptide fraction 372

to preserve the biological activities in the gelatin gel. In order to evaluate the potential 373

antihypertensive effect of the liposome-containing gelatin gel (at the highest peptide 374

concentration tested), the IC50 value was calculated considering the total amount of water and 375

dry solids (gelatin, PC and P1) in the formulation, and it was found to be 50.8 ± 4.8 g·L-1.376

Taking into account that the IC50 of Enalapril© is 0.0027 g·L-1 20 and that this drug is 377

marketed in preparations of 2.5, 5, 10 and 20 mg, it would be needed one portion of around 378

100 g of gelatin gel with LP1 to emulate the 5 mg dose of Enalapril©.379

380

CONCLUSIONS  381

A low molecular weight (<1 kDa) peptide fraction from squid tunics with high ACE-382

inhibitory activity was successfully encapsulated into PC-based nanoliposomes, which proved 383
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to be stable in a pH range between 3 and 7. The nanoencapsulated peptide fraction was 384

incorporated into a gelatin system without detriment to the rheological properties and thermal 385

stability of cold-matured gels. The ACE-inhibitory activity of the peptide fraction was not 386

affected by the encapsulation procedure and was maintained in the fish gelatin system, which 387

could be offered as a nutraceutical gel dessert of marine origin. 388

389
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Table 1. Zeta-potential of partially purified PC-liposomes (10 mM phosphate buffer)536
encapsulating the < 1 kDa squid tunic peptide fraction (LP1) at different pH values. Different 537
letters (a,b,c) indicate significant (p ≤ 0.05) differences (ANOVA, Tukey HSD test, n=3). 538

539

540

541

542

543

544

545

546

pH Zeta-potential (mV)

8 -22,77 ± 1,88a

7 -54,30 ± 4,59b

6 -30,27 ± 0,85c

5 -32,23 ± 0,29c

4 -30,07 ± 1,02c

3 -41,77 ± 3,25d

2 -22,50 ± 0,62a

1 -2,06 ± 0,13e
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Figure 1.  

Entrapment Efficiency (%) of the < 1 kDa squid tunic peptide fraction into partially purified PC-
liposomes (10 mM phosphate buffer, pH 7) at different peptide concentrations. Different letters
(a,b,c,…) indicate significant (p ≤ 0.05) differences (ANOVA, Tukey HSD test). Error bars represent
standard deviation (n=3).
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Figure 2.  

Zeta-potential of partially purified PC-liposomes (10 mM phosphate buffer, pH 7) 
encapsulating the < 1 kDa squid tunic peptide fraction at different peptide concentrations. t0: 
newly produced liposomes; t1: liposomes after one week at 4 ᵒC storage. Different letters (a,b
or A,B…) indicate significant (p ≤ 0.05) differences (ANOVA, Tukey HSD test) regarding peptide
concentration. Significant differences (p ≤ 0.05) regarding storage time are indicated by an
asterisk (*). Error bars represent standard deviation (n=3). 
 

* * * * 



0
20
40
60
80

100
120
140

0,5 1 1,5 2 2,5 3

Di
am

et
er

 (n
m

)

Peptide concentration (g·L-1)

 a 
  a 

 ab 
   b 

  a 
  ab 

0.5          1.0           1.5          2.0           2.5           3.0 

Figure 3.  

Diameter of partially purified PC-liposomes (10 mM phosphate buffer, pH 7) encapsulating
the < 1 kDa squid tunic peptide fraction at different peptide concentrations. Different letters
(a,b) indicate significant (p ≤ 0.05) differences (ANOVA, Tukey HSD test). Error bars represent
standard deviation (n=3). 
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Figure 4. 

Size distribution of partially purified PC-liposomes (10 mM phosphate buffer, pH 7) 
encapsulating the <1 kDa squid tunic peptide fraction at 1.75 g·L-1 peptide concentration 
(LP1). Error bars represent standard deviation (n=3).
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Figure 5.   

Elastic modulus (G’) and viscous modulus (G’’), as a function of the angular frequency, of gelatin 
solutions containing the encapsulated (LP1) (10 mM phosphate buffer, pH 7) and non-
encapsulated (P1) peptide fraction at 5ᵒC. Peptide (P1 or LP1) concentrations (g·kg-1 of dry
gelatin) were G: 0 g·kg-1 , Ga: 2.62 g·kg-1 , Gb: 6.56 g·kg-1 , Gc: 13.12 g·kg-1 and Gd: 26.24 g·kg-1.
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Figure 6.  

Elastic modulus (G’) and viscous modulus (G’’), as a function of temperature, of gelatin 
solutions containing the encapsulated (LP1) (10 mM phosphate buffer, pH 7) and non-
encapsulated (P1) peptide fraction at 26.2 g·kg-1 dry gelatin.


