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Bacons, which possess a transparent fat tissue after heating, have high commercial value in China owing to their
good sensory quality. This study was performed to explore the formation of transparent fat tissue by comparing
the physicochemical characteristics and microstructures of transparent and non-transparent fat tissues. The
physicochemical characteristics and microstructure of fat tissue were found to be significantly affected by drying,
which increased the saturated fatty acid content and oxidation level, and decreased the moisture content and

water activity (p < 0.05). Shrivelled adipocytes were observed in fat tissue after drying. Transparent and non-
transparent fat tissues differed significantly in terms of moisture, fat content, texture, and fatty acid composi-
tion (p < 0.05). Multivariate statistical analysis indicated that low moisture content might be the major factor in
the formation of transparent tissue, while the destruction of adipocytes also contributed to such formation.

1. Introduction

Traditional Chinese bacon is a popular dry-cured meat product made
from pork belly cured with salt and dried via exposure to the sun or air-
drying (smoking) (Guo et al., 2016; Yang et al., 2017). Due to its unique
sensory characteristics and beneficial nutritional content, traditional
Chinese bacon has gained popularity all over the world (Zhang et al.,
2023; Li and Zhang, 2023). Typically, traditional Chinese bacon takes
1-2 months to produce, starting in November and ending in December of
the Chinese lunar calendar. Southern China is suitable for bacon pro-
duction due to its climate, with winter temperatures averaging 0-10°C
(Huang et al., 2014). Owing to its high salt concentration, bacon does
not require refrigeration during transportation and storage, and can be
conveniently consumed via steaming, boiling, or frying (Xie et al.,
2008).

The color of meat products is widely considered the most important
factor influencing the purchasing desires of consumers (Xu et al., 2019).
Previous research on bacon coloration has mainly focused on lean por-
tions (Walsh et al., 1998). Although minimal research has been per-
formed on the presence of the fat portion in bacon, this portion plays a
vital role in the consumer selection process (McLean et al., 2017). Prior
study investigating fat quality measures to characterize the suitability of

pork bellies for commercial bacon production found that white, firm fat
is better than soft, oily, wet, gray, or floppy fat (Seman et al., 2013). In
traditional Chinese bacon produced in Anhui province, called dao-ban-
xiang, the fat portion has a light amber color, dense tissue, and good
elasticity (Wang et al., 2022). In general, studies on the quality of bacon
fat have focused on the suitability of the material or consumer prefer-
ence; changes in bacon fat after processing have not been investigated.

Interestingly, the fat portion of the bacon becomes transparent after
boiling. This phenomenon has a significantly positive effect on the
sensory attributes of the product. Bacon with transparent fat is consid-
ered a high-quality product with better commercial value (Zhu et al.,
2023; Gan et al., 2019; Huang et al., 2022; Wang et al., 2022). However,
only few studies have investigated the mechanisms by which fat be-
comes transparent after heating.

Based on preliminary research, translucency is postulated to be
related to the extent of fat (Maw et al., 2003). A higher percentage of
linoleic and a-linolenic acids (unsaturated fatty acids) has a positive
impact on translucency, whereas increased levels of myristic, palmitic
and stearic acids (saturated fatty acids) have a negative effect. This fact
could be attributed to the lower melting points of unsaturated fatty acids
than associated saturated fatty acids; fat tissue with a higher proportion
of unsaturated fatty acids was less solid and more translucent at the
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same temperature. Although the main fatty acids in bacon are mono-
unsaturated fatty acids, particularly oleic acid, the fatty acid composi-
tion of different pig breeds causes significant differences in the final
product (Huang et al., 2014; Latin et al., 2022; Okon et al., 2021; Wu
et al., 2022). However, the occurrence of transparent fat tissue may not
have an association with any particular breed, suggesting a deeper
explanation for transparency. Other studies have revealed that fat tissue
transparency is associated with temperature (Sasaki et al., 2006). The
melting curves of porcine adipose tissues were investigated using dif-
ferential scanning calorimetry, and the appearance of porcine adipose
tissues became clear during heating, which was attributed to the phase
transition occurring between the onset temperature and the conclusion
temperature 1. The transparency of the samples was also more pro-
nounced at conclusion temperature 2 than at conclusion temperature 1.
Accordingly, the researchers considered that another, similar phase
transition occurred between conclusion temperatures of 1 and 2.
Although heating for melting is necessary, not all fat tissues become
transparent after heating. Further investigation is required to clarify this
phenomenon.

Determining whether adipose tissue is transparent requires an eval-
uation criterion. However, the transparency of the adipose tissue is
difficult to measure. No indicator or equipment can be used to directly
and accurately reflect the transparency of fat tissue as it is not similar to
glass, film, or solution, which are homogeneous systems. Adipose tissue
is a loose connective tissue formed by tightly packed adipocytes
enclosed within an extracellular matrix that provides a scaffold for ad-
ipocytes and is composed of proteins, proteoglycans, and poly-
saccharides (Javier Ruiz-Ojeda et al., 2019). The propagation of light in
adipose tissue is affected by several factors that induce absorbance or
refraction. A spectrophotometer is poorly suited for obtaining the cor-
rect transmittance owing to the unreliable light intensity of the material.
Existing studies measured fat transparency by inserting a pin parallel to
the fat surface and assessing the visibility of the pin (Maw et al., 2003).
This method depends on the perception of researchers, and requires
professional assessors with extensive training. In another study, the
transparency of the squid mantle was analyzed using the coefficient of
transmission of inverter luminescence (Kugino et al., 2009). An image of
the sample recorded by a digital camera was converted into a 1064 x
712 pixel 16-bit grayscale image. The transparency of the samples was
then analyzed based on the blackness of the images. This method is not
suitable for assessing the opacity of bacon fat tissue as the materials are
highly dissimilar in size, texture, and homogeneity, and the necessary
professional-grade devices and software are not readily available.
Therefore, a combination of sensory and instrumental methods to
determine the transparency of the fat portion may provide more
objective results. In this study, sensory evaluation and the transmittance
of the fat portion in the visible wavelength range were used to
comprehensively evaluate the transparency of the fat portion. Simple
and reliable methods for measuring transparency provide dependable
data for investigating the formation of transparent fat tissue.

Consumers prefer bacon that has a transparent fat tissue (TFT) after
boiling owing to its attractive appearance; thus, such bacon has a higher
commercial value. From an economic perspective, commercial bacon
producers should understand the influencing factors that result in fat
tissue becoming transparent. However, this topic has not been addressed
in the literature. Not only Chinese bacon, but this study can also provide
valid information to improve the quality of the fat portion of typical dry-
cured meat products in the world, such as ham, sausage, and shoulder.
This study aimed to explore these factors by comparing the physico-
chemical properties and microstructures of transparent and non-
transparent bacon fat tissues.
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2. Materials and methods
2.1. Samples

Three samples—of two different types of processed bacon and a
portion of fresh pork belly—were purchased from Yonghui Supermarket
(Beibei, Chongging).

The first sample comprised bacon with TFT, and had been
commercially processed as follows: the ‘green bacon’ was dry-cured for
3 days in a 4 % salt (m/m) mixture at 4°C, drained for one day at 4°C,
dried via hot air (approximately 50°C) for 2 days, and then air-dried for
1 month at room temperature.

The second bacon sample had non-transparent fat tissue (NFT). The
curing process was similar, except for hot-air drying and the air-drying
time was reduced to 3-7 days.

For comparison, fresh pork belly was processed into bacon in the
laboratory to obtain the fat tissue. The pork belly was cut into 20 x 5 x
4 cm pieces (length x width x thickness), dry-cured, and drained ac-
cording to the process described for the purchased bacon. At this point,
samples were collected from both the outer layer (BDO) and inner layer
fat tissues (BDI). The pork belly was then dried via hot air for 2 days at
55°C. The obtained fat tissue had two different appearances: the outer
layer (approximately 3—-4 mm) was transparent whereas the inner layer
was non-transparent. After drying, samples of both the outer layer
(ADO) and inner layer (ADI) fat tissue were collected.

2.2. Evaluation of transparency

The transparency of the bacon fat tissue was measured via sensory
evaluation and transmissivity. The transparency of the fat tissue was
scored via sensory evaluation using the following categories: 1 = non-
transparent, 2 = slightly transparent, 3 = translucent, 4 = turbidly
transparent, and 5 = transparent. Ten trained penellists (five males and
five females, with average age of 26 years) participated in the sensory
evaluation. The optical transmittance of the fat tissue (cut into slices of
2-3 mm) was measured using a spectrometer (F-2000, Hitachi, Tokyo,
Japan) in the wavelength range of 390—780 nm. The spectrum was
collected; the transmittance is expressed as the average value in the
wavelength range of 390-780 nm.

2.3. Moisture and fat content and water activity (Aw)

The moisture and fat content of each sample were measured ac-
cording to a previously described method (Tan et al., 2021). Briefly, the
moisture contents were determined by drying the fat tissue samples in an
oven at 105°C until constant weight was achieved. Thereafter, the
samples were cooled and reweighed. The fat content of each sample was
determined using Soxhlet extraction. The Aw was measured at 25°C
using a water activity meter (Huake, Wuxi, China).

2.4. Lipid extraction

Lipids were extracted according to a described method with some
modifications (Folch et al., 1957). The samples (15.0 g) were minced
and mixed with 150 mL of a chloroform/methanol solution (2:1, v/v)
and left to stand for 24 h at 4°C. The mixture was equilibrated twice with
20 mL sodium chloride solution (0.9 %, w/w), and the solvent phase was
filtered using qualitative filter paper and anhydrous sodium sulphate.
Finally, the extract was evaporated using a rotary evaporator
(N1300DW, Xinnuokai, Beijing, China) at 40°C to harvest the total
lipids.

2.5. Lipid oxidation analysis

The peroxide value (POV) was determined according to a described
method, with some modifications (Fan et al., 2022). Total lipids (2-3 g)
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were mixed with 30 mL of a chloroform glacial acetic acid solution (2:3,
v/v) and 1 mL saturated potassium iodide solution, shaken until the
lipids dissolved completely, and left to stand for 3 min in the dark.
Thereafter, 100 mL of water was added and titrated with sodium thio-
sulfate standard solution (0.01 M) until the solution turned light yellow.
Finally, 1 mL of starch indicator was added and titrated until the blue
faded; the results are expressed as milliequivalent peroxide/kg lipid.

Thiobarbituric acid reactive substance (TBARS) values were
measured according to a previously described method, with some
modifications (Li et al., 2019). Briefly, the sample (2 g) was minced and
homogenized in 30 mL of 7.5 % trichloroacetic acid (TCA). Thereafter, 5
mL of the mixture was filtered and incubated with 5 mL of 0.02 M thi-
obarbituric acid (TBA) solution for 40 min in a water bath at 100°C.
After cooling to room temperature, the absorbance of the solution was
measured at 532 nm using a microplate reader (Biotek, Santa Clara, CA,
USA). The TBARS values were calculated based on a standard malon-
dialdehyde (MDA) curve; the results are expressed as mg MDA/kg lipid.
Each determination was performed in triplicate.

The acid value (AV) was determined using a described method (Guo
etal., 2019). Total lipid (20 g) was dissolved in 100 mL of an isopropanol
ether (1:1, v/v) solution and titrated with 0.1 M potassium hydroxide
solution to the phenolphthalein endpoint. The solvent was titrated as a
blank for calibration; the results are expressed as milligrams of potas-
sium hydroxide consumed per gram of oil.

2.6. Fatty acid composition analysis

Fatty acid composition was determined using a previously described
method with some modifications (Xu et al., 2022). First, the lipids were
converted into fatty acid methyl esters (FAMEs). The total lipids (0.1 g)
were mixed with 8 mL of 0.5 M methanolic sodium hydroxide solution
and incubated at 80°C until the lipid droplets were completely dissolved.
Thereafter, 7 mL of a boron trifluoride-methanol (o = 14 %) solution
was added as a derivatizing agent, and the sample was kept in a water
bath for 5 min. After cooling to room temperature, hexane (3 mL) and
saturated NaCl solution (10 mL) were added, and the sample was shaken
for 10 s and left to stand for 1 h. The upper phase was filtered via a 0.22
pm filtration membrane and collected in a sample vial. The FAMEs were
measured using a Shimadzu GC-2010 Plus chromatograph (Shimadzu,
Kyoto, Japan) equipped with an AOC-20i auto-injector and a flame
ionization detector (FID). The separation was carried out using a DB-
FastFAME column (30 m x 0.25 mm, 0.25 pm, Agilent, Santa Clara,
USA). The oven temperature was kept at 80°C for 1 min, raised to 165°C
at a rate of 40°C/min, held at 165°C for 1 min, increased to 230°C at a
rate of 4°C/min, and held for 4 min. Nitrogen was used as a carrier gas at
a constant pressure of 12 psi. The temperatures of the injection port and
the FID were 250°C and 260°C, respectively. Fatty acids were identified
by comparing their retention times with those of commercial methyl
ester standards (37-component FAME mix; Anpel, Shanghai, China). The
results are expressed as the percentage of each fatty acid.

2.7. Texture profile analysis

Texture profile analysis (TPA) was performed according to a previ-
ously delineated method with some modifications (Xu et al., 2022).
Puncture tests were performed using a TA-XT Plus texture analyzer
(Stable Micro Systems, Surrey, England) equipped with a cylindrical
stainless-steel probe (P/50, 50 mm diameter). The samples were cut into
pieces with dimensions of 2 cm x 2 cm x 1 cm (length x width x
height). All tests were performed at a speed of 2 mm/s to a depth of 5
mm using a 2-cycle sequence. The interval between the two compres-
sions was 5.0 s and the trigger force was set to 5 g. The hardness,
springiness, cohesiveness, chewiness, and resilience were also
measured. The test was implemented at 40 + 2°C and 8 samples were
measured for each condition.
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2.8. Thermal analysis using differential scanning calorimetry (DSC)

DSC was performed according to a described method using a DSC
4000 calorimeter (PerkinElmer, Waltham, MA, USA) (Paszkiewicz et al.,
2020). The samples (10 mg) were weighed, placed in aluminium pans,
and fixed onto the sample platform. An empty aluminium pan was used
as the baseline reference. The samples were subjected to the following
temperature program: cooled to —40°C, held for 10 min, and heated to
80°C at a rate of 5°C/min. The peak temperatures at maximum heat
absorption T (°C) were collected in triplicate.

2.9. Histological analysis

The samples were prepared for observation by light microscopy (LM)
according to a previously described method with some modifications
(Field et al., 2021). Briefly, the samples were cut to a size of 5 mm x 5
mm x 1 mm (length x width x height) and placed in 4 % para-
formaldehyde at 4°C overnight. The tissues were dehydrated in
increasing concentrations of ethanol, embedded in paraffin, sectioned
into 4-8 pm slices using a microtome (HM 340E, Thermo Scientific,
Waltham, USA), and stained with haematoxylin and eosin. The samples
were observed using a digital microscopy scanner with Pannoramic
MIDI (3DHISTECH, Budapest, Hungary).

A scanning electron microscope (SEM) (SU3500, Hitachi High
Technologies Corporation, Tokyo, Japan) was used to visualize the
microstructure, according to a described method (Zhuang et al., 2016).
The samples were cut into cubes (5 mm x 5 mm x 3 mm) and fixed with
0.1 M phosphate buffer (pH 7.0) containing 2.5 % (w/v) glutaraldehyde
for 24 h at 4°C. The fixed tissues were post-fixed in 1 % (w/v) osmium
tetroxide solution for 20 h. The postfixed tissues were washed in trip-
licate with 0.1 M phosphate buffer (pH 7.0) for 20 min and then dehy-
drated in an ethanol series. Finally, the tissues were dried and sputter-
coated with gold for visualizing.

2.10. Statistical analysis

All data were analyzed using SPSS (version 24.0; SPSS Inc., Chicago,
USA) with Duncan’s method. The results are expressed as the mean
value + standard error. Orthogonal projections to latent structures
discriminant analysis (OPLS-DA) were used for multivariate analysis
using SIMCA 14.1 software (Umetrics, Sweden). The variable impor-
tance in projection (VIP) values in the OPLS-DA model were calculated
to identify the contributions of different factors. was All tests were
performed in triplicate unless otherwise specified. Significant difference
was indicated by p < 0.05.

3. Result and discussion
3.1. Comparison of the transparency of different adipose tissues

The transparency of fat tissue is not controllable because the mech-
anism of formation of transparent tissue is not clear. Therefore, two
types of commercial bacon with transparent and non-transparent fat
tissue were used to compare with laboratory-prepared bacon, which the
outer layer of the fat portion appeared transparent and the inner layer
showed non-transparent. The transparency of the various samples, as
evaluated via the senses and spectrophotometer, is presented in Fig. 1
and Table 1. Fig. 1 clearly shows the differences in transparency among
the different fat tissues. The TFT had the best transparency among the
samples. Light spots in the illuminated background were observed,
similar to those in the black background (except for a part at the edge
because the tissue did not cling to the background). Meanwhile, neither
the illuminated background nor the black background could be observed
through the NFT, indicating that it had the worst transparency. By
comparing ADO and ADI (see Fig. 1; the red and blue arrows point to
ADO and AD], respectively), light spots and the black background can
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NFT ADO

ADI

Fig. 1. The appearance of different bacon fat tissues photographed in illuminated and black backgrounds. Note: Row (a) is the fat tissue photographed on an
illuminated background; Row (b) is shot on black ground. Simultaneous images of different fat tissues against the two backgrounds are shown in row (c). The red
arrow pointed to the ADO and the blue arrow pointed to the ADI. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

Table 1
Transparency analysis via different methods.
Measurements TFT NFT BDI BDO ADI ADO
Sensory 4.75 + 1.38 1.13 1.25 1.38 4.00 +
evaluation 0.46° + + + + 0.53"
0.52% 0.35% 0.46% 0.74*
Transmittance 29.83 0.48 0.45 0.57 0.59 18.88
(%) +3.80° + + + + +1.93

0.13% 0.11° 0.10% 0.11°

Note: Values with different letters in the same raw are significantly different (p
< 0.05).

only be observed vaguely through ADO, marking its transparency as
worse than that of TFT. In contrast, the transparency of ADI was similar
to that of NFT. The sensory evaluation results shown in Table 1 are
consistent with those shown in Fig. 1. It can be seen that the BDI and
BDO are not displayed in Fig. 1, because they are not the fat portion from
finished products have the lowest transparency. The panel considered
the TFT to be the most transparent, and rated the transparency of the
ADO as acceptable, despite its slight turbidity. Other tissues were clas-
sified as non-transparent fat tissues.

The spectra and transmittance results for different adipose tissues in
the visible light region (390-780 nm) are shown in Fig. 2 and Table 1.
The curves indicate that TFT and ADO had relatively high visible light
transmittance (between 24.54 % and 36.65 % and 14.72 % to 23.67 %,
respectively), whereas the other four types of adipose tissues allowed
almost no visible light passage (less than 1 %). Under photopic vision,
yellow-green light with a middle wavelength of 555 nm is the brightest
to the human eye (Chen et al., 2019). The transmittance of the TFT and

——TFT
e NFT
——BDI
——BDO
351 ADI
—— ADO
30

Transmittance (%)
3
<
1

Wavelength (nm)

Fig. 2. The transmittance spectra of different bacon fat tissue for the wave-
length range of 380-780 nm.

ADO at 555 nm was significantly higher, whereas that of the TFT (29.37
%) was 12.59 % higher than that of the ADO (16.78 %) (p < 0.05). The
average transmittance of the TFT was 29.83 %, which was significantly
higher than that of the ADO (18.88 %), whereas those of the other
samples were less than 1 % (p < 0.05). However, compared with the
findings of the sensory evaluation method, the transmittance value was
relatively low for ADO. This finding may be attributed to the yellow
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color of the ADO sample, which affects the transmittance to a certain
degree. However, color did not have a strong influence on transparency
in the sensory evaluation; therefore, ADO still had acceptable
transparency.

3.2. Comparison of the physicochemical characteristics of different
adipose tissue

The physicochemical characteristics of subcutaneous bacon fat are
shown in Table 2. Moisture and fat are the two principal components of
bacon fat tissue, accounting for 10-20 % and 70-80 %, respectively
(Hugo et al., 2022). In this study, the moisture and fat contents of the
bacon fat tissue ranged from 3 % to 9 % and 89 % to 95 %, respectively.
This difference might be attributed to the fresh pork used in the former
studies, while the sample used in this study was dried. However, the
moisture and fat contents in bacon fat tissue are similar to those in pork
after stewing (Xu et al., 2022). Collagen contracts after heating,
inducing the shrinkage of fibers and increasing cooking losses (Purslow,
2018). Therefore, the lower moisture content was not only due to air
drying but also collagen contraction. During drying, the membranes of
adipocytes were destroyed, and the melted triglycerides leaked out,
resulting in fat oozing from the surface of the bacon adipose tissue.
However, the fat content increased with a decrease in the moisture
content. This result is mainly attributable to the faster transfer of water
than fat, which increases the relative fat content (Li et al., 2016; Xu
et al., 2022). Of note, transparent fat tissue has a significantly lower
moisture content (3.10-4.18 %) than non-transparent fat tissue
(6.52-9.02 %) (p < 0.05). The Aw of bacon fat tissue was between 0.531
and 0.714, which is similar to the results of an earlier study (Zhang et al.,
2021). A strong correlation was found between Aw and moisture con-
tent. The Aw was lower in transparent fat tissue (0.531-0.596) than in
non-transparent fat tissue (0.621-0.714). The moisture content and Aw
in the outer fat tissue layer (7.30 % and 0.633 before drying, 4.18 % and
0.596 after drying) were significantly lower than those in the inner fat
tissue layer (9.02 % and 0.714 before drying, 7.01 % and 0.621 after
drying, respectively), both before and after drying (p < 0.05). Water in
the fat tissue evaporated during drying; the process occurred faster in
the outer fat tissue layer than in the inner layer, resulting in the outer fat
tissue layer losing significant moisture content and Aw during drying (p
< 0.05).

Lipid oxidation is one of the main parameters of meat products. The
oxidation level was determined by the presence of primary or secondary

Table 2
Physicochemical characters of bacon subcutaneous fat from different samples.

Parameter Adipose tissue
TFT NFT BDO BDI ADO ADI
Moisture content 3.1+ 6.52 7.3+ 9.02 4.18 7.01
(%) 0.03? + 0.13¢ + + +
0.08¢ 0.28° 0.22° 0.154
Fat content (%) 94.75 92,55 91.93 89.78  93.14 91.50
+ + +01°  + + +
0.31° 0.34° 0.43% 0.264 0.18°
Aw 0.53 0.65 0.63 0.71 0.60 0.62
+ + + + + +
0.01° 0.01° 0.00¢ 0.00f 0.01° 0.01¢
TBARS (mg MDA/ 0.56 1.66 0.74 0.63 0.93 0.83
kg) + + + + + +
0.10° 0.12¢ 0.05>  0.03®*  0.03¢ 0.01 4
AV (mg/g) 1.86 1.69 0.31 0.42 0.40 0.49
+ + + + + +
0.02¢ 0.09¢ 0.01° 0.02° 0.02° 0.04¢
POV 1.69 2.89 0.62 0.64 1.86 1.22
(milliequivalent + + + + + +
peroxide/kg 0.01°¢ 0.08° 0.01% 0.032 0.02¢ 0.02°
lipid)

Note: Values with different letters in the same raw are significantly different (p
< 0.05).
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products of lipid oxidation. The POV can determine the early stages of
oxidation by measuring the amount of hydroperoxides, whereas the
TBARS value reflects the amount of secondary oxidation products
(Abeyrathne et al., 2021). The TBARS value and POV of the bacon fat
tissue samples ranged from 0.56 to 1.66 mg MDA /kg and 0.62-2.89 meq
peroxide/kg lipid, respectively. This result is similar to that of prior
research that aimed to determine the oxidation level during smoking
(Huang et al., 2014). In this study, the TBARS value and POV of trans-
parent fat tissue were not significantly different from those of non-
transparent fat tissue (p > 0.05). Although TFT had the longest air-
drying time, the highest value was observed for NFT. POV can
decrease owing to the decomposition of hydroperoxides, resulting in the
formation of carbonyls or other breakdown products. The TBARS values
revealed a trend similar to that of POV in bacon fat tissue. The TBARS
value decrease as the aldehydes degraded or further reacted with
themselves or other compounds, such as amino acids and Maillard re-
action intermediates (Huang et al., 2014). Therefore, the POV and
TBARS values of the TFT were lower than those of the NFT owing to the
longer air-drying time. Before drying, the oxidation level of the fat tissue
did not differ significantly between the inner and outer layers (p > 0.05).
However, the fat tissue after drying had a significantly higher oxidation
level (p < 0.05), especially in the outer layer of the fat tissue, where
contact with air and temperature were both relatively higher.

AV reflects free fatty acid content, which is a vital indicator for
evaluating the degree of lipid hydrolysis (Gu et al., 2017). The TFT had
the highest AV, which was attributed to the longest drying time,
resulting in lipid hydrolysis into free fatty acids. Drying with hot air can
increase the temperature of fat tissue, accelerating of lipid hydrolysis.
Therefore, the AV of the fat tissue after drying was higher, especially in
the outer layer (p < 0.05). However, no significant difference in AV was
observed between transparent and non-transparent fat tissue (p > 0.05).

3.3. Comparison of the melting properties of different adipose tissues

The complexity of the thermal behaviors of oils and fats can be
attributed to the variety of triacylglycerols that they primarily contain.
Therefore, the fats and oils did not exhibit specific melting or crystalli-
zation temperatures. DSC is widely used in the thermal analysis of fat or
oil to provide information on the melting and crystallization behaviors.
The melting point of fat tissue is influenced by its chemical structure,
including fatty acid and triacylglycerol composition, whereas the ther-
mal properties of triacylglycerol are affected by fatty acid composition
and its distribution to triglycerides. Triacylglycerols can be further
divided into four categories: triunsaturated, monosaturated-
diunsaturated, desaturated-monounsaturated, and trisaturated
(Embaby et al., 2022). The melting points of the four triacylglycerols
increase sequentially. Fig. 3 illustrates the DSC curves of the bacon fat
tissue during heating from —40°C to 80°C. In the melting profile, three
endothermal peaks (1, 2, and 3) were observed; the triacylglycerols were
mainly melted at peaks 2 and 3. The peak temperatures of peak 1 ranged
from -19.48°C to —-16.94°C, which might represent the melting of tri-
unsaturated triacylglycerol due to its lower melting temperature. The
monosaturated-diunsaturated and desaturated-monounsaturated tri-
acylglycerol had a higher melting point; thus the peak temperature of
peak 2 was observed between -0.89°C and 2.18°C. Peak 3 might
correspond to the phase transition of trisaturated triacylglycerol, which
had the highest melting point; the peak temperatures were between
27.13°C and 30.37°C (Paszkiewicz et al., 2020). Unsaturated fatty acids
are easily oxidized during drying at high temperatures. Therefore, the
disappearance of peak 1 in the melting profiles of TFT and ADO, in-
dicates that unsaturated fatty acids may be oxidized to saturated fatty
acids or other secondary products. Additionally, the offset temperatures
of peak 3 were between 30.52°C and 34.33°C; thus, the bacon fat tissue
melted as the temperature exceeded 34.33°C.
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Fig. 3. Differential scanning calorimetry (DSC) curves indicating endothermic heat flow for different bacon fat tissues.

3.4. Comparison of fatty acid composition of different adipose tissues

The fatty acid composition of fat tissue is closely related to product
quality, including its melting point, hardness, oxidation stability,
nutrition, and flavor (Tu et al., 2021). In the present study, the fatty acid
compositions of different fat tissues were compared to investigate their
effects on transparency. As shown in Table 3, 24 fatty acids were
detected, of which 11 were saturated and 13 were unsaturated. The fatty
acid profiles were similar across the various fat tissues in the samples.
MUFA (monounsaturated fatty acid) were the main fatty acids, partic-
ularly oleic acid, which accounted for 40.49-46.47 %. Palmitic acid
(21.76-26.75 %) and linoleic acid (10.18-17.16 %) were the major
components of SFA (saturated fatty acid) and PUFA (polyunsaturated
fatty acid). This result is consistent with that of former studies that
investigated the fatty acid composition of meat after cooking (Li et al.,
2016; Xu et al., 2022). The SFA content in the fat tissue increased after
drying, whereas the UFA content decreased significantly (p < 0.05). A
similar comparison was observed between the outer and inner layers of
fat tissue; the UFA content in the outer layer was significantly lower than
that in the inner layer (p < 0.05). Hot air drying is a powerful promoter
of lipid oxidation during bacon processing. Therefore, UFA was oxidized
to SFA owing to its unsaturated molecular structure, which more easily
induces a chain reaction of free radicals. Additionally, the SFA content in
transparent fat tissue was significantly (p < 0.05) higher (41.16-43.08
%) than that in non-transparent fat tissue (34.59-39.24 %). Meanwhile,
transparent fat tissue presented lower UFA content than non-transparent
fat tissue. This conclusion seems to contradict previous results, where
increased UFA content was found to have a positive impact on trans-
parency (Maw et al., 2003). This result might be because earlier studies
attributed the increased transparency to lower melting points, and a
higher UFA content could decrease the melting point of fat tissue.
However, regardless of whether the fat tissue was transparent, all tem-
peratures used in this study exceeded the melting point. Therefore, the
effects of melting point-related factors on the transparency can be
ignored. The influence of fatty acid composition on transparency re-
quires further investigation; however, transparency might be mainly
attributable to the drying process, and the changes in fatty acid
composition are only affected by drying.

3.5. Comparison of texture of different adipose tissues

The texture of the fat tissue has a significant influence on its sensory
quality. Similar to other soft materials, fat tissue acts as an elastic solid
that can withstand mechanical stress (Wijarnprecha, et al., 2022). The
mechanical strength of adipose tissue is related to the density of adi-
pocytes. While the protein network preferentially deforms in regions
lacking adipocytes to absorb the strain, the cells primarily absorb the
strain in locations with a lot of adipocytes. Different ways of absorbing
strain could present in the TPA results. The TPA results for fat tissue in
this study are presented in Table 4S. Hardness and chewiness are the
most important indicators of the bacon fat tissue. Generally, the ratio of
saturated to unsaturated fatty acids in fat tissue is highly correlated with
hardness. The increased proportion of saturated fatty acids (such as
C16:0 and C18:0) and the decrease in unsaturated fatty acids (such as
C18:2n6) were found to correlate with higher hardness. The highest
hardness occurred in ADO (10017.80 g) while the lowest occurred in
BDI (2136.25 g). An increasing trend in hardness was observed in fat
tissue after drying, particularly in the outer layer. These results differed
from those of a previous study, indicating that the hardness of porcine
subcutaneous fat decreased during long-term stewing. Connective tissue
was solubilized during stewing; however, the bacon fat tissue could not
be solubilized after drying. Studies on fat tissue texture are usually
conducted in a coagulation state. However, the deformation behavior of
fat tissue is closely related to the temperature, solidity, and coherence of
the fat phase and extracellular matrix (Wijarnprecha, et al., 2022). Some
researchers have investigated the mechanical behavior of fat tissue,
indicating that texture is dependent on adipocyte-centric factors under
physiological temperatures, such as cell size and shape, size distribution,
volume fraction, spatial distribution, extent of cell-cell interactions, and
phase continuity (Kruglikov, 2014). Once the temperature of fat tissue
exceeded 37°C, the texture was dictated by the collagen network sur-
rounding the adipocytes due to the melting state of fat in the adipocytes
(Comley & Fleck, 2010; Wijarnprecha, Fuhrmann, et al., 2022). There-
fore, the hardness of fat tissue in this study did not correlate with the
composition of fatty acids because the fat in adipocytes was melted. The
increased hardness and chewiness of the dried fat tissue could be
attributed to moisture loss, destruction of adipocytes, and shrinkage and
cross-linking of the connective tissue during drying. Springiness and
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Table 3
Contents of fatty acids composition in different fat tissue.
FA (%) TFT NFT BDO BDI ADO ADI
C4:0 0.03 + 0.04 + 0.03 + 0.04 + 0.03 + 0.03 +
0.00° 0.01% 0.00° 0.01° 0.00° 0.00°
c8:0 0.05 + 0.01 + 0.01 + - 0.01 + 0.01 +
0.00° 0.00° 0.00° 0.00° 0.00°
C10:0 0.05 + 0.06 + 0.06 + 0.06 + 0.06 + 0.05 +
0.00%° 0.00% 0.00% 0.01¢ 0.00% 0.00°
C12:0 0.07 + 0.06 + 0.06 + 0.06 + 0.06 + 0.05 +
0.00° 0.00° 0.00° 0.01° 0.00° 0.00°
C14:0 1.31 + 1.09 + 1.13 + 1.15 + 112 + 1.05 +
0.09¢ 0.02%° 0.01° 0.05° 0.00°® 0.00°
C14:1 0.02 + - 0.01 + 0.01 + 0.01 + 0.01 +
0.00¢ 0.00° 0.00° 0.00° 0.00°
C15:0 0.03 + 0.04 + 0.04 + 0.04 + 0.03 + 0.03 +
0.00° 0.00° 0.00¢ 0.00% 0.00° 0.00°
C16:0 26.75 22.15 23.08+ 2176 22.85 23.72 +
+0.70°  +£0.21°  0.00° +0.20°  +£0.12°  0.00°
c16:1 2.24 + 1.32 & 1.42 & 214 1.60 & 1.38 &
0.08° 0.01° 0.05" 0.044 0.03¢ 0.01%®
C17:0 0.19 + 0.24 + 0.27 + 0.24 + 0.19 + 0.18 +
0.03° 0.00° 0.01¢ 0.01° 0.00° 0.00°
C17:1 0.22 + 0.20 + 0.20 + 0.24 + 0.17 + 0.15 +
0.04 0.00° 0.00° 0.01¢ 0.00° 0.00°
C18:0 14.25 13.13 1209+  10.88 16.47 13.77 +
+0.36¢9  +0.09¢ 0.42° +0.27° +£0.43°  0.09¢
c18:1 41.49 40.49 4568 =  46.47 42.93 43.73 +
+0.09° +£0.19° 0.21° +0.56°  +£0.30° 0.03¢
C18:2n6t  0.10 + 0.07 + 0.06 + 0.10 + 0.07 + 0.06 +
0.01° 0.00° 0.00° 0.01° 0.00° 0.00°
C18:2n6c  10.18 17.16 1253+  13.63 11.27 12.67 +
+0.88°  +£0.17°  0.22¢ +0.14¢  +£0.19°  0.05°
C18:3n6 - - 0.02 + - - 0.01 +
0.00° 0.00°
C18:3n3  0.66 + 1.07 + 0.88 + 0.85 + 0.57 + 0.53 +
0.22° 0.00° 0.02° 0.06" 0.01° 0.00°
€20:0 0.27 + 0.36 + 0.29 + 0.27 + 0.31 + 0.31 +
0.02? 0.09° 0.00% 0.01° 0.01%® 0.00%®
C20:1 1.05 + 1.02 + 1.01 + 0.89 + 1.02 + 1.06 +
0.18° 0.00° 0.04° 0.04° 0.02° 0.01°
C20:2 0.59 + 0.89 + 0.66 + 0.68 + 0.78 + 0.76 +
0.06° 0.01¢ 0.00° 0.03° 0.01¢ 0.01¢
C20:3n6  0.08 + 0.11 + 0.08 + 0.09 + 0.09 + 0.08 +
0.01° 0.00¢ 0.00% 0.00° 0.00> 0.00°%
C20:4n6  0.17 + 0.24 + 0.16 + 0.21 + 0.22 + 0.21 +
0.03° 0.00° 0.00° 0.01° 0.00° 0.00°
C20:3n3  0.12 + 0.18 + 0.15 + 0.15 + 0.10 + 0.10 +
0.01° 0.01¢ 0.01¢ 0.01¢ 0.00° 0.00°
C24:0 0.07 + 0.10 + 0.09 + 0.09 + 0.05 + 0.05 +
0.02° 0.00° 0.01° 0.00° 0.00° 0.00?
SFA 43.08 37.27 3715+  34.59 41.16 39.24 +
+0.90¢  +0.03> 042° +0.56° +0.57¢  0.09°
UFA 56.92 62.73 62.85+  65.45 58.84 60.76 +
+0.90°  +£0.03°  0.42° +056%  +£0.57°  0.09°
MUFA 45.02 43.02 4832+  49.75 45.74 46.33 +
+0.30° +0.19° 0.23° +0.49°  +0.36° 0.03¢
PUFA 11.90 19.72 1453+  15.70 13.10 14.43 +
+1.11* +£0.16°  0.19¢ +0.08¢ +021° 0.07°

Note: SFA, monounsaturated fatty acid; UFA, unsaturated fatty acid; MUFA,
monounsaturated fatty acid; PUFA, polyunsaturated fatty acid. For each
component, data with different superscript letters differ significantly at p < 0.05.
“—" Not detected.

cohesiveness did not differ between transparent and non-transparent fat
tissue; however, both had an insignificantly higher level before drying
owing to intact fat cells and the extracellular matrix.

3.6. Comparison of microstructure of different adipose tissues

Fat tissue is composed of adipocytes surrounded by an extracellular
matrix. The extracellular matrix mainly consists of two collagen-based
structures: the basement membrane and interlobular septa. The
collagen I fiber network builds interlobular septa, providing a frame for
the formation of an open-cell 3D foam. The basement membrane
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consists of a collagen IV mesh that behaves as a closed-cell foam. Adi-
pocytes are embedded in an extensive collagenous extracellular matrix
that is penetrated by a network of blood vessels (Alkhouli et al., 2013).
The diameter of a typical adipocyte ranges from 50 to 200 pm. No
specific investigations have been performed on the microstructure of
bacon fat tissue; therefore, no reference was available to compare the
changes in microstructure.

Fig. 4S shows the microstructure of bacon fat tissue. The adipocytes
appeared polydisperse and were roughly spheroidal cells with a diam-
eter of approximately 100 pm. The extracellular matrix was clearly
visible via SEM and is indicated by black arrows in Fig. 4S (a). The
structure of adipocytes can remain intact prior to drying in hot air.
However, with the destruction of cell membranes and shrinkage of
collagen during drying, triacylglycerol is melted and squeezed out from
the adipocytes (Xu et al., 2022). Lard dripping was observed during
drying. In Fig. 4S (a), the adipocytes in TFT appeared shriveled and cell
‘sockets’ are exposed (red arrows in TFT) (Wijarnprecha, et al., 2022). A
flat adipocyte can be observed in Fig. 4S (a) (red arrows in ADO), which
may not have completely lost its triacylglycerol content. However, ad-
ipocytes in ADI maintained their complete structures. This result might
be because the temperature inside the bacon was not high enough or the
triacylglycerol could not easily leak out from the adipocytes during
drying. The observed bacon fat tissue microstructure was not similar to
the microstructure of the subcutaneous back fat after stewing; the dif-
ference in the processing methods meant that collagen gelation was not
observed in bacon fat tissue (Xu et al., 2022).

LM was used to examine the microstructure of the bacon fat tissue,
and the results are shown in Fig. 4S (b). As the outer fat tissue layers
(BDO and ADO) were closer to the skin, more abundant connective
tissue and blood vessels were observed. Due to the different observation
methods, LM could not present the 3D structure of adipocytes. As a
result, the difference between fat tissues appeared less dramatic because
it was difficult to observe the shriveled adipocytes directly. Voids caused
by the loss of triacylglycerol were filled again during paraffin embed-
ding; however, some subtle differences were still observed. Before dry-
ing, the boundary of adipocytes in the fat tissue was smooth and round,
whereas the cell boundary of the fat tissue after drying displayed an
atrophic and depressed shape, as circled in Fig. 45 (b). Thus, significant
differences between the microstructures of transparent and non-
transparent fat tissue could be observed; these differences might
contribute to changes in physicochemical properties. The loss of lipids
and destruction of adipocytes could be factors in the transformation of
fat tissue to a transparent state.

3.7. Multivariate analysis via OPLS-DA

OPLS-DA can explain the variation between and within groups using
distinct predictions and orthogonal components. This method can
eliminate independent variables that have little correlation with classi-
fication, and screen out the characteristic variables of the samples. As a
supervised recognition method, OPLS-DA can effectively classify sam-
ples and establish discriminant models (Kang et al., 2022). As shown in
Fig. 55, the two groups of transparent and non-transparent fat tissue
were successfully discriminated using OPLS-DA. The transparent fat
tissue (round points) was distributed in the second and third quadrants,
whereas the non-transparent fat tissue (triangular points) was located in
the first and fourth quadrants. The OPLS-DA model provided a good
explanation of the variance and prediction ability (R2X = 0.671, R%Y =
0.989, Q2 = 0.978). The model was not overfitted according to the
permutation test findings from this analysis, which revealed R? and Q2
Y-axis intercept values of 0.395 and -0.854, respectively, after 200
permutations. To clarify the differences between the transparent and
non-transparent fat tissue, the physicochemical characteristics with VIP
values exceeding 1.0 were defined as potential volatile marker com-
pounds, and were considered to play a crucial role in the OPLS-DA
discrimination process. As shown in Fig. 5S, 18 physicochemical
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characteristics were filtered, including hardness, moisture content,
chewiness, SFA and UFA content, Aw, fat content, and several types of
fatty acids. Correlation analysis was conducted using these indicators,
and the results are shown in Fig. 6S. Transmittance and sensory evalu-
ation were positively correlated with fat content, hardness, chewiness,
SFA, C8:0, C16:0, and C14:1. Moisture content, Aw, springiness, UFA,
C15:0, C20:3n3, C17:0, and PUFA negatively correlated with trans-
mittance and sensory evaluation. However, this correlation is not
necessarily the direct cause of transparent fat tissue formation. Of note,
texture was also correlated with moisture content and Aw. The fat
content and Aw were correlated with the moisture content. In summary,
the change in texture was attributed to the moisture content and stric-
tions of adipocytes and connective tissue; however, these factors could
not be the reason for the formation of transparent tissue. The fatty acid
composition might be affected by oxidation during drying. Other
physicochemical characteristics, such as Aw and fat content, were
closely correlated with moisture content; therefore, the low moisture
content of fat tissue had a high probability of resulting in the formation
of transparent fat tissue.

The present study is exploratory; therefore, the exact mechanism by
which the moisture-induced formation of transparent tissue occurs re-
mains unclear. Adipose tissue containing abundant moisture is specu-
lated to resemble water-in-oil emulsions. As the moisture concentration
decreased, the transparency of the ‘emulsions’ increased gradually. The
existing state of water in the adipose tissue and the influence of drying
require further investigation.

4. Conclusion

The aim of this study was to explore the formation mechanism of
transparent fat tissue of bacon. Physicochemical properties and micro-
structures of transparent and non-transparent fat tissue were compared,
and multivariate statistical analysis was performed to screen the key
factors. Drying significantly affected the physicochemical characteristics
and microstructure of bacon fat. The SFA content, hardness, and
oxidation level increased after drying, whereas the moisture, UFA con-
tent, and Aw decreased. Destruction of adipocytes was also observed in
transparent fat tissue. However, not all physicochemical characteristics
differed significantly between transparent and non-transparent tissue.
The results of OPLS-DA revealed that the formation of transparent fat
tissue was most probably influenced by the low moisture content.
However, the mechanism underlying the effect of water on adipose
tissue transparency requires further research. Transparency of fat tissue
with gradient moisture can be investigated in the future to refine the
mechanism of transparent fat formation. This study provides a theo-
retical basis for the production of bacon comprising transparent fat.
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