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Abstract
Pork liver is a protein-rich offal, generated in large quantities in the meat industry and considered non-allergenic, although not 
highly appreciated by Western consumers. The recovery of its proteins through a simple and easily scalable process with the 
purpose of obtaining economical and environmentally friendly techno-functional ingredients might be an alternative for its 
valorization. Of great interest are protein fractions with good foaming properties that can act as substitutes for other highly 
allergenic proteins in food formulation. In this study, protein extractions from fresh pork livers were performed using buffer 
solutions adjusted to different pH (from 4.0 to 8.5), without a subsequent concentration/purification step. The main param-
eters evaluated were yield and foaming properties of the recovered extracts; their physicochemical characteristics and the 
SDS-PAGE protein profiles were determined as well. Acceptable extraction yields (> 50% of the total protein) were obtained 
using buffer solutions adjusted to pH ≥ 4.80, but their foaming properties were poor. By contrast, the extracts recovered using 
buffers adjusted to pH ≤ 4.75 were capable of forming very voluminous and stable foams, although rather low yields were 
achieved under these conditions (31.5–36.0% of the total protein). In addition to the profile of solubilized proteins, a low fat 
and relatively high carbohydrate content in the extracts seem to contribute to their excellent foaming properties. Therefore, 
protein extracts from fresh pork liver obtained using buffer solutions adjusted to pH 4.0–4.5 (extract pH: 5.3–5.6) could be 
a real alternative to other protein foaming agents that cause food allergies, in a simple, cost-effective and sustainable way.
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Introduction

Pork liver is considered a first-grade offal due to its richness 
in proteins, mineral elements, and vitamins [1]. However, 
compared to livers from other animals (lamb, calf, poultry or 
duck), it is unpopular with Western consumers—and there-
fore low-priced—due to its stringy texture, in addition to its 
metallic and fishy off-flavors [2]. The high number of pigs 
slaughtered daily makes it necessary to explore alternatives 
for a better purpose of the generated livers, not only to obtain 
a greater economic benefit but also to minimize the environ-
mental impact associated with pig production. The protein 
richness of pork liver raises the possibility of recovering it 

for reasons beyond its nutritional value; more specifically, 
through obtaining protein fractions with techno-functional 
applications. The ability of proteins to form gels and foams 
is of great importance in rendering food texture. But while 
many different proteins from different sources with excel-
lent gelling properties can be found and easily used as food 
ingredients [3–8], most of those exhibiting good foaming 
properties (egg white, milk proteins, gluten, soy proteins) 
tend to be allergenic [9]. Hence, finding alternative non-
allergenic proteins able to form and stabilize foams would be 
beneficial for food industries. This is reinforced by the fact 
that there are no reports of allergy associated with consump-
tion of pork liver [10].

For a successful valorization, the protein extraction con-
ditions should allow obtaining the maximum yield and the 
best techno-functionality, as well as being cost-effective. 
Protein recovery can be optimized by modifying the pH 
during the extraction process due to its effects on protein 
solubility [11, 12]. Moreover, in complex matrices, the pro-
teins recovered during this step can be modulated, thanks to 
the solubility differences among them [13]. One of the most 
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common treatments based on the effect of pH on protein 
solubility is the pH-shifting technology, a two-stage pro-
cess that combines solubilization at extreme acid/alkaline 
pH with subsequent isoelectric precipitation. Under these 
conditions, proteins are first partially unfolded at pH ≤ 3.5 
or ≥ 8.0 and then refolded at the protein pI, but with confor-
mational changes not being completely reversed [14–18]. It 
was specifically proposed as an alternative to the traditional 
method to produce surimi; that is, to isolate myofibrillar 
proteins from fish by-products and small-underused fish 
species because of their gelling properties, which could be 
negatively affected by the presence of sarcoplasmic proteins 
[11, 19]. In addition, lipids and other undesirable molecules 
can be also separated during the process, thus improving 
product stability. More recently, its use has been extended to 
meat and vegetal processing areas and even to the recovery 
of proteins from microalgae and seaweed [16, 20–28]. It has 
been likewise successfully applied in offal like chicken and 
goose livers, achieving adequate yield values and improving 
the emulsifying and gelling properties of their proteins [18, 
29, 30]. However, for economic and environmental reasons, 
there is a growing interest in applying simpler methods and 
easy to scale industrially, to recover proteins from alternative 
food sources [31]. In this context, the extraction of proteins 
under mild conditions after grinding the raw material could 
be an alternative in the case of pork liver due to its relatively 
low fat content (3–5%) and its porous structure that could 
facilitate protein extraction [32]. Including a concentration/
purification step using membrane technology could be con-
sidered in the case of achieving low yield or of obtaining 
extracts with an excessive presence of compounds other than 
proteins, such as lipids, which could have a negative impact 
on the potential of extracts as techno-functional ingredients. 
However, the current interest for practices with a smaller 
carbon footprint and lower overall environmental impact is 
leading to a greater preference for protein concentrates over 
protein isolates to avoid the impact of the purification step. 
Therefore, this study focuses on obtaining and characterizing 
pork liver extracts at different pH conditions and assessing 
their potential as techno-functional food ingredients based 
on protein extraction yield and foaming properties. The 
results obtained should make it possible to assess the need 
for a post-extraction concentration/purification step.

Materials and methods

Materials

Every sampling day, three fresh pork livers from healthy 
adult animals (Large White × Landrace × Pietrain × Duroc 
commercial crossbred; live weight of approximately 100 kg 
and 6 months old), regardless of sex, were supplied by a 

local abattoir (NORFRISA, Riudellots de la Selva, Spain), 
once their gallbladder was separated. At the slaughterhouse, 
each liver was placed separately in a sterile bag. Livers 
were transported and kept under refrigerated conditions 
for approximately half an hour, until they were processed 
upon arrival at the laboratory. First, each liver was visually 
inspected to detect any abnormalities and, after that, its pH 
was measured in quadruplicate with a Crison GLP 22 pH-
meter (Hach Langue SLU, Ames, IA, USA) coupled to an 
insertion-type electrode (2-Pore F, XS Instruments, Capri, 
Italy) as a control measurement. Finally, the remaining blood 
vessels and the most evident connective tissue were com-
pletely removed from all livers.

Obtaining from fresh pork liver under different pH 
conditions

Initially, protein recovery from fresh pork livers was tested 
by following a gradient experimental design with ten pH 
levels (pH from 4.0 to 8.5, carrying out the protein extrac-
tion at each half-pH unit) without replicates. Livers were 
supplied by the slaughterhouse and processed as indicated 
above on as many different days as extraction buffers were 
tested. The order of the trials was completely randomized. 
Subsequently three more pH conditions (4.3, 4.75, and 4.8) 
were tested following the same protocol, to validate the 
observed behavior between yield and pH of the extraction 
buffer. Buffers were freshly prepared by mixing different 
solutions depending on the desired pH value: 0.10 mol/L 
citric acid and 0.20  mol/L sodium phosphate dibasic 
(pH ≤ 4.75); 0.07 mol/L monobasic potassium phosphate 
and 0.07 mol/L monobasic sodium phosphate (pH from 4.8 
to 8.0, both included); and 0.10 mol/L HCl and 0.10 mol/L 
tris(hydroxymethyl)aminomethane (pH 8.5), all in distilled 
water.

Protein extraction was performed following the same 
method as described by Toldrà et al. [33] with slight modi-
fications. Each sampling day, a pork liver homogenate was 
prepared by mixing and grinding equal amounts of the three 
livers (500 g final weight) at 2100 rpm for 1 min with a Cut-
ter Sammic CKE-5 food processor emulsifier (Sammic S.L., 
Azkoitia, Spain). At this point, a small amount of minced 
liver was separated for the subsequent determination of 
the protein content by the Kjeldahl method as described in 
AOCS [34]. A specific factor of 6.25 was applied to convert 
total nitrogen to crude protein content [35]. Then 1 L of 
buffer solution adjusted to the desired pH was added and the 
mixture was submitted to the next extraction process at room 
temperature (20 ± 1 °C): two steps at 1500 rpm for 1 min fol-
lowed by a step at 300 rpm for 30 min. The mixture was then 
centrifuged at 20,000 × g and 15 °C for 15 min (SORVALL 
RC 5C Plus, Dupont, Newtown, USA), and the supernatant 
(extract) was recovered by decanting and measured.
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Physicochemical characterization of liver protein 
extracts

The pH of all extracts recovered after centrifugation was 
measured in duplicate using a Crison GLP 22 pH meter cou-
pled to a glass electrode. Their moisture, crude protein, fat 
and ash contents were determined according to the methods 
described in AOCS [34]. Total carbohydrates were calcu-
lated by difference. Color measurements were performed in 
the CIELAB color space (CIE 1976 L*a*b*) using a Minolta 
CR-400 colorimeter (Minolta Co., Ltd, Osaka, Japan) with 
an optical geometry d:0°, equipped with a CIE illuminant 
D65 and a CIE 2° standard observer. L* coordinate corre-
sponds to lightness, while chromaticity coordinates ± a* 
and ± b*, which indicate the position between red and green 
and between yellow and blue, respectively, were used to cal-
cu la t e  hue  

[

Hue(◦) = arctan

(

b∕a

)]

 and  ch roma 
[

C =
(

a2 + b2
)
1∕2

]

.

Yield of protein extraction

Yield was determined from the mass of protein in the 
extract and reported as a percentage of the crude protein 
in the sample of minced pork liver used in the extraction 
process.

Foaming properties

Foaming properties were determined according to the 
method proposed by Saguer et al. [36], but with some 
modifications. Briefly, 200 mL of a 2 g/L protein solu-
tion prepared from pork liver extracts were poured into 
a 1 L beaker placed on a turntable and mixed for 10 min 
at 1000  rpm with a Multimix M830 (Braun Española 
S.A., Esplugues de Llobregat, Spain) equipped with two 
BR67051155 whisks. After a waiting time of 2 min to 
allow the non-foamed liquid to drain, the foaming capac-
ity was determined as the volume of foam formed. For 
each extract, foaming capacity was determined in dupli-
cate. Under these test conditions, the maximum volume 
of foam that can be formed is 3.5 times the initial vol-
ume of the protein solution before starting the whipping 
process. From each foam, relative foaming stability (rFS) 
was measured in triplicate using a gravimetric technique 
by placing a known amount of foam in a stainless steel 
(1 mm mesh size) and measuring the foam remaining 
every 10 min for 1 h. rFS was expressed as the time (in 
min) required to lose half of the foam volume; this value 

was obtained by fitting the experimental data to the best 
mathematical model.

SDS‑PAGE under reducing conditions

Diluted pork liver extracts (5.59 µg µL−1 protein concentra-
tion) were analyzed by SDS-PAGE under reducing condi-
tions in a Mini-PROTEAN® Tetra cell (BioRad, Hercules, 
CA, USA) connected to a PowerPac HC Power Supplies 
(BioRad), after being processed. First, 50 µL of extract dilu-
tion were mixed with 50 µL of sodium dodecyl sulphate 
(SDS) solution (25% 1 mol/L Tris–HCl buffer pH 6.8, 4% 
SDS, 40% glycerol, 2% β-mercaptoethanol, and 29% bromo-
phenol blue 0.5 g/L). The mixture was incubated at 95 °C 
for 5 min using a Thermoblock Digital Shaking Drybath 
(Thermo Fisher Scientific, Shangai, China) and then applied 
to the electrophoresis wells. Gels (5.5% stacking gel and 
15% separating gel) were prepared in the laboratory, fol-
lowing the Laemmli method [37]. Acrylamide and bis-
acrylamide solution (37.5:1), purchased from BioRad, were 
used to prepare the gels, while the BenchMark™ Unstained 
Protein Ladder (Invitrogen, Carlsbad, CA, USA) and the 
PageRuler Prestained NIR Protein Ladder (Thermo Fisher 
Scientific, MA, USA) were used as molecular weight stand-
ards from 10 to 220 kDa and from 11 to 250 kDa, respec-
tively. Electrophoresis was carried out at 70 V for 30 min 
and then at a constant voltage of 120 V for 2 h 30 min. Gels 
were fixed with a solution of methanol:acetic acid:distilled 
water (5:1:4). The gels were then stained using a PhastGel 
Blue R (Sigma-Aldrich, Saint Louis, MO, USA) solution 
prepared in distilled water:methanol (2:3) and diluted with 
acid acetic and distilled water (5:1:4) before use. Destaining 
was performed in a solution of methanol:acetic acid:distilled 
water (3:1:6). The gels were then soaked in glycerol:acid 
acetic:distilled water (1:1:8). Images of electrophoresis gels 
were captured using an Epson Perfection V750 PRO scanner 
(SEIKO EPSON CORP., Suwa, Japan).

Statistical analysis

Pearson correlation coefficient (r) was determined to assess 
possible linear correlations between pH and yield, and 
between each of them and the other measured variables, 
using IBM SPSS Statistics version 28 (IBM Corporation 
International, Armonk, NY, USA). Linear, polynomial 
(squared), and segmented regression analyses [38, 39] were 
applied using R package [40] (R Core Team, 2022) and the 
mathematical functions obtained were compared to obtain 
the best fit between the percentage of protein recovered or 
yield (response variable) and the buffer pH or extract pH 
(exploratory variables). Segmented regression—a linear 
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regression model that provides two or more linear lines in 
the model due to the existence of one or more breakpoints 
or discontinuities—only can be considered the best model, 
after showing that its fit is better than that of the single-phase 
models. So, an ANOVA was applied to compare linear and 
quadratic models, while the Akaike’s Information Criterion 
(AIC) value was applied to select the best of the three regres-
sion models [41], which corresponds to that with the small-
est AIC value. Since the segmented models were the best fit 
to the experimental data, the existence of the breakpoints 
was assessed using the Davies test; significant breakpoints 
means that the difference in slopes parameter is not zero. 
The significance level for all tests was α = 0.05.

Statement of human and animal rights

This article does not contain any studies with human or ani-
mal subjects.

Results and discussion

The protein extraction conditions from fresh pork liv-
ers (ground liver-to-buffer ratio, and intensity and time of 
extraction) were established from preliminary trials. It has 
often been recommended to use ratios between 1:5 and 1:10 
to avoid obtaining too concentrated and viscous extracts that 
could be difficult to separate from the insoluble fraction after 
centrifugation or, on the contrary, an excessive degree of 
dilution of the fractions of interest [11, 42]. However, greater 
ratios might be more appropriate to minimize the require-
ment for a subsequent concentration step. In the present 
study, protein extraction was carried out in a 1:2 (w:v) ratio 
because relatively high protein extraction yields (~ 60% of 

the total protein) had been obtained in previous assays at 
the liver's own pH. In fact, yields  ≥ 50% and slightly over 
70% have often been achieved for proteins recovery from 
different sources and under different extraction conditions 
[12, 33, 43, 44].

Physicochemical characteristics of the extracts

Table 1 shows the pH, volume, color, and composition of 
the extracts obtained under different pH conditions. Accord-
ing to the criteria established by Meghanathan [45] for the 
Pearson correlation coefficient, a very strong positive lin-
ear relationship was found between the pH of buffer solu-
tion and the pH of extract. However, due to the buffering 
capacity of some hepatic compounds (probably proteins), 
the pH range of extracts was narrowed, its width being 2.2 
pH units (from 5.27 to 7.47). The smallest differences in 
pH occurred when using buffers with a pH between pH 6.0 
and 7.0, with practically no change at pH 6.5, which coin-
cided with the pH of the livers (6.34 ± 0.10, n = 39). Differ-
ences were also detected in the recovered volume, color, and 
chemical composition of the extracts, depending on the pH 
of the extraction buffer and, therefore, the pH of the extract. 
As can be seen in Table 1, using buffer solutions adjusted 
to pH ≤ 4.75, the volume of extract recovered was slightly 
less than the volume of buffer added, indicating that a small 
amount of the buffer solution was retained by components 
of the insoluble fraction, probably proteins. With regard to 
the chemical composition of these extracts, the low content 
of proteins but, above all, of lipids along with the relatively 
high carbohydrate content stands out. On the contrary, using 
buffer solutions adjusted to pH ≥ 4.8, the volume recov-
ered increased by 11–12%. These extracts were relatively 
richer in proteins and lipids but poorer in carbohydrates, in 

Table 1  Physicochemical 
characteristics of the protein 
extracts obtained from fresh 
pork liver as a function of pH of 
the extraction buffer

Color Composition (g/kg)

Buffer pH Extract pH Volume (mL) L* Hue (°) Chroma Protein Fat CHO Ash H2O

4.0 5.27 930 18.82 25.78 13.44 31.7 1.2 7.4 6.1 953.6
4.3 5.38 975 22.76 25.62 13.28 32.4 1.0 11.8 6.8 948.0
4.5 5.58 950 19.42 22.23 13.12 34.9 1.0 10.4 7.3 946.4
4.75 5.65 940 23.19 22.46 12.42 37.7 2.5 6.4 7.8 945.6
4.8 6.00 1100 33.44 20.51 15.22 46.7 8.1 2.3 8.7 934.2
5.0 6.20 1110 33.53 28.36 20.55 49.4 10.8 3.4 9.0 927.4
5.5 6.20 1146 32.50 28.48 21.16 52.3 11.0 3.4 7.6 925.7
6.0 6.19 1126 33.74 24.81 19.41 47.4 11.5 3.5 8.4 929.2
6.5 6.46 1122 29.80 16.62 15.01 47.3 8.7 4.4 9.1 930.5
7.0 6.84 1134 31.05 24.75 18.42 50.9 11.2 1.8 8.3 927.8
7.5 7.13 1168 30.57 21.89 19.95 53.8 13.8 2.8 8.8 920.8
8.0 7.32 1160 31.87 30.02 20.47 55.9 11.5 5.1 9.6 917.9
8.5 7.47 1140 30.79 24.75 17.07 58.3 12.7 2.3 3.7 923.0
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relation to the extracts obtained under more acidic condi-
tions. Changes in chemical composition appear to affect the 
color of the extracts, so that those obtained at pH ≤ 4.75 
were darker and of lower intensity than those recovered at 
pH ≥ 4.8. Moreover, these last extracts showed a cloudy 
appearance.

Table 2 shows the linear correlations among all these 
parameters. As can be observed, the pH of the extract cor-
related better with all the other parameters analyzed than 
the pH of the buffer. Specifically, Pearson correlation coef-
ficient showed that extract pH was very strongly and posi-
tively correlated with protein and fat contents (r ≥ + 0.8) but 
negatively with water (r ≥ − 0.8). Extract pH also showed 
a strong negative correlation with carbohydrate (r between 
− 0.6 and − 0.79). By contrast, ash content was not affected 
by extract pH and no significant correlations were found 
among this variable and the rest of the parameters analyzed.

Effect of pH on protein recovery from fresh pork 
liver

Figure 1 illustrates the effect of buffer pH on protein recov-
ery from pork liver. As can be observed, buffer solutions 
adjusted to pH ≤ 4.75 had a low protein extraction capac-
ity, with yields around 30–35%, which resulted from the 
relatively low volumes of extract recovered and their low 
protein content. In contrast, at pH > 4.75, protein recovery 
was always higher than 50%, but showing a rather undulating 
behavior, which could reflect the complexity of the protein 
fraction of liver [46]. The maximum yield was obtained at 
pH 7.5, reaching approximately 66% of the total protein. 
Nuckles et al. [47] and Steen et al. [48] also reported a simi-
lar behavior for pork liver proteins, although these authors 
reached higher yields (76% and 79%, respectively). This 
could be because they applied more complex extraction 
processes on the liver homogenates. Zou et al. [49] also 
achieved ~ 75% yields by applying an ultrasound-assisted 
alkaline extraction method. Regardless the nature of the pro-
tein source, lowest yields are often obtained under the acidic 
conditions [21–24, 50]. Only in a relatively small number 
of studies, the opposite has been reported, particularly with 
fish muscle [51–53].

A very strong and positive Pearson correlation coefficient 
was found between buffer pH and yield (Table 2). However, 
Fig. 1 suggests a discontinuity in the relationship between 
buffer pH and yield. Statistical analysis showed that linear, 
quadratic, and segmented regression models were all signifi-
cant (Table 3). Furthermore, according to the results of the 
ANOVA, the quadratic model was significantly (p < 0.05) 
better than the linear one. However, from the AIC values 
(93.750, 87.798 and 85.402 for linear, quadratic and seg-
mented models, respectively), it can be stated that the Ta
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segmented model was the best choice. This model accounted 
for 83.5% of the variability in the data. In addition, accord-
ing to the Davies test, a significant (p < 0.0267) discontinu-
ity or breakpoint was obtained at pH 5.1. Below the break-
point, protein recovery is steeply reduced by decreasing pH; 
conversely, at higher pH values, this parameter would have 
practically no effect on the extraction yield according to the 
terms of the model shown in Table 3.

Following the same criteria, the relationship between 
extract pH and yield was analyzed. Although the relationship 
between both parameters apparently tended to be linearized 
(Fig. 2), the results of the statistical analysis showed that 
the segmented model was also the best option (Table 4). In 
this sense, the quadratic model obtained was significantly 
(p < 0.01) better than the linear one and the AIC values were 
88.193, 77.0768, and 74.837 for linear, quadratic, and seg-
mented models, respectively.

Moreover, this model accounted for greater variability 
of the data compared to the segmented model presented 

in Table 3 (92.7% vs 83.5%), with a significant breakpoint 
(p < 0.005) being established at pH 6.2, showing that the 
sharp decrease in protein extraction yield took place when 
the extract pH was lower than one of the liver. At this point, 
it should be noted that this reduction in yield cannot be 
unequivocally attributed to a decrease in pH, as there was 
also a change in the composition of the buffer solutions. 
Buffer solutions adjusted to pH ≤ 4.75 contained acid citric 
while phosphate buffers were prepared to extract liver pro-
teins in the range of pH from 4.8 to 8.0. Many studies have 
highlighted the importance of the buffer system for protein 
recovery. Poor extraction properties have been reported for 
citrate buffers at low pH [54], while it has been shown that 
phosphate buffers enhance protein extractability compared 
to other buffers or distilled water [47, 48].

Fig. 1  Protein recovery from fresh pork liver as a function of pH of 
the extraction buffer. Black circles: pH of extraction buffers initially 
considered; white squares: pH of extraction buffers included in a sec-
ond step

Table 3  Linear, quadratic, and 
segmented regression models 
describing the relationship 
between yield (response 
variable) and pH of the 
extraction buffer (exploratory 
variable)

Regression model Terms Coefficients Standard error t value p >|t| R2

Yield versus buffer pH
Linear Intercept 9.29 8.96 1.037 0.3221 0.680

Buffer pH 7.15 1.48 4.830  < 0.001
Quadratic Intercept 51.30 1.65 31.151  < 0.001 0.791

Buffer pH—1st order 37.13 5.94 6.252  < 0.001
Buffer pH—2nd order − 17.25 5.94 − 2.904 0.0157

Segmented Intercept − 65.38 29.47 − 2.219 0.0537 0.835
Buffer pH (slope 1) 23.15 6.45 3.590  < 0.01
Buffer pH (slope 2) 1.92 2.00 0.960  > 0.05
Breakpoint 5.1  < 0.05

Fig. 2  Relationship between protein recovery (yield) from fresh pork 
liver and pH of the extract. Black circles: pH of extraction buffers ini-
tially considered; white squares: pH of extraction buffers included in 
a second step
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Foaming properties

Figure  3 shows the foaming capacity (FC) of the liver 
extracts and the relative stability of the obtained foams (rFS) 
as a function of the buffer pH. As can be observed, both 
parameters seemed to be closely related. In fact, Pearson 
correlation coefficient shows a very strong and positive cor-
relation between them (Table 2). However, non-significant 
linear correlations were found between the buffer or extract 
pH and the foaming properties.

As a whole, the extracts recovered can be clearly sepa-
rated into three groups, depending on whether these proper-
ties were excellent (pH 4.0–4.5), medium-poor (pH 6.5–8.5) 
or very poor (pH 4.75–6.0). The extracts included in this 
last group seemed to behave more like anti-foaming agents 
[55], which could also have applications in the food industry. 
The high whippability of the extracts recovered at pH ≤ 4.5 
resulted in foam volumes that were around three times that 
of the unfoamed protein solution. Also, these foams were 

very stable, with rFS values between 40 and 50 min for any 
of them (Fig. 3). In addition, to the naked eye, the structure 
of the foams appeared very uniform, compact, and firm, 
and with very small bubbles, which could explain the good 
stability of the foam since drainage and disproportionation 
could be slowed down [13, 56]. Similar foam volumes and 
relative stabilities were reported for porcine blood plasma 
proteins under comparable assay conditions in relation to 
both the air incorporation system and the geometry and size 
of the bowl containing the solution to be foamed [57]. How-
ever, the protein concentration in the test solution was 2 g/L 
for pork liver extracts and 5 g/L for pork plasma. So, liver 
extracts form and stabilize foams much more efficiently than 
plasma. Foam formation is influenced by protein concen-
tration as it affects the adsorption rate [13, 58, 59]. Most 
proteins have the maximum expansion at concentrations of 
2–8 g/L [26, 60], although lower concentrations have also 
been applied for proteins with excellent foaming properties 
such as egg albumen [61]. Foam volume increases with pro-
tein concentration up to a threshold value beyond which it 
decreases, probably caused by high protein concentrations 
which may favor the formation of insoluble aggregates [62]. 
Liver extracts obtained at pH ≤ 4.5 had pH values in the 
range from 5.27 to 5.58; that is, relatively close to the appar-
ent pI of liver proteins (pH 5), according to da Costa et al. 
[24]. At pH values close to the pI, the adsorption of pro-
teins on the surface is favored and foam stability improved 
[63–69]. However, the proximity of the extract pH to the pI 
of liver proteins cannot explain in this case the good foam-
ing properties since most of the proteins whose pI was found 
around 5.0 should have precipitated during the centrifuga-
tion step. These extracts were transparent but, as mentioned 
before, those ones obtained at higher pH presented a cloudy 
appearance that could be due to the presence of protein 
complexes and/or other superstructures like lipoproteins 
[9, 13, 70–72]. Both can strongly affect foaming proper-
ties. High-molecular-weight proteins and protein aggregates 
are slowly adsorbed on the surface, thus limiting foam for-
mation. In addition, they are not very efficient in reducing 

Table 4  Linear, quadratic, and 
segmented regression models 
describing the relationship 
between yield (response 
variable) and pH of the extracts 
recovered (exploratory variable)

Regression model Terms Coefficients Standard error t value p >|t| R2

Yield versus extract pH
Linear Intercept − 48.33 15.54 − 3.111 0.01 0.791

Extract pH 15.86 2.46 6.452  < 0.001
Quadratic Intercept 51.30 1.09 47.051  < 0.001 0.909

Extract pH—1st order 40.06 3.93 10.189  < 0.001
Extract pH—2nd order − 16.41 3.93 − 4.175 0.01

Segmented Intercept − 134.22 25.20 − 5.326  < 0.001 0.927
Extract pH (slope 1) 30.80 4.43 6.952  < 0.001
Extract pH (slope 2) 6.06 2.73 2.222  < 0.05
Breakpoint 6.2 0.14  < 0.005

Fig. 3  Foam capacity (FC) and relative foam stability (rFS) of 
pork liver extracts obtained under different pH conditions, this last 
expressed as the time for the initial foam volume to decay by half. 
Black circles: pH of extraction buffers initially considered; white 
squares: pH of extraction buffers included in a second step
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surface tension [73]. By contrast, proteins of relatively low 
molecular weight, soluble and flexible, tend to form volumi-
nous foams because they can diffuse rapidly at the air–water 
surface. Martin et al. [58] observed that the minimum pro-
tein concentration required for foam formation could differ 
by a factor of 100 among proteins with different molecular 
weight. The ratio of low/high-molecular-weight proteins 
(including protein aggregates) can likely play an important 
role in modulating these properties. When a proper ratio 
is found in the solution, foam expansion can be improved, 
especially thanks to low-molecular-weight proteins. At the 
same time, high-molecular-weight proteins can improve the 
stability of the foam by increasing the viscoelasticity of the 
film and/or by forming a gel-like network [70, 72, 74–77].

The cloudy appearance of some extracts could also be 
due to the presence of lipids such as VLDL, which would 
also explain their poor foaming properties. Hepatocytes 
accumulate lipids packaged into VLDL that then secrets 
into the circulatory system [78]. VLDL are globular and 
high-molecular-weight particles soluble in aqueous solutions 
consisting of approximately 90% lipids and 10% proteins 
(apolipoproteins). Triacylglycerols, phospholipids—mainly, 
phosphatidylcholine—cholesterol and cholesteryl esters are 
found in the VLDL’s lipid fraction [79–81]. Apolipoproteins 
act as detergents, stabilizing the structure of the lipopro-
tein particle [82] resembling a spheroidal microemulsion. 
VLDL are relatively high in size but they are low in density 
(0.930–1.006 g  mL−1) due to their high lipid content [83]. If 
the extraction conditions do not alter their stability, VLDL 
should be found in the extract or partially separated during 
the centrifugation step. However, VLDL stability decreases 
with lowering pH, which could lead to the disintegration 
of VLDL even at room temperature [79]. This disintegra-
tion could give rise to smaller but denser particles, which 
would favor their precipitation during centrifugation. This 
probably explains the differences not only in appearance and 
composition but also in techno-functional behavior among 
the extracts obtained at different pH. The presence of these 
particles could have a detrimental effect on foaming prop-
erties similar to that observed for yolk-contaminated egg 
white, which has been specifically attributed to yolk plasma 
fraction [84, 85]. This fraction is mainly composed of low-
density lipoproteins (LDL) and livetins, a globular protein 
fraction [86]. A very low percentage of egg yolk is enough to 
drastically reduce the foaming properties of egg white [87]. 
The foaming properties of milk are also highly dependent 
not only on the fat content but also on the size of fat globules 
[88].

Interestingly, sugars can also strongly interact with pro-
teins, thus affecting their techno-functionality in general, 
and their foaming properties in particular. In fact, it has 
been observed that adding sucrose or glucose (1%) to pro-
tein solutions (10% total dry extract) has beneficial effects 

on the foaming properties [89]. Glucose could actually be 
present in liver extracts as a consequence of gluconeogen-
esis during the fasting state [90]. As can be observed in 
Table 2, the carbohydrate content is relatively high in liver 
extracts obtained using buffer solutions adjusted to pH ≤ 4.5, 
which also showed very low fat contents. Both aspects could 
stimulate the foaming properties of these extracts. However, 
differences in the content of carbohydrates and fats between 
the extracts obtained using buffer solutions adjusted to pH 
4.75 and pH 4.8 contrast with the similarity in terms of their 
foaming properties.

SDS‑PAGE under reducing conditions

Qualitative effects of the buffer pH on the protein extrac-
tion were determined by SDS-PAGE under reducing condi-
tions (Fig. 4a, b). All the analyzed protein profiles exhibited 
multiple bands of different intensity throughout the range 
of molecular weights analyzed (~ 10 kDa to 220 kDa) and 
even, in some of them, bands of higher molecular weight 
were evident. The profiles obtained revealed that there was 
a predominance of bands with a molecular weight ≤ 70 kDa. 
This would agree with Li et al. [91], who maintain that ~ 76% 
of liver proteins have a molecular weight ≤ 60 kDa. How-
ever, changes can be observed along the profile depending 
on the pH of the extraction buffer in relation to the pres-
ence/absence of specific bands and/or their intensity. Fig-
ure 4a shows clear differences between the electrophoretic 
profiles corresponding to the extracts obtained with buff-
ers adjusted to pH ≤ 4.5 and those recovered with buffers 
adjusted to pH ≥ 5.0, which could be particularly relevant 
in the upper range of molecular weights. At pH 4.0 and 4.5, 
high-molecular-weight (> 220 kDa) polypeptide chains were 
poorly solubilized. In this sense, both the absence of the 
band in the upper part of the gel, corresponding to protein 
molecules incapable of penetrating the stacking gel, and the 
lower intensity of the band that did not penetrate the running 
gel, are remarkable. These bands probably correspond to 
certain apolipoproteins. Apolipoproteins with a molecular 
weight > 220 kDa can actually be found in very-low-density 
lipoproteins (VLDL) synthesized in the liver. In pork liver, 
the main protein component is apolipoprotein B-100 (Apo 
B-100), whose molecular weight is 515–550 kDa [81, 83, 
92–94], being one of the largest monomeric proteins known 
[82]. Apolipoprotein(a) or Apo(a), with a molecular weight 
varying from 300 to 800 kDa, is also synthesized in the liver 
[83]. This apolipoprotein is covalently linked to Apo B-100 
through a disulfide bond in a particular type of low-density 
lipoprotein known as lipoprotein(a), although liver processes 
and releases both proteins independently to form particles 
extracellularly, either in circulation or at the hepatocyte sur-
face [95–97]. Interestingly, the profiles corresponding to the 
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extracts recovered at pH 4.75 and 4.8 (Fig. 4b) also show the 
band that cannot penetrate the stacking gel.

These changes in the electrophoretic profiles seem to be 
in accordance with the foaming properties of the different 
extracts because they were excellent when the extraction 
conditions did not favor the recovery of the highest molec-
ular weight polypeptide chains. On the contrary, when they 
were recovered, extracts showed poor (buffer pH from 
4.75 to 6.0) or medium-poor (buffer pH ≥ 6.5) foaming 
properties. In this last case, greater electrostatic repulsion 
acquired as the pH moves away from the pI could reduce 
the negative impact that high-molecular-weight proteins 
have on the foaming properties.

Conclusion

Protein extracts of pork liver obtained using buffer solu-
tions adjusted to pH ≤ 4.5 exhibited excellent foaming 
properties. They were capable of forming large volumes 
of highly stable foam at very low protein concentra-
tion. Under these pH conditions, very large polypeptide 
chains—which seemed to be detrimental on the foaming 

properties—were not solubilized. Moreover, these extracts 
were very low in fat and relatively high in carbohydrates, 
both characteristics positively affecting the foaming prop-
erties. Therefore, despite the limited protein recovery 
(~ 30%), under these extraction conditions, it should not 
be necessary to include a concentration/purification step of 
the extract, unless subsequent spray-drying of the extract 
is planned to be incorporated to facilitate its conservation 
and storage.
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