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Abstract

The aim of this study was to investigate the digestibility of different Korean Hanwoo beef

cuts using an in vitro digestion model, in vitro physicochemical upper gastrointestinal system

(IPUGS). The four most commonly consumed cuts — tenderloin, sirloin, brisket and flank,

and bottom round — were chosen for this study. Beef samples (75 g) were cooked and

ingested into IPUGS, which was composed of mouth, esophagus, and stomach, thereby sim-

ulating the digestion conditions of humans. Digested samples were collected every 15 min for

4 h of simulation and their pH monitored. Samples were visualized under a scanning electron

microscope (SEM) to examine changes in the smoothness of the surface after digestion. Anal-

ysis of the amino acid composition and molecular weight (MW) of peptides was performed

using reverse-phase high performance liquid chromatography and sodium dodecyl sulfate

polyacrylamide gel electrophoresis, respectively. Following proteolysis by the gastric pepsin,

beef proteins were digested into peptides. The amount of peptides with higher MW decreased

over the course of digestion. SEM results revealed that the surface of the digested samples

became visibly smoother. Total indispensable and dispensable amino acids were the highest

for the bottom round cut prior to digestion simulation. However, the total amount of indis-

pensable amino acids were maximum for the tenderloin cut after digestion. These results may

provide guidelines for the elderly population to choose easily digestible meat cuts and prod-

ucts to improve their nutritional and health status.

Keywords digestibility, Korean Hanwoo beef cut, in vitro digestion model, amino acid pro-

file, protein digestion

Introduction

There is a rapid increase in the elderly population of Korea, and it is predicted

that Korea will be a super-aged society by 2026 (Bae and Kim, 2015). With ageing

arises the limitation of digestibility that results in decreased protein absorption,

thereby contributing to sarcopenia (Ahn and Kang, 1999). Several studies on dig-

estibility using in vitro digestion models have increased the understanding about

the bioavailability and bioaccessibility of nutrients (Van Loo-Bouwman et al., 2014;

Verwei et al., 2003). However, there have been failed attempts to increase the

digestibility of meat and meat products, despite the rapid development in food pro-
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cessing and technology.

Food consumption in Korea has changed over the last

decade mainly due to an increase in the per capita income

(Lee and Cho, 2012). The Korean beef, Hanwoo, is pre-

ferred over the imported beef, owing to the perception

that it is superior in palatability and quality (Hwang et al.,

2010a; Moon, 2012). However, the Korean Hanwoo beef

industry is experiencing different challenges due to the

liberalization of the better quality imported beef that is

cheaper as compared to Hanwoo (Cho et al., 2011). Thus,

development of innovative and more nutritional Korean

Hanwoo beef cuts and products, in particular for the

elderly population, is required to face this competition

(Hwang et al., 2010b).

One of the ways to examine the nutritional value of a

food product is by testing the digestibility and breakdown

of nutrients. Recent nutritional studies have adopted in

vitro digestion models to examine the nutritional profile

and digestibility of a variety of food products (Liu et al.,

2016; Nimalaratne et al., 2015). In comparison to the in

vivo trials with humans and animals, these models may

save time, ethical constraints as well as the cost, and pro-

duce reproducible and robust data (Yoo and Chen, 2006).

The in vitro physicochemical upper gastrointestinal sys-

tem (IPUGS) used in this study is one of the in vitro

digestion models designed to simulate the upper gastroin-

testinal tract of humans. Its unique features include ana-

tomical and geometrical resemblance to humans, flexible

material-made reactor, secretion channels for even distri-

bution in the stomach reactor, and controlled gastric peri-

stalsis under temperature-controlled conditions. The aim

of this study was to investigate the digestive behavior of

the four different Korean Hanwoo beef cuts using IPUGS.

We evaluated the digestion pattern of each Korean Han-

woo beef cut using IPUGS through the analysis of the pH

profile, proteolysis pattern based on the measurement of

the molecular weight (MW) of peptides, free amino acid

profile, and surface of the digested sample using a scan-

ning electron microscope (SEM).

Materials and Methods

Sample preparation

Tenderloin, sirloin, brisket and flank, and bottom round

cuts of the Korean Hanwoo beef (quality grade 1+) were

purchased from a local market in Korea. Each sample (75

g) was boiled in hot water for 15 min and ground by a

domestic mixer for 15 s to mimic chewing immediately

before the initiation of in vitro digestion experiment. Sim-

ulated salivary fluid (SSF) and simulated gastric fluid

(SGF) were prepared according to the methods described

by Minekus et al. (2014) and Minekus et al. (1999), res-

pectively (Table 1). Each of the four beef cuts was ana-

lyzed in triplicate.

Operation of in vitro physicochemical upper gas-

trointestinal system

We designed IPUGS to simulate the digestion process

of humans following a modification of the method des-

cribed by Yoo (2008). IPUGS (Fig. 1) and the secretions

(SSF and SGF) were pre-heated to 37°C in a chamber

prior to the initiation of digestion experiment. The homo-

genized beef sample (75 g) was put into the mouth reac-

tor and mixed to form bolus with SSF including alpha

amylase (75 kU/L, Sigma Cat. No. 10065). SSF with alpha

amylase was pumped with a peristaltic pump at a rate of

7.5 mL/min for 15 mins into the mouth reactor, which

was kept at 37°C. The bolus sample was transferred to

the esophagus every 30 s to allow its ingestion, followed

by its transfer to the stomach reactor. SGF was delivered

at a speed of 3.5 mL/min for 10 min before the initiation

of digestion simulation in order to mimic the cephalic

phase. SGF containing pepsin (500 kU/L, Sigma Cat. No.

P7000) and lipase (500 kU/L, Sigma Cat. No. L3126) was

delivered to the stomach reactor via a peristaltic pump at

a rate of 3.5 mL/min for the first 90 min of digestion, fol-

lowed by a reduction in the speed to 2 mL/min from 90 to

240 min. Peristalsis was mimicked at a rate of 3 cycles/

min for the stomach reactor using compressed air-con-

trolled rings. A 20 mL digested sample was collected from

the pylorus of IPUGS every 15 min during the 4 h dura-

tion of digestion and placed in a boiling water bath to halt

enzymatic reactions. The sample was centrifuged at 4,000

Table 1. Composition of the simulated salivary fluid and
simulated gastric fluid

Concentration (mM)

Component SSF (pH 7) SGF (pH 2)

KCl 15.1 29.5

KH
2
PO

4
3.7 -

NaHCO
3

13.6 17.9

NaCl - 85.5

MgCl
2
(H

2
O)

6
0.15 -

(NH
4
)

2
CO

3
0.06 -

CaCl
2

- 2.0

HCl - 150

SSF, simulated salivary fluid; SGF, simulated gastric fluid.
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×g for 30 min and stored at -80°C until further analysis.

Measurement of pH

A pH meter was placed in the middle of the stomach

compartment of IPUGS to record the changes in pH every

15 min for 4 h digestion period.

Sodium dodecyl sulfate polyacrylamide gel elec-

trophoresis (SDS-PAGE)

We performed SDS-PAGE using 12.5% acrylamide as

described by Laemmli (1970) to evaluate the hydrolysis

profile of beef samples. A 2× sample buffer (0.125 M

Tris, 4% SDS, 20% glycerol, 2% β-mercaptoethanol, pH

6.8) was added to the supernatant of each sample in a 1:1

ratio, centrifuged for 5 min at 9,000×g, and heated at 95°C

for 10 min. Electrophoresis was performed at 20 mA per

gel for 1 h using PowerPacTM HV (BioRad) and Mini-

Protean® Tetra System (BioRad). After electrophoresis, the

gel was stained for 1 h with a coomassie blue solution

(0.025% coomassie blue g-250, 40% methanol, and 7%

glacial acetic acid) and analyzed using Molecular Imager®

GelDocTM XR plus Imaging system (BioRad) and Image

LabTM Software 5.1 (BioRad).

Scanning electron microscope (SEM)

Cooked beef samples of the four Korean Hanwoo beef

cuts and the solid part of the samples collected after the

4-h digestion simulation were freeze-dried. The freeze-

dried samples were analyzed with an acceleration voltage

of 0.8 kV using a SEM (Hitachi SU-70, Japan).

Analysis of general and free amino acids

For the determination of general amino acids, 1 mg of

each type of cooked beef sample was labeled with phenyl

isothiocyanate (PITC) by a Pico tag method. PITC-lab-

eled samples were dissolved in 400 µL of buffer and 10

µL of each sample was injected into a reverse-phase high

performance liquid chromatography (RP-HPLC, Waters

510, USA). The same method was used for samples col-

lected during the digestion period. The supernatant of the

sample was filtered using a 0.45 µm filter and a 10 K

Amicon tube. The filtered samples of approximately 100

µL were labeled with PITC. PITC-labeled samples were

dissolved in 200 µL of buffer and 10 µL of each sample

was injected into the RP-HPLC. Waters Pico-tag column

(3.9×300 mm, 4.0 µm) was used with solvents A and B at

a flow rate of 1 mL/min. The solvent A comprised 140

mM sodium acetate with 6% acetonitrile and solvent B

comprised 60% acetonitrile in HPLC-grade water. The

absorbance was measured at 254 nm wavelength using a

Waters 2487 UV detector. The solvent gradient started at

14% of solvent B and was maintained for 9 min after

sample injection, followed by an increase in the propor-

tion of solvent B at 0.5%/s (for 12 s), 3.13%/min (for 8.3

min), and 4.5%/s (for 12 s), and then the proportion of

solvent B was decreased to 0%.

Statistical analysis

Analysis of amino acids was performed by SAS/PROC

GLM software (SAS version 9.2; SAS Institute Inc., USA).

A value of p<0.05 or p<0.01 was considered statistically

significant.

Fig. 1. A schematic diagram of the in vitro physicochemical upper gastrointestinal system. SGF, simulated gastric fluid.
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Results

pH profile

The pH of the digestive fluid in the stomach reactor of

IPUGS was approximately 1.30. Addition of each sample

with SSF resulted in a rapid increase in the pH to 4.65-

5.57. However, the steady secretion of SGF resulted in a

gradual decrease in the pH of the chymes to 2.18-2.65

after 4 h digestion (Fig. 2).

Proteolysis of the ingested meat

The digestibility of Korean Hanwoo beef cuts was stud-

ied using SDS-PAGE. The representative SDS-PAGE gel

of brisket and flank cut during 4 h digestion is shown in

Fig. 3. It was evident that an increase in the digestion

time resulted in a gradual decrease in proteins and/or pep-

tides of higher MW in all samples with a corresponding

increase in proteins and/or peptides of smaller MW (Fig.

3). Proteolysis of the digested Korean Hanwoo beef cuts

was confirmed by RP-HPLC (data not shown). Many

proteins of large MW were detected in the sample at 0-h

digestion. However, the 4-h digestion in IPUGS resulted

in a significant decrease in proteins of high MW, as obser-

ved with SDS-PAGE analysis.

Observation of Korean Hanwoo beef cuts by SEM

The surface of each beef cut was observed by SEM

(Fig. 4). There was a significant difference in the smooth-

ness of the surface between the initial undigested stage

and post 4-h digestion stage for all the four cuts. The

smoothness of the surface had visibly increased over the

course of digestion. However, no significant difference was

observed in the smoothness among the four cuts studied.

Analysis of general and free amino acids

The total quantity of indispensable and dispensable

amino acids in cooked Korean Hanwoo beef cuts before

digestion was the highest in the bottom round cut and

lowest in the brisket and flank cut (Tables 2 and 3). Anal-

ysis of the free amino acids released after the 4-h diges-

tion revealed that the total amount of indispensable amino

acids from the tenderloin cut was the highest (Table 4). In

Fig. 2. The pH profile of the chymes of digested Korean Hanwoo beef cuts over the 4-h digestion period.

Fig. 3. SDS-PAGE gel showing the effect of incubation time
on the digestibility of brisket and flank cut in the chymes.
M, 1 kb plus DNA ladder (Invitrogen).
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addition, tenderloin released higher amount of dispens-

able amino acids, although the difference was not signifi-

cant as compared to the other cuts (Table 5). From these

results, it is evident that tenderloin was the most digest-

ible cut from the four beef cuts studied.

Discussion

In vitro digestion models have limitation in simulation

of the human digestion process. This may be attributed to

the use of rigid, glass-based reactor materials (Castela-

papin et al., 1999; Sugawara et al., 2005;), delivery of sec-

retions with a single pump (Macfarlane et al., 1998), and

the use of magnetic stirrers or shaking water bath (Kap-

sokefalou et al., 2005; Molly et al., 1993) to simulate mo-

tility, which may create different fluid dynamics and aff-

ect the mixing of food materials with secretions. In this

study, the digestibility of four Korean Hanwoo beef cuts

was investigated using the newly developed IPUGS, which

is composed of three sequential compartments simulating

the conditions of the mouth, esophagus, and stomach of

humans. IPUGS is made from non-glass material (plati-

num cure silicon rubber) to replicate the flexible, elastic,

and stretchable nature of the human gastrointestinal tract

(GIT) conditions as closely as possible. A large number

of secretion channels implanted with Tygon Microbore

tubings mimic the gastric secretion from the wall of the

stomach reactor, while the peristaltic waves impart motil-

ity to overcome above problems.

The pH profile of the stomach reactor was monitored

throughout the digestion simulation as a quality control

aspect. The change in the pH is of extreme importance for

the enzymatic activity. As shown in Fig. 2, the pH of the

stomach reactor rapidly increased to approximately 5.0

upon entry of the beef bolus into the stomach reactor,

demonstrating the buffering effect of the beef. The pH of

the beef samples was about 5.8. The continuous secretion

of SGF resulted in a steady decrease in the pH to approx-

imately 2.0, thereby restoring the pH of the empty stom-

ach. Therefore, IPUGS was efficient in the simulation of

the acidic environment of the stomach, similar to that ob-

served in human GIT.

Analysis of the SDS-PAGE results revealed that pro-

teins and peptides with higher MW gradually decreased

and those with smaller MW increased with an increase in

the digestion period. Similar results were observed by

Farouk et al., (2014). Furthermore, we compared the ini-

tial beef cut samples and digested samples over 4 h using

RP-HPLC and found that the samples were digested effi-

ciently, which decreased the amount of proteins and pep-

tides with higher MW (data not shown).

We evaluated the surface of each sample using SEM. A

significant increase in the smoothness of the surface was

observed among the samples before and after the 4-h dig-

estion (Fig. 4). Activation of pepsin during digestion res-

ulted in the disruption of the peptide linkages. The prote-

ase action was more evident in the sample collected after

digestion.

We observed a significant difference in the quantity of

general amino acids, including indispensable and dispens-

able amino acids, among the four cuts (p<0.01) prior to

digestion simulation (Tables 2 and 3). The bottom round cut

showed the highest amount of both indispensable (18.66

mg/100 g) and dispensable amino acids (26.20 mg/100 g)

as compared to the other cuts. However, tenderloin was

the most efficiently digested cut following 4-h digestion

and released the highest amount of indispensable amino

acids (28.45 mg/100 g), indicative of its significantly

Fig. 4. SEM images of the Korean Hanwoo beef cuts before
and after the 4-h digestion (×3000). A, tenderloin; B, sirloin; C,
brisket and flank; D, bottom round.
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Table 2. Indispensable general amino acid content (mg/100 g) of Korean Hanwoo beef cuts before digestion
Amino acid Tenderloin Sirloin Brisket and flank Bottom round

His 1.09 ± 0.41 0.95 ± 0.38 0.92 ± 0.02 1.33 ± 0.08

Thr 1.66 ± 0.01c 1.72 ± 0.02b 1.27 ± 0.00d 1.85 ± 0.01a

Val 1.88 ± 0.00b 1.79 ± 0.00c 1.47 ± 0.01d 2.14 ± 0.01a

Met 1.28 ± 0.00b 1.13 ± 0.01c 0.97 ± 0.00d 1.45 ± 0.00a

Ile 1.61 ± 0.01b 1.33 ± 0.00c 1.19 ± 0.01d 1.77 ± 0.01a

Leu 3.43 ± 0.01b 2.88 ± 0.01c 2.52 ± 0.01d 3.89 ± 0.00a

Phe 1.69 ± 0.00b 1.30 ± 0.01c 1.21 ± 0.00d 1.94 ± 0.00a

Lys 3.87 ± 0.01b 2.29 ± 0.02d 2.56 ± 0.01c 4.22 ± 0.01a

Trp 0.12 ± 0.01a 0.03 ± 0.00c 0.05 ± 0.02b 0.10 ± 0.00a

Total 16.62 ± 0.44b 13.41 ± 0.42c 12.15 ± 0.03d 18.66 ± 0.11a

All values are means±SD, n=3.
a-dMeans in the same row differ significantly (p<0.01).

Table 3. Dispensable general amino acid content (mg/100 g) of Korean Hanwoo beef cuts before digestion
Amino acids Tenderloin Sirloin Brisket and flank Bottom round

Asp 4.47 ± 0.01c 4.93 ± 0.01b 3.37 ± 0.01d 5.04 ± 0.03a

Glu 6.28 ± 0.01c 7.30 ± 0.01a 4.96 ± 0.01d 7.05 ± 0.04b

Ser 1.25 ± 0.01c 1.39 ± 0.01b 0.98 ± 0.00d 1.42 ± 0.01a

Gly 1.86 ± 0.01c 2.53 ± 0.01a 1.75 ± 0.00d 2.32 ± 0.01b

Arg 2.59 ± 0.01b 2.60 ± 0.01b 1.97 ± 0.01c 2.87 ± 0.01a

Ala 3.10 ± 0.01c 3.42 ± 0.03b 2.52 ± 0.01d 3.66 ± 0.01a

Pro 1.76 ± 0.01c 2.13 ± 0.06b 1.47 ± 0.00d 2.24 ± 0.01a

Tyr 1.32 ± 0.00b 1.23 ± 0.00c 1.06 ± 0.00d 1.52 ± 0.00a

Cys2 0.06 ± 0.00ab 0.05 ± 0.00b 0.05 ± 0.00b 0.08 ± 0.03a

Total 22.69 ± 0.02c 25.58 ± 0.10b 18.13 ± 0.02d 26.20 ± 0.05a

All values are means±SD, n=3.
a-dMeans in the same row differ significantly (p<0.01).

Table 4. Indispensable free amino acid content (mg/100 mL) of digested Korean Hanwoo beef cuts over 4 h digestion
Amino acid Tenderloin Sirloin Brisket and flank Bottom round

His 1.06 ± 0.85 1.05 ± 0.10 1.05 ± 0.14 1.13 ± 0.07

Thr 4.00 ± 0.80a 1.60 ± 0.27b 2.25 ± 0.41b 3.41 ± 0.61a

Val 2.23 ± 0.42a 1.39 ± 0.26b 1.77 ± 0.23ab 1.76 ± 0.11ab

Met 2.11 ± 0.41a 1.19 ± 0.43b 1.46 ± 0.31b 1.34 ± 0.09b

Ile 1.18 ± 0.19 0.91 ± 0.08 0.91 ± 0.11 1.42 ± 0.83

Leu 8.67 ± 1.86a 4.47 ± 2.19b 2.99 ± 0.34b 2.92 ± 0.13b

Phe 4.06 ± 0.62a 3.51 ± 0.33ab 3.04 ± 0.49b 2.82 ± 0.16b

Lys 3.70 ± 0.80a 2.54 ± 0.50b 2.94 ± 0.33b 2.82 ± 0.14b

Trp 1.44 ± 0.27 2.19 ± 0.06 1.94 ± 0.25 1.84 ± 0.10

Total 28.45 ± 4.60a 18.85 ± 2.95b 18.35 ± 2.55b 19.46 ± 1.10b

All values are means±SD, n=3.
a-dMeans in the same row differ significantly (p<0.05).

Table 5. Dispensable free amino acid content (mg/100 mL) of digested Korean Hanwoo beef cuts over 4 h digestion
Amino acid Tenderloin Sirloin Brisket and flank Bottom round

Asp 3.25 ± 0.60a 1.95 ± 0.17b 2.10 ± 0.34b 2.07 ± 0.02b

Glu 3.71 ± 0.96 2.53 ± 0.15 2.90 ± 0.47 2.88 ± 0.15

Ser 2.28 ± 0.44a 1.61 ± 0.25b 1.56 ± 0.28b 1.49 ± 0.05b

Gly 1.86 ± 0.37 1.40 ± 0.07 1.40 ± 0.18 1.56 ± 0.13

Arg 3.17 ± 0.65 2.17 ± 1.33 2.02 ± 0.21 1.83 ± 0.10

Ala 3.15 ± 2.81 2.96 ± 0.05 3.18 ± 0.26 3.58 ± 0.23

Pro 0.58 ± 0.12 2.19 ± 1.64 0.42 ± 0.06 0.46 ± 0.00 

Tyr 3.46 ± 0.59a 2.22 ± 0.22 ab 2.51 ± 0.35 a 2.32 ± 0.12 a

Cys2 0.18 ± 0.07 0.18 ± 0.06 0.13 ± 0.03 0.12 ± 0.02

Total 24.88 ± 5.25 22.13 ± 0.79 19.57 ± 2.88 21.87 ± 1.58

All values are means±SD, n=3.
a-dMeans in the same row differ significantly (p<0.05).
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higher digestibility as compared to the other cuts (Table

4). No statistical difference was detected in histidine, iso-

leucine, and tryptophan level. However, there was a sta-

tistical difference in the amount of lysine (3.7 mg/100 g),

leucine (8.67 mg/100 g), and methionine (2.11 mg/100 g)

between tenderloin and the other cuts (p<0.05). In addi-

tion, a statistical difference was observed in phenylalanine

(4.06 mg/100 g), threonine (4.00 mg/100 g), and valine

(2.23 mg/100 g) levels between tenderloin and other cuts.

Lysine is absent in wheat proteins and leucine is one of

the branched-chain amino acids essential for muscle syn-

thesis. Thus, it is evident that tenderloin, one of the most

expensive cuts sold in local markets, is supplemented with

maximum amount of indispensable amino acids. On the

other hand, indispensable and dispensable free amino acids

found in sirloin and brisket and flank cuts were similar to

those in the bottom round cut, but the price and palatabil-

ity of the cuts may not necessarily reflect the nutritional

value of the beef.

Conclusion

The digestibility of Korean Hanwoo beef cuts was inv-

estigated using IPUGS. The pH of the stomach reactor in

IPUGS rapidly increased with the addition of beef bolus

samples, followed by a gradual decrease due to the steady

secretion of the acidic SGF. Toward the end of the diges-

tion simulation, the gastric pH was restored. Proteins and/

or peptides of higher MW markedly decreased over the

course of 4-h digestion and the surface of the digested

samples became smoother due to proteolysis. The total

quantity of indispensable and dispensable amino acids

before digestion was the highest in the bottom round cut.

However after the 4-h digestion simulation, tenderloin

produced the highest amount of indispensable free amino

acids. These results indicate that IPUGS can be used for

simulating the digestion of meat products under in vitro

settings. Future studies should focus on the use of IPUGS

for the examination of a variety of meat types, processing

conditions, and meat cuts.
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