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Abstract: As a natural calcium resource, animal bone needs to be miniaturized to the nanoscale to
improve palatability and absorption capacity. To explore the mechanism of high-pressure homog-
enization (HPH) in preparing natural bone aqueous nanosuspensions, the relationships between
the changes in protein conformation, solubility and quality characteristics of rabbit bone aqueous
suspensions (RBAS) prepared by different HPH cycles were studied. The results showed that the
improvements in particle size, stability and calcium solubility of RBASs could be mainly attributed to
the improvement of protein solubility induced by the changes in protein conformation. HPH treat-
ment led to the denaturation and degradation of protein in rabbit bone, generating soluble peptides
and improving the stability of the suspensions by enhancing the surface charge of the particles. When
collagen as the main protein was partially degraded, the hydroxyapatite in the bone was crushed
into tiny particles. The increase in the particle-specific surface area led to the release of calcium ions,
which chelated with the peptides to produce peptide calcium. However, excessive HPH treatment
caused the production of protein macromolecular aggregates and affected the quality of RBASs. This
study is helpful to promote the application of HPH technology in animal bone nanoprocessing.

Keywords: nanoprocessing; high-pressure homogenization (HPH); rabbit bone; collagen; peptide
calcium

1. Introduction

Animal bone is a meat processing byproduct that has great potential. On a dry-fat-free
basis, animal bones are rich in minerals (50-70%, w/w) and protein (30-50%, w/w), of
which calcium is as high as 20-30% (w/w) [1,2]. Type I collagen and hydroxyapatite [HAP,
Cayg (PO4) 4(OH),] are the main components of proteins and minerals in animal bone.
A network structure composed of collagen is embedded with HAP to form a hard bone
structure [3-5]. The highly ordered structure and the hydration layer formed outside the
HAP protect the calcium compounds from direct contact with water, with the result that
the calcium in animal bone is difficult to dissolve in water, acidic and alkaline solutions
at normal temperatures [6]. Due to its large molecular weight and unique triple helix
structure, collagen is very stable and difficult to digest and absorb. However, collagen
peptides produced after collagen hydrolysis have extremely high nutritional value and
physiological regulation function [7-9] and are very popular in the consumer market. If
animal bone could be properly processed and developed into functional food by improving
the grainy texture and the absorption of nutrients, it would not only bring great economic
benefits and reduce the burden on the environment [10] but also promote the sustainable
and green development of the meat industry.
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In recent years, nanomachining technology has been studied in animal bone process-
ing. By using the strong mechanical force generated by planetary ball milling, high-energy
wet ball milling and high-pressure microfluidization, bone particles can be reduced to the
nanoscale (<1000 nm) [2,11-14]. Nanoprocessing not only improved the particle character-
istics of animal bone but also allowed better applications in gel food [10,11,15]. Moreover,
due to the increase in specific surface area and the change in the crystal structure, calcium
was released from HAP, which significantly improved the bioabsorption of calcium; these
improvements were more significant than the reduction of bone particles to the micron
scale [2,3,10,14]. Nanotechnology has great potential in the processing and utilization of
animal bone.

The network structure composed of collagen fibers constitutes the toughness of
bone [4], which is also the main factor preventing bone crushing. In a previous study,
a HAP aqueous suspension (5%, w/w) was found to be easy to crush. The average particle
size [Dx (50)] could be reduced from 80 um to 4 um only by using a high-speed shear
emulsifying machine (Ultraturraxt25, IKA, Staufen, Germany) at 2800 rpm for 2 min. Under
the same conditions, the particle size of the rabbit bone suspension (30 um) did not change
significantly and could be reduced only by ball milling or high-pressure homogenization
(HPH). Compared with high-energy wet ball milling, the efficiency of HPH nanoprocessing
is extremely high and can reduce the particle size to the nanoscale in a short time (<10 min),
while high-energy wet ball milling usually takes 5 h or more [3,10,13]. This may be because
HPH equipment can simultaneously apply high-speed shear, pressure gradient, high-speed
collision and other forces to the raw materials, and these treatment conditions are usually
very severe [16-19]. Iordache and Jelen [20] found that HPH could increase the solubility
of heat-denatured whey protein, while Chen et al. [21] found that HPH could promote
the dissolution of chicken breast myofibrillar proteins in water. Therefore, HPH treatment
leads to the dissolution of collagen, which may be the reason why HPH can efficiently
prepare bone aqueous nanosuspensions. However, research in this area is still rare, and
most of the research has focused on the improvement of calcium solubility in animal bone
by nanoprocessing [3,10,11,13,14].

Due to its advantages of high calcium, high protein and ease of crushing, rabbit bone is
a suitable material for nanoprocessing [2]. Moreover, rabbit meat is popular worldwide as
functional meat [22]; according to FAO statistics, the global rabbit meat production in 2020
was approximately 0.9 million tons [23]. With the rapid development of the rabbit industry,
the utilization of rabbit bone and other byproducts cannot be ignored. Therefore, to explain
the main mechanism by which HPH produces nanobone particles, this study used rabbit
bone as an example. Micron-scale rabbit bone (MRB) and water were used as raw materials,
and the liquid rabbit nanobone was prepared efficiently by using the physical means of
HPH technology. At the same time, the relationships between the particle size, stability,
solubility and protein conformation changes in rabbit bone aqueous suspensions (RBAS)
were investigated. This information will provide a theoretical basis for the application of
HPH technology in animal bone nanoprocessing.

2. Materials and Methods
2.1. Materials

One hundred and fifty fresh HYLA rabbit carcasses (male, 72 days old, 2.2-2.6 kg per
live rabbit) used in the experiment were purchased from the local slaughterhouse (Yubei,
Chonggqing, China) and transported back to the laboratory in a chilled box (approximately
8 °C) within 6 h. Then, the main limb bones (scapula, humerus, forearm, ilium, femur,
calf) were separated and cleaned of muscle, fat and tendons within 4 h. Finally, all bones
were ground and mixed through a PG-230 bone crusher (Yongchuang, Zhengzhou, China)
and vacuum packaged within 2 h, and then frozen at —21 °C until use. Collagen from a
small portion of the bones was acid-extracted (rabbit bone collagen, RBC) according to the
method of Li et al. [24], and the remaining part was used to prepare MRB, which was the
raw material for producing RBASs, as presented in Figure 1.
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Figure 1. Schematic diagram of samples’ processing and their appearance. Fresh rabbit bone
fragments were vacuum-packed. Rabbit bone collagen (RBC) was prepared by the acid dissolution
method and freeze-dried in a vacuum. Micron-scale rabbit bone (MRB) was photographed in the
receiving box of the vibratory crusher. The photo of rabbit bone aqueous suspensions (RBAS) was
taken within 1 h after different high-pressure homogenization (HPH) cycles.

Synthetic HAP (H875582, 80 um) was purchased from Macklin Reagent (Shanghai,
China). Type I collagen standard (C8060, from bovine Achilles tendon) was purchased
from Solarbio Technology Co., Ltd. (Beijing, China). All other chemical reagents used were
analytical grade or higher and obtained from Chron Chemical Co., Ltd. (Chengdu, China).

2.2. RBAS Preparation

First, MRB was prepared according to the process described by Li et al. [2] with some
modifications. Frozen bone shards were thawed at room temperature (26 °C) and then
rinsed three times to remove blood and fat. Drained bone fragments were autoclaved at
120 °C and 0.1 MPa for 2 h by an LDZM-80KCS high-pressure cooker (Shenan, Shanghai,
China). The softened bones were removed and rinsed with tap water to remove the oil and
residual meat on the surface, and then the bone residues were dried in a DHG-9053 air
blower drying oven (Sanfa, Shanghai, China) at 60 °C to constant weight. The dried bone
pieces were crushed with a BJ-800A grinder (Baijie, Huzhou, China) and passed through a
60-mesh screen. For degreasing, the bone powder was mixed with ethyl acetate (1:5.3, w/w)
and placed into a 40 kHz KQ-600DB ultrasonic machine (Kunshan Ultrasonic Instrument
Co., Ltd., Kunshan, China) for ultrasonic extraction (30 °C, 480 W, 24 min). After that, the
lipid-extracted bone was centrifuged at 4000 x g for 10 min, and the precipitate was dried
in a fume hood. Next, the dried, defatted bone powder was mixed with ultrapure water
(1:3, w/w), stirred for 1 min and allowed to stand for 2 min. Then, the upper liquid was
poured, and the red plasma protein on the surface was scraped off with a medicine spoon.
To give the bone powder a better color, this operation was repeated three times to remove
most of the plasma protein, and the remaining bone residue was dried at 60 °C to constant
weight. Finally, the bone residue was crushed to the micron scale by an SYFM-8II vibrating
microgrinder (Songyue, Jinan, China) with suitable parameters (4 °C, 5 mm vibration
amplitude, 10 min), which yield MRB.

To obtain a suspension with an appropriate particle size, MRB was mixed with ul-
trapure water (1:3, w/w) and ground for 2 h by using an XQM-0.4 planetary ball mill
(Tianchuang, Changsha, China). After that, the suspension was further adjusted to 5%
(w/w) with ultrapure water. Thus, the control group was acquired and was stirred with a
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glass rod and immediately poured into the hopper of a dynamic high-pressure microflu-
idization machine (M-110EH-30, MFIC, Newton, MA, USA) equipped with a DC-2006
condenser (4 °C, Shunma, Nanjing, China) for HPH treatment. A series of control groups
were homogenized at 15,000 PSI (103 MPa) for zero, two, four, six, eight and ten cycles to
prepare RBASs, and they were rapidly divided into two portions: one portion was used for
the determination of physiochemical characteristics, and the other portion was centrifuged
at 4000x g for 30 min, and the supernatants were aspirated carefully to determine the
solubility-related indicators. Finally, all samples were refrigerated at 4 °C until use.

2.3. Chemical Composition Analysis
2.3.1. Proximate

The crude fat, moisture, crude protein, and ash contents of the MRB were deter-
mined by the standard A.O.A.C. method (960.39, 934.01, 928.08 and 920.153) [25], and
the soluble component was based on the gelatin extraction method described by Gémez-
Guillén et al. [26] with minor modifications. MRB with a certain mass (M) was transferred
to a centrifuge tube, mixed with ultrapure water (1:3, w/w) and then placed on a constant
temperature shaker (Maxq4000, Thermo Fisher, Marietta, OH, USA) at 45 °C and 200 rpm
for 1.5 h. Next, the suspension was centrifuged at 4000x g for 30 min, and the supernatant
was poured into a drying dish (M) and weighed (M) after drying at 105 °C to constant
weight. The precipitate was removed and dried at 60 °C until use. The soluble component
of MRB was calculated according to Equation (1).

Soluble component (%) = (My — Mp)/M; x 100% 1)

The total protein, soluble protein and soluble peptides of the bone suspension were also
determined according to the Kjeldahl method (928.08) of A.O.A.C. [25], while the soluble
peptides were obtained by removing macromolecular proteins with trichloroacetic acid
(TCA). The supernatant of the bone suspension was homogenized with the same volume
of 20% (w/w) TCA for 1 min. After standing for 1 h, the mixed liquid was centrifuged at
4000x g for 30 min, and the supernatant was filtered and fixed to a constant volume for
Kjeldahl nitrogen determination.

2.3.2. Amino Acid Composition

The composition of amino acids was implemented by an amino acid analyzer (S433D,
Sykam, Munich, Bavaria, Germany) equipped with a lithium system [2]. The solution
preparation, sample pretreatment and procedures were carried out as outlined by Sykam
Corp. The total amino acid contents of the supernatants of RBASs and the MRB were
determined, while the protein impurities were removed by sulfosalicylic acid crystals
(0.18 g in 1 mL solution) in the determination of free amino acids in RBAS supernatants.

2.3.3. Elemental Analysis

The elemental composition was measured by inductively coupled plasma-atomic
emission spectrometry (iCAP 6000, Thermo Fisher, Cambridge, MA, USA) according to
Ersoy and Ozeren [27]. For MRB, the contents of calcium, magnesium, phosphorus and
zinc were measured, while for the supernatants of RBASs and peptide calcium, only the
calcium content was measured.

2.3.4. Molecular Weight Distribution of Peptides

The contents of peptides with different molecular weights were determined by the
method of Li et al. [3], with some modifications. In each HPH treatment group, 2 mL of
bone suspension supernatant was taken and centrifuged at 4000x g for 60 min in a series
of centrifugal ultrafiltration tubes (Amicon Ultra-4, Millipore, Ireland), which consisted of
cellulose membranes with different molecular weight cutoffs at 3, 10, 30, 50 and 100 kDa.
The filtrate was fixed to 2 mL, and then the peptide content was measured by the Folin—
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Ciocalteu method [28]. The peptide content of the supernatant before ultrafiltration was
also determined by this method to obtain the total peptide content.

2.4. Raman Spectroscopy

The chemical structures of synthetic HAP, Type I collagen standard, RBC, MRB and
RBAS were recorded on a DXR2 Raman spectrometer (Thermo Fisher, Waltham, MA,
USA) equipped with a 785 nm laser source, a grating of 400 lines mm~! and an energy of
15.0 mW; the spectra were collected in the wavenumber range of 3100 to 350 cm ™!, and
all the samples were exposed 40 times for 5 s [2]. After scanning, the Raman data were
baseline corrected, and phenylalanine (1003 + 1 cm 1) was used as the normalization
factor [29]; peak fitting was performed to analyze the content of the secondary structure
component of the protein finally, which were all carried out by Origin (2021, Origin-Lab,
Northampton, NC, USA).

2.5. Particle Size Characteristic Measurements

The Mastersizer 3000 laser diffraction particle size analyzer (measuring range: 10 nm
to 3.5 mm; Malvern Panalytical, Nottingham, UK) equipped with a semiautomatic wet
sampler (Hydro EV) was used to measure the particle size and distribution according to the
method of Ullah et al. [30] with some modifications. Briefly, 3 g of MRB aqueous suspension
(5%, w/w) or RBAS was added to 0.015 g sodium hexametaphosphate (dispersant, 0.5%) and
treated with ultrasonic (40 kHz) dispersion at 100 W for 15 min. Finally, the particle size was
measured until the shading rate increased to approximately 13% with the sample addition.

A scanning electron microscope (ProX, Phenom, Eindhoven, The Netherlands) was
used to observe the microstructure of bone particles, and the parameters were set with a
magnification of 7000 and an acceleration voltage of 10.0 kV [2]. The bone suspension was
diluted to 50 ppm, dropped onto a 3 mm x 3 mm silicon wafer and dried in natural air.
The samples were all sputter-coated with gold before observation.

2.6. Stability, Zeta Potential and pH Measurements

The stability of the RBASs was determined by the method of Klavons et al. [21] and
Chen et al. [31] with slight changes. Briefly, 10 mL of bone suspension was added to a
colorimetric tube, and stratification was observed after standing for 24 h at 4 °C. The height
of the lower sediment (H;) and the overall height of the suspension (H;) were measured.
The stability was obtained using Equation (2).

Stability (%) = Hy /H, x 100% @)

The RBASs were diluted to 0.1 g/100 g using ultrapure water to determine the zeta
potential by a Zetasizer Nano ZS90 analyzer (ZEN3690, Malvern Panalytical, Nottingham,
UK)), as described by Yin et al. [13]. The pH of the RBASs was assayed with a digital pH
meter (5220-K, Mettler Toledo, Switzerland) at room temperature.

2.7. Solubility and Chelation Rate Measurements

The protein and calcium solubility of the RBASs were determined according to the
method of Chen and Li et al. [3,21] with some modifications. The protein contents in the
supernatant (C;) and bone suspension (C;) were measured by the method in Section 2.3.1,
and the protein solubility was calculated using Equation (3).

Protein solubility (%) = C1/Cy x 100% 3)

The calcium content (C¢,) in a certain volume (V¢,) of supernatant was measured
by the method described in Section 2.3.3, and the calcium solubility was represented as
micrograms of soluble calcium per gram of MRB in the bone suspension (Myrg), as shown
in Equation (4).

Calcium solubility (ug/g) = Cca X Vca/MMrB 4)
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The peptide calcium was separated from the supernatant by absolute ethanol [32].
The supernatant with the same volume (Vc,) was added to a centrifuge tube, mixed with
absolute ethanol (1:5, v/v), and then blended thoroughly with a vortex oscillator (MS3, IKA,
Staufen, Germany) at 600 rpm for 5 min. Next, the mixture was centrifuged at 8000x g
for 10 min, and the precipitate was collected. The content of calcium in the precipitate
(Cp.ca) was determined as described in Section 2.3.3. The chelation rate was calculated
using Equation (5).
Chelation rate (%) = Cp.ca/Cca x 100% (5)

2.8. Surface Hydrophobicity and Reactive Sulfhydryl Measurements

The method reported by Zhang et al. [33] was used to determine the surface hydropho-
bicity of RBASs. Briefly, 1 mL of bone suspension was mixed with 0.2 mL of bromophenol
blue (BPB, 1 mg/mL), shaken well by a constant temperature shaker at 120 rpm for 10 min,
and then centrifuged at 8000x g for 15 min. Part of the supernatant was taken and diluted
10 times with PBS (0.02 M). Finally, the amount of bound BPB of diluent was determined
by measuring the absorbance at 595 nm (Acontrol, Asample)- Ultrapure water was used as
the control instead of bone suspension. The surface hydrophobicity was estimated using
Equation (6).

Bound BPB (Hg) =200 pg x (Acontrol — Asample)/ Acontrol (6)

The reactive sulfhydryl content was determined by using the procedure described by
Zhang et al. [33] with slight modifications. Briefly, 1 mL of bone suspension was diluted
with 9 mL PBS (0.05 M; containing 8 M urea, 0.6 M NaCl and 0.01 M EDTA-2Na) and
vortexed at 600 rpm for 1 min, and then centrifuged at 4000 g for 30 min. After that,
3 mL of supernatant was mixed with 0.4 mL of 2-nitrobenzoic acid (0.1%, w/w), and the
absorbance (Ags) of the supernatant was measured at 412 nm after incubation at 40 °C for
25 min in the dark. The protein content in the bone suspension (C,) was the same at 2.7.
The reactive sulfhydryl was calculated using Equation (7).

Sulfthydryl content (nmol/mg) = 10° x Ags/(136 x Cy) (7)

2.9. Intermolecular Chemical Force Measurement

The chemical forces of RBAS were measured and calculated according to the method
of Zhang et al. [34] with some modifications. Briefly, 1 mL of bone suspension was mixed
with 5 mL solution A (0.05 M NaCl), solution B (0.6 M NaCl), solution C (0.6 M NaCl
containing 1.5 M urea), solution D (0.6 M NaCl containing 8 M urea) and solution E (0.6 M
NaCl containing 8 M urea and 0.05 M 3-ME), and homogenized at 7000 rpm for 30 s. Next,
the solutions were reacted at 4 °C for 60 min, and then centrifuged at 9600 x g for 15 min.
Finally, the protein content of the supernatant after centrifugation was determined by the
Folin—Ciocalteu method [28], and the results are expressed by the mass of dissolved protein
in each mL of solution (mg/mL).

2.10. Statistical Analysis

All experiments were performed at least in triplicate. The data are presented as
the mean =+ standard deviation, and the differences between means were analyzed with
ANOVA by using SPSS software (Version 19.0, IBM Corp., Armonk, NY, USA). A significant
difference was confirmed when the p value < 0.05, and an extremely significant difference
was established when the p value < 0.01 or 0.001. The principal component analysis
(PCA), Pearson’s correlation analysis and hierarchical clustering heatmap construction
were carried out by the applications in Origin 2021.
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3. Results and Discussions
3.1. Raw Material Characteristics

To preliminarily crush, fresh rabbit bone was prepared into the experimental raw
material, which was the MRB (Figure 1). The chemical composition, chemical structure and
micromorphology of MRB are shown in Table 1 and Figure 2.

Table 1. Chemical composition of micron-scale rabbit bone (MRB).

Items MRB MRB Eluted by Hot Water (45 °C)
Proximate (%)
Fat 0.81 £0.16 /
Moisture 498 +0.03 /
Total Protein 15.90 + 0.20 /
Ash 76.80 £ 0.07 /
Soluble component 1.33 £0.18 /
Minerals
Calcium (mg/g) 303.70 £ 1.27 /
P (mg/g) 172.45 4 2.90 /
Magnesium (mg/g) 5.07 = 0.19 /
Zinc (mg/kg) 243.10 4+ 3.39 /
Amino acids (%)
Gly 2.65 £ 0.10 2.58 £0.11
Pro 1.53 £+ 0.08 1.54 + 0.05
Hyp 1.31 +0.03 1.26 £+ 0.05
Glu 2.04 £0.07 2.05 £ 0.09
Ala 1.26 +0.04 1.25 + 0.06
Arg 1.14 + 0.03 113 £0.11
Asp 0.70 £0.03 0.72 £ 0.02
Lys 0.79 £+ 0.04 0.79 £ 0.02
Leu 0.80 £+ 0.05 0.85 £+ 0.04
Ser 0.60 £ 0.02 0.60 £ 0.03
Phe 0.46 £ 0.02 0.47 £0.02
Val 0.59 + 0.03 0.61 £+ 0.03
Thr 0.51 £ 0.02 0.52 £ 0.03
Ile 0.32 £+ 0.02 0.33 £ 0.02
Tyr 0.42 £+ 0.07 0.47 £ 0.04
His 0.20 £0.01 0.21 £0.01
Met 0.03 £ 0.00 0.03 £ 0.01
Cys 0.04 £+ 0.01 0.04 £+ 0.00
Tau 0.02 £+ 0.01 0.01 £+ 0.00
Total EAA 3.51 £0.02 3.53 £0.03
Total NEAA 11.92 +£0.04 11.86 + 0.06

The “/” indicates that the indicator was not measured.

A Lipids Amide Ibrand  Amide Il brand  Proline-hydroxyproline

2852 1656 1443

1303

MRB

Intensity

HAP

Collagen
Type I

T LS T . T % T % T & T -
3000 2500 2000 1500 1000 500 10 im

Wavenumbers (cm™)

Figure 2. (A) Raman spectrogram of MRB: compared with synthetic hydroxyapatite (HAP), RBC
and Type I collagen standard (from bovine Achilles tendon). (B) Micromorphology of the raw
material (MRB).
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In a previous study [2], the contents of ash, protein, calcium and hydroxyproline (Hyp)
in the dry-fat-free basis of fresh rabbit bone were approximately 59.0%, 41.5%, 25.1% and
2.7%, respectively. Since Hyp is a specific amino acid of collagen, 7.1 is often used as a
conversion coefficient to calculate the collagen content of terrestrial animals [35]. Therefore,
the collagen content in fresh rabbit bone was approximately 19.0%. The protein loss in
rabbit bone was substantial and was reduced to approximately 15.9%, as shown in Table 1,
which was probably because the high temperature of the pretreatment led to the partial
hydrolysis of collagen, and the triple helix decomposed into gelatin [36] and was lost with
the subsequent washing process. The analysis of amino acids showed that the content of
Hyp in MRB decreased to 1.31%; thus, the content of collagen was approximately 9.3%. The
remaining soluble substances of MRB, such as gelatin, were dissolved after washing again
with 45 °C hot water, but the content of this soluble component was low (approximately
1.3%). There was no significant difference (p > 0.05) between the amino acids composition
in MRB before and after hot water washing. Therefore, the gelatin content in MRB was low,
and MRB was still difficult to dissolve in water. Due to the concentration effect caused by
the loss of protein, the ash and calcium contents in MRB increased to approximately 76.8%
and 30.4%.

The Raman spectrum is shown in Figure 2A. To further understand the chemical
composition of MRB, synthetic HAP, collagen type I standard and extracted rabbit bone
collagen were used as the control groups. Collagen mainly exists in the form of fibrous type
I collagen in the bones and tendons of animals [37]. The spectrum was similar between RBC
and the type I collagen standard, indicating that the collagen in rabbit bone was mainly type
I collagen. The lipid region, amide I and III region and proline-hydroxyproline (Pro-Hyp)
region are the main regions for conformational changes of collagen structure [38]; the 1443
and 891 cm ™! regions are two Raman bands in the vibrational region of carbonate ions [39],
and these bands were completely present in the profiles of RBC and the type I collagen
standard. In the Raman spectrum of HAP, the occurrence positions of a strong peak,
moderate intensity peaks and lower intensity peaks are similar to the structural distribution
of synthetic and natural HAP previously studied [40,41]. The Raman spectrum waveform
of MRB basically corresponded to the characteristic peaks of HAP and RBC. Therefore,
MRB was mainly composed of HAP and type I collagen. Certainly, the large loss of collagen
led to the obvious reduction in the characteristic peaks of the amide and Pro-Hyp regions.
It is generally believed that the closer the intensity ratio of the amide III band (1300 cm !,
measured in the experiment) and the peak near 1450 em ™ (11300 em—1/T1450 cm—1) is to 1,
the more complete the triple helix structure of collagen [42]. The ratios were approximately
0.85 in RBC and approximately 0.78 in MRB, indicating that the collagen remaining in
the MRB retained the triple helix structure, which was consistent with the results of the
chemical analysis.

In Figure 2B, it could be seen that the MRB particles were irregular polygons, present-
ing a dense structure formed by the deposition of mineral salts such as HAP in the collagen
network [4]. Some small particles adhered to the surface, which might be caused by van
der Waals forces [12,43]. The average particle size of the MRB was approximately 32.9 um
(detected by Malvern 3000), which was consistent with that observed by SEM. However,
the particle size was still large for the HPH equipment. The MRB needed to be ball milled
with ultrapure water to prepare a bone suspension with a particle size of 10.40 £ 0.01 pm,
which was the control group.

Overall, MRB was a raw material rich in calcium and protein, and collagen was still
the main protein, accounting for nearly 58.6% of the total protein (9.31/15.90 x 100%).

3.2. Effect of HPH Cycles on the Quality Properties of RBAS

Fine, smooth taste and good stability are two very important quality characteristics
of an oral suspension. Therefore, the particle size characteristics and stability of the
RBASs were selected as the main quality indicators. The particle size distribution and



Foods 2022, 11, 2869

9 of 20

Volume density (%)

—=— Control

—=+— 2 HPH cycles

—— 4 HPH cycles

—— 6 HPH cycles

—+— 8 HPH cycles
10 HPH cycles

microscopic morphology of the RBASs after different numbers of HPH cycles are shown in
Figure 3 and Table 2.

10 pm

%)
4 HPH cycles

&

Control

Size classes (nm)

2 HPH cycles

4 HPH cycles

£
1,000 100,000

od
80

60

Stability (%)
Zeta potential (mV)

40 4

6 HPH cycles 8 HPH cycles 10 HPH cycles

Control

HPH cycles

Figure 3. Effects of HPH on the particle size distribution (A) and microstructure (B) of RBAS.
(C) Photo of RBAS treated with different HPH cycles after standing at 4 °C for 24 h. (D) Stability
(standing at 4 °C for 24 h) and zeta potential of RBAS. In figure, different lowercases in each group
showed significant differences (p < 0.05).

Table 2. Particle size characteristics and pH of rabbit bone aqueous suspensions (RBAS).

Specific Proportion Proportion
é; Ic’lfel s D(;(IS)O ) Surface Area  within 100 nm within pH
(m?/kg) (%) 1000 nm (%)
Control 10,400 +02 721+ 1f 0.00 £+ 0.00 ¢ 0.00 + 0.00 f 6.97 +£0.012
2 165+ 2P 73,653 £278¢  4445+0.179 5928 +£0.23°¢ 6.81 £0.012
4 1524+ 1¢ 75670 +£2114 4562 +0.13°¢  61.33+0.174 7.04 4+ 0.012
6 127+24 81,190 £ 316> 4893+ 020"  62.374+040°¢ 6.81 £0.012
8 121+1¢ 82,670 £172 4986 +0.012 6569 +0.072 7.00 £0.012
10 128 +14d 80,803 + 21 °¢ 48.754+0.02°  64.80 £ 0.07P 7.00 4+ 0.012

Different lowercase superscripts in the same column indicate significant differences (p < 0.05).

In Figure 3A, the particles of the control group were all distributed in the micron-
scale range, presenting a single peak. After two cycles, the peak shifted significantly to
the nanoscale, showing double peaks, and most of the particles were distributed at the
nanoscale. With the increase in HPH cycles, the peak volume density of the nanoscale
increased continuously and reached the highest value at eight cycles but then decreased
at ten cycles. Table 2 also shows that as the number of cycles increased to eight, the
Dx (50) of bone particles decreased significantly (p < 0.05), and the specific surface area
increased continuously (p > 0.05). The proportion of particles distributed at the nanoscale
also reached approximately 65.7%, which was the particle size limit. In the research of
Chen and Yin et al. [13,21], the particle size of large particles in the dispersion system was
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found to be effectively reduced by HPH treatment, which indicated that HPH was a means
to significantly reduce the particle size of the dispersion system. However, the particle
characteristics decreased when there were too many at ten cycles. The small-size effect
caused the nanoscale bone particles to have higher interfacial energy, which would lead
to particle aggregation [10]. With nanogrinding, the particles establish a balance between
agglomeration and disaggregation until reaching the limit particle size [3]. As shown in
Figure 3B, the particles agglomerated with decreasing particle size.

The stability changes of the RBAS after standing at 4 °C for 24 h are shown in Figure 3C,D.
After HPH treatment, the RBAS was uniform milky white (Figure 1). However, the RBAS
became layered after standing for hours, as shown in Figure 3C, which was the precipitation
phenomenon caused by the different densities of particles and media [44]. Delamination
was significantly improved by HPH treatment, and the transparent water layer decreased
with increasing cycles. Similar situations also occurred during the processing of whey
protein, inulin and fruit juice [20,44,45]. HPH treatment could significantly improve the
uniformity and stability of the liquid and reduce precipitation. However, this influence was
not infinite, and the transparent water layer was no longer reduced at eight HPH cycles.
As shown in Figure 3D, the stability of the bone suspension was no longer significantly
improved (p > 0.05) after eight cycles, which might be related to the presence of some
micron-sized particles in the suspension, and the particle size reached a limit at this time.
The zeta potential results also confirmed this phenomenon. Zeta potential is an important
indicator of the stability in a dispersion system and is related to the charged residues on
the surfaces of the particles in suspension [46]. As shown in Figure 3D, the absolute value
no longer increased (p > 0.5) and reached the limit value of approximately 8.5 at eight HPH
cycles. Interestingly, the absolute value decreased significantly (p < 0.5) at six HPH cycles,
which might be related to the agglomeration of particles. As shown in Figure 3C, it was
also observed that the transparent water layer did not decrease significantly after six HPH
cycles. However, the absolute value increased, and the delamination decreased when the
cycles reached eight, which might be due to the re-dispersion of agglomerated particles
and the exposure of surface charges. Therefore, HPH was an effective method to improve
the storage stability of RBASs, and the effect was the best at eight HPH cycles.

3.3. Effect of HPH Cycle on the Dissolution Characteristics of RBAS

Previous studies have confirmed that HPH has solubilizing effects on protein and
calcium [14,20,21]. Overall, HPH significantly increased the solubility of protein and
calcium in RBAS (p < 0.05), as shown in Figure 4A. The protein solubility in the control was
approximately 22.1%. When the number of HPH cycles reached four, the protein solubility
increased to approximately 53.1% but decreased at six and ten cycles. It was similar to
the changing trend of stability, which might be due to the “overprocessing” effect. After
protein reaggregation, water-insoluble aggregates were produced [21]. The generation
of aggregates did not affect the particle size until ten HPH cycles, as shown in Table 2,
which might be due to the large particle size and number of aggregates. The solubility of
proteins is related to protein structure, interactions between protein molecules and water
and pH, among others. [46-48]. However, the pH of the bone suspension did not change
significantly and remained neutral, as shown in Table 2. There was no change in the pH
when Chen et al. [21] prepared a chicken MP aqueous suspension with HPH. Before HPH
treatment, the solubility of calcium was approximately 339.1 pug/g. With the increases in
HPH cycles, the solubility of calcium continuously increased (p < 0.05) until approximately
705.0 ug/g at six cycles, the improvement of which might be mainly due to the increase
in the specific surface area of the HAP particles [10]. When the bone particles reached the
particle size limit, the release of calcium ions also tended to become stable. Although there
were obvious, large aggregate proteins produced at ten cycles, the content of calcium ions
was not affected, which indicated that they might have been released from HAP.
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Figure 4. Solubility (A) and content (B) of the main components of RBAS after different HPH cycles.
Molecular weight distributions of peptides (C) and chelation rate of peptide calcium (D) in RBAS
treated with different HPH cycles.In figure, different lowercases in each group showed significant
differences (p < 0.05).

Compared with the control, the contents of calcium, protein and peptides in the
supernatants after HPH treatment increased (p < 0.05), especially the contents of protein
and peptides, as shown in Figure 4B. It is worth mentioning that there was no significant
difference (p > 0.05) between the contents of dissolved protein and total peptides, so it
could be inferred that the dissolved proteins in the supernatant were mainly peptides.
Li et al. [3] also found that high-energy wet ball milling led to the degradation of some
fish bone collagen into peptides. However, unlike her research, the content of free amino
acids and the pH in RBAS were not significantly increased (Table 2). Therefore, HPH and
high-energy wet ball milling had different effects on animal bone.

The molecular weight distribution of the peptides in RBAS is shown in Figure 4C
and Table 3. It is meaningful that the content of peptides less than 3 kDa was increased
significantly by HPH treatment, and the effect was best at four HPH cycles, with the
content increased from approximately 395.6 pug/mL to 3008.7 ng/mL, accounting for
approximately 81.0% of the total peptides. The analysis of amino acids in the supernatant
is shown in Table 3. Gly, Pro and Hyp were the main amino acids, as Gly-Pro-Hyp is the
characteristic sequence of type I collagen, indicating that there were many collagen peptides
in the supernatant. Currently, oral collagen peptides with a molecular weight of less than
3 kDa are popular. A large number of studies have shown that small molecular collagen
peptides can be better absorbed, alleviate arthritis and effectively improve bone calcium
deficiency, and have the effects of antioxidation, antiaging, whitening and relieving skin
dryness [49-54]. However, the contents of the total peptides and small-molecule peptides in
the supernatant decreased, while the content of the peptides greater than 100 kDa increased
at six HPH cycles, which further explained the aggregation of the protein. The aggregates
of macromolecules were separated from the solution, which not only affected the particle
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size and stability of the bone suspension but also led to a significant decrease in the content
of soluble peptides at ten HPH cycles.

Table 3. Peptide contents with different molecular weights and amino acid compositions in the

supernatants of RBAS.

Items Control Two HPH Cycles Four HPH Cycles Six HPH Cycles Eight HPH Cycles Ten HPH Cycles

Molecular Weight (kDa) Peptides Contents (j1g/mL)
<3 395.60 + 51.44 © 1782.92 + 166.58 © 3008.66 +202.412 197522 -+ 150.95 b* 2209.38 + 158.69 © 1186.53 4+ 92.35 ¢
3~10 511.01 + 58.00 487.92 + 62.76 360.82 + 77.11 416.76 + 35.09 415.52 + 32.74 408.22 + 30.05
10~30 461.49 +51.902 210.89 + 13.64 b 4.2541.08 ¢ 144.03 + 76.79 266.03 + 3243 267.94 +27.90°
30~50 8.04 +2474 18.58 +£1.53°¢ 36.24 +2.792 28.70 4+ 1.88° 9.91+1.384 31.32 4 4.56 %
50~100 3.01 £1.66°¢ 102.18 321" 213.19 +9.982 9.43 4+3.01¢ 4364 1.57¢ 4.02+127¢
>100 165.20 4 21.96 7.83 +3.59d 16.72 + 3.93 4 286.95 + 4.41 2 307.82 + 7.79 2 200.95 + 12.49 ®
Total 1544.34 +183.10¢  2610.32 +258.33°¢  3713.88 £278.78%  2861.09 + 222.52 b¢ 3213.02 + 237.6 2098.97 + 171.62 4¢

Amino Acids Contents (ug/mL)

Gly 366.58 + 18.82 613.53 + 17.54 4 821.36 4+ 9.252 693.50 + 17.35 744.79 + 25.81° 512.62 + 2247 ¢
Pro 188.09 + 3.6 © 335.17 +20.42 ¢ 463.00 + 24.352 368.99 + 6.34 b 394.93 +12.48" 269.18 +7.98 ¢
Hyp 174.93 4 10.09 ¢ 314.40 + 4.48 ¢ 401.70 + 7.24 2 335.05 4 21.04 be 359.51 + 7.94 P 261.86 + 0.87 ¢
Glu 181.87 4+ 4.86 © 29447 + 1497 ¢ 406.70 + 13.182 320.94 +16.87 ¢ 361.77 + 13.68° 236.41 +8.35¢
Ala 150.58 4 4.8 f 228.54 + 10.53 4 310.02 +2.92 252.36 + 134 ¢ 284.33 + 7.67 P 195.79 4 10.81 ©
Arg 129.96 + 5.23 4 160.48 4 3.48 24446 +2.6° 149.49 + 6.6 193.84 +7.71° 148.94 4 1.93 ¢
Asp 60.98 + 1.32°¢ 105.58 4 1.01 © 146.68 4 6.112 112.16 + 5.75 ¢ 123.97 4+ 6.53 b 85.30 +2.69 ¢
Lys 62.58 4+ 3.33 f 106.21 +0.52 4 177.79 4+ 1.86 11734+ 4°¢ 150.21 4 5.02° 8124 +1.82¢
Leu 54.04 4+ 1.23 f 97.10 + 1.42 ¢ 151.49 4 2.06 2 108.95 4 2.46 131.86 4 3.74 b 70.95 4 3.52¢
Ser 57.24 +1.67f 96.88 + 1.08 ¢ 135.57 4 6.012 104.66 4 0.61 © 115.28 4+ 4.37° 75.55 4 0.24 ©
Phe 28.09 + 0.89 f 52.36 + 0.67 ¢ 81.49 +3.872 58.05 + 0.41 ¢ 69.39 &+ 1.66 ° 39.00 +0.53 ¢
Val 51.56 4 0.95 ¢ 86.07 + 5.3 ¢ 132.23 +7.89° 96.27 4 6.06 € 114.15 4+ 3.34® 69.05 + 0.56 ¢
Thr 41.96 +0.7°¢ 72.50 + 0.06 102.23 +0.352 76.44 +2.13¢ 86.46 + 4.33 P 56.87 4+ 1.98 4
Tle 2258 4 0.84 f 4282+ 184 63.34 4+2.18° 48.40 4+ 1.33 ¢ 57.32 4 0.45° 33.04 +0.38 ¢
Tyr 8.18 £0.354 14.84 +0.57 ¢ 2871 +0.242 15.36 + 0.88 19.64 + 0.45° 8.12+0.16¢
His 10.84 =+ 0.56 9 20.78 4 0.07 € 3297+ 1412 19.29 + 0.96 24.63 4+ 0.73° 1.62+0.1°¢
Met 4.80+0.28° 15.90 + 0.2 30.19 + 1.752 20.72 4+ 0.02¢ 22.86 4+ 0.84° 542 +0.26°
Tau 3.91 +0.08° 3.60 & 0.05 ¢ 48240172 2324014 22540114 0.54 -+ 0.01¢
Total 1624.89 + 57.4 ¢ 2682.86 + 48.11 ¢ 3768.08 + 232.16 2 2929.75 + 176.7 3303.40 -+ 141.45° 2197.54 + 29.06 ¢

Different lowercase superscripts in the same row indicate significant differences (p < 0.05).

Figure 4D shows the chelation of calcium ions and peptides in the supernatant. In the
control, approximately 83.3% of calcium was chelated with peptides, and the chelation rate
was as high as 96.9% at six HPH cycles. It could be seen that the dissolved calcium mainly
existed in the form of chelation with peptides. Soluble peptides chelating calcium have the
characteristics of high stability, a high calcium absorption rate and high bioavailability [55].
However, the chelation rate decreased to approximately 80.9% (p < 0.05) at ten HPH
cycles. There is a strong relationship between the chelation ratio and the peptide—calcium
coordination ratio [56]. Although HPH treatment resulted in more calcium ions being
released from rabbit bone, the generation of protein aggregates caused a decrease in peptide
content at ten HPH cycles, which might lead to a significant decrease in the chelation rate.

In summary, on the one hand, HPH promoted the dissolution of protein in RBASs,
degraded a portion of the collagen into collagen peptides, and mainly produced small-
molecule peptides (<3 kDa); on the other hand, HPH promoted the release of calcium
ions from rabbit bone, and most calcium ions chelated with peptides to generate peptide
calcium. However, too many cycles of HPH will reduce the protein solubility and the
chelation rate.

3.4. Changes in Protein Conformation in RBAS

The strong mechanical effect produced by HPH affected the protein solubility of
chicken breast MP and soybean protein isolate by dissociating or fragmenting the highly
ordered structure of macromolecules [21,57]. The chemical structure of the RBASs changed,
especially in the amide region of the Raman spectrum, as shown in Figure 5A.
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Figure 5. Chemical structures and intermolecular chemical forces of RBASs under different HPH
cycles. (A) Raman spectra of RBC and RBASs. (B) Secondary structures of proteins in RBAS. Effect
of HPH on the surface hydrophobicity, reactive sulthydryl content (C) and intermolecular chemical
force (D) of proteins in RBASs. In figure, different lowercases in each group showed significant
differences (p < 0.05).

The signals of the amide I region are usually used to analyze the relative content of the
secondary structure [58,59]. The order of each secondary structure appearing in the amide
I region of the Raman is o-helix 1645-1660 cm~ !, random coil 1660-1665 cm™!, B-sheet
1665-1680 cm ! and B-turn 1680-1690 cm ! [60-62]. On the whole, a-helix decreased
significantly, 3-sheet showed a decreasing trend and random coil increased significantly;,
whereas (3-turn first increased, then decreased and increased again, as shown in Figure 5B.
Consequently, «-helix and 3-sheet decreased and added to the random coil and 3-turn
structure transformation. The o-helix and (3-sheet structures are stabilized by hydrogen
bonds within and between the peptide chains, respectively [63], and the random coil
structure comes from the unfolding of higher-order structures of protein and is able to
reflect the flexibility degree of the peptide chains, while the 3-turn structure is derived
from highly ordered protein structures [64,65]. This illustrated that HPH might disrupt the
hydrogen bonds of peptide chains and the intact and ordered structure of bone protein,
leading to protein denaturation, unfolding and accelerating the movement of protein
molecules, thus promoting the dissolution of rabbit bone protein in water. A similar
phenomenon was found in the MP of chicken breast; HPH treatment destroyed the x-helix
structure, led to the denaturation and unfolding of protein and improved the solubility of
MP [21]. In addition, the release of calcium ions also likely directly disrupted the x-helix
structure [66], which would further promote the dissolution of protein. The x-helix content
increased and was accompanied by a decrease in the random coil at six HPH cycles, at
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which point the protein solubility decreased. When the number of HPH cycles reached ten,
both the x-helix and B-turn structures increased, the random coil and 3-sheet structures
decreased simultaneously and the solubility of the protein decreased considerably. These
results suggested that the protein aggregation induced by HPH overtreatment might be due
to the rearrangement of the disordered structure and the increase in the ordered structure of
the protein, resulting in a decrease in protein solubility. Gao et al. [67] found the solubility
of cowhide gelatin induced by high hydrostatic pressure first increased and then decreased
with the increase in pressure (200400 MPa); at the same time, the o-helix structure first
decreased and then increased. The opposite was true for the random coil structure, which
converts, causing the structure of the gel to be more compact and orderly. Guo et al. [68]
also found a similar situation when using HPH (30-120 MPa) to treat thermally soluble
aggregated kidney bean proteins; the HPH at a lower pressure could destroy the protein
aggregates mainly manifested as the increase in intermolecular 3-sheet and random coil
structures. However, the intermolecular 3-sheet and random coil structures decreased
while the a-helix and 3-turn structures increased with the excessive pressure.

The extent of the denatured unfolding of protein could be reflected by surface hy-
drophobicity and the content of reactive sulfhydryl. Figure 5C shows that both surface
hydrophobicity and reactive sulfhydryl content of RBASs were significantly increased
overall after HPH treatment (p < 0.05), which was similar to the study of Chen et al. [21].
The intense shear stress and cavitation produced by HPH led to the dispersion of aggre-
gated particles, depolymerization or rearrangement in the protein system, which caused
the denaturation and structural unfolding of the protein and the exposure of amino acid
residues buried in the protein’s interior [69]. From the amino acid analysis of MRB (Table 1),
the sulfur-containing amino acids in rabbit bone were determined to be mainly Met and
Cys, and the hydrophobic amino acids were mainly Leu, Val and Ile. Therefore, these
amino acid residues might be exposed by HPH treatment. The hydrophobic and sulfthydryl
contents of the RBASs were reduced significantly (p < 0.05) at six and ten HPH cycles,
which was consistent with the change in the random coil content. This was probably due
to the reaggregation of the protein, resulting in the exposed residues being buried inside
the protein again [70].

The tertiary structure of the protein is mainly stabilized by secondary and disulfide
bonds. The changes in the chemical forces among the proteins in RBASs are shown in
Figure 5D. With the increase in HPH cycles, the content of ionic bonds decreased first
and then increased, indicating that HPH could decrease the electrostatic effect between
molecules; however, the intermolecular electrostatic effect was enhanced, and the protein
aggregated after overtreatment. In addition, calcium ions might form calcium bridges
between proteins with a net negative charge and increased electrostatic interactions [71].
The hydrogen bond content generally decreased because these bonds are closely related to
the stability of the secondary and tertiary structures of proteins but increased at six and
ten HPH cycles, and the changing trend was similar to that of the «-helix structure. The
hydrophobic interactions were highest at four and eight HPH cycles, which is consistent
with the trend of surface hydrophobicity. This is probably because the protein structure
changed and the amino acid hydrophobic residues were exposed, which led to the increase
in hydrophobic interactions [72,73]. The content of disulfide bonds improved at two HPH
cycles, which could be due to the sulfur-containing amino acids (Cys) becoming exposed
and disulfide bonds being created at the same time [74], while the disulfide bonds were
destroyed and the protein degraded with the increase in HPH cycles. However, the disulfide
bonds increased again at six and ten cycles, which might be caused by protein aggregation.
In summary, appropriate amounts of HPH cycling could disrupt the hydrogen bonds, ionic
bonds and disulfide bonds of rabbit bone protein, improve hydrophobic interactions, and
then cause the protein to degrade, disperse and dissolve in water, but overtreatment might
result in the reorganization of amino acid residues on peptide chains through these bonds.
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3.5. Analysis of Correlation

The PCA model, Pearson’s correlation analysis and clustering heatmap of significantly
changed physicochemical indicators shown in Figure 6 further analyzed the relationship
between the quality, solubility and protein conformation of RBASs. Figure 6A is a 3D biplot
of the variable loading and sample score, in which 89.5% of the total variance could be
explained by the first three principal components. Therefore, there was a strong correlation
between these physicochemical indices of RBASs. For better observation, the 2D biplot of
PC1 and PC2 is shown in Figure 6B. PC1 (54.0%) was mainly highly correlated with small-
molecule peptide (<100 kDa) content, total peptide content, the solubility of protein and
calcium, reactive sulthydryl, surface hydrophobicity, random coil, x-helix, stability, Dx (50),
specific surface area, the absolute value of zeta potential, hydrogen bond, hydrophobic
interaction and chelation rate, which could reflect the quality characteristics, dissolution
characteristics and major conformational changes of RBASs. Among them, Dx (50), the
peptide content at 10-30 kDa, a-helix and hydrogen bonds were negatively correlated
with PC1, and the other indices were positively correlated with PC1. PC2 (19.7%) was
mainly positively correlated with ionic bonds and peptide content greater than 100 kDa,
which might mainly reflect the production of protein aggregates. PC3 (15.9%) was mainly
positively correlated with disulfide bonds and 3-turn and negatively correlated with the
(-sheet, which might mainly represent some protein conformations that had less influence
on the overall characteristics of RBASs. In addition, the points of the sample were far apart
in the 3D PCA model, which illustrated the large intersample variation. The loading of
Dx (50), a-helix and -turn were closest to the control group, which indicated that these
indicators had the highest impact on it. At HPH cycles two and four, the sample points
were close to the loading of the small-molecule peptide content, total peptide content,
solubility of protein, chelation rate and hydrophobic interaction, while the sample point
was close to those of -sheet and the disulfide bond at six HPH cycles. The sample
was favorably affected by surface hydrophobicity, the solubility of calcium, random coil,
stability, specific surface area and the absolute of zeta potential at eight HPH cycles. The
loading of ionic bonds and a peptide content greater than 100 kDa affected the sample the
most at ten HPH cycles. These results demonstrated once again that HPH could reduce
the particle size and disrupt the protein structure in RBASs significantly, leading to protein
unfolding and degradation, and improving the solubility and stability of rabbit bone
particles. However, excessive treatment with HPH might cause protein reaggregation due
to intermolecular forces.

The correlation between indices could be explained by Pearson’s correlation matrix,
as shown in Figure 6C. There was a strong correlation between the particle size, stability
and solubility of RBASs. The indicators of the protein conformation, such as x-helix,
random coil, surface hydrophobicity, reactive sulfhydryl, ionic bond, hydrogen bond and
hydrophobic interaction, had strong correlations with not only the quality properties of
RBASs but also the protein solubility. This indicated that the improvement of the quality
properties of RBASs could be attributed to the improvement of solubility, which was
strongly associated with the change in protein conformation, while the improvement
of calcium solubility was associated with the improvement of the quality properties of
RBASs. Therefore, it could be deduced that the changes in protein conformation affected
the solubility of the protein in water, thus improving the quality of RBASs, which in turn
led to an increase in calcium solubility.
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Figure 6. Three—dimensional (A) and two—dimensional (B) biplots (score and loading) from princi-
pal component analysis (PCA) of RBASs show the relationship between quality properties, dissolu-
tion characteristics, protein conformation and different HPH treated methods. Correlation heatmap
(C) among quality properties, dissolution characteristics and protein conformation of RBASs. The
color gradation and circle size correspond to the Pearson’s correlation coefficient (r), while the pat-
tern with the “*, **, ***” mark represents a significant (p < 0.05) or extremely significant difference
(p < 0.01 or 0.001). Clustering heatmap (D) of quality properties, dissolution characteristics and pro-
tein conformation of RBASs. Rows and columns are grouped by correlation distance and average
linkage, respectively. The color gradation represents the Z-scores of corresponding parameters.

As shown in the clustering heatmap in Figure 6D, all the physicochemical charac-
teristics were mainly dispersed into two clusters with a Euclidean distance <3.1. These
two groups were mainly characterized by whether they were positively or negatively
correlated with the overall characteristics of RBASs, which was similarly observed in the
studies by Zhang et al. [10] and Zhuang et al. [75]. The samples were divided into four
groups with a Euclidean distance <5.1. The comprehensive characteristics of RBASs were
sorted as follows: Group 1 (control) < Group 2 (two and ten HPH cycles) < Group 3 (six
and eight HPH cycles) < Group 4 (four HPH cycles). Certainly, this type of ranking was
based on the equal importance of each index, and no corresponding weight was given to
each characteristic. These results proved once again that HPH had a significant effect on
improving the quality of RBASs. However, when the number of HPH cycles was too high,
the overall quality of the RBASs decreased.
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4. Conclusions

The strongly mechanical action induced by HPH mainly broke the hydrogen bonds and
strengthened the hydrophobic interactions among the protein molecules and transformed
the partial c-helix structure of the protein into a random coil structure. These resulted in the
denaturation, unfolding and degradation of protein and the formation of small-molecule
soluble peptides, which further enhanced the solubility of rabbit bone protein. Meanwhile,
the increase in the surface charge of protein molecules could improve the stability of
RBASs. The embedded HAP was released because of the partial dissolution of protein (e.g.,
collagen), and the size of the particles was further reduced due to the shearing effect of
HPH, which resulted in the generation of a large number of bone nanoparticles. Therefore,
the specific surface area of the particles increased, resulting in the release of calcium ions
from HAP into water dispersion. The corresponding calcium ions could chelate with
peptides to generate peptide calcium, which ultimately improved the solubility of calcium
in RBASs. However, excessive HPH cycles could lead to the formation of water-insoluble
macromolecular aggregates. The overall quality of the bone aqueous suspension was best at
the condition of four HPH cycles, and better stability could be achieved at eight HPH cycles.
This study not only contributes to our understanding of the mechanism of nanoscale bone
preparation by HPH technology but also helps to promote the application of nanoscale
animal bone in foods.
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