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Processing contributes to different flavors and textures of pork products. However, processingmethods have also
showed a great impact on meat nutrition. In this study, protein digestibility and digested products were com-
pared among four kinds of processed pork products (cooked pork, emulsion-type sausage, dry-cured pork and
stewed pork). Cooked samples were homogenized and digested by pepsin and trypsin. The digestibility of
meat proteins was evaluated by particle size measurement, SDS–PAGE, and LC-MS/MS. Emulsion-type sausage
had the highest digestibility and the lowest particle size (P b 0.05), while stewed pork showed the opposite re-
sults (P b 0.05). Band profiling on SDS-PAGE gels were significantly different before and after digestion, and be-
tween pork products as well. LC-MS/MS analysis revealed that stewed pork samples had the greatest number of
750– 3500 DaMw peptides in digested products, while emulsion-type sausage had the smallest number of pep-
tides between 750 and 3500 Da. Long-time salting and drying, and long-time and high-temperature cookingmay
induce pork proteins to being less susceptible to pepsin digestion.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Pork is the largest meat species of production and consumption
(FAO, 2015). Pork is also an important source for several minerals
(e.g., iron and selenium) and vitamins (e.g., VA, VB12 and VB11) and pro-
vides a high amount of protein to diet (Biesalski, 2005). Some pork
products like emulsion-type sausage and dry-cured ham are popular
over the world, while such pork products as stewed pork are popular
in someAsian countries. Processing has been shown to affect protein di-
gestibility and nutritional values of pork products (Remond, Savary-
Auzeloux, Gatellier, & Sante-Lhoutellier, 2008). For example, long-time
salting and drying, characteristic of dry curing, has been shown to in-
duce pork proteins to oxidation and degradation (Bermúdez, Franco,
Carballo, Sentandreu, & Lorenzo, 2014; Gallego, Mora, Aristoy, &
Toldra, 2015; Zhao et al., 2005). Chopping and cooking of emulsion-
type sausage is accompanied with protein gelling and emulsification
(Cofrades & Jiménez-Colmenero, 1998; Han, Zhang, Fei, Xu, & Zhou,
2009; Xiong, 1994). Such changes affect protein bioavailability in
gastrointestinal tract. Protein oxidation and aggregation induced by
processing could result in different digestibility of pork and chicken
products (Hur, Lim, Decker, & McClements, 2011; Liu & Xiong, 2000).
There are two kinds of factors to cause protein aggregation, i.e.,
disulphide bridges and covalent inter-protein links, existing in different
pork products (Di Luccia et al., 2015). Inmost cases, cooking is critical to
make pork and pork products edible, in which cooking temperature and
time determine protein oxidation and aggregation (Santé-Lhoutellier,
Astruc, Marinova, Greve, & Gatellier, 2008; Bax et al., 2012; Promeyrat,
Gatellier, Lebret, Kajak-Siemaszko, Aubry & Sante-Lhoutellier, 2010),
and moderate cooking increases the digestibility in gastrointestinal
tract (Wen, Zhou, Li et al., 2015; Wen, Zhou, Song et al., 2015).

Protein oxidation may change in vitro digestibility by altering pro-
tein hydrophobicity, aggregation and secondary structure (Sun, Zhou,
Zhao, Yang, & Cui, 2011). Cooking condition affects in vitro protein di-
gestion but extended cooking at 100 °C could not increase digestibility
(Kaur, Maudens, Haisman, Boland, & Singh, 2014). In practice, the pro-
cessing of pork products is a combination of different treatments, e.g.,
curing, tumbling, chopping, smoking, frying, or steaming. Different com-
binations of these preparations may lead to different extents of protein
digestibility when we eat pork products. However, it is still less known
about the differences in protein digestion among different pork products.

In this study, we compared the protein digestibility of four types of
processed pork products (cooked pork, emulsion-type sausage, dry-
cured pork and stewed pork) through use of particle sizemeasurement,
SDS-PAGE analysis, and LC-MS/MS analysis. The aim was to examine
how the different methods of processing affected protein digestibility
of these products.
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2. Materials and methods

2.1. Meat product preparation

Pork products were made with pork longissimus dorsi muscles from
the same carcasses. Cooked pork was prepared according to the follow-
ing steps: porkmuscle was cut vertically into 15 × 10× 5 cmpieces that
were packed in retort pouch and directly cooked in water bath till the
center temperature reached 72 °C. Emulsion-type sausagewasprepared
according to the following formulation: pork muscle and back fat at a
ratio of 4 to 1, salt (1.8%) and tripolyphosphate (0.4%). Meat and fat
were chopped using a high speed chopper during which salt and
tripolyphosphate were mixed, and the batter was stuffed into
48-mm-diameter plastic casings. The sausages were cooked till the
center temperature reached 72 °C. Dry-cured pork was prepared as
follows: curing with 5% salt and sun-drying for one month. The
dry-cured pork was softened in hot water and cooked to the center
temperature of 72 °C. Stewed pork was prepared according to the
following formulations: pork muscle was vertically divided into
strips (5 cm width) and cooked according to the procedure of Li et
al. (2016) with minor modifications. Briefly, pork strips were
blanched in boiling water for 5 min, chilled and cut into
5 × 5 × 5 cm cubes. The cubes were pan-fried (180 °C) for 5 min
with soybean oil (10 g kg−1 of meat) on a pot-induction surface.
The cubes were fried and turned twice at an interval of 60 s (skin
side not fried) and then cooked in boiling water (water/meat: 1/4)
for 5 min. After that, the cubes were stewed at 100 °C for 150 min.
Eight replicates were applied for each product.

2.2. In vitro digestion

Pork products were digested according to the procedure of Wen,
Zhou, Song et al. (2015) with minor modifications. Meat sample
(0.5 g) was homogenized (2 × 30 s at 9500 × g and 2 × 30 s at
13,500 × g at 4 °C) in 2 mL of PBS (10 mmol/L Na2HPO4-NaH2PO4,
pH 7.0) with 30 s cooling between bursts. After homogenization, the
homogenates were adjusted to pH 2.0 with 1 mol/L HCl and gastric
pepsin was added at a ratio of 1 to 31.25 on a meat weight basis. The
reaction mixture was incubated at 37 °C for 2 h and then the reaction
was ended by adjusting the pH to 7.5 with 1 mol/L NaOH. Then, trypsin
was added at a ratio of 1 to 50 on the meat weight basis. The mixture
was maintained at 37 °C for another 2 h and then heated at 95 °C for
5 min. To remove undigested proteins from the digestion mixtures, 3
folds of ethanol (V:V) were added and then kept at 4 °C for 12 h. The
resulting mixtures were centrifuged (10,000 × g, 20 min, 4 °C). The
supernatant and precipitate were separated for use in further
analysis.

The in vitro digestibility was expressed as the percentage of the
difference in protein contents before and after digestion. From each
meat sample, two aliquots (about 1.0 g) were taken. One aliquot
was reacted with pepsin, and the other one was digested with pepsin
and subsequently with trypsin. The digestion procedures were
described as above. Then, the resulting mixtures were centrifuged
at 10,000 ×g for 20 min at 4 °C and the protein contents in the pre-
cipitates were detected by the BCA method with a commercial kit
(Thermo Scientific, Rockford, IL, USA). The degree of digestibility
was calculated as follows:

Digestibility %ð Þ ¼ W0−W1

W0
� 100%

whereW1: protein content (g) in the precipitate after gastric or pan-
creatic digestion; W0: protein content (g) in the untreated product
before digestion.
2.3. Gel electrophoresis

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–
PAGE) was performed according to the procedure of Li et al. (2012) to
characterize the total protein profiles before and after digestion.

A total of 1.0 g of cooked meat was homogenized in 4 mL of extrac-
tion buffer (2% SDS and 0.01 mol/mL PBS at pH 7.0). The homogenate
was centrifuged at 1500 ×g for 15 min at 4 °C and the supernatant
was retained. The protein concentrationwasmeasuredwith a commer-
cial BCA protein assay kit (Thermo Scientific, Rockford, IL, USA). A cer-
tain volume of supernatant was taken and mixed with 12.5 μL of XT
sample buffer (Bio-Rad, Hercules, CA) and made up to a total volume
of 50 μL with ultrapure water and the final protein concentration of
1 μg/μL. The mixtures were heated at 95 °C for 5 min to induce protein
denaturation. A 12 μL of protein sample was loaded on a precast gel
(4–12% Bis-Tris Criterion, Bio-Rad, Hercules, CA). The gels were run in
950 mL of XT MES running buffer (Bio-Rad, Hercules, CA) at 150 V for
1.5 h. Proteins were then stained with Coomassie Blue R250 for 3 h
and destained until the bands were clear.

Gel images were captured using an image scanner (GE Healthcare,
Little Chalfont, SE), and the band intensities were quantified with the
Quantity One software. The intensity of each band was calculated as
its actual intensity relative to the intensity of the 190 kDa band in the
prestained calibration marker.

2.4. Profiling of digested products

The ethanol-soluble fractions of the pepsin and trypsin digested
products were characterized according to the method of Wen, Zhou,
Song et al. (2015). Briefly, the ethanol-soluble fractions were loaded
onto ultra-0.5mL centrifugal filter units (Amicon Ultra,Millipore, Biller-
ica, MA, USA) and centrifuged at 14,000 × g for 15 min. The filtrates
were concentrated with ZipTip C18 (Millipore, Billerica, MA, USA). The
concentrated peptide mixture was loaded onto a C18 column
(2 cm×200 μm,5 μm), and then passed through a C18 chromatographic
column (75 μm× 100mm, 3 μm) for separation. Peptides were separat-
ed by step-gradient elution with buffers A (0.1% formic acid in water)
and B (0.1% formic acid in 84% acetonitrile) at a flow rate of
300 nL/min, including 0– 12 min (97%A, 3%B), 12– 100 min (72%A,
28%B), 100– 120 min (45%A, 55%B),122– 144 min (2%A, 98%B)
and 144– 160 min (97%A, 3%B). Peptides were identified under a
hybrid quadrupole orbitrap mass spectrometer equipped with a
nanoelectrospray ionization source (Thermo Fisher Scientific, USA).
The data-dependent mode was selected and a scan cycle was initiated
with a full-scan MS spectrum (from 300 to 1800 amu).

Under the program of Proteome Discoverer-1.4 (Thermo Fisher Sci-
entific, Palo Alto, CA, USA), MS/MS spectra were matched against the
Swiss-Prot database against Sus scrofa for pork (http://www.uniprot.
org/). Data matching was performed with a parent ion tolerance of
10 ppm, and two missing cleavages were allowed. Pepsin was selected
for peptic peptides database search, while both pepsin and trypsin
were chosen in peptic/tryptic peptides search. The similarity of peptides
between four types of pork products was analyzed by Venn diagrams
(http://bioinformatics.psb.ugent.be/webtools/Venn/).

2.5. Particle size measurement

Pork products were homogenized and digested with pepsin and
trypsin as described above. The sizes of particles in homogenates were
measured according to themethod of Sun et al. (2011)with an integrat-
ed-laser light scattering instrument (Mastersizer 3000, Malvern,
Worcestershire, UK). The data were analyzed by using the Malvern
Mastersizer software (version 5.12c, Malvern, Worcestershire, UK). Of
the available data, D4,3 represents the mean diameter in volume, and
D3,2 represents themean diameter in surface; Dx(90) represents the par-
ticle size for which 90% of the sample particles have a lower size; Dx(50)

http://www.uniprot.org/
http://www.uniprot.org/
http://bioinformatics.psb.ugent.be/webtools/Venn/


Fig. 1. In vitro protein digestibility of four pork products (means ± standard deviations,
n = 8). a, b, c Different letters indicated significant differences in digestibility after
pepsin digestion; A, B, C, D different letters indicated significant differences in
digestibility after trypsin digestion.
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represents the size for which 50% of the sample particles have a lower
size, and Dx(10) represents the size for which 10% of the sample particles
have a lower size.
Fig. 2. SDS-PAGE profiles of proteins from different pork products before and after digestion. L
dry-cured pork/stewed pork before digestion, after pepsin digestion, and after trypsin digestio
2.6. Statistical analysis

The data of digestibility and particle size were analyzed by using
one-way analysis of variance and Duncan's multiple-range test under
the SAS program (version 9.2, 2009, SAS Institute Inc., USA). The
means were considered significantly different if the P value was smaller
than 0.05. The data of MS spectra were mainly analyzed qualitatively
and similarity analysis was performedwith Venn diagrams as described
above.

3. Results and discussion

3.1. The in vitro digestibility

Four pork products showed significant differences in protein digest-
ibility (P b 0.05, Fig. 1). Stewed pork had the lowest digestibility after
pepsin digestion alone or followed by trypsin digestion (P = 0.032),
but the highest for emulsion-type sausage at both conditions (P =
0.021). No significant difference was observed between cooked pork
and dry-cured pork after pepsin digestion (P = 0.12), but dry-cured
pork showed lower digestibility than cooked pork after trypsin diges-
tion (P = 0.012). The differences in digestibility could be attributed to
several aspects. For stewed pork, long-time cooking may induce
anes M/C/E/D/B, CP/EP/DP/BP, CT/ET/DT/BT: marker/cooked pork/emulsion-type sausage/
n.



Table 1
Band intensities of whole proteins before digestion varying with pork products
(means ± standard deviations, n = 8).

Bands Cooked pork Emulsion-type sausage Dry-cured pork Stewed pork

1 0.88 ± 0.25b 1.29 ± 0.25a 1.32 ± 0.32a n.d.
2 0.73 ± 0.33ab 0.47 ± 0.32b 0.88 ± 0.31a n.d.
3 0.26 ± 0.12ab 0.32 ± 0.11a 0.25 ± 0.16ab 0.10 ± 0.01b

4 0.21 ± 0.12b 0.18 ± 0.06bc 0.36 ± 0.19a 0.08 ± 0.03c

5 0.25 ± 0.08a 0.22 ± 0.05a 0.19 ± 0.06a 0.11 ± 0.04b

6 4.78 ± 1.09b 4.37 ± 0.67b 6.36 ± 0.83a 0.51 ± 0.42c

7 0.63 ± 0.17b 0.52 ± 0.23b 0.94 ± 0.23a 0.12 ± 0.09c

8 0.40 ± 0.10b 0.72 ± 0.43a 0.54 ± 0.23ab 0.10 ± 0.09c

9 0.22 ± 0.11b 0.31 ± 0.09a 0.11 ± 0.07c 0.10 ± 0.04c

10 0.32 ± 0.08b 0.33 ± 0.10b 0.50 ± 0.20a 0.06 ± 0.04c

11 0.20 ± 0.08a 0.19 ± 0.10a 0.15 ± 0.11ab 0.09 ± 0.03b

12 0.04 ± 0.02b 0.02 ± 0.02b 0.02 ± 0.01b 0.07 ± 0.03a

13 0.04 ± 0.03b 0.02 ± 0.01b 0.04 ± 0.01b 0.07 ± 0.03a

14 0.68 ± 0.19b 0.60 ± 0.05b 0.85 ± 0.09a 0.09 ± 0.07c

15 1.30 ± 0.35a 0.89 ± 0.18b 1.22 ± 0.15a 0.14 ± 0.15c

16 0.22 ± 0.07a 0.26 ± 0.11a 0.08 ± 0.03b 0.06 ± 0.01b

17 0.22 ± 0.06b 0.20 ± 0.12b 0.33 ± 0.08a 0.04 ± 0.02c

18 0.32 ± 0.20a 0.11 ± 0.07b 0.14 ± 0.06b 0.42 ± 0.10a

19 0.16 ± 0.14a 0.16 ± 0.08a 0.13 ± 0.07a 0.19 ± 0.11a

20 0.03 ± 0.01b 0.04 ± 0.01b 0.06 ± 0.03a 0.03 ± 0.02b

21 0.95 ± 0.21b 0.66 ± 0.17c 1.31 ± 0.22a 0.17 ± 0.14d

22 0.37 ± 0.10a 0.19 ± 0.05b 0.40 ± 0.13a 0.07 ± 0.03c

23 0.13 ± 0.06ab 0.07 ± 0.06b 0.17 ± 0.07a 0.07 ± 0.02b
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proteins to oxidation and aggregation that affects proteolytic suscepti-
bility. For dry-cured pork, salting and drying are two critical steps, dur-
ing which protein surface hydrophobicity increases, and dehydration,
oxidation and aggregation occur as well. In addition, cooking tempera-
ture has a distinct influence on the proteolytic susceptibility of myofi-
brillar proteins to digestive enzymes. At 70 °C, moderate denaturation
happens to meat proteins with the exposure of more protein cleavage
sites accessible to digestive enzymes. However, protein oxidation and
aggregation would increase at 100 °C or higher temperatures, which is
a condensing effect (Promeyrat, Bax, Traore, Aubry, Sante-Lhoutellier
& Gatellier, 2010), but meat protein overall digestibility would be im-
proved at high temperature (Bax et al., 2012). In the present study,
stewed pork was cooked at higher temperature and for much longer
time than the other three pork products, which may cause a higher
level of protein oxidation and aggregation, and lower digestibility. The
difference in digestibility between Bax et al. (2012) and the present
study could be attributed to distinct cooking time (0.5 h vs. 1.5 h). Al-
though emulsion-type sausage, dry-cured pork and cooked pork were
cooked at the same temperature (70 °C), an emulsifying system was
formed during the preparation of emulsion-type sausage, and the fat
droplets aroundmuscle fiberswould decrease protein oxidation and ag-
gregation (Youssef, Barbut, & Smith, 2011), and thus increase the
digestibility.
24 0.04 ± 0.03b 0.39 ± 0.14a 0.07 ± 0.03b 0.06 ± 0.01b

25 1.45 ± 0.18b 1.36 ± 0.17b 1.69 ± 0.16a 0.48 ± 0.24c

26 4.07 ± 0.71a 3.84 ± 0.60a 4.24 ± 0.85a 2.19 ± 0.73b

27 1.33 ± 0.41a 1.03 ± 0.38ab 1.21 ± 0.41ab 0.80 ± 0.482b

28 1.43 ± 0.32a 1.22 ± 0.15a 1.28 ± 0.21a 0.91 ± 0.20b

29 0.63 ± 0.10b 0.51 ± 0.16bc 0.85 ± 0.19a 0.39 ± 0.21c

30 0.08 ± 0.05a 0.11 ± 0.05a 0.15 ± 0.14a 0.13 ± 0.07a

31 0.86 ± 0.18a 0.64 ± 0.13bc 0.78 ± 0.22ab 0.47 ± 0.19c

32 0.50 ± 0.14a 0.47 ± 0.08a 0.49 ± 0.07a 0.33 ± 0.09b

33 0.94 ± 0.21a 0.73 ± 0.23b 1.00 ± 0.22a 0.57 ± 0.13b

34 1.21 ± 0.33ab 0.93 ± 0.30bc 1.38 ± 0.18a 0.78 ± 0.28c

35 0.76 ± 0.11ab 0.67 ± 0.18ab 0.90 ± 0.16a 0.58 ± 0.38c

36 0.24 ± 0.10a 0.21 ± 0.11a 0.24 ± 0.07a 0.27 ± 0.15a

37 0.32 ± 0.15a 0.18 ± 0.09b 0.36 ± 0.14a 0.16 ± 0.08b

a,b,c,d: The different superscripts on the same row differed significantly at the significance
level of 0.05.

Table 2
Band intensities of pepsin digested products varying with pork products
(means ± standard deviations, n = 8).

Bands Cooked pork Emulsion-type sausage Dry-cured pork Stewed pork

1 0.19 ± 0.20a 0.14 ± 0.09a 0.08 ± 0.05a 0.13 ± 0.11a

2 0.27 ± 0.21a 0.10 ± 0.07b 0.05 ± 0.03b 0.19 ± 0.15ab

3 0.26 ± 0.18a 0.20 ± 0.13ab 0.11 ± 0.08ab 0.09 ± 0.06b

4 0.12 ± 0.11a 0.13 ± 0.09a 0.06 ± 0.04a 0.11 ± 0.02a

5 0.36 ± 0.32a 0.11 ± 0.09a 0.13 ± 0.13a 0.13 ± 0.17a

6 0.13 ± 0.12b 0.08 ± 0.05b 0.90 ± 0.16a 0.05 ± 0.03b

7 0.42 ± 0.28a 0.46 ± 0.24a 0.03 ± 0.02b 0.18 ± 0.09b

8 0.17 ± 0.10b 0.11 ± 0.04b 1.36 ± 0.37a 0.04 ± 0.01b

9 0.85 ± 0.34a 0.99 ± 0.14a 0.32 ± 0.25b 0.26 ± 0.17b

10 0.10 ± 0.06b 0.68 ± 0.23a 0.08 ± 0.09b 0.07 ± 0.02b

11 0.56 ± 0.36b 1.97 ± 0.52a 0.09 ± 0.07c 0.14 ± 0.10c

12 0.08 ± 0.04b 0.19 ± 0.08a 0.03 ± 0.01b 0.06 ± 0.03b

13 0.16 ± 0.16b 1.45 ± 0.50a 0.03 ± 0.01b 0.15 ± 0.03b

14 0.33 ± 0.38b 0.05 ± 0.05b 2.72 ± 0.54a 0.03 ± 0.02b

15 0.17 ± 0.10a 0.03 ± 0.04b 0.14 ± 0.10a 0.06 ± 0.04b

16 1.52 ± 0.62a 0.98 ± 0.30b 1.91 ± 0.59a 0.17 ± 0.15c

17 0.06 ± 0.04b 0.06 ± 0.05b 0.98 ± 0.48a 0.05 ± 0.02b

18 0.15 ± 0.04b 0.78 ± 0.54a 0.09 ± 0.03b 0.14 ± 0.11b

19 0.49 ± 0.22a 0.35 ± 0.23ab 0.52 ± 0.19a 0.14 ± 0.14b

a,b,c: The different superscripts on the same row differed significantly at the significance
level of 0.05.
3.2. SDS-PAGE

SDS-PAGE revealed the difference in the band intensities of proteins
from cooked pork, emulsion-type sausage, dry-cured pork and stewed
pork (Fig, 2, Tables 1 & 2). For the whole proteins before digestion, the
majority of bands from stewed pork samples had the lowest intensities,
corresponding to the highest values for dry-cured pork samples
(P b 0.05, Table 1). This could be because longer-time and higher-tem-
perature cooking resulted in more crosslinks formed between proteins.
A similar result was observed in our previous study (Wen, Zhou, Li et al.,
2015;Wen, Zhou, Song et al., 2015). The possible reason is the aggrega-
tion of meat proteins. The cross-linked proteins may not pass through
4–12% SDS-PAGE gel. In the dry-cured pork, there could be more pro-
teins to be dissolved at higher concentration of salt during protein ex-
traction because dry-cured pork contained N8% NaCl on a weight
basis. Interestingly, the intensities of bands 19, 30 and 36 did not differ
among the four pork products (P N 0.05, Table 1), which indicates that
these proteins could be resistant to cooking and other treatments. In
most cases, cooked pork and emulsion-type sausage showed the similar
band intensities (P N 0.05). Some bands in these two products had the
intermittent intensities between those of dry-cured pork and stewed
pork (P b 0.05, Table 1).

For the pepsin-digested products, a lot of bands appearing in un-
digested samples disappeared and some new bands appeared (Fig.
2). The bands 9, 10, 11, 14, 15, 21, 22 and 27 on lanes C, E, D and S
appearing in undigested samples existed in pepsin-digested samples
(bands 1, 2, 3, 4, 5, 10, 11 on lanes CP, EP, DP and SP) at much lower
intensities (Fig. 2). This means that those proteins could be degraded
partially by pepsin. The stewed pork samples still showed the lowest
intensities for most bands (P b 0.05, Table 2). Bands 10, 11, 13 and 18
in emulsion-type sausage had higher intensities that could be the
degradation products of some high molecular-weight proteins
(P b 0.05, Table 2). The dry-cured pork had higher intensities of
bands 8, 14 and 17 that could also be the fragments of high molecu-
lar-weight proteins (P b 0.05, Table 2). At the bottom of gels, quite a
lot of smaller-molecular-weight fragments were collected under
electrophoresis.

After trypsin digestion, high molecular-weight protein bands disap-
peared and only smaller-molecular-weight fragments were collected at
the bottom of gels (Fig. 2). This is because trysin hasmore cleavage sites
in proteins as compared to pepsin.



Table 3
The particle sizes of four pork products (means ± standard deviations, n = 8).

Products D3,2/μm D4,3/μm Dx(10)/μm Dx(50)/μm Dx(90)/μm

Untreated samples
Cooked pork 56.41 ± 2.98b 211.75 ± 8.68c 40.64 ± 4.40b 129.75 ± 7.44c 501.38 ± 8.80c

Emulsion-type sausage 141.1 ± 6.29a 375.25 ± 9.00a 101.04 ± 6.80a 321.6 ± 10.04b 732.75 ± 9.29a

Dry-cured pork 51.73 ± 6.60b 347.2 ± 10.48b 83.12 ± 4.85c 392.69 ± 6.27a 647.5 ± 11.70b

Stewed pork 42.61 ± 7.08c 166.38 ± 8.50d 19.35 ± 4.44d 111.8 ± 11.92c 419.2 ± 10.93d

Pepsin-digested samples
Cooked pork 27.45 ± 5.20b⁎ 59.45 ± 4.96c⁎ 11.70 ± 2.65b⁎ 45.20 ± 2.84b⁎ 119.88 ± 7.92c⁎

Emulsion-type sausage 7.33 ± 0.77c⁎ 65.68 ± 7.85c⁎ 2.85 ± 0.26d⁎ 10.83 ± 1.03c⁎ 210.00 ± 8.49b⁎

Dry-cured pork 36.83 ± 2.54a⁎ 113.13 ± 11.47a⁎ 14.55 ± 1.41a⁎ 88.89 ± 3.17a⁎ 222.75 ± 10.87a⁎

Stewed pork 26.40 ± 1.94b⁎ 101.09 ± 9.63b⁎ 9.31 ± 1.03c⁎ 86.83 ± 6.52a⁎ 200.63 ± 12.55b⁎

Pepsin/trypsin-digested samples
Cooked pork 12.02 ± 1.19c⁎⁎ 36.09 ± 2.05b⁎ 4.92 ± 0.77c⁎⁎ 24.49 ± 3.83b⁎⁎ 75.90 ± 3.06b⁎⁎

Emulsion-type sausage 5.30 ± 0.25d⁎⁎ 18.36 ± 3.96c⁎ 2.43 ± 0.24d⁎ 6.88 ± 0.5c⁎⁎ 37.94 ± 3.71c⁎⁎

Dry-cured pork 22.54 ± 1.75b⁎⁎ 80.24 ± 5.98a⁎ 7.52 ± 1.63b⁎⁎ 71.35 ± 4.95a⁎⁎ 160.63 ± 8.11a⁎⁎

Stewed pork 26.13 ± 2.25a⁎ 81.83 ± 5.39a⁎ 8.82 ± 1.02a⁎ 75.64 ± 8.05a⁎⁎ 155.00 ± 7.39a⁎⁎

a,b,c,d: The different superscripts under the same column differed significantly at the significance level of 0.05.
⁎The single star indicates that therewas significant difference between untreated samples and pepsin-digested samples at the significance level of 0.05 but no significant difference exists
between pepsin/trypsin digested samples and pepsin-digested samples at the significance level of 0.05; ⁎⁎the double stars indicate significant differences between pepsin/trypsin digested
samples and untreated samples, and between pepsin/trypsin digested samples and pepsin-digested samples at the significance level of 0.05.

Fig. 3. Representative TIC spectra of ethanol-soluble fragments from in vitro digested products of cooked pork. A, Pepsin digestion; B, pepsin/trypsin digestion.
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Fig. 4. Statistics of peptides from in vitro digested products of four pork products. A,
General statistics for pepsin and trypsin digesta; B and C, statistics of peptides on the
basis of molecular weights after pepsin and trypsin digestion respectively.
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3.3. Particle size

There were significant differences in particle size among four pork
products. In undigested samples, the stewed pork showed the lowest
particle size (P=0.003). This could be just because the higher temper-
ature cooking induced stronger protein aggregation accompanied with
the decreased size and the number of particles (Promeyrat, Bax et al.,
2010; Promeyrat, Gatellier et al., 2010).

In pepsin digested samples, particle sizes decreased significantly as
compared to undigested samples (P b 0.0001, Table 3). Emulsion-type
sausage had the lowest values of all parameters, and the highest values
were found for dry-cured pork and stewed pork. This could be because
longer-time salting and drying would increase protein surface hydro-
phobicity, oxidation and aggregation, and make molecular structure
shrink (Promeyrat, Bax et al., 2010). In addition, it has been shown
that the contents of oxidation products including carbonyl groups and
S-S groups in dry-curedmeat were positively correlatedwith the values
of protein surface hydrophobicity and D4,3 (Sun et al., 2011). Longer-
time/higher-temperature cooking also induced protein aggregation
and oxidation, which would decrease the efficiency of digestion (Wen,
Zhou, Li et al., 2015; Wen, Zhou, Song et al., 2015).

In trypsin digested samples, particle sizes of cooked pork and dry-
cured pork further decreased as compared to pepsin treated samples
(P = 0.0002, Table 3 vs. Table 2). The emulsion-type sausage still had
the smallest particle size but the largest for stewed pork (P = 0.023).
Again, longer-time and higher-temperature cooking induced protein
aggregation and oxidation could decrease the efficiency of digestion
(Wen, Zhou, Li et al., 2015; Wen, Zhou, Song et al., 2015)

3.4. LC-MS/MS

A typical LC-MS/MS total ion chromatogram for cooked pork was
shown in Fig. 3. The spectra for other pork products were attached in
Supplementary File 1. According to previous studies, peptides from
the pepsin/pancreatin-digested pork protein contain 6 to 16 amino
acids (Escudero, Sentandreu, & Toldrá, 2010; Wen, Zhou, Li et al.,
2015; Wen, Zhou, Song et al., 2015). The search range of peptides was
set between 750 Da and 3500 Da in the present study. A total of 962
peptides were identified in pepsin digested samples, and 1313 peptides
were observed in pepsin/trypsin digested samples. Of these peptides,
237, 241, 249 and 235 peptides were sequenced from pepsin-digested
stewed pork, dry-cured pork, emulsion-type sausage and cooked pork,
respectively (Fig. 4A, Supplementary File 2), and 393, 380, 222 and
318 peptides were sequenced from pepsin/trypsin-digested stewed
pork, dry-cured pork, emulsion-type sausage and cooked pork, respec-
tively (Fig. 4B, Supplementary File 3). When the peptides were catego-
rized by size into three groups, i.e., 750 to 1000Da, 1000 to 2000Da, and
2000 to 3500Da, themajority of peptides have a size of 1000 to 2000Da.
Somepeptides frompepsin-digested samples could also be detected, in-
dicating that these peptides could not be further digested by trypsin. In
the trypsin digested samples, the numbers of detectable peptides were
1.4 folds, 1.6 folds and 1.7 folds as those of pepsin digested samples of
cooked pork, dry-cured pork and stewed pork, respectively (Fig. 4C).
However, for emulsion sausage, the number of detectable peptides
from trypsin digesta was smaller than that of pepsin digested samples.
This indicates that the fragments of myofibrillar and sarcoplasmic pro-
teins after pepsin digestion could be susceptible to trypsin digestion.
Some smaller-molecular-weight subfragments after trypsin digestion
could not be detectable. Venn diagrams showed 85 pepsin-digested
peptides and 100 trypsin-digested peptides common for the four pork
products (Fig. 5). Thirty-eight, 87, 44, and 48 peptides in pepsin digesta
and 78, 49, 59, and 73 peptides in trypsin digestawere observed specific
for cooked pork, emulsion-type sausage, dry-cured pork and stewed
pork, respectively (Fig. 5).

Detected peptides were matched with porcine proteins against the
Swiss-Prot S. scrofa database. High-abundance peptides had a good
match with myofibrillar proteins (e.g., myosin, troponin C, actin, tropo-
myosin alpha-1 chain, vimentin) and sarcoplasmic proteins (e.g., phos-
phorylase, triosephosphate isomerase, creatine kinase M-type, L-lactate
dehydrogenase, beta-enolase 3 transcript variant 1, glyceraldehyde-3-
phosphate dehydrogenase). However, in the pepsin digested samples,
the source of characterized peptides varied greatly with pork products
(Supplementary File 2). Peptides in cooked pork samples were mainly
from several myofibrillar and sarcoplasmic proteins as shown above.
In emulsion-type sausage, nearly one-third peptides were frommyosin
heavy chain. In dry-cured pork and stewed pork, most peptides were
mainly from energy-metabolism enzymes but very few peptides were
from myofibrillar proteins. This indicates that myofibrillar proteins
under long-time salting/drying or long-time-and-high-temperature
cooking could be resistant to pepsin digestion. This is in accordance
with the results of SDS-PAGE and particle sizes.

In pepsin/trypsin digested samples, the number of myosin-derived
peptides increased for all four pork product groups, especially in dry-
cured pork and stewed pork groups (Supplementary File 3). In addition,
an increased number of peptides were also observed from tropomyosin
alpha-1 chain, phosphorylase, 6-phosphofructokinase and other high-
abundance proteins. This indicates that long-time salting and high-tem-
perature cooking may change the conformation of proteins but the
cleavage sites of trypsin change little (Wen, Zhou, Li et al., 2015; Wen,
Zhou, Song et al., 2015).



Fig. 5. Venn diagrams of peptides obtained from pork products (n = 8). A, In vitro pepsin digesta; B, in vitro pepsin/pepsin digesta.
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4. Conclusions

Processing had a significant effect on in vitro protein digestibility,
particle size and digested products of pork products. Dry-cured pork
and stewed pork showed stronger resistance to pepsin digestion in
terms of SDS-PAGE profile, particle size and LC-MS spectra. Character-
ized peptides showed the stochasticity of pepsin cleavage and the sta-
bility of trypsin cleavage.

LC-MS/MS-based spectra and peptide sequences of digested pork
products were listed in Supporting information part. The spectra were
shown in Supplementary File 1. The protein identification results of
pepsin digestionwere shown in Supplementary Table 2, and the protein
identification results of pepsin and trypsin digestion were shown in
Supplementary Table 3. Supplementary data associated with this article
can be found in the online version, at http://dx.doi.org/10.1016/j.
foodres.2016.12.024.

LC-MS/MS-based spectra and peptide sequences of digested pork
products were listed in Supporting information part. The spectra were
shown in Supplementary File 1. The protein identification results of
pepsin digestionwere shown in Supplementary Table 2, and the protein
identification results of pepsin and trypsin digestion were shown in
Supplementary Table 3. Supplementary data associated with this article
can be found in the online version, at http://dx.doi.org/10.1016/j.
foodres.2016.12.024.
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