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Beneficial effects of Jerusalem artichoke powder and olive oil as
animal fat replacers and natural healthy compound sources in

Harbin dry sausages
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ABSTRACT This study aimed to improve the nutri-
tional quality of Harbin dry sausages using natural plant-
based Jerusalem artichoke powder (JAP) and olive oil as
animal fat replacers. Low-fat Harbin dry sausages were
manufactured with 2 different formulations containing
JAP and olive oil as pork fat replacers. The texture,
rheological properties, microstructure, water holding ca-
pacity, muscle protein structure, physicochemical indices,
microbiological characteristics, and sensory evaluation of
the sausages were analyzed. The result showed that
Harbin dry sausages with JAP and olive oil were healthier
than control sausages based on the lower fat content and
improved fatty acid composition. Scanning electron mi-
croscopy showed gel network formation in sausages with a
high JAP content. Low-field nuclear magnetic resonance
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illustrated that thewater-holding capacity of themodified
sausages was improved, suggesting that the replacers
enhanced protein gel formation by changes in C–H
stretching and bending vibrations, a reduction in a-he-
lixes, and increases in b-sheets and random coils accom-
panying the exposure of reactive groups and
microenvironment of the tertiary structure. Dynamic
rheological and texture tests indicated that the replacers
improved the elasticity of sausages. The reduction of fat
and addition of replacers significantly enhanced lipid
oxidative resistance. Overall, JAP and olive oil improved
the fatty acid composition, gel structure, lipid oxidative
resistance, and sensory quality of the sausages. These re-
sults may contribute to the development of healthy meat
products to further reduce animal fat.
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INTRODUCTION

As one of traditional meat products, Harbin dry
sausage is widely consumed in China. However, excessive
intake of red meat and processed meat products has po-
tential health risks and might cause some diseases,
including cardiovascular disease, coronary heart disease
(CHD), high blood pressure, and obesity, because of their
high fat and fatty acid composition (Wang and Hu,
2017). Animal fat reduction is a key strategy for
improving the health and nutrition of fatty foods. Howev-
er, animal fat is one of the important components to
ensure the quality of sausages, which affects various prop-
erties, including water holding capacity, protein binding
characteristics, texture, and taste (Yang et al., 2015).
Various strategies have been developed to resolve this
issue, including addition of starch ingredients, such as
rice and pea flour, as animal fat replacers to stimulate
protein gel formation during the cooking process
(Pereira et al., 2020), or addition of gels, such as guar
gum and carrageenan, as fat analogs (Marchetti et al.,
2014; Rather et al., 2017). However, better approach
was to develop natural plant-based fat analogs or plant-
based ingredients as fat replacers, which have also been
developed as sources of healthy fatty acids, fiber, min-
erals, antioxidants, and vitamins (Pintado et al., 2018).

Jerusalem artichoke (JA) is a natural perennial root
plant and contains high amounts of inulin, phenolic com-
pounds, mineral elements, and dietary fiber (Afoakwah
et al., 2015). Jerusalem artichoke powder (JAP) is usu-
ally used in dairy products. It contains high amounts
of inulin, which is a low-calorie ingredient composed of
linear polyfructose chains connected by b(1-2) linkages
(T�arrega et al., 2011). Inulin-type polyfructose could
reduce postprandial blood glucose (Lightowler et al.,
2018) and could promote the growth of intestinal probi-
otics and improve gastrointestinal functions (Wilson and
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Whelan, 2017). More importantly, when it is mixed with
warm water at high concentrations, inulin can form gels
that are analogous to fats (Keenan et al., 2014), which
indicates its potential characteristic as a fat substitute.
In addition, abundant natural antioxidants of phenolic
compounds in JAP has high antioxidant activity
(Gibson et al., 2017), which further showed its potential
characteristic as a fat substitute. Thus, the inulin and
phenolic compounds in JAP could provide analogous
properties to those of fats and antioxidants. In addition,
JAP has high nutritional value because it is rich in min-
eral elements and dietary fiber. Therefore, JAP is a
promising natural replacer of animal fat in sausages.

Besides fat reduction, the development of healthy lipid
formulations is a major research goal to improve the
health and nutrition of fatty foods. Those alterations
in fatty acid profiles of fatty foods using vegetable or
fish oils with positive effects on human health have
attracted substantial interest. Olive oil contains high
levels of unsaturated fatty acids (UFAs) (Triki et al.,
2013), which is consistent with health recommendations
(van Hees et al., 2010). Unsaturated fatty acids include
polyunsaturated fatty acids (PUFAs) and monounsatu-
rated fatty acids (MUFAs). Polyunsaturated fatty acids
contain essential fatty acids and are beneficial to human
health. For example, a study has shown that replacing
5% of energy derived from saturated fat with equivalent
energy from PUFAs can reduce the risk of CHD by 25%
(Li et al., 2015). Monounsaturated fatty acids are not
essential fatty acids in the diet, but replacing saturated
fat acids with MUFAs from plant sources can decrease
the risk of CHD (Kris-Etherton et al., 2001). Olive oil
has also been shown the beneficial effects on reducing
the risk of cardiovascular diseases and cancer, as
well as reducing the concentration of blood lipids
(Nocella et al., 2018). Before being used as a fat replacer,
the oil was usually pre-emulsified with emulsifier
including soy protein isolate (SPI) or fish protein isolate
through high-speed stirring (Kang et al., 2016;
Cheetangdee, 2017).

Considering both animal fat reduction and lipid
profile improvement, in this study, the effects of JAP
(natural plant-based-gels) combined with olive oil (nat-
ural plant-based oil) used as partial animal fat replacers
were evaluated on the quality of Harbin dry sausages,
which have not been explored previously.
MATERIALS AND METHODS

Preparation of Pre-emulsified Olive Oil and
JAP Gel

Pre-emulsified olive oil was prepared following previ-
ously described methods for pre-emulsified soy oils
(Kang et al., 2016), with minor modifications. The ratio
of SPI: olive oil: water was set to 1:10:10. Soy protein
isolate and water were homogenized at 4�C, 2,000 rpm
for 60 s. Next, olive oil was added gradually with homog-
enization for 60 s. The mixture was homogenized contin-
uously for 120 s and packed in polythene bags to acquire
the final pre-emulsified olive oil, then the oil was main-
tained at 4�C before use. For JAP gel preparation,
JAP and water were mixed at a ratio of 2:1. Next,
0.25 mg/mL Ca21 was added and the mixture was
homogenized at 80�C, 2,000 rpm for 30 min to form fat
analogs of JAP gels, then the gels were maintained at
4�C before use.
Sausage Preparation

Sausages were manufactured at the Food Pilot Plant
of the Shandong Meat Quality Control Centre (Shan-
dong, China). Three group sausages with 50 kg per batch
were prepared. Control sausages contained 90% lean
meat and 10% back fat. Animal fat reduction group A
contained 90% lean meat, 4% back fat, 2% JAP, and
4% pre-emulsified olive oil. Animal fat-reduction group
B contained 90% lean meat, 2% back fat, 4% JAP, and
4% pre-emulsified olive oil. The three formulations also
contained other necessary additives. The JAP gels and
pre-emulsified olive oil were prepared and other addi-
tives were dissolved in water in advance, and then chilled
at 4�C. Then the minced lean meat was chopped with a
chopper (BZBJ-15; Expro Stainless Steel Mechanical &
Engineering Co., Ltd., Hangzhou, China) for 1 min.
The meat batters were followed by addition of back
fat, the chilled JAP gels, pre-emulsified olive oil and
other additives, and then chopped for 4 min for pre-
emulsification. At last, the meat batters were cured at
4�C for 48 h and then stuffed into natural casings. The
sausages were dried at 65�C for 2 h, smoked at 55�C
for 6 h, and cooked with steam for about 20 min, then
the products were stored at 4�C after being cooled to
room temperature.
Sampling Procedure

Changes in the water content, thiobarbituric acid
reactive substances (TBARS) values, and total aerobic
microorganisms plate counts were assessed every sixth
day during the storage period according to Kim et al.
(2011) with minor modifications. For other indices, sam-
ples were selected from each group at the same time at
the initial phase of ripening to obtain initial values.
For all measured properties, 3 replicates were obtained
from each group on the same day.
Determination of the pH and Water Content

The pH measurement was carried out in accordance
with the previous report (Ruiz-Capillas et al., 2012)
with some modifications. Samples (5 g each) were
dissected and homogenized in 90 mL of 0.85% saline us-
ing a BagMixer (400CC; Interscience, Saint-Nom la
Bret�eche, France) for 90 s. The pH of the filtrate was
measured using a pH meter (Testo 206-PH1; Testo
AG, Lenzkirch, Germany). The water content was esti-
mated in accordance with previous analytical methods
(Adam et al., 2009) with minor modifications, and sam-
ples (20 g each) were placed in a dry evaporation pan and



Table 1. Fatty acid and fat contents.

Physicochemical indexes

Treatments

Control Group A Group B

Fat content (%) 9.32 6 1.11a 7.76 6 0.58b 6.17 6 0.39c

Fatty acids (%)
Tricosane acid C 23:0 0.51 6 0.00c 0.74 6 0.00a 0.68 6 0.01b

Octadecenoic acid C18:1 0.51 6 0.01c 0.74 6 0.00a 0.68 6 0.01b

Margaric acid C17:0 0.51 6 0.02 ud ud
Miristic acid C14:0 1.04 6 0.02a 0.74 6 0.01b 0.68 6 0.00c

Eicosadienoic acid C20:2 0.51 6 0.00a 0.74 6 0.00a 0.68 6 0.01b

Eicosenoic acid C20:1 0.51 6 0.01c 0.74 6 0.01a 0.68 6 0.02b

Oleic acid C18:1 40.51 6 2.30b 44.85 6 1.55a 46.62 6 1.32a

Linolenic acid C18:3 0.51 6 0.00c 0.74 6 0.02a 0.68 6 0.001b

Linoleic acid C18:2 15.39 6 0.16a 15.44 6 1.32a 14.86 6 0.95a

Stearic acid C18:0 12.82 6 0.13a 11.03 6 0.24b 10.14 6 0.06c

Palmitic acid C16:0 25.13 6 0.14a 22.79 6 0.77b 22.30 6 0.94b

Palmitoleic acid C16:1 2.00 6 0.10a 1.78 6 0.19a 1.87 6 0.25a

Total SFA 40.02 6 0.26a 35.37 6 0.77b 33.80 6 1.16b

Total UFA 59.48 6 2.37b 63.99 6 0.29a 65.54 6 0.37a

UFA/SFA 1.49 6 0.06c 1.81 6 0.05b 1.94 6 0.07a

Control represents sausages contained 90% lean meat and 10% back fat. Group A
represents fat-reduction group A contained 90% lean meat, 4% back fat, 2% JAP, and
4% pre-emulsified olive oil. Group B represents fat-reduction group B contained 90%
lean meat, 2% back fat, 4% JAP, and 4% pre-emulsified olive oil. The meaning of the
control, group A, and group B were consistent with those of other figures and tables in
this article. Values are expressed as means6 SD; a, b, and c indicate that values in the
same row are significantly different (P , 0.05). In addition, ud indicates undetected.

Abbreviations: JAP, Jerusalem artichoke powder; SFA, saturated fatty acid; UFA,
unsaturated fatty acid.
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dried to a constant weight at 106�C for about 5 h. The
water content was calculated based on the difference be-
tween the weights of the initial sample and dried sample.
Determination of the Crude Fat Content and
Fatty Acid Composition

Fat contents were determined with Soxhlet extraction
method in accordance with the previous report
(Shin and Park, 2015) with some modifications; the ho-
mogenized test portion (1 g) was put into in a beaker
and dried in 105�C oven for 4 h. After being cooled to
a temperature of 25�C, the test portion was packed
with the defatted filter bag and weighed accurately,
then put into the extraction tube of Soxhlet extractor
and extracted at 55�C for about 12 h with diethyl ether.
After extraction, the filter bag was removed and dried in
105�C oven for 4 h, then cooled and weighed accurately.
Fat content was calculated as follows:
Fat content, % 5 (B2C)/A ! 100, where A 5 test

portion weight, B 5 weight of extraction bag after dry-
ing, C 5 weight of extraction bag before extraction.
The fatty acid composition was measured by gas chro-

matography in accordance with previously described
methods (Magrinya ̀ et al., 2012) with minor modifica-
tions. Fatty acid was extracted from 1.5 g of chopped
sausages using 20 mL of chloroform and methanol
(2:1, v/v). And the extraction was subsequently re-
extracted twice with 10 mL of the same solvent. Then,
fatty acid methyl esters were acquired through deriva-
tive using sodium methoxide and boron trifluoride.
Subsequently fatty acid composition of each sausage
sample was measured in terms of a percentage of peak
area normalization.
Analyses of Nitrosylmyoglobin (Mb-NO) and
Lipid Oxidation

Mb-NO analysis was carried out in accordance with
the previous method (Gao et al., 2014) with minor mod-
ifications. The minced sample (10 g) was homogenized in
90 mL of phosphate buffer (pH 6.0, 0.01 mol/L) using a
BagMixer (400CC; Interscience, Saint-Nom la Bret�eche,
France) for 90 s. Then the mixture was placed in a dark
room at 4�C for 1 h and filtered with a nitrocellulose
membrane (0.22 mm). The absorbance spectra of
pigment extracts from the sausages were evaluated
from 350 nm to 700 nm using a UV–Vis spectrophotom-
eter (TU-1810; Beijing Purkinje General Instrument
Co., Ltd., Beijing, China). For lipid oxidation, the
minced sample (10 g) was homogenized in 50 mL of tri-
chloroacetic acid solution (7.5% of trichloroacetic acid,
0.1% of EDTA, w/v) using a BagMixer (400CC; Inter-
science, Saint-Nom la Bret�eche, France) for 90 s. Then
the lipid oxidation was measured by the thiobarbituric
acid (TBA) method accordingly as described previously
by measuring the absorbance of the reaction products
from the oxidation products of unsaturated fatty acids
and TBA (Racanicci et al., 2008).
Dynamic Rheological Characteristics

Dynamic rheological characteristics were evaluated us-
ing a rotational rheometer (MCR102; Anton Paar, Graz,
Austria). Each sample was placed between 2 plates sepa-
rated by 1mm and silicon oil was applied to prevent mois-
ture loss (Bolger et al., 2018). Next, a dynamic rheological
characteristics test was conducted by frequency sweep
measurements from 0.1 to 100 Hz at a strain of 0.5%.



Figure 1. Storage modulus G0 (A) and loss modulus G00 (B) curves for
sausages during the dynamic frequency test.
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The storage modulus (G0) and the loss modulus (G00) were
recorded during sweep measurements.
Scanning Electron Microscopy and Low-
field Nuclear Magnetic Resonance

For scanning microstructure of the sausage samples,
sausage slices were fixed in 2.5% glutaraldehyde at 4�C
for 12 h. Then the samples were reinforced in 1% osmium
tetroxide for 5 h. Finally, they were washed 3 times, dehy-
drated in increasing concentrations of ethanol, and evalu-
ated by scanning electron microscopy (JSM-7500F;
JEOL, Tokyo, Japan) after being coated with gold.

Low-field nuclear magnetic resonance (LF-NMR)
relaxation surveys were performed using an NMR
analyzer (NM120-040V-1; Niumag Analytical Instru-
ment Corporation, Suzhou, China). Before measure-
ments, all samples were thermostated to temperature
of 25�C. Samples (15 g each) were placed in a 40-mm
glass tube and the NMR probe was inserted. Proton
transverse relaxation time (T2) was detected with a
Carr–Purcell–Meiboom–Gill sequence. The analysis
conditions were as follows: a resonance frequency was
set as 25 MHz and the test temperature was 32�C, a se-
ries of 10,000 echoes were used for 30 scan repetitions.
Three relaxation times (T2b, T21, and T22) and water
populations (P2b, P21, and P22) were acquired as the
amplitude of every second echo.
Texture Profile Analysis

Texture profile was analyzed in accordance with the
method of Zhu et al. After removing the casing, the
sausage sample was cut into a cylinder with 2-cm thick-
ness and 1.5 cm in diameter. Then the texture profile
analysis was performed using a texture analyzer
(TA-XT Plus; Probe P/0.5; Stable Micro Systems God-
alming, UK). Texture parameters consisting of hardness,
springiness, cohesiveness, chewiness, and resilience were
calculated using Texture Expert version 1.22.
Microbiological Analysis

Microbiological analysis was carried out to detect the
total aerobic microorganism counts with plate count
method in accordance with the standard procedures of
AOAC 966.23 (AOAC, 2016). Samples (10 g each)
were chopped and homogenized in sterilized saline
(0.85%, w/v) for 90 s in a BagMixer (400CC; Inter-
science) and then a series of decimal dilutions were pre-
pared. Three consecutive appropriate decimal dilutions
(1 mL) were removed in the plate and then 20 mL of
plate count agar was poured and incubated at 35�C for
48 h to determine the aerobic plate counts.
Raman Spectroscopic Analysis

Raman spectra were measured using a DXR2xi Raman
Imaging Microscope spectrometer (DXR2xi, Thermo
Fisher Scientific, Waltham, MA) as described by
Liu et al. (2011). An Nd:YAG laser with a power of about
21.5 mW was used. Raman spectra in the range of 300 to
3,500 cm21 were recorded under the following conditions:
exposure time, 0.20 s (5 Hz); scan times, 100 and the
spectra were smoothed using OMNICxi 8.0 (DXR2xi;
Thermo Fisher Scientific). Baseline correction and
normalization against the phenylalanine band near
1,003 cm21 were performed. The secondary structures of
proteins were determined as percentages of a-helixes,
b-sheets, b-turns, and random coils (Tadpitchayangkoon
et al., 2010; Nawrocka et al., 2015).
Sensory Evaluation

Sensory evaluation of the samples was performed
based on a nine-point scale from one to nine (Magrinya ̀
et al., 2012). The evaluation was carried out by a panel
of 10 peoples who possessed experiences in sensory eval-
uation. Sausages are cut into cylindrical slices with 3-cm
thickness and placed in a clean plate. The panelists were
requested to rank sensory indicators and overall accept-
ability of the sample on a 9-point scale (1 5 very bad;
9 5 very good) under artificial light. Water and salt-
free crackers were provided to the panel to purify their
taste buds between tasting different samples.



Figure 2. Summary of changes in the pH (A), water content (B), TBARS (C), and aerobic plate counts (D) in the sausages during storage at 4�C.
Values are expressed as means 6 SD; a, b, c indicate significant differences between different sausages at the same time (P , 0.05). Abbreviation:
TBARS, thiobarbituric acid reactive substances.
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Statistical Analysis

Data were analyzed using SPSS Version 18.0 (IBM,
New York, NY) with single-factor experiments. A
completely randomized design of 3 replications was
used. The differences among groups were evaluated by
one-way analysis of variance and Duncan multiple range
tests with P , 0.05 accepted as the level of significance.
The differences were represented with different lower-
case or uppercase letters.
RESULTS AND DISCUSSION

Fat Content and Fatty Acid Profile

The fat content and lipid sources in the sausage
formulation have a great influence on the fatty acid
composition (Pintado et al., 2018). The initial fat con-
tents for the 2 sample groups were both significantly
lower (P , 0.05) than that of the control (Table 1),
which indicating a noticeable fat reduction in the 2 sam-
ple groups. On the other hand, when pork fat was
replaced with JAP and olive oil, the total SFA was lower
than that of the control (P, 0.05). The decrease in total
SFA was mainly attributed to reductions in the percent-
ages of myristic acid, stearic acid, and palmitic acid. In
addition, when the pork fat was replaced as shown in
Table 1, total UFA was significantly higher (P , 0.05)
than that in the control. The increase was mainly
explained by increases in the percentages of octadecenoic
acid, oleic acid, and linolenic acid, particularly oleic acid.
This result can be explained by the high oleic acid con-
tent (55–83%) in olive oil (Hern�andez et al., 2018;
Bontempo et al., 2019). Previous research has shown
that oleic acid in olive oil was associated with the
decrease in blood pressure (Ter�es et al., 2008) and could
reduce the incidence of stroke (Samieri et al., 2011).
Moreover, the ratio of total UFA to total SFA was
higher in fat-reduction groups than in the control
(P , 0.05). Considering that SFAs are associated with
several major illnesses and UFAs have beneficial health
effects, particularly oleic acid, the fatty acid profiles of
the 2 fat-reduction groups were superior to that of the
control from a health perspective.
Dynamic Rheological Characteristics

For measuring mechanical behavior of viscoelasticity
of the sample, a dynamic rheological characteristics
test was conducted by frequency sweep measurements.
The effects of oscillatory shear frequency on viscoelastic
properties of the sausages are summarized in Figure 1.
When the frequency is less than 10, the G0 and G00 of
the 3 group sausages all increased rapidly with the in-
crease of the frequency. When the frequency increased



Figure 3. Microstructure at 5,000!magnification in the 3 groups of sausages (A). Note that a, b, and c denote group A, group B, and the control,
respectively. The distribution of T2 (B) and water populations of 3 components (C) in the 3 groups of sausages. P2b, P21, and P22 represent propor-
tions of water closely associated with macromolecules, water located in the myofibrillar network, and free water outside of the myofibrillar network,
respectively.
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over 10, the G0 and G00 increase slowly. It showed that
the viscoelasticity of sausages increased with the increase
of frequency, and the frequency influence was greatest in
the frequency range from 0 to 10. In the frequency range
from 0 to 100, the G0 of group A with a low proportion of
JAP was similar to that of the control (Figure 1A) and
G00 of group A was slightly higher than that of the con-
trol (Figure1B). The G0 and G00 of group B (with a rela-
tively higher proportion of JAP) were much higher than
those of the control and group A and exhibited high-
frequency sensitivity. That illustrated that the addition
of JAP could act as a rheological modifier to improve
viscoelasticity. Previous studies have shown that the
addition of starch (Bolger et al., 2018) and xanthan
gum (Rather et al., 2015) could increase G0 and G00 of
sausages and resulted in increases in the viscoelasticity
characteristics of sausages. The higher viscoelasticity
observed in group B might therefore be explained by
the increase in JAP owing to its starch properties and
colloidal substance properties (Afoakwah et al., 2015).
pH and Water Content

The initial pH and water content have crucial effects
on the shelf life of sausages. As shown in Figure 2A
and Figure 2B, there were no significant differences
(P . 0.05) between the control and the 2 sample groups
in the initial water content and pH value, which sug-
gested that animal fat reduction had little impact on
the quality and shelf life of the sausages. The pH was sta-
ble during storage, further guaranteeing the stability of
product quality. Initial water contents in the 3 groups
of sausages ranged from 54.5 to 56.3% and were similar
to those of commercially available of Harbin sausages
(water content, � 60%). The water content in the con-
trol and sample group were all decreased with the in-
crease of storage time. The moisture in group B was
higher (P , 0.05) than those in the control and group
A at a later storage period, illustrating that high JAP
content could improve the water holding capacity of
the sausages, which might be explained by the high wa-
ter absorption capacity of JAP (Afoakwah et al., 2015).
Lipid Oxidation

As shown in Figure 2C, the TBARS values in the
3 groups all increased as the storage duration increased.
However, the values in the control were significantly
higher (P , 0.05) and increased more substantially
than those in the 2 fat-reduction groups throughout
the storage period. The higher antioxidant ability in
the fat-reduction groups might attribute to the



Figure 4. Raman spectra for the 3 groups in the region 500–3,500 cm21

(A) and 2,800–3,100 cm21 (B).
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reduction of animal fat and addition of JAP. A previous
study has demonstrated that JAP has high antioxidant
ability due to its intramolecular hydrogen bonding,
which could prevent free radical-mediated oxidation,
and the high phenolic compound content, which could
scavenge free radicals (Gibson et al., 2017). Samples
with reduced animal fat contents had high oxidation
resistance and could maintain TBARS levels at less
than 2 mg/kg to ensure quality stability of the sausages.
Figure 5. Secondary structure components of the tree group sausages
calculated from the amide I band.
Microbiological Analysis

The total aerobic microorganism counts indicate the
level of microorganism in a product and represent the
hygienic condition of the food according to AOAC
966.23 (AOAC, 2016). And the total aerobic plate
counts are regularly used to predict and determine the
shelf life of food products (Gim�enez et al., 2017). As
shown in Figure 2D, changes in aerobic plate counts
were similar in the 3 groups; all counts increased slowly
to about 103 cfu/g and there were no significant differ-
ences among groups (P . 0.05), indicating that the fat
replacers had little influence on bacterial growth. Counts
(about 103 cfu/g) in all 3 groups on d 30 were all below
the established limit (104 cfu/g) in accordance with Chi-
nese national standard “National food safety standards
of cooked meat products” (National Health
Commission of the Peoples Republic of China, 2016).
Scanning Electron Microscopy

As shown in Figure 3Ac, the myofibrillar and fat gel
exhibited an irregular structure, including many fat
globules on the surface of the sausage slice, probably
owing to the inability to emulsify fully and to form col-
loids with a certain structure (Chin et al., 2000).
Figure 3Aa showed the relatively compact and dense
texture and the appearance of fewer fat globules. The in-
crease in JAP gel content (Figure 3Ab) produced a more
regular spongy gelatin network structure compared with
that of group A, which might result in the formation of
polymers due to the crosslinking reaction among JAP
polysaccharides, SPI, myofibrillar protein, and water
(Kumar et al., 2016). This structure could substantially
increase the elastic characteristics of the sausages,
consistent with the results for the dynamic rheological
characteristics summarized in Figure 1A and
Figure 1B. Therefore, JAP is a potential animal fat
replacer based on its hydrophilic and gel properties.
Low-field Nuclear Magnetic Resonance

The distribution of T2 relaxation times and propor-
tions of 3 water components in Harbin dry sausages
was determined by LF-NMR T2 measurements and pre-
sented in Figures 3B, 3C. The three T2 peaks are associ-
ated with the 3 water components in sausages. T2b
represents hydration water, which is tightly combined
with macromolecular structures, T21 is assigned to
immobilized water in the myofibrillar network, and T22
represents free water, corresponding to water outside
of the myofibrillar lattice (Duflot et al., 2019). The relax-
ation time results showed that T2b, T21, and T22 of the 3
groups were lower than reported values, indicating that
water hydration was tighter and the mobility of immobi-
lized water was weaker (Shao et al., 2016). P2b and P21,
especially P21, were significantly higher in group B than
in group A and the control (P , 0.05), indicating that
group B had relatively more immobilized water and
more intramyofibrillar network space that was ascribed



Table 2. Normalized intensities of tryptophan and tyrosine residues in
sausages.

Treatment Trp band (I760/I1003 cm21) Tyr doublet (I850/I830 cm21)

Control 0.836 6 0.021a 1.651 6 0.121a

Group A 0.667 6 0.043b 1.013 6 0.053c

Group B 0.668 6 0.13b 1.201 6 0.049b

Values are expressed as means 6 SD; a, b, and c indicate that values in the same
column are significantly different (P , 0.05).
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to polymer gel formation among JAP polysaccharides,
SPI, myofibrillar proteins, and water. Water-holding ca-
pacity during aging can be ascribed to the amount of wa-
ter located in the myofibrillar network (Shao et al.,
2016), so group B had higher water-holding capacity
than the control and group A. P22 of group B was lower
than those in group A and the control (P , 0.05), indi-
cating that group B had less free water outside of the
myofibrillar lattice. A low free water content can prevent
biochemical reactions (Quek et al., 2007) and the growth
of microorganisms (Andrews and Harris, 2000).
Raman Spectrum Analysis

C–H Stretching and Bending Vibrations Raman
spectra are shown in Figure 4. The high peaks centered
at 2,800–3,000 cm21 and 1,440–1,465 cm21 (Figure 4A)
corresponded to C–H stretching and C–H bending bands
(Chen et al., 2016). The C–H stretching band position
(Figure 4B) shifted from 2,895 cm21 in the control to
2,902 cm21 in group A and 2,908 cm21 in group B.
Spectral changes to higher wavenumbers might be related
to protein unfolding and the exposure of aliphatic resi-
dues (Leelapongwattana et al., 2008). In addition, the
Raman intensities of C–H stretching and C–H bending
vibrations were decreased in the 2 fat-reduction groups
(Figure 4A). Herrero attributed the decreased intensity
to the strengthening of hydrophobic interactions around
aliphatic residues, which might promote gel formation
(Herrero et al., 2008). Increases in the intensities of the C–
H stretching band and C–H bending band could increase
protein denaturation, and excessive protein denaturation
might negatively affect gel properties (Liu et al., 2011).
Accordingly, in group B, the high JAP content promoted
protein unfolding and strengthened hydrophobic in-
teractions, which might be conducive to the formation of
an orderly gel network (Sun et al., 2011).
Protein Secondary Structure The Raman band
centered near 1,655 cm21 has been attributed to the
amide I vibrational mode (Chen and Han, 2011). The
amide bond of proteins has a few vibrational modes and
amide I is the most useful for analyses of secondary
structure. This band comprises overlapping components
in the 1,645–1,658 cm21, 1,665–1,680 cm21, 1,680–
1,690 cm21, and 1,660–1,665 cm21, assigned to a-helices,
b-sheets, b-turns, and random coils, respectively (Sheng
et al., 2016). These components constitute the protein
secondary structure skeleton. Figure 5 shows that the
secondary structure of the control contained 82.46%
a-helices, 4.04% b-sheets, 2.85% b-turns, and 10.65%
random coils. Compared with the control group, the
b-sheet and random coil contents of the 2 fat-reduction
groups increased, and the a-helix content decreased,
particularly in group B. This was in agreement with the
previous report indicating that an increase in the b-sheet
content was usually accompanied by a decrease in the
a-helix content (Tadpitchayangkoon et al., 2010). It has
been reported that b-sheets and other extended struc-
tures are relevant to the increase in hydration, in which
more protein-water bonds form and aggregate as a result
of the partial ordered gel network formation
(Herrero et al., 2008; Nawrocka et al., 2017). In addition,
b-sheets could increase the interaction between water
and adjacent proteins, resulting in a reduction in in-
teractions between proteins and nearby matrix and an
increase in the juiciness of the meat (Beattie et al., 2004).
These results indicated that group B has better gel
network because of the increase in extended structures
(b-sheets and random coils).
Protein Tertiary Structure Raman spectra could
reflect the tertiary structure of proteins by monitoring
local environments (Kang et al., 2016). The Raman
bands of aromatic amino acids, including tryptophan
and tyrosine, have strong hydrophobicity and can pro-
vide information of local environments based on hydro-
phobic interactions of proteins (Guo et al., 2019).
The Raman band near 760 cm21 reflects the stretch-

ing vibration of tryptophan residues, representing the
H-bonding strength and hydrophobicity (Nawrocka
et al., 2017). Table 2 showed that the normalized inten-
sity of the tryptophan band (I760 cm/I1003) decreased
in the 2 fat-reduction groups. The decrease in the trypto-
phan band illustrated that the tryptophan residues were
exposed to a hydrophilic environment from a hydropho-
bic environment because of the addition of the fat re-
placers (Kang et al., 2016). The exposure of
tryptophan residues might result in H-bond formation
due to the presence and exposure of the indole ring in
Trp residues (Nawrocka et al., 2017).
The tyrosine doublet intensity ratio (I850/I830) pro-

vides information about hydrogen bonding of
the phenolic hydroxyl group. A high I850/I830 ratio
(0.9–2.5) reveals that the tyrosine residue is exposed to
a polar environment, whereas a low ratio indicates that
the tyrosine residue is buried in a hydrophobic environ-
ment (Kang et al., 2016). The I850/830 ratios of the 3
groups were all in the range of 0.9–2.5, indicating that
the tyrosine residues were all exposed and could partici-
pate in moderate hydrogen bonding (Zhang et al.,
2015). On the other hand, the I850/830 ratios were lower



Table 3. Texture of sausages during storage at 4�C.

Texture

Storage time (D)

0 6 12 18 24 30

Hardness
Control 1,400.01 6 165.90a,F 8,242.17 6 501.78a,E 26,380.04 6 1,466.24a,D. 36,603.67 6 951.58a,C 52,268.38 6 2,806.25a,B 56,521.74 6 1,119.68a,A

Group A 1,503.73 6 155.58a,F 8,466.07 6 329.87a,E 26,752.52 6 1,002.86a,D 36,840.17 6 1,149.83a,C 52,640.33 6 4,332.78a,B 56,805.27 6 1,049.26a,A

Group B 1,384.23 6 144.07a,F 8,080.11 6 424.51a,E 26,126.67 6 997.31a,D 35,275.08 6 1,057.91a,C 51,587.33 6 3,505.65a,B 56,281.33 6 2,809.91a,A

Springiness
Control 0.525 6 0.05a,B 0.795 6 0.03b,A 0.669 6 0.07b,A 0.776 6 0.02b,A 0.763 6 0.07b,A 0.737 6 0.05b,A

Group A 0.557 6 0.07a,B 0.809 6 0.04b,A 0.679 6 0.08b,A,B 0.793 6 0.10b,A 0.810 6 0.07b,A 0.777 6 0.12b,A

Group B 0.61676 0.09a,B 0.936 6 0.04a,A 0.854 6 0.03a,A 0.956 6 0.05a,A 0.947 6 0.05a,A 0.927 6 0.08a,A

Cohesiveness
Control 0.452 6 0.03b,C 0.608 6 0.07a,B 0.743 6 0.10a,A 0.630 6 0.09a,A,B 0.568 6 0.01a,B,C 0.474 6 0.06a,C

Group A 0.560 6 0.05a,C 0.653 6 0.06a,A,B 0.780 6 0.135a,A 0.673 6 0.11a,A,B 0.655 6 0.08a,A,B 0.509 6 0.04a,C

Group B 0.476 6 0.05b,C 0.630 6 0.01a,B 0.725 6 0.09a,A 0.625 6 0.06a,B 0.572 6 0.04a,B 0.464 6 0.02a,C

Chewiness
Control 6,152.73 6 632.40a,E 14,933.53 61,174.65a,D 22,532.50 6 1,401.57a,B 25,057.33 6 1,111.94a,A 26,264.57 6 1,012.75b,A 20,076.81 6 2,216.89b,C

Group A 5,061.83 6 659.21b,E 12,559.48 6 687.27a,D 21,645.52 6 1,193.83a,C 24,350.27 6 906.22a,B 28,122.78 6 1,607.56a,b,A 25,814.74 6 1,065.73a,B

Group B 5,435.87 6 540.48a,b,E 13,883.87 61,342.03a,D 20,950.95 6 997.10a,C 24,044.256676 192.60a,B 29,174.33 6 1,065.69a,A 24,142.51 6 1,635.48a,B

Resilience
Control 0.130 6 0.02a,E 0.277 6 0.01b,A 0.256 6 0.03a,A,B 0.222 6 0.03b,B,C 0.204 6 0.03a,C,D 0.173 6 0.04a,D,E

Group A 0.118 6 0.01a,D 0.292 6 0.03a,b,A 0.282 6 0.02a,b,A,B 0.244 6 0.02a,b,A,B,C 0.236 6 0.02a,b,B,C 0.215 6 0.02a,C

Group B 0.132 6 0.01a,D 0.334 6 0.04a,A 0.318 6 0.02a,A 0.278 6 0.02a,B 0.251 6 0.01a,B,C 0.232 6 0.03a,C

Values are expressed as means6 SD; a, b, and c indicate that values in the same column are significantly different (P, 0.05); A, B, and C indicate that values in the same row are significantly different (P, 0.05).
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Figure 6. The sensory properties of the 3 group sausages.
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in the 2 fat-reduction groups than in the control group,
illustrating that buried tyrosine residues increased and
tyrosyl hydroxyl groups might participate in the forma-
tion of strong hydrogen bonds as hydrogen bond donors
(Liu et al., 2011). In addition, decreases in the I850/830
ratios reflect the partial unfolding and aggregation of pro-
tein molecules (Liu et al., 2011), which might result in
changes in the protein tertiary structure. Nawrocka
pointed out that decreases in I850/830 ratios and subse-
quent changes in the protein tertiary structure increase
the water absorption capacity of the gel (Nawrocka
et al., 2017). Accordingly, our results showed that the
addition of replacers was beneficial for the formation of
hydrogen bonds and the water retention capacity.

Texture

As could be seen in Table 3, time increased (P , 0.05)
hardness of the 3 groups during storage. However, there
were no significant differences in hardness among the 3
groups (P . 0.05). Cohesiveness values increased in
initial phase and declined thereafter, with no significant
differences among the 3 groups (P . 0.05). Resilience
also increased over time and then declined, with no signif-
icant differences among the 3 groups (P . 0.05). The
reduction of fat content in sausages usually resulted in
an increase in the hardness and cohesiveness, and exces-
sively hardness and cohesiveness made it difficult to slice
the sausages (Cegie1ka and Tambor 2012). The aforemen-
tioned results indicated that the fat reduction in this
article had no negative impact on hardness, cohesiveness,
and resilience of the sausage. On the other hand, springi-
ness values were higher in group B than in group A and
the control (P, 0.05) during the storage period. Previous
study indicated that the sausages showed softer character
than the control group when the inulin was added in the
meat batters as a gel (Cegie1ka and Tambor 2012). So the
springiness increase might attribute to the formation of
inulin gel contained in JAP. And other study also proved
that inulin could increase the softer character and spring-
iness of the sausages (Mendoza et al., 2001). Chewiness in
the 3 groups were also increased initially and declined
thereafter; however, group A and group B were more sta-
ble than the control. At the end of the storage period,
values for the 2 fat-reduction samples were better than
those of the control (P, 0.05). Chewiness increase might
attribute to the inulin in JAP, which could promote and
strengthen connections between the various food matrix
(Menegas et al., 2013). In summary, the addition of the
fat replacer resulted in texture modification, especially
enhanced the springiness and chewiness of the sausages.
Sensory Evaluation

Figure 6 shows the sensory scores of the 3 group sau-
sages on a 1–9 hedonic scale. It was observed that the
2 low-fat groups (group A and group B) added with
JAP and pre-emulsified olive oil had no significant differ-
ence with the control group in flavor, color, taste, swal-
lowing, and overall acceptability (P . 0.05). However,
group A and group B both scored higher than the control
in tissue and slice character (P , 0.05), and group B
scored higher than group A in tissue and slice character
(P, 0.05), which illustrated that the fat replacers addi-
tion improved slicing and tissue characteristics, espe-
cially JAP addition. So the fat-reduction samples
improved sensory quality of the sausages. Previous
report of partial replacement of animal fat by inulin
has also obtained similar results that the sensory quality
was improved (Mendoza et al., 2001).
CONCLUSION

Overall, the replacement of pork fat with JAP and
olive oil reducted the fat content, increased the ratio of
total UFA to total SFA, and, in particular, increased
the oleic acid content derived from the olive oil. These re-
sults indicated that sausages in the fat-reduction groups
had better health-related characteristics than those of
the control. The addition of fat replacers significantly
enhanced the formation of muscle protein gels and the
gel network by changes in C–H stretching and bending
vibrations, reductions of a-helixes, and increases in
b-sheets and random coils accompanying the exposure
of reactive groups and the microenvironment of the ter-
tiary structure. The structural characteristics could
improve the elasticity, texture, and water holding capac-
ity of the sausages. Furthermore, the reduction of fat and
the addition of replacers significantly enhanced lipid
oxidative resistance and sensory quality of the sausages.
Thus, JAP and olive oil have the potential to serve as
heathy substitutes for animal fat in meat products.
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