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A B S T R A C T

High pressure homogenization (HPH) can solubilize myofibrillar proteins (MPs) in water. To elucidate the effect
of the HPH disruption chamber geometry on the physicochemical and structural properties of MPs in water, two
types of nozzle and a counter flow interaction chamber (cf) were applied to homogenize MPs aqueous solutions
at pressures of 0MPa, 103MPa and 172MPa HPH for 2 passes, and the physical dispersion and conformational
characteristics of MPs in water were investigated. The nozzles and counter flow chamber played a major role in
the solubility of MPs in water at 103MPa and 172MPa HPH, respectively. Turbulence and cavitation in a narrow
nozzle and counter flow action resulted in a decreased MP particle size (232 nm) in water, destroyed secondary
structures and exposed hydrophobic and SH groups. The solubility (98.1%) and stability of MPs in water were
increased by HPH. The results showed that the required solubility of MPs in water can be achieved by adopting
proper HPH disruption chamber geometry, which provides a new method on meat processing.

1. Introduction

Meat is rich in high-quality proteins and can provide all the essential
amino acids for humans. Myofibrillar proteins (MPs) are the most
predominant protein in skeletal muscle. Some of these proteins are
insoluble in physiological saline or low ionic strength solutions and are
only soluble at high salt concentrations (Krishnamurthy et al., 1996), so
these proteins are known as salt proteins. Because of the harder texture
of meat and meat products, the use of meat protein is not as common as
the use of milk or soy protein products (Takai, Yoshizawa, Ejima,
Arakawa, & Shiraki, 2013). Meat products might be utilized in various
products, such as a liquid diet for elderly people and children if MPs
could be solubilized in water or low ionic strength solutions
(Hayakawa, Ito, Wakamatsu, Nishimura, & Hattori, 2009;
Nieuwenhuizen, Weenen, Rigby, & Hetherington, 2010; Tokifuji,
Matsushima, Hachisuka, & Yoshioka, 2013).

Many studies using a variety of methods have been conducted on
the solubilization of MPs in water or low ionic strength solutions
(Hayakawa et al., 2009; Ito, Tatsumi, Wakamatsu, Nishimura, &
Hattori, 2015; Takai et al., 2013). In recent years, our group has de-
veloped a new method to solubilize MPs in water by high-pressure
homogenization (HPH). The potential of HPH treatment to solubilize

chicken breast MPs in water without degradation of individual protein
polypeptides has been reported (Chen, Xu, & Zhou, 2016b). In addition,
the altered myosin conformation in MPs inhibits filament formation,
thus contributing to the high solubility of MPs in water (Chen et al.,
2016a). However, how the solubility and stability of MPs in water are
affected by different HPH treatment conditions remains unclear.

High pressure homogenization (HPH) is a nonthermal technology
that can produce foods with interesting functional properties (Zamora &
Guamis, 2015). An HPH complex system includes a high-pressure
generator, together with a pressure intensifier compressed up to
300MPa. The homogenization chamber has different geometries, in-
cluding a simple orifice plate, colliding jets or radial diffuser assem-
blies. In recent years, many studies have shown that different HPH
disruption chamber geometries impose various effects on the structure
and physicochemical properties of protein material. A correct design of
the homogenization chamber may help in obtaining uniform fluid-dy-
namic conditions of oil/water nanoemulsions (Donsì, Sessa, & Ferrari,
2012). Subsequently, the same researchers found that the kinetics of
microbial inactivation by HPH depends on the geometry of the dis-
ruption chamber (Donsì, Annunziata, & Ferrari, 2013). Some re-
searchers investigated that the combination of pressure level and
homogenising cell (HC) configurations can be used to obtain gels with
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specific rheological properties (Alvarez-Sabatel, Marañón, & Arboleya,
2015). In addition to HPH interaction chambers, HPH pressure also
plays a role on the structural and functional properties of protein ma-
terials (Saricaoglu, Gul, Tural, & Turhan, 2017). The physicochemical
stability of egg/dairy emulsion is directly related to the HPH pressure
applied during the process (Marco-Molés, Hernando, Llorca, & Pérez-
Munuera, 2012). These results showed that both the selection of the
HPH interaction chamber and the regulation of HPH pressures are
critical for the resultant structural and functional properties of food
materials.

Although our group previously showed that 103MPa for 2 passes
HPH is an efficient technique for the solubilization of MPs in water
(Chen et al., 2016b), but the level of solubility and how it responds to
the type of disruption chamber geometry and HPH pressure remains
unclear. We think that the effect of the various disruption chamber
geometries on the physicochemical and structural properties of MPs in
water is worth investigation. Liquid materials are subjected to 2 or 3
types of physical effects during HPH. The disruption chamber is shown
in Fig. 1, and it includes a high-pressure chamber, nozzle and counter
flow (cf) interaction chamber. Different disruption chambers might
have various effects on the physical properties of the materials. The
high-pressure chamber provides high hydrostatic pressure, the nozzle
generates a strong shear force and cavitation, and the counter flow
interaction chamber produces convection collisions. In addition, the
disruption sequence of HPH on the liquid material changes with dif-
ferent disruption chamber geometries. We speculated that different
HPH disruption chamber geometries might result in various effects on
MPs in water. Therefore, the objective of the present work was to study
the effect of 103MPa and 172MPa HPH pressures for two passes on MP
suspensions, three different disruption chamber geometries (Z5, Z5-cf,
Z8-cf) was applied. The effects of HPH disruption chamber geometry on
the solubility and stability of MPs in water were investigated in this
study, it will be helpful for the selection and design of interaction
chambers for tailor-made aqueous MP suspensions for further utiliza-
tion.

2. Materials and methods

2.1. Materials

The chicken breasts were purchased 36 h postmortem from local
market (Sushi Food Co., Ltd., Nanjing, China), and were stored under
−20 °C till required (within one week). Bovine serum albumin (BSA),
β-mercaptoethanol (β-ME), 8-Anilino-1-naphthalenesulfonic acid

(ANS), 5,5′-Dithiobis-(2-nitrobenzoic acid) (DTNB) and phospho-
tungstic acid was provided by Sigma (Sigma Aldrich, St. Louis, MO,
USA). Protein maker and 4–12 g/mL gel of SDS-PAGE was provided by
Genscript (Genscript Co., Ltd., Nanjing, China).

2.2. Preparation of chicken breast myofibrils

The frozen chicken breast was thawed for approximately 12 h at
4 °C. After removing the connective and adipose tissues, the chicken
breast was ground three times in a chilled cutter (Grindomix GM 200,
Retsch, Haan, Germany) for 10 s each time at a speed of 3000 rpm. The
minced meat (100 g) was washed four times with three buffer solutions.
The sediment of each step was recovered by centrifugation at 10,000 g
for 10min at 4 °C. In the first, the minced meat was mixed with 1 L
25mmol/L NaCl buffer solution (5mmol/L EDTANa2, 5mmol/L Tris-
HCl, pH 7.5) and processed for 3min in a tissue crusher. In the second
step, after mixing with 500mL 0.1M NaCl buffer solution and 2.5mL
TritonX-100, the suspension was homogenized (Ultraturrax T25, IKA,
Staufen, Germany) of 1min. In the third step, the sediment was mixed
with 500mL 0.1mol/L NaCl buffer solution and homogenized for 30 s
(Ultraturrax T25, IKA, Staufen, Germany). Before centrifugation, the
suspension was filtered through 3 layers of gauze to remove the con-
nective tissue and lipids. In the final step, the sediment was mixed with
1 L 2.5 mmol/L NaCl buffer solution and homogenized for 30 s
(Ultraturrax T25, IKA, Staufen, Germany). After the final step, the
collected sediment was deemed the myofibril fraction.

2.3. Preparation of MP dispersion in water by HPH

The MP was mixed with cold (4 °C) deionized, distilled water,
homogenized (Ultraturrax T25, IKA, Staufen, Germany) at 8000 rpm for
2min. The concentration of MP suspension was adjusted to 5mg/mL.

HPH was implemented using a high pressure homogenizer (Mini
DeBee, Bee International, South Easton, MA, USA) equipped with a
single-pressure intensifier and 3 homogenization chamber configura-
tions (Genizer, Irvine, CA, USA). The geometry and schematic of this
homogenising cell are described in Fig. 1, both the Z5 (Fig. 1A) and Z5-
cf (Fig. 1B) configuration has a 130 μm nozzle, but the interaction
chamber of these configurations is different (standard flow, counter
flow). The Z8-cf (Fig. 1C) configuration consists in 200 μm nozzle and
counter flow interaction chamber. The MP suspension was passed
through the homogenization chamber at a constant pressure, 103MPa
and 172MPa, for 2 passes. The inlet temperature of samples was 4 °C. A
heat exchanger with a rapid cooling system was implemented in the

Fig. 1. Simplified sketch of the different geometries of the homogenization chambers tested (Donsì et al., 2012). Note: A: Z5 configuration (130 μm nozzle, standard
flow); B: Z5-cf configuration (130 μm nozzle, counter flow); C: Z8 configuration (200 μm nozzle, standard flow).

Y. Li, et al. LWT - Food Science and Technology 105 (2019) 215–223

216

Administrator
高亮



homogenizer. The final samples were rapidly stored at 4 °C for further
analysis. The untreated MP suspension was used as the control.

2.4. Solubility

The MP suspension was centrifuged at 20,000 g for 20min at 4 °C
(Beckman Coulter model Avanti J-26SXP, Beckman Instruments Inc.,
Atlanta, GA, USA). Protein solubility was then calculated as percentage
of protein content in the supernatant relative to total protein content in
the sample. To test the stability of the MP suspension, it was stored at
4 °C for 9 days.

2.5. SDS-polyacrylamide gel electrophoresis

The protein profiles of samples were determined by SDS-poly-
acrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE was run with a
precast 4–12 g/mL gel. Protein samples (2 mg/mL) were mixed with an
equal volume of sample buffer with 55.7 g/L β-ME and boiled for 4min.
Each well was loaded with 10 μL of sample or marker. Electrophoretic
analysis was performed (Mini-PROTEAN II, Bio-Rad Laboratories Inc.,
Hercules, CA, USA) at a constant voltage of 120 V for 1 h. The stained
gel was scanned using an Imager Scanner III (EU-88, Epson, Nagano-
ken, Japan), and the densities of bands were calculated using the
software ‘Quantity One Analysis’ (Bio-Rad, Laboratories Inc., Hercules,
CA, USA).

2.6. Dynamic light scattering (DLS) measurement of particle size

DLS measurement was performed as previously reported (Chen
et al., 2016b) with a slight modification. MP suspension particle size
was determined using Zetasizer (Nano ZS90, Malvern Instruments,
Royston, UK). The concentration of MP samples was adjusted to
0.5 mg/mL, placed in a 1-cm path-length quartz cuvette and subjected
to DLS measurement with a detection angle of 90° at 25 ± 0.1 °C and
obtain the mean particle size.

2.7. Rheological measurements

The rheological measurements of MP suspensions were performed
using a rheometer (Physica MCR301, Anton Paar Corporation, Graz,
Austria) fitted with parallel plate geometry of 50mm diameter (Zhao
et al., 2014). The measurements were carried out using a gap distance
of 0.5mm. The samples were equilibrated in parallel plates for 30 s
prior to measurements to obtain a desirable temperature of 25 °C.
Viscosity was then recorded as the shear rate that linearly increased
from 1 s−1 to 1000 s−1 (Liu, Wang, & Zhang, 2015).

2.8. Atomic force microscopy (AFM) imaging and analysis

AFM images were obtained according to a previous report (Zhong
et al., 2015) using a Peak Force Tapping technology AFM (Dimension
Icon, Bruker Corporation, Karlsruhe, Germany) equipped with a Si3N4

cantilevered scanner under atmospheric pressure at room temperature
(25 °C). The linear scanning rate was optimized at 1 Hz with a scan
resolution of 512 samples per line. The samples were continuously di-
luted to 0.05mg/mL with ultrapure deionized water, and 5 μLMP
aqueous solution was cast on freshly cleaved mica and allowed to dry in
ambient air for 20min, then subjected to AFM analysis. All height
images were treated with the “flatten” function using Nanoscope Ana-
lysis software (Version 1.40, Bruker Corporation, Karlsruhe, Germany)
prior to analysis.

2.9. Transmission electron microscopy (TEM)

All the MP suspensions were diluted to 10 μg/mL. The samples were
dropped onto wax plates and covered with copper wire meshes plated

with carbon films. The drops were in contact with the carbon films.
After using a filter paper wick for 30 s to the edge of the copper wire
mesh to absorb extra liquid, the samples were negatively stained with
30 g/L phosphotungstic acid aqueous solution for 1min when slightly
dry, the extra solution was removed with a piece of filter paper. The
copper wire meshes (the specimens) were illuminated under a filament
lamp for 10min to dry, and then, the samples were carried out using a
TEM (Tecnai 12, Philips company, Eindhoven, Netherlands) at an ac-
celerating voltage of 120 kV (Sharp & Offer, 1992).

2.10. Secondary structure analysis by circular dichroism (CD)

The CD spectrum was measured using a spectropolarimeter (Jasco J-
715, Jasco Co. Ltd., Tokyo, Japan). Soluble MPs (0.3 mg/mL) were
transferred to a quartz cell with a 0.1 cm light-path. Molecular ellipti-
city was measured in the range from 200 to 240 nm at a scan rate of
20 nm/min at a regulated temperature. The percentages of α-helix
structures were determined using the protein secondary structure esti-
mation program provided with the Jasco J-715 spectro-polarimeter.

2.11. Reactive sulfhydryl (SH) groups and surface hydrophobicity
determination

The method determined according to previously described proce-
dures (Chen et al., 2016a). DTNB solution (50 μL in 20mmol/L phos-
phate buffer, pH 8.0) was added to 4mL samples (1 mg/mL) and in-
cubated for 20min at 25 °C. The absorbance of the mixture was
measured at 412 nm with a Microplate Reader (SpectraMax M2, Mo-
lecular Devices Limited, San jose, CA, USA). The sulfhydryl contents
were obtained by dividing the absorbance by the molar extinction
coefficient (EM=13,600) and expressed as micromoles of SH per
100mg protein.

The surface hydrophobicity of MPs in water was determined as
previously described (Chen et al., 2014) with slight modifications. The
surface hydrophobicity was tested using ANS. A total of 10 μL of
15mmol/L ANS solution (in 0.1 mol/L phosphate buffer, pH 7.0) was
added to 2mL of each sample (1mg/mL). After incubating for 20min in
the dark, fluorescence was determined (SpectraMax M2, Molecular
Devices Limited, San jose, CA, USA) using an excitation wavelength of
380 nm and an emission wavelength in the range of 410–570 nm at a
5 nm/s scanning speed. The surface hydrophobicity was expressed as
fluorescence intensity (arbitrary units, a.u.)

2.12. Data analysis

The data were analyzed with the Statistical Analysis System (SAS
Institute Inc., Cary, NC, USA). A variance test (ANOVA) was performed
with a significance level of P < 0.05 Duncan's multiple range test was
used to evaluate the differences between treatments.

3. Results and discussion

3.1. Protein solubility

The effect of different HPH disruption chamber geometries on the
solubility of MPs in water is shown in Table 1. The solubility of MPs was
rather low (20.0%) when the MP suspension was not treated with HPH,
and the solubility of HPH-treated samples was obviously higher fol-
lowing HPH, which was consistent with our previous results (Chen
et al., 2016b; Saricaoglu et al., 2017). There was no significant differ-
ence between Z5 and Z5-cf when the pressure was 103MPa, but the
solubility of Z8-cf was obviously lower than the others. This result in-
dicated that the bore diameter of the nozzle might play a more im-
portant role at 103MPa HPH treatment. We postulate that the effect of
the counter flow interaction chamber was not obvious at 103MPa. The
solubility of MPs in water was significantly higher when the pressure
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was raised to 172MPa. This finding indicated that 172MPa HPH ef-
fectively increased the solubility of MPs in water. Interestingly, the
solubility of Z5 was the lowest among the three types of chambers, and
there was no significant difference between Z5-cf and Z8-cf. This result
showed that the counter flow interaction chamber is the main factor
influencing the solubility of MPs in water during 172MPa HPH. These
data indicate that the nozzle and counter flow interaction chamber
might play more important roles in the solubility of MPs in water with
103MPa and 172MPa HPH treatment.

The stability of MPs in water is shown in Tables 2–3. All the HPH-
treated samples showed a significant decrease in solubility after sto-
rage, this phenomenon has also been reported in previous research
(Chen et al., 2016b). At 103MPa HPH, the Z8-cf sample was the least
stable among all HPH-treated samples. This trend was the same as the
differences in MP solubility. Compared with the 103MPa HPH treat-
ment, all the HPH-treated samples showed relatively good stability
during storage when the pressure was 172MPa. As previously men-
tioned, the HPH at 207MPa induced the appearance of turbulence,
cavitation and high shear forces (Donsì et al., 2012) that might break
the inulin nuclei (Ronkart et al., 2010). The 100 g/L HPH-treated
samples (103 and 207MPa) with the standard flow configuration ex-
hibited a homogeneous white structure along the entire sample
(Alvarez-Sabatel et al., 2015). Meanwhile, most of the proteins (more
than 80.0%) remained in the water after 9 days. Compared to the Z5
and Z8-cf, the solubility of Z5-cf was much lower with storage, and the
final solubility of Z5-cf was also the lowest, which contrasted with the

Table 1
Solubility of myofibrillar protein (MPs) in water after 103MPa and 172MPa
high pressure homogenization (HPH) treatment with different disruption
chambers.

Pressure (MPa) Solubility (%)
Z5 Z5-cf Z8-cf

0 18.80 ± 0.97e 18.80 ± 0.97e 18.80 ± 0.97e

103 87.37 ± 0.73c 87.30 ± 2.33c 80.11 ± 3.10d

172 93.63 ± 2.24b 98.10 ± 0.44a 97.36 ± 1.56a

Note: Values were mean of triplicate values ± S.D. Different letter in row in-
dicate statistical differences (P < 0.05).
Control: non-HPH treated sample; Z5: 130 μm nozzle and standard flow; Z5-cf:
130 μm nozzle and counter flow; Z8-cf: 200 μm nozzle and counter flow.

Table 2
Stability of myofibrillar protein (MPs) in water after 103MPa high pressure
homogenization (HPH) treatment with different disruption chambers.

Storage
time
(day)

Solubility (%)
Control Z5 Z5-cf Z8-cf

0 18.80 ± 0.97i 87.37 ± 0.73a 87.31 ± 2.33a 80.11 ± 3.10b

3 18.45 ± 0.40i 81.44 ± 0.59b 71.49 ± 0.57c 65.68 ± 0.85d

6 17.06 ± 0.84i 58.39 ± 1.14f 62.81 ± 1.20e 49.48 ± 0.87h

9 16.83 ± 0.33i 52.50 ± 1.50g 54.86 ± 0.91g 49.15 ± 0.50h

Note: Values were mean of triplicate values ± S.D. Different letter in row in-
dicate statistical differences (P < 0.05).
Control: non-HPH treated sample; Z5: 130 μm nozzle and standard flow; Z5-cf:
130 μm nozzle and counter flow; Z8-cf: 200 μm nozzle and counter flow.

Table 3
Stability of myofibrillar protein (MPs) in water after 172MPa high pressure homogenization (HPH) treatment with different disruption chambers.

Storage time (day) Solubility (%)
Control Z5 Z5-cf Z8-cf

0 18.80 ± 0.97f 98.45 ± 1.16a 98.10 ± 0.44ab 97.36 ± 1.56ab

3 18.45 ± 0.40f 97.64 ± 2.94ab 95.23 ± 1.68abc 95.23 ± 2.65abc

6 17.06 ± 0.84f 96.32 ± 1.05abc 87.19 ± 1.70d 96.96 ± 3.25ab

9 16.83 ± 0.33f 93.63 ± 2.24c 81.74 ± 0.47e 95.11 ± 1.50bc

Note: Values were mean of triplicate values ± S.D. Different letter in row indicate statistical differences (P < 0.05).
Control: non-HPH treated sample; Z5: 130 μm nozzle and standard flow; Z5-cf: 130 μm nozzle and counter flow; Z8-cf: 200 μm nozzle and counter flow.

Fig. 2. Particle size distribution of MPs in water treated by high pressure
homogenization (HPH) at 103MPa (A) and 172MPa (B). Note: Control (con-
tinuous line); Z5 configuration (dashed line); Z5-cf configuration (dot line); Z8-
cf configuration (dot-dashed line).

Table 4
Z-average of myofibrillar protein (MPs) in water after 103MPa and 172MPa
high pressure homogenization (HPH) treatment with disruption chambers.

Pressure (MPa) Z-average (nm)*
Z5 Z5-cf Z8-cf

0 1616 ± 294a 1616 ± 294a 1616 ± 294a

103 412 ± 10bc 371 ± 33c 430 ± 45b

172 249 ± 6d 247 ± 39d 232 ± 16d

Note: Values were mean of triplicate values ± S.D. Different letter in row in-
dicate statistical differences (P < 0.05).
Control: non-HPH treated sample; Z5: 130 μm nozzle and standard flow; Z5-cf:
130 μm nozzle and counter flow; Z8-cf: 200 μm nozzle and counter flow.* Z-
average hydrodynamic diameter obtained by DLS.
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solubility at the 0 day. The standard flow chamber (Z5) exhibited a
slightly better performance than the other geometries for all the tested
emulsifiers when the pressure was below 280MPa (Alvarez-Sabatel
et al., 2015). Therefore, it's probably due to effect of the “over pro-
cessing” (Saricaoglu et al., 2017), which was caused by the narrow
nozzle and counter flow (Z5-cf). Overall, the response regularity of the
disruption chamber geometry on stability of MPs in water was different
from the solubility effect, and it is possible to adjust the solubility and
stability of MPs in water by choosing a suitable disruption chamber.

3.2. Particle size distribution (PSD)

The PSD and Z-average of MPs in water are given in Fig. 2 and
Table 4. The non-HPH treated sample had a large Z-average (1616 nm)
and showed highly ordered myofibril structures with various large
particle sizes in water. Compared with the control, the Z-average of
HPH-treated samples showed a smaller particle size (Table 4). This
finding indicated that HPH reduced the particle size of MPs in water.
The PSD showed a slow shift toward left of the control after HPH
treatment with various disruption chamber geometries, and all HPH-
treated samples showed a wide distribution of large particle sizes. The
distribution of the control was unimodal, with protein aggregates
higher than 1000 nm. The bimodal PSD of MPs in water might be
caused by the release of monomer species (myosin or actin) and myo-
filaments (thick filaments; Chen et al., 2016b). The mechanical forces
imparted by HPH disrupt the structure of proteins and macromolecules
and cause the reduction of protein particle size (Dumay et al., 2013;
Song, Zhou, Fu, Chen, & Wu, 2013). In the case of the 103MPa HPH-
treated sample, the performance of Z5-cf was the best (371 nm;
Table 4), and the Z-average of Z8-cf was the largest. This finding
showed that the wide bore diameter (200 μm) nozzle and counter flow
chamber had less effect in reducing the particle size of MPs in water.
The reason for this result is probably related to the pressure, which
might not have been high enough to produce counter flow interactions,
and the nozzle played a major role in HPH. Compared to previous re-
ports, our results showed that the particle size of MPs in water further
decreased when the pressure was increased to 172MPa, the Z-average
significantly decreased to approximately 240 nm and there was no
difference among the three disruption chamber geometries. These data
indicated that the different disruption chamber geometries could have
different effects on the particle size of MPs in water and improve
homogeneity after HPH.

3.3. Protein profile

The SDS-PAGE patterns of MPs in water are shown in Fig. 3. The
typical polypeptide composition of MPs in the control can be seen in
lane 1 (Fig. 3). The protein bands corresponding to marker were evident
in the control and HPH-treated samples. The supernatant of control
obtained by centrifugation showed quite a low concentration of protein
(Lane 2 in Fig. 3). However, in the HPH-treated samples, most of the
proteins remained in the supernatant (Lanes 4, 6, 8, 10, 12 and 14 in
Fig. 3), and there was no difference in polypeptide composition be-
tween the control and HPH-treated samples. The results showed that
HPH treatment with different disruption chamber geometries solubi-
lized MPs in water without individual protein degradation.

3.4. Rheological property

The flow behavior of MPs in water is shown in Fig. 4. The viscosity
of the control was much higher than HPH-treated samples at all shear
rates. The results presented in Fig. 4A suggested that the 103MPa HPH-
treated samples had shear-thinning or pseudo-plastic behavior. The
pseudo-plastic behavior was previously reported for myofibrillar pro-
teins (Chapleau & de Lamballerie-Anton, 2003; Chen et al., 2016b;
Saricaoglu et al., 2017). When the pressure was 172MPa (Fig. 4B), the
viscosity of all HPH-treated samples was much lower and presented
Newtonian fluid properties in the shear rate range. These observations
could be attributed to the decrease of the particle size of MPs in water
and the high solubility of MPs in water induced by HPH. However, it is
interesting that the viscosity of the Z5-cf sample was the lowest in
103MPa and 172MPa HPH treatment, which suggests that the narrow
bore diameter of the nozzle and counter flow action could accelerate
the protein-protein interactions in MP suspensions, thus increasing the
flow and dispersibility of MPs in water. It has been reported that strong
physical forces including shear, turbulence, impact and cavitation are
imposed on the liquid medium by HPH, modifying the flow behaviors of
MP suspensions (Song, Zhou, Wu, Fu, & Chen, 2013; Sørensen et al.,
2014). In conclusion, the flow rate of MPs in water was increased by
high pressure (172MPa) HPH. The narrow nozzle bore diameter re-
sulted in MP suspensions with lower viscosity, leading to a faster flow
rate and intensifying the collision effect in the counter flow chamber.
The interaction of narrow nozzle could destroy the myofibril structure
and protein-protein interactions, increasing the homogeneity and so-
lubility of MPs in water.

Fig. 3. SDS–PAGE pattern of myofibrillar proteins
(MPs) in water treated by different high pressure
homogenization (HPH) disruption chambers and
pressures. Note: Lane M: molecular weight marker;
Lane 1: Control (non-HPH treated sample); Lane 2:
supernatant of control after centrifugation (20,000 g
for 20min at 4 °C); Lane 3: 103MPa HPH treated
suspension (Z5); Lane 4: supernatant of 103MPa
HPH treated suspension after centrifugation (Z5);
Lane 5: 172MPa HPH treated suspension (Z5); Lane
6: supernatant of 172MPa HPH treated suspension
after centrifugation (Z5); Lane 7: 103MPa HPH
treated suspension (Z5-cf); Lane 8: supernatant of
103MPa HPH treated suspension after centrifugation
(Z5-cf); Lane 9: 172MPa HPH treated suspension
(Z5-cf); Lane 10: supernatant of 172MPa HPH
treated suspension after centrifugation (Z5-cf); Lane
11: 103MPa HPH treated suspension (Z8-cf); Lane
12: supernatant of 103MPa HPH treated suspension
after centrifugation (Z8-cf); Lane 13: 172MPa HPH
treated suspension (Z8-cf); Lane 14: supernatant of
172MPa HPH treated suspension after centrifugation
(Z8-cf). MHC: myosin heavy chain, MLC: myosin
light chain.
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3.5. Microstructure of MPs in water

AFM and TEM images are presented in Figs. 5 and 6, showing
morphological differences among MP suspension microstructure after
HPH with various disruption chamber geometries. At Figs. 5A and 6A, it
was observed that some myofibrils with highly ordered structures re-
mained in MP suspensions, which had a relatively homogeneous dis-
sociated threadlike network structure (Chen et al., 2016b; Ito et al.,
2015). It is obvious that the structure of myofibrils was completely
disrupted to some monomer or oligomer proteins after HPH (Fig. 6),
which length ranged from approximately 100-400 nm. The height of the
particles in MP suspensions was 20 nm or less, which was lower than
that found in our previous study (Chen et al., 2016a). Upon 103MPa
HPH treatment, myofibril protein was disrupted, showing bead-like
monomers or oligomers in the HPH treated samples, and the particle
height was further reduced to below 20 nm. However, there were some
larger protein molecules and polymers remained in the Z8-cf suspension
(Fig. 6F). The tendency of disruption of the filaments was more obvious
as the pressure increased (172MPa), at the same time, due to the in-
teraction of the counter flow chamber, the slender filaments of Z5-cf
and Z8-cf were disrupted to some monomer or oligomer proteins

(Fig. 6E and G) with lower particle height (below 5 nm) than 103MPa
HPH. The higher pressure and different disruption chamber might be a
main cause of this difference. As mentioned earlier, HPH can effectively
change the microstructure of myofibrils and reduce protein particle size
under higher pressure and increase the dispersion of MPs in water.
These results might explain the high solubility and stability of MPs in
water.

3.6. Reactive sulfhydryl (SH) groups and surface hydrophobicity of MPs in
water

To confirm changes in the tertiary structure and stability of MPs in
water, reactive SH groups and surface hydrophobicity of MPs in water
were determined (Table 5; Fig. 7). The SH groups and surface hydro-
phobicity of MPs in water were obviously lower after HPH treatment
than were the control. The results were similar to the previous studies
(Liu & Kuo, 2016; Liu et al., 2010). As shown in Table 5, The Z8-cf
exhibited the fewest reactive SH groups and lowest hydrophobicity, it is
indicated that the unfolding level of MPs structures in Z5 and Z5-cf was
higher than Z8-cf. Turbulence and cavitation phenomena were pre-
dominant mechanisms in HPH at the outlet of the valve gap (Floury,
Bellettre, Legrand, & Desrumaux, 2004). The narrow valve gap of Z5
and Z5-cf might give rise to the dissociation, aggregation and re-
arrangement of MPs in water, leading to the exposure of reactive SH
groups and hydrophobic groups from the interior of the native protein.
The reactive SH groups and surface hydrophobicity of HPH-treated
samples were both significantly higher after HPH at 172MPa. Recent
studies have shown that high hydrostatic pressure leads water to
permeate the interior of the protein and modify the protein con-
formation by affecting hydrogen and hydrophobic interactions, thus
disrupting the tertiary structures of MPs (Chen et al., 2014; Zhang,
Yang, Tang, Chen, & You, 2015). In this study, a higher pressure caused
the unfolding of MPs and increased the number of surface SH and hy-
drophobic groups.

The stability of Z8-cf was lower than that of the other samples
(Table 2) with the 103MPa HPH treatment, whereas the stability of Z5-
cf was the lowest among all the samples treated by 172MPa HPH
(Table 3). The basic mechanism for this remains unclear, but we ob-
served that the changes in stability were closely related to the initial
conformational changes of protein induced by HPH, especially re-
garding SH groups and surface hydrophobicity. At 103MPa HPH, the
Z8-cf samples generated fewer SH groups and lower surface hydro-
phobicity did the Z5 and Z5-cf (Fig. 7). Similarly, the Z5-cf samples,
which showed poorer stability at 172MPa, produced fewer SH groups
and lower surface hydrophobicity than did Z5 and Z8-cf (Fig. 7). The
mechanical effects of the nozzle and counter flow, such as shearing,
cavitation and impact, combined with the thermal action would cause
protein denaturation to a certain degree, resulting in a decrease in the
SH groups and surface hydrophobicity of the MPs (Fig. 7). Accumula-
tion of denatured proteins and thereby their re-association could lead to
poor stability during storage.

3.7. Secondary structures

The secondary structure of the MPs in water was determined using
circular dichroism (Table 6). After 103MPa HPH, the α-helix structure
content was significantly lower, which was coupled with an increase in
β-sheets, β-turns and random coils. This result confirmed a previous
finding that the conformational changes under HPH promoted a loss of
helicity of MPs in water (Chen et al., 2016a). There was no significant
difference in the α-helix content of Z5 and Z5-cf when the pressure was
103MPa. However, the Z8-cf suspension had the highest α-helix con-
tent (50.5%). The α-helical content of HPH-treated samples was even
lower when the pressure was 172MPa (42.4%, 41.4% and 42.0%). This
result is consistent with the finding in rabbit myosin and myofibrillar
protein by the HPP (Chapleau, Mangavel, Compoint, & de Lamballerie-

Fig. 4. Steady-state properties of myofibrillar protein (MP) suspensions (5 mg/
mL) treated at 103MPa (A) and 172MPa (B) high pressure homogenization
(HPH) treatment with different disruption chamber geometries, shear rate that
linearly increased from 1 s−1 to 1000 s−1. Note: Control (black square); Z5
configuration (red circle); Z5-cf configuration (orange triangle); Z8-cf config-
uration (blue triangle). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. The representative AFM images of myofibrillar protein (MP) suspensions treated at various high pressure homogenization (HPH) disruption chamber geo-
metries. Note: A: Control (non-HPH treated sample); B: Z5 configuration (103MPa); C: Z5 configuration (172MPa); D: Z5-cf configuration (103MPa); E: Z5-cf
configuration (172MPa); F: Z8-cf configuration (103MPa); G: Z8-cf configuration (172MPa).
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Anton, 2004; Wang et al., 2017; Xue et al., 2017). HPH can cause the
unfolding of myosin and expose hydrophobic residues, thus resulting in
the loss of α-helix in MPs in water. In turn, the loss of the α-helix
structure in the myosin rod region might cause a change in the inter-
actions between the molecules, disrupting the filament assembly pro-
cess, leading to enhanced solubility in water (Chen et al., 2016a). It can
be assumed that the effect of disruption chamber geometries on MP
secondary structure was different at various HPH pressures. The narrow
bore diameter of the nozzle is more likely to destroy the secondary

structure of MPs under low pressure, whereas at higher pressure, the
secondary structure is more damaged, and the bore diameter of the
nozzle has no effect on the secondary structure.

4. Conclusion

As obtained from the current study, the nozzle and counter flow
chamber have different effects on the solubility and protein structures

Fig. 6. Microstructures of myofibrillar protein (MP) suspensions treated at
various high pressure homogenization (HPH) disruption chamber geometries.
Note: A: Control (non-HPH treated sample); B: Z5 configuration (103MPa); C:
Z5 configuration (172MPa); D: Z5-cf configuration (103MPa); E: Z5-cf con-
figuration (172MPa); F: Z8-cf configuration (103MPa); G: Z8-cf configuration
(172MPa).

Table 5
Surface hydrophobicity of myofibrillar protein (MPs) in water after 103MPa
and 172MPa high pressure homogenization (HPH) treatment with different
disruption chambers.

Pressure (MPa) Surface reactive sulfhydryl contents (μmol/100mg)
Z5 Z5-cf Z8-cf

0 4.54 ± 0.63g 4.54 ± 0.63g 4.54 ± 0.63g

103 11.20 ± 0.14e 11.57 ± 0.37d 9.85 ± 0.31f

172 13.67 ± 0.24a 12.29 ± 0.47c 12.77 ± 0.21b

Note: Values were mean of triplicate values ± S.D. Different letter in row in-
dicate statistical differences (P < 0.05).
Control: non-HPH treated sample; Z5: 130 μm nozzle and standard flow; Z5-cf:
130 μm nozzle and counter flow; Z8-cf: 200 μm nozzle and counter flow.

Fig. 7. Hydrophobicity of myofibrillar proteins (MPs) in water treated at
103MPa (A) and 172MPa (B) high pressure homogenization (HPH) treatment
with different disruption chamber geometries. Note: Control (black square); Z5
configuration (red circle); Z5-cf configuration (orange triangle); Z8-cf config-
uration (blue triangle). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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of MPs in water at different high hydrostatic pressures. The nozzles and
counter flow chamber played a major role in the solubility of MPs in
water at 103MPa and 172MPa HPH, respectively. Overall, the solu-
bility of MPs in water could be improved more effectively by applying a
narrow nozzle (Z5) when the HPH pressure was 103MPa. As the
pressure increased to 172MPa, the counter flow chamber (Z5-cf, Z8-cf)
could further damage the protein structure and reduce the particle size
of MPs in water. The results showed that the solubility and stability of
MPs in water can be regulated by designing the disruption chamber
geometry, which provides a controllable strategy on meat protein
processing. Our initial intention of applying HPH to MPs is to improve
its solubility in water, which eliminate the impacts of high-salt intake
on human health. However, the specific application of this technique to
MPs need further study to maximize its benefits to the food industry.
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