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Summary 11 

A global process for the production of goat milk hydrolysates enriched in angiotensin 12 

converting enzyme (ACE) inhibitory peptides was proposed. Firstly, the protein fractions 13 

(caseins and whey proteins) were separated by ultrafiltration through a 0.14 m ceramic 14 

membrane. The casein fraction obtained in the retentate stream of the above filtration step 15 

was subsequently hydrolysed with a combination of subtilisin and trypsin. After 3 hours of 16 

reaction, the hydrolysate produced presented an IC50 of 218.50 µg /mL, which represent a 17 

relatively high ACE inhibitory activity. Finally, this hydrolysate was filtered through a 50 18 

kDa ceramic membrane until reaching a volume reduction factor of 3. The permeate 19 

produced presented an improvement of more than 30% in the ACE inhibitory activity. In 20 

contrast, the retentate was concentrated in bigger and inactive peptides which originated a 21 

decrease of more than 80% in its inhibitory activity. The process suggested in this work 22 

was suitable to obtain a potent ACE inhibitory activity product able to be incorporated into 23 

food formulas intended to control or lower blood pressure. Moreover, the liquid product 24 

could be easily stabilised by spray dried if it would be necessary. 25 

Keywords: Goat milk protein; enzymatic hydrolysis; ACE-inhibitory activity; membrane 26 

ultrafiltration; peptide identification. 27 

28 
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Most of the treatments currently available to treat hypertension are based on the inhibition 29 

of the angiotensin converting enzyme (ACE). This dicarbopeptidase (EC 3.4.15.1) plays a 30 

crucial role in the blood pressure rising by transforming angiotensing I into angiotensing II 31 

(potent vasoconstrictor) and degrading the vasodilator bradykinin (Riordan, 2003). As a 32 

consequence, a number of synthetic compounds with ACE inhibitory activity are nowadays 33 

available for the treatment of hypertension. Nevertheless, these drugs present several 34 

undesirable side-effects (FitzGerald et al. 2004) which could be alleviated by employing 35 

ACE inhibitors from natural sources. Although, generally, these peptides present lower 36 

ACE inhibitory activity than pharmaceutical drugs, they do not possess side effects even in 37 

high doses (Ishida et al. 2011). Moreover, they can be easily incorporated into functional 38 

food products intended to prevent or help to control hypertension.  39 

Peptides with ACE inhibitory activity have been produced by enzymatic hydrolysis of 40 

several substrates from animal or vegetal origin (Rui et al. 2013; Ryan et al. 2011). More 41 

specifically, the ACE inhibitory activity of several peptides derived from bovine milk has 42 

been extensively reported by both in vitro and in vivo assays (López-Fandiño et al. 2006). 43 

In contrast, goat milk proteins have been studied in a lesser extent, but with promising 44 

results as an ACE-inhibitory peptide source (Geerlings et al. 2006; Kumar et al. 2011). 45 

The production of ACE inhibitory hydrolysates from goat milk would suppose a new 46 

application for this kind of milk which, currently, is mostly intended to cheese making. 47 

These ACE inhibitory peptides could be incorporated as ingredients in the formulation of 48 

food products. Indeed, nowadays, there are currently a number of commercial products 49 

which contain such peptides (Aluko, 2007). As example, Biozate
TM

, is a commercial whey 50 

protein hydrolysate containing 3 potent antihypertensive peptides (IIAEK, IPAVF and 51 

IPAVFK). 52 
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To this end, it would be desirable obtaining hydrolysates enriched in active peptides. Most 53 

of the literature available is focus on isolation and identification of new inhibitory peptides. 54 

These identification studies employ filtrations through polymeric membranes as a previous 55 

step for selecting the most active fraction for further analysis (Pan et al., 2013; Pihlanto-56 

Leppälä et al, 2000). Some authors have also used polymeric membranes in order to 57 

purified bioactive peptides in larger scale (Holder et al., 2013; Jiang et al., 2010). However 58 

these organic membranes present numerous disadvantages when comparing with inorganic 59 

membranes. Specifically, ceramic membranes present very good chemical resistance, wide 60 

pH and T limits and extended operating lifetimes (Cheryan et al., 1998). Despite of these 61 

favourable characteristics, ceramic membranes have been rarely evaluated for the 62 

purification of ACE inhibitory peptides. Lin et al. (2011) assayed ceramic membranes in 63 

the purification of corn protein hydrolysates. Nevertheless, the authors did not study 64 

neither the filtration process nor the cleaning of the membrane process. From an industrial 65 

point of view, both the study of the filtration mechanism as well as the implementation of a 66 

cleaning stage are key factors. Especially important is to choose an adequate cleaning 67 

process allowing several reutilizations of the membrane. Therefore, the study in detail of 68 

both the filtration and cleaning process is desirable.  69 

The aim of this paper was to study a three-stage integral process to produce hydrolysates 70 

exhibiting ACE-inhibitory activity from goat milk protein. Firstly, since not commercial 71 

goat caseins or whey proteins are available, a membrane filtration process was proposed to 72 

isolate caseins and whey protein fractions. Subsequently, the hydrolysis of the protein 73 

fractions obtained were studied employing three enzyme treatments with the objective of 74 

maximize the ACE inhibitory activity. Finally, different ultrafiltration processes with 75 

ceramic membranes were assayed for improving the ACE inhibitory activity of the 76 

hydrolysates. The fouling mechanisms of the filtration stages as well as the cleaning 77 

procedures were studied. 78 
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 79 

Materials and methods 80 

Production of protein fractions 81 

Commercial UHT goat milk was centrifuged at 4800 g and 4ºC for 30 min in order to 82 

remove fat. Protein fractions, caseins and whey proteins, were obtained after concentration 83 

with a 0.14 µm ultrafiltration tubular ceramic membrane (TAMI, Nyons, France), 1.20 m 84 

length, 3 channels and 0.045 m
2
 of filtration area.  85 

Firstly, the membrane was hydrated with demineralised water at 50ºC for 1 hour. At this 86 

point, the permeability of the unfouled membrane was determined, reported as the slope of 87 

the water flux (demineralised water at 50ºC) against transmembrane pressure. 88 

Subsequently 6 L of the skimmed milk were concentrated at 50ºC to a volume reduction 89 

factor (VRF) of 3, attaining 2 L of retentate (enriched in caseins). The operation conditions 90 

were 1 bar of transmembrane pressure and cross-flow velocity 3.3 m/s, with recycle of the 91 

retentate stream while permeate was continuously removed from the ultrafiltration rig.   92 

In order to model the dynamic behavior of the permeate flux, the experimental data were 93 

fitted to a several blocking models according to the expressions for crossflow filtration 94 

proposed by Field (1995). The better model fitting the experimental data was the complete 95 

pore blocking model (1). This model assumes that the flux decline is provoked by the 96 

deposition of particles which seal the membranes pores and decrease the effective filtration 97 

area. The flux can be expressed mathematically as follows: 98 

J = J*+(J0-J
*)·exp(-k1·t)   (1) 99 
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where J is the flux of permeate, J0 is the initial value of flux of permeate, J
*
 is a critical 100 

value of flux, below which there is no fouling phenomena and k1 is a constant related to the 101 

deposition of particles onto the pores.  102 

Finally, a cleaning procedure was conducted on the fouled membrane to restore the initial 103 

water flux. Two consecutive cleaning stages were proposed. Firstly, a mechanical cleaning 104 

consisting in an initial rinse with demineralised water at room temperature (1 bar, 3.3 m/s). 105 

Secondly, a chemical cleaning stage employing alkaline (sodium hydroxide 0.5 N plus 2 106 

g/L SDS as surfactant agent). Sodium hydroxide is effective to hydrolyse and remove 107 

protein deposits on the membrane surface. The cleaning solution was pumped at total 108 

recycle mode for 30 min at 50ºC, 1 bar of transmembrane pressure and cross-flow velocity 109 

of 3.3 m/s. Finally, both permeate and retentate ports were rinsed with de-mineralised 110 

water until neutrality. The hydraulic resistance of the membrane was determined before 111 

and after the cleaning procedure to determine its effectiveness. 112 

The efficiency of the cleaning protocol was assessed by evaluating the decrease of the 113 

hydraulic resistance of the fouled membrane throughout the cleaning steps, until attaining 114 

its intrinsic value prior to the ultrafiltration. To this end, the total hydraulic resistances (RT) 115 

after each cleaning stage were determined as the inverse of the slope of the water flux (Jw) 116 

against the transmembrane pressure (TMP): 117 

RT= JW / TMP (2) 118 

Assuming that the total resistance provided by the membrane is the contribution of that of 119 

the membrane material (i.e. membrane intrinsic resistance RM) and that provided by the 120 

fouling deposits (RF), the latter could be calculated by: 121 

RF = RT - RM (3) 122 
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Finally, a cleaning efficiency index was defined for the cleaning treatment, which was 123 

calculated by means of the equation (4):  124 

E= (R0 – RClean)/(R0-RM) · 100 (4)  125 

where RM is the intrinsic membrane resistance (i.e. that provided by the unfouled 126 

membrane), R0 is the hydraulic resistance after the concentration and RClean is that 127 

determined after performing the cleaning procedure. The cleaning efficiency index 128 

represents the percentage removal of the fouling resistance after the cleaning procedure. 129 

The closer is RClean to the intrinsic resistance of the membrane material, the larger the 130 

efficiency index is, approaching to 100%.   131 

SDS-Electrophoresis  132 

After filtration, the proteins fractions obtained were analysed by SDS-Page in order to 133 

certify the separation between caseins and whey proteins. SDS-polyacrylamide gel 134 

electrophoresis (SDS-PAGE) was performed using the method described by Laemmli 135 

(1970). The protein concentration of each sample was diluted with cracking buffer 4x 136 

(0.0625 M Tris HCl pH 6.8, 2% SDS, 0.71 M b-mercaptoetanol, 0.025% bromophenol 137 

blue, 10% glycerol) until obtain a 1x concentration cracking buffer. The mixed samples 138 

were heated in a water bath at 95 °C for 5 min. The protein sample (∼20 uL) was applied 139 

to the gel and run at a constant current of 200 V per gel. Upon the completion of 140 

electrophoresis, the gel was stained in a staining solution which consisted of 2.5 g/l 141 

Coomassie Brilliant Blue R-250 in 50% methanol and 9% acetic acid on an orbital shaker. 142 

After 2 h of staining, the gel was destained in a quick destaining solution, which consisted 143 

of 40% methanol and 10% acetic acid, for 3−4 h to remove background stain. A broad 144 

range of molecular mass standard proteins of 116.0, 66.2, 45.0, 35.0, 25.0, 18.4 and 14.4 145 

kDa (Thermo Scientific) were used to calculate molecular weight. Milk and retentate 146 
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samples were previously diluted to 1:10 and 1:50 respectively, due to their high protein 147 

concentration. 148 

Enzymatic hydrolysis  149 

The proteins fractions, caseins and whey proteins, obtained in the ultrafiltration stage 150 

through 0.14 µm were employed as substrates in the hydrolysis processes. The enzymes 151 

assayed were subtilisin (EC 3.4.21.62) and trypsin (EC 3.4.21.4). Both are serine 152 

endoproteases purchased from Novozymes (Denmark). Subtilisin is an endoprotease of 153 

broad specifity, while trypsin only cleaves peptide bonds involving Arg or Lys residues 154 

(Adler-Nissen, 1986). Both subtilisin (Geerlings et al. 2006; Jiang et al. 2007) and trypsin 155 

(Pan et al. 2012; Pintado & Malcata, 2000) have been reported to release ACE inhibitory 156 

peptides. 157 

Both protein fractions were subjected to three different treatments: using subtilisin (S), 158 

trypsin (T) and the mixture of both enzymes (ST). These experiments were carried out in a 159 

stirred tank reactor of 0.2 L at 50ºC and pH 8, since these operational conditions are 160 

adequate for both enzymes (Adler Nissen, 1986; Mota et al. 2006). The enzyme 161 

concentration in the reaction was adjusted to 5 and 0.5 g/L for retentate and permeate, 162 

respectively. The extent of the hydrolysis was followed by the pH-stat method (Adler-163 

Nissen, 1986) throughout the reaction time (3h). The evolution of ACE inhibitory activity 164 

was determined by taking 100 µL samples at 0, 5, 10, 20, 30, 40, 50, 60, 75, 90, 105, 120, 165 

150 and 180 min. The samples were deactivated by heating at 100 ºC for 15 min and 166 

subsequently frozen it at -20 ºC until analysis. 167 

The hydrolysate selected for the filtration studies was obtained as explained above. In this 168 

case, a 2 L stirrer reactor was employed, in order to produce enough volume for each 169 

filtration. After 3 h, the reaction was stopped by thermal deactivation.  170 
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Concentration of active peptides  171 

The hydrolysate displaying the highest ACE inhibitory activity was then subjected to a 172 

two-step ultrafiltration, with the aim to produce a concentrate in active peptides. According 173 

to the molecular weight cut-offs commercially available, ceramic membranes of 50, 15, 3 174 

and 1 kDa from Tami (Nyons, France) were assayed, all with a length of 0.25 m. The 175 

filtration area was 0.0094 m
2 

and the hydraulic diameter was 3.6 mm for the highest cut-off 176 

membranes (50 and 15 kDa). In the case of the smaller ones (3 and 1 kDa) the filtration 177 

area was 0.0042 m
2
 and the hydraulic diameter was 6 mm. 178 

A total of four strategies (Table 1) consisting in two consecutive filtrations were studied. 179 

Each strategy comprised a first step, where the membranes with higher MWCO (50 or 15 180 

kDa) were employed to remove the larger peptides from the hydrolysate. The permeate 181 

obtained from the first stage was further treated by a second filtration process through 3 or 182 

1 kDa membrane in order to concentrate the active peptides in the retentate.  183 

The filtrations experiments were carried out following the same procedure employed in the 184 

production of protein fraction. Firstly the membrane was hydrated and its permeability was 185 

determined with ultrapure water. Then, the selected hydrolysate was ultrafiltrated at batch 186 

concentration mode. The operation conditions were 50 ºC, 1 bar and a cross-flow velocity 187 

of 3.3 m/s. Afterward, the membrane was subjected to the cleaning procedure described 188 

above. 189 

ACE inhibitory activity analysis 190 

Raw hydrolysates, retentate and permeate streams were tested for their ACE inhibitory 191 

activity.  To this end, the spectrophotometric method proposed by Shalaby et al. (2006) 192 

was employed. For determining the percentage of inhibition, the samples of retentate 193 

hydrolysates were diluted 50 times with ultrapure water in order to reduce their absorbance 194 
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and avoid values high values of absorbance which would generate nonlinear measures. 195 

While samples of permeate hydrolysates were used directly in the assay. Each sample was 196 

analysed in triplicate. 197 

 198 

Results and discussion 199 

Production of protein fractions  200 

Fig. 1a plots the flux of permeate against time for the 0.14 µm membrane. The 201 

concentration mode was conducted during 113 min, where the feed solution (skimmed goat 202 

milk) was concentrated 3-fold under the operation parameters described above (50ºC, 1 203 

bar, 3.3 m/s). During the filtration, the flux of permeate decreased linearly in time, 204 

dropping from 81.6 L/(m
2
·h) to 24.5 L/(m

2
·h), which represents a relative flux decline of 205 

70%. As can be observed in Fig. 2, caseins (with molecular weight higher than 20 kDa) 206 

were concentrated in the retentate while permeate contented only whey proteins. The 207 

protein content of the fractions were 63.50 and 3.15 g/L for the retentate and the permeate 208 

respectively.  209 

The experimental data were fitted by non-linear regression to the complete pore blocking 210 

model (1). The estimated parameters obtained were  90.83 L/m
2
h , 0 L/m

2
h, 15.2·10

-5
 h

-1
, 211 

for J0, J*, k1, respectively. According to Fig. 1a, this model fits adequately experimental 212 

data within the first hour, and deviate progressively. This could be attributed to the changes 213 

underwent by the feed solution (e.g. viscosity, protein content) during the concentration, as 214 

well as  the appearance of new fouling phenomena such as cake formation. 215 

After completing the filtration, the water flux of the fouled membrane was restored 216 

according to the cleaning procedure described previously. Fig. 1b plots the observed values 217 
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of water flux against the transmembrane pressure for the fouled membrane (○) and for the 218 

membrane cleaned with the alkali solution (▲). These data were fitted to a regression line, 219 

whose slope represents the permeability of the membrane at each stage. It can be observed 220 

that the slope of the regression line increases after the alkali cleaning until attaining the 221 

initial value of the unfouled membrane (dotted line). Indeed, the efficiency of alkali 222 

cleaning (Table 2) was 99%. Therefore, the membrane fouling was removed almost totally 223 

and further cleaning with acid agents was unnecessary. 224 

Enzymatic Hydrolysis  225 

In Fig. 3 and Fig. 4 are presented the hydrolysis curves for each protein fraction and 226 

treatment assayed.  All of them showed the typical pattern of an enzymatic reaction. At the 227 

beginning of the hydrolysis reaction, DH increased rapidly at constant rate. As the reaction 228 

progressed, the number of susceptible-cleaving bond were reduced, consequently the 229 

number of bonds cleaved per unit of time decreased. This period of decreasing rate 230 

corresponds to the asymptotic zone of the hydrolysis curves. For both protein fractions, the 231 

treatment with the mixture of both enzymes (Fig. 3-ST) had the higher initial reaction rate 232 

and the proteolitic action of this treatment kept throughout the time of reaction giving the 233 

highest DH values. On the contrary, the hydrolysis with trypsin (Fig. 3-T) generated the 234 

lowest DH. This result could be explained by the higher specificity of trypsin, which limits 235 

the number of peptide bond that could be cleaved by the enzyme. Similar results were 236 

reported in previous works dealing with goat milk (Espejo-Carpio et al., 2013b) but also 237 

with other protein sources (García-Moreno et al., 2013).  238 

As can be observed in Fig. 3, the final DH values were 0.29, 0.22 and 0.32 for the 239 

hydrolysis of retentate fraction with S, T and ST treatment respectively. While, the final 240 

DH obtained in the permeate hydrolysates (Fig. 4) were 0.20, 0.16, and 0.214 for S, T and 241 
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ST treatment respectively. These high DH values, especially in retentate hydrolysates, 242 

would allow to obtain hydrolysates abundant in low molecular weight peptides.  243 

The ACE inhibitory activity of the hydrolysates varied according to the total reaction time 244 

as is shown in Fig. 3 and Fig 4. It was observed that the intact protein (reaction time = 0) 245 

did not present ACE inhibitory activity, whereas short reactions times increased the ACE 246 

inhibitory activity considerably. This rise was usually produced within the first 5-10 of 247 

reaction, when the reaction rate was constant and a large number of new peptides were 248 

released, improving the ACE inhibitory activity of hydrolysates. The evolution of ACE 249 

hydrolysates varied according to the treatment employed. When subtilisin was employed 250 

(Fig 3-S, Fig 4-S), after an initial increment, the inhibitory activity remains constant or 251 

slightly decreased for some minutes. Around 30-40 min of reaction time, the inhibitory 252 

activity started rising again until reach a maximum. This rising could be explained by the 253 

opening of the protein structure which would allow the releasing of peptides from the inner 254 

zone of the protein. Generally, the inner part of the protein structure has higher number of 255 

non-polar residues which are known to favour the ACE inhibitory activity of peptides (Li 256 

et al., 2004; López-Fandiño et al., 2006). After reaching the maximum, the percentage of 257 

inhibition of subtilisin hydrolysates decreased slightly and then remained constant. During 258 

this final period some active peptides would be hydrolysed losing their inhibition power, 259 

but the expected decrease in ACE inhibitory activity would be compensate by the 260 

simultaneously generation of new active peptides. Similar results were obtained by Jiang et 261 

al. (2007) in the hydrolysis of yak milk caseins with alcalase (subtilisin). In contrast, the 262 

ACE inhibitory activity of trypsin hydrolysates of retentate (Fig 3-T) decreased with the 263 

hydrolysis time. This behaviour was already observed in our previous work (Espejo-Carpio 264 

et al., 2013b). Moreover, it was in line with the result obtained by Jiang et al. (2007) which 265 

found that, after reaching a maximum of ACE inhibitory activity, trypsin hydrolysates 266 

reduced their inhibitory activity with the degree of hydrolysis. In the case of the trypsin 267 
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hydrolysate of permeate (Fig 4-T), the inhibitory activity remains almost constant within 268 

the reaction time studied. The same behaviour was described by Wang et al. (2010) for a 269 

trypsin hydrolysate of whey protein isolate. When both enzymes were employed together 270 

(Fig 3-ST, Fig 4-ST) the behaviour seems like a combination of the observed in the 271 

individual hydrolysis. In general, after the initial increase in ACE inhibition, the values 272 

remained almost constant. 273 

Since extensive hydrolysis leads to a final hydrolysate rich in short chain peptides, long 274 

reaction times would be desirable from the point of view of ACE inhibition of the 275 

hydrolysates. In this sense, larger peptide chains have been related with lower ACE 276 

inhibitory activity (Robert et al. 1999). Indeed, most of the antihypertensive sequences 277 

reported in literature present a length ranged between 2 – 12 residues (Li et al. 2004). 278 

Furthermore, some studies have proved that di- and tripeptides can be transported through 279 

the intestine wall without any modification (Foltz et al. 2008). This implies that active 280 

sequences may access intact the blood stream and produce a systemic effect. Therefore, the 281 

final hydrolysates (3 h of reaction time) were preferred more than hydrolysates presenting 282 

lower DH.  283 

With respect to ACE inhibitory activity, it was observed that the combination subtilisin 284 

plus trypsin led to the final hydrolysates displaying the highest inhibition in both retentate 285 

and permeate fractions. Likewise, retentate fraction gave always better ACE inhibitory 286 

activity than permeate. For these reasons retentate hydrolysate produced with subtilisin and 287 

trypsin simultaneously for 3 h was selected as the best option for producing ACE 288 

inhibitory peptides. 289 

The selected hydrolysate presented an IC50 of 218.50 g/mL and an average peptide length 290 

chain (PLC) of 3 amino acids approximately, determined as the inverse of the degree of 291 

hydrolysis (Adler-Nissen, 1986). Worse IC50 values (847 and 1143 g/mL) were obtained 292 
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for the yak caseins hydrolysates (Jiang et al., 2007) employing similar operational 293 

conditions (3 h with trypsin and subtilisin). Others authors (Otte et al., 2007) determined 294 

inhibitory values similar to those obtained in this work in a bovine caseins hydrolysates 295 

using thermolysin.  The hydrolysate of retentate produced with the mixture of enzymes 296 

was further characterized in a previous work (Espejo-Carpio et al., 2013a) obtaining 297 

fractions with low IC50 values (e.g. 9.3 µg /mL). These values represent an increment of 298 

inhibitory activity of more than 90% with respect to the original hydrolysate without 299 

fractionation. This result highlights the importance of concentrating the fractions, in order 300 

to obtain a final product with higher content of active peptides.  301 

Concentration of active peptides  302 

A 2 L of hydrolysate was produced using the conditions selected for ACE inhibitory 303 

peptides production. The curve of the hydrolysis were practically the same as the obtained 304 

in the hydrolysis carried out in the smaller reactor (Fig. 3-ST), indeed, DH and IC50 values 305 

of the final hydrolysates varied just 3 and 5% respectively. It can be concluded that 306 

escalating the reactor from 0.2 to 2L had no significant effect on both DH and IC50 values 307 

of the hydrolysate.  308 

With the objective of comparing the effect of the different filtration strategies over ACE 309 

inhibitory activity, the variation percentage of IC50 between feed and fractions were 310 

determined. In Table 3 is shown the protein content together with the variation of the IC50 311 

values of the fractions produced in strategies I and II. Unfortunately, strategies III and IV 312 

were rejected because, independently of the previous filtration step employed, the 313 

secondary filtrations carried out with 1 kDa membrane produced a rapid clogging of the 314 

membrane which made impossible to continue with the operation.  315 
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As can be observed in Table 3, the protein content of retentate increased considerably in 316 

the first stages of both strategies. However, this increase in protein concentration provoked 317 

a remarkable decrease in ACE inhibitory activity of the retentate fractions. Indeed, the IC50 318 

value of retentate fractions increased more than 80% with respect to the initial 319 

hydrolysates. In contrast, permeate fraction presented a reduction in the protein content but 320 

showing a decrease in the IC50 values which involve an improvement on the ACE 321 

inhibitory activity. Therefore, both the 50 and 15 kDa membranes were able to remove the 322 

biggest and non-active peptides from the hydrolysates. However, the improvement in ACE 323 

inhibitory activity obtained with the filtration through 50 kDa was slightly better. 324 

Regarding the second stages (3 kDa), the sharp decline in the permeate flux avoided 325 

reaching VRF higher than 1.2. Moreover, as can be checked in Table 3, the filtrations 326 

through 3 kDa did not improve the ACE inhibitory activity.  327 

Based on the previous results, a single filtration stage through 50 kDa was selected for the 328 

concentration of active peptides. Fig. 5a shows the time evolution of observed flux of 329 

permeate for the membrane of 50 kDa. During 5.3 h of filtration the flux of permeate 330 

dropped from 41.6 to 16.5 L/(m
2
·h) which represents  a relative flux decline of 60.3% and 331 

a VRF of 4 was reached. As in the case of the 0.14 m membrane, the observed data of 332 

flux was adequately fitted to the fouling model of complete pore blocking (solid line), as 333 

reflected by the coefficient of determination r
2
 (0.9966). The initial flux J0 estimated with 334 

the model (44.15 L/(m
2
·h)) is in accordance with the observed value, while the critical flux 335 

J* presented a value near to zero (0.097 L/(m
2
·h)). Finally, the parameter k1, was 5.6·10

-5
 336 

h
-1

. 337 

The restore of the membrane permeability after the cleaning treatment was followed by the 338 

calibration lines shown in Fig. 5b, where the flux of water permeating the membrane was 339 

plotted against the transmembrane pressure. The slope of the calibration line (i.e. the 340 
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permeability) for the fouled membrane (○) increases after the alkaline cleaning stage (▲) 341 

until attaining the permeability of the unfouled membrane (dotted line), which was 435 342 

L/(h · m
2
 · bar) for the membrane of 50 kDa. According to the efficiency indices listed in 343 

Table 2, the cleaning procedure assayed was efficient to restore the permeability of the 50 344 

kDa, recovering 97% of the initial water flux. These results are in agreement with those of 345 

Barlett et al. (1995), who reported that a NaOH treatment was effective to clean a ceramic 346 

membrane after ultrafiltration of milk. This was attributed to the hydrolysis and 347 

solubilisation of the protein deposits by the alkali solution. 348 

Therefore, the filtration process proposed is an adequate stage which increases 30% of 349 

ACE inhibitory activity of the goat milk casein hydrolysate. The permeate obtained could 350 

be included directly in food formulas, but also could be stabilized by spray drying before 351 

its use. According to previous studies (Espejo-Carpio et al., In press), the conditions which 352 

maximize the yield of spray dried product would be an inlet air temperature of 170 ºC and 353 

a feed flow of 4.35 mL/min. 354 

Conclusions 355 

The three stage process proposed in this work is appropriate to produce hydrolysates from 356 

goat caseins with high ACE inhibitory activity. Initially the goat milk caseins were 357 

satisfactorily separated by ultrafiltration through 0.14 m membrane. Afterward, the 358 

hydrolysis of the casein fraction with the mixture of subtilisin and trypsin generated a high 359 

ACE inhibitory hydrolysate (IC50 of 218.50 µg/mL). As a final stage, an ultrafiltration 360 

process through a 50 kDa ceramic membrane allowed an improvement of 30% in the ACE 361 

inhibitory activity. The final product could be employed directly in the formulation of 362 

foods intended to control blood pressure or stabilized by spray drying before its use. 363 
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  491 

Table 1. Strategies proposed for studying the concentration process 492 

Strategy First stage Second stage 

I 50 kDa 3 kDa 

II 15 kDa 3 kDa 

III 50 kDa 1 kDa 

IV 15 kDa 1 kDa 

 493 

 494 

Table 2. Resistances and cleaning efficiency parameters. 495 

Membrane AF, m
2
 Cleaning Stage RT  (bar∙m

2
∙h/L) RF (bar∙m

2
∙h/L) %E 

  Unfouled 7.66·10
-4

 0  

0.14 µm 0.0450 After UF 3.25·10
-3

 2.48·10
-3

 99% 

    NaOH 7.83·10
-4

 1.66·10
-5

   

    Unfouled 2.30·10
-3

 0  

50 kDa 0.0094 After UF 5.24·10
-3

 2.94·10
-3

 97% 

    NaOH 2.37·10
-3

 7.15·10
-5

   

 496 

497 
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Table 3. Protein concentration and variation of IC50 for each filtration stage. 498 

Strategy Membrane Stream Protein (g/L) 
Variation 

of IC50  

I 

  Feed 43.97  

50 kDa Retentate 73.80 100.2% 

  Permeate 27.16 -30.7% 

  Feed 27.16  

3 kDa Retentate 27.77 27.9% 

  Permeate 30.32 3.4% 

II 

  Feed 41.71  

15 kDa Retentate 72.77 88.3% 

  Permeate 33.07 -15.7% 

  Feed 33.07  

3 kDa Retentate 36.95 27.4% 

  Permeate 32.66 -2.9% 

 499 

 500 

501 
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Fig. 1. Production of protein fractions through the 0.14 µm membrane: (a) Observed flux of permeate 503 

(○) and predicted flux with the proposed model (line). (b) Water flux against transmembrane pressure 504 

for the fouled membrane (○), alkali cleaning stage (▲) and unfouled membrane (dotted line). 505 
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Fig. 2. SDS-Page analysis of filtration streams. Lane 1: Standards; Lane 2: initial milk (diluted 1:10); 509 

Lane 3: permeate; Lane 4: retentate (diluted 1:50) 510 

511 
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Fig. 3. Evolution of degree of hydrolysis (line) and ACE inhibitory activity (●) for the hydrolysis of 513 

retentate with subtilisin (S), trypsin (T) and the mixture of both (ST). ACE inhibitory activity was 514 

determined by triplicate. 515 
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Fig. 4. Evolution of degree of hydrolysis (line) and ACE inhibitory activity (●) for the hydrolysis of 517 

permeate with subtilisin (S), trypsin (T) and the mixture of both (ST). ACE inhibitory activity was 518 

determined by triplicate. 519 
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Fig. 5. Concentration of hydrolysate through the 50 kDa membrane: (a) Observed flux of permeate (○) 521 

and predicted flux with the proposed model (line). (b) Water flux against transmembrane pressure for 522 

the fouled membrane (○), alkali cleaning stage (▲) and unfouled membrane (dotted line). 523 
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