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Abstract The purpose of this study was to develop and test
the combination of nuclear magnetic resonance (NMR) and
magnetic resonance imaging (MRI) method to assess the pro-
ton changes of sea cucumber body wall during low-
temperature heating process. NMR relaxometry and MRI
measurements indicated a significant proton change in the
internal structure for sea cucumber body wall when the
heating temperature increased from 45 to 55 °C. Differential
scanning calorimetry (DSC) analysis revealed that the dena-
turation temperature of sea cucumber body wall was in the
range of 45–55 °C with an endothermic peak at 51 °C, which
is in accordance with the result observed in NMR and MRI.
Rheological study showed similar trend to the DSC thermo-
gram. The band change in amide I region of Fourier transform
infrared (FTIR) spectra indicated the decrease in α-helix con-
tent and possible formation of other secondary structures.
Scanning electron microscopy (SEM) further confirmed that
the low-temperature heating did induce microstructure chang-
es. The analysis of the Ringer s soluble fraction (RSF),
enzyme-labile fraction (ELF), and total unaltered fraction
(TUF) for sea cucumber body wall during low-temperature
heating provided more detailed information on the cause of

structure change observed in NMR and MRI. The NMR pa-
rameters were highly correlated with the rheology storage
modulus (G′), relative enzymatic assay parameters, RSF,
ELF, and TUF. All these results demonstrated that it could
be possible to use NMR and MRI to assess sea cucumber
tenderization during low-temperature heating process.
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Introduction

Sea cucumber (Stichopus japonicas) is a worm-like echino-
derm with soft body and belongs to the class Holothuroidea
found in benthic areas across the world’s oceans. It has been
become an important human food and pharmaceuticals in
parts of Asian countries (Kim and Himaya 2012). Sea cucum-
ber is also perceived as a tonic food for thousands of years
(Zhou et al. 2006). The total output of sea cucumber has
reached more than 200,000 tons in China in 2014 (Yearbook
2009). Besides the traditional dried sea cucumber, new prod-
ucts like instant sea cucumber start to emerge as consumer
favorite, which is more convenient for consumption. The in-
stant sea cucumber retains more nutrients than dried sea cu-
cumber because it avoids a long-time rehydration process and
has unique texture. However, the instant product varies con-
siderably in quality, and some of them are hard to masticate
because of the inappropriate cooking treatment.

Tenderization is a common technology in meat processing
to break down collagens in cooking for better palatability.
Tenderness is regarded as one of the most important attributes
that affect the eating quality of meat. Previous reports have
shown positive correlation between taste and overall customer
satisfaction (Naganathan et al. 2008). Customers would be
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ready to pay more for a tender meat product. Numerous in-
vestigations have examined meat, e.g., beef (Lomiwes et al.
2014), pork (Van Laack et al. 2001), chicken (Yogesh and Ali
2014), tenderization, and there are various factors like temper-
ature, pH value, and enzymes contributed to meat tenderness.
On one hand, the nature for meat tenderization is a limited
hydrolysis of muscle tissue by endogenous proteases. On the
other hand, the physicochemical factors can also significantly
affect the tenderization. Unlike beef, pork, or chicken meat,
sea cucumber body wall is mainly mutable connective tissue
(MCT) which have a large proportion of collagen (Saito et al.
2002). There have been recent reports suggesting that collagen
may be unstable due to temperature (Leikina et al. 2002),
ultraviolet radiation (Rabotyagova et al. 2008), and enzymes
(Zhou et al. 2014). Although the effects of autolysis have been
studied extensively, the non-enzymatic tenderization during
low-temperature heating for sea cucumber body wall is hardly
mentioned in literature. Thermal ripening is key processing
step in production of instant sea cucumber. Temperature effect
on collagen protein is a very important factor related with
physiochemical properties of sea cucumber protein. It has
been supposed that changes in textural and functional proper-
ties such as apparent viscosity, extractability, or water holding
capacity are related to protein denaturation and/or aggregation
(Herrero et al. 2005). Despite its importance of tenderization,
it is important to illustrate the change of body wall proteins
during low-temperature heating for product quality control.

Conventional techniques, such as rheological measure-
ment, differential scanning calorimetry (DSC), Fourier trans-
form infrared spectroscopy (FTIR), and scanning electron mi-
croscopy (SEM), have proved success in assessment of meat
tenderization (Bertram et al. 2006; Lee et al. 1990; Liu et al.
2012). They still suffer from some disadvantages such as time
consuming, sample destructive, and lack of visualization in-
formation for monitoring meat tenderization. Therefore, it is
highly desired to develop a non-invasive visualization method
for assessment of body wall tenderization of sea cucumber
during low-temperature heating process. Recently, low field
nuclear magnetic resonance (LF-NMR) and magnetic reso-
nance imaging (MRI) techniques have become powerful tools
in monitoring food processing due to its non-invasive charac-
teristics, high reproducibility, and sensitivity (Marcone et al.
2013). NMR can reflect the distribution of water pools with
different relaxation times in foods (Carneiro et al. 2013) based
on the measurement of resonant radio frequency absorption by
non-zero nuclear spins (protons have the spin I = 1/2) in the
presence of an external static magnetic field. It uses spin-
lattice relaxation time (T1) and spin-spin relaxation time (T2)
to reflect the features of proton relaxation (Zhang and
McCarthy 2012). Many food samples, such as pork (Li et al.
2012), beef (Santos et al. 2014), and hake muscle (Sánchez-
Valencia et al. 2015), have been investigated based on their
hydrogen proton difference. NMR will become increasingly

useful as a non-invasive tool for process monitoring and qual-
ity control through continued development in low-field per-
manent magnet technology. On the other hand, MRI, another
type of NMR technology, has been extensively clinically used
to detect structural abnormalities of the body (Nakano et al.
2012). It has also been increasingly used to explore food anal-
ysis and food processing (Shao and Li 2010). As an accurate
and non-destructive method for visualizing the internal food
structure, MRI has been combined with NMR to gain more
information like water uptake, mobility and distribution, and
simultaneous internal structural changes in food analysis and
processing (Patel et al. 2015). The combined NMR and MRI
technique has been successfully used for the analysis of egg
white gel (Liu et al. 2013), navy beans (Zhang and McCarthy
2013), etc. This cannot only provide the non-invasive analysis
of proton changes, but also the visualization information of
the structural changes during food processes.

The main purpose of the current study was to examine the
proton changes of sea cucumber body wall during low-
temperature heating tenderization process using the combined
NMR and MRI. Our previous study has indicated that the
tenderness of sea cucumber can be improved after low-
temperature heating tenderization treatment followed by a rap-
id high-temperature ripening step (Zhu et al. 2013). However,
to the best of our knowledge, no research endeavors are yet
executed for analysis of body wall tenderization of sea cucum-
ber using such fast and visualization method. The results of
NMR and MRI were correlated with those from DSC, FTIR,
and SEM measurements. Our specific objectives were to (1)
establish a fast and non-invasive method for the assessment of
the tenderization of sea cucumber body wall; (2) analyze the
correlation between NMR relaxometry and texture features
extracted from rheological measurement, structure changes
observed in DCS, rheology, FTIR, and SEM analysis; and
(3) provide more insights into the relationship of physico-
chemical properties of the collagen structure changes as well
as enzyme solubility of the collagen molecule.

Materials and Methods

Materials and Chemicals

Fresh sea cucumbers (S. japonicas, 90 ± 5 g, 15 ± 2 cm apiece)
were obtained from Changhai county of Dalian, China. They
were transported to the local market (Liujiaqiao) in seawater,
and then to our laboratory in a plastic bag with ice. The sea
cucumbers were kept in ice water for 30 min before removing
the viscera. Sea cucumber body wall samples were cut from
the approximately geometric center area of each sea cucum-
ber. Each experiment requires at least 7 sea cucumbers.
Pronase (Pronase E, Sigma P-5147, Lot 43H0731) was pur-
chased from Sigma–Aldrich (Sigma–Aldrich, Co., Shanghai,
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China); other common chemicals used in this work were from
commercial sources and are of analytical grade.

NMR and MRI Measurements

Sea cucumber samples with a size of approximately
1 × 1 × 3 cm were heated at 35, 45, 55, 65 °C for 30 min,
respectively. After being cooled to room temperature, the sam-
ples were blotted with absorbent paper to remove excess water
on their surface. NMR and MRI were performed as described
by our previous work (Geng et al. 2015). Briefly, transverse
relaxation (T2) measurement was performed on a bench top
MiniMR-Rat analyzer (Suzhou Niumag Analytical Instrument
Co., Suzhou, China) equipped with a 0.5 T permanent magnet
corresponding to a proton resonance frequency of 23.2 MHz at
32 °C. The body wall sample of sea cucumber was placed on
NMR bed by using a 30 mm diameter radio frequency coil to
collect Carr-Purcell-Meiboom-Gill (CPMG) decay signals,
with 90° and 180° pulses of 13 and 26 μs, respectively, τ-
value (time between 90° and 180° pulses) of 100 μs. Data from
15,000 echoes were acquired as 3 scan repetitions. The repeti-
tion time between subsequent scans was 8 s, and each mea-
surement was performed in triplicate. Distributed multi-
exponential fitting of CPMG decay curves was performed in
MultiExp Inv analysis software (Suzhou Niumag Analytical
Instrument Co., Suzhou, China). The multi-exponential fitting
analysis was performed on the relaxation data in the software
algorithm, the SRIT analysis, to get a better fitting. From the
analysis, the transverse relaxation times for each process were
calculated from the peak position, and the area under each
peak, corresponding to the proportion of water molecules
exhibiting that relaxation time, was determined by cumulative
integration.

MRI data was also acquired on 0.5 T (permanent magnet)
MiniMR-Rat (Suzhou Niumag Analytical Instrument Co.,
Suzhou, China) equipped with a 30 mm radio frequency coil
32 °C. T1 and T2 weighted images were acquired using SE
imaging sequence, with T1 weighted image echo time (TE) of
19 ms and repetition time (TR) of 300 ms, T2 weighted image
echo time (TE) of 50 ms and repetition time (TR) of 1600 ms,
respectively. Field of view (FOV) of 100 mm × 100 mm, slice
width: 2.5 mm, slice Gap: 0.5 mm, average: 4, read size: 256,
phase size: 192 were used for magnetic resonance imaging.

DSC Analysis

Sea cucumber body wall samples (N = 7) were homogenized
by oscillating mill (MM400, Retsch Co. Std, Germany). The
body wall pastes (400 mg) were weighed into aluminum pans
and hermetically sealed. The net heat energy (enthalpy, △H),
the onset (Tonset), and maximum (Tmax) temperature for endo-
thermic transition of myosin were tested using differential
scanning calorimeter (SETARAM Instrumentation, Caluire,

France). The samples were heated from 10 to 70 °C at heating
rate of 1 °C/min. An empty sample pan was used as the ref-
erence. The Tmax temperature was estimated from the thermo-
gram using the software of DSC Manager Series. All treat-
ments were tested in triplicate.

Oscillation Dynamic Rheology

Dynamic rheological studies were performed on a discovery
dynamic rheometer (TA Instrument, New Castle, DE, USA).
A 40-mm parallel steel plate geometry with a 1 mm gap was
used, and the body wall mixture was surrounded by distill
water to prevent loss of moisture during heating. Samples
were heated at a rate of 1 °C/min from 20 to 80 °C. This
temperature ramp tests were done at a fixed frequency of
1 Hz with a fixed stress of 0.6 Pa to ensure the integrity of
gel network. Storage modulus (G′), loss modulus (G″), and
tangent phase angle (tanδ = G″/G′) were recorded. All treat-
ments were tested in triplicate. To determine the influence of
the heating time on structural changes, time sweep tests were
additionally performed at 45 °C and at various times up to
120 min.

Enzyme Digestion

Body wall samples (N = 7) were homogenized by oscillating
mill. After being heated at 35, 45, 55, 65 °C for 30 min,
respectively, the body wall samples were submitted for enzy-
matic digestion after cooling down to room temperature.
Ringer’s soluble fraction (RSF), enzyme-labile fraction
(ELF), and total unaltered fraction (TUF) of sea cucumber
body wall were determined according to the procedures of
the literature (Powell et al. 2000) with a slight modification.
Briefly, 5.25 mL of strength Ringer s solution at 4 °C was
added to 1 g of body wall sample in a 25 mL centrifuge tube,
and the mixtures were vortexed for 2 min. The solutions were
kept at 20 °C for 30 min, and then centrifuged at 6000g for
10 min. The residue of Ringer’s insoluble fraction was placed
in a small screw-top tube, and 5 mL of suspension of pronase
was added. The activity of the enzyme was 2.7 units per mg.
The mixture was digested overnight at 20 °C with shaking.
Supernatant and residue were decanted for hydroxylproline
determination by using a UV-Visible Spectrophotometer
(UV230, Purkinje General Corporation, Beijing, China) at
560 nm as reported previously (Powell et al. 2000).

FT-IR Analysis

Collagen fibril protein was extracted according to the method
by Nagai T (Nagai and Suzuki 2000) for FTIR measurement.
The extracted collagen fibril sample (~10 mg) was dissolved
in a 1.5 mL of D2O and heated at 45 °C, through the 15- to
120-min interval. Infrared spectra were recorded on a Perkin-
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Elmer Spectrum 100 Fourier transform infrared spectrometer
(Perkin Elmer Inc., USA). The sample solutions were injected
in a CaF2 cell with 50 μm Teflon spacer. A 32-scan cumulant
was collected by single-beam mode with a 2 cm−1 resolution.
Amide I band (1700–1600 cm−1) from the C–O stretching
vibrations was used to demonstrate the collagen fibril change
upon heating at 45 °C.

Scanning Electron Microscopy Characterization

The heated body wall samples were cut into 1 × 1 × 1 cm3

rectangular prism blocks by using raw body wall sample as a
control after being heated at 45 °C for 15, 30, 60, and 120min,
respectively. The fixed samples were dehydrated with ethanol
and coated with gold palladium in a vacuum. Measurements
were conducted with a JEOL scanning electron microscope
(JSM-840; JEOL Co. Ltd., Japan).

Statistical Analysis

Statistical analysis of the significance results was performed
using Statistical Analysis System IBM SPSS (Statistical
Package for the Social Sciences) statistics v16 software
(IBM Corporation, NY). One-factor analysis of variance
(ANOVA) was performed for each of the parameters.
Correlations between factors were performed. All the dia-
grams were plotted using Origin 8.5 software.

Results and Discussion

NMR and MRI Analysis

Figure 1a shows the CPMG relaxation curves for sea cucum-
ber body wall, and the trend was closely associated with the
different physicochemical properties in the samples. The main

constituent of fresh sea cucumber body wall, water, is mainly
held within the highly organized structures of collagen pro-
tein. Definite structural changes in proteins during tenderiza-
tion process (low-temperature heating) are associated with
simultaneous alterations in the chemical–physical properties
of the water within the sea cucumber body wall. NMR
relaxometry is a non-destructive method that enables probing
the mobility of protons. The mobility of proton molecules is
related to the spin-lattice relaxation time (T1) and the spin-spin
relaxation time (T2). The transverse relaxation (T2) would be
expected to be an excellent tool to quantify the heating effects
on the water mobility and distribution of sea cucumber body
wall. The results presented here indicate that LF NMR T2

relaxometry is actually sensitive to different heating tempera-
ture which are known to affect water distribution, alter colla-
gen protein morphology and produce structural changes. In
order to obtain a noticeable difference among these sea cu-
cumber body walls, T2 relaxation spectra were produced by
multi-exponential fitting of the transverse relaxation raw data
shown in Fig. 1a. As shown in Fig. 1b, three distinct water
populations are observed for the samples treated at different
temperatures. The three relaxation populations were assigned
to three water states, that is, bound water (T21 ∼ 0–10 ms),
immobile water (or myofibrillar water, T22 ∼ 30–80 ms), and
also expelled Bbulk^ free water (T23 ∼ 180–360 ms), respec-
tively. The existence of three group water in sea cucumber is
in agreement with our previous report (Geng et al. 2015). The
transversal relaxation times (T21, T22, T23, ms) and corre-
sponding amplitudes (A21, A22, A23, arbitrary units) from
multi-exponential analysis of T2 relaxation data of sea cucum-
ber body wall are summarized in Table 1. Upon heating, there
are significant changes (5.36–1.22ms) for T21 relaxation time.
A marked decreasing of T22 relaxation times from 71.26 to
31.02 ms is found along with the temperature increase from
room temperature to 65 °C. The decrease in T22 values at the
later stage of heating may reflect the structural changes due to
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shrinkage and toughening of the body wall as well as moisture
loss due to heating (Shaarani et al. 2006). T23 did not change a
lot in low-temperature sample (35 and 45 °C) and decreased
sharply when the temperature reached 55 °C. It has been re-
ported that the mobility of the present phases of spins in the
system changes usually if protein solutions are heated above
its denaturation temperatures (Goetz and Koehler 2005).
Among them, T22 and T23 decrease at 35 °C and then increase
at 45 °C, indicating that the state of water in sea cucumber
body wall is more active and structure change occurred.
Moreover, the corresponding amplitudes A21, A22, and A23

changed significantly (Table 1). A21 increased from 0.73 to
4.85%, A22 from 1.43 to 4.3%, and A23 declined from 97.84
to 90.85% as the temperature increased to 65 °C. The collagen
proteins denature upon heating, and thus, results in the struc-
ture change must affect the water status and it distributed with
the sea cucumber body wall. Water mobility decreased with
the increasing heating temperature. These results indicated
that the heating of body wall could lead to free water shifting
to bound water, especially more than 55 °C, thus resulted in
shrinkage of sea cucumber.

As a rapid, direct, accurate imaging technique for food
processing analysis, MRI not only can determine the water

distribution in food samples, but also can visualize internal
structural changes during the processing (Liu et al. 2013).
Figure 2a shows the T1 and T2 weighted images of sea cu-
cumber body wall heated at 35, 45, 55, and 65 °C, respective-
ly, by using a sample at room temperature (25 °C) as control. It
is of special interest to observe that the pseudo-color images
more intuitively show the differences in each sample (high
proton density, red color; low proton density, blue color).
T1-weighted images emphasize the area where a low mobility
proton is present while T2-weighted images emphasize the
area where a high mobility proton is present (Hong et al.
2009). From the T1-weighted MRI images, it was clear that
the maps of the sea cucumber body wall change from blue to
red with the increase of heating temperature. This demonstrat-
ed that the water in sea cucumber body wall at higher temper-
ature was mainly bound water (T1-weighted images).
Moreover, the maps of T2-weighted images shifted from red
to blue as the temperature increased, further indicating that the
degrees of proton freedom decreased upon the temperature
increase, that is, from free water to bound water transition.
Noticeably, there was a significant change associated with
the decrease of free water when the body wall was heated at
approximately 45 °C as shown in the T2-weighted images.
The water distribution became relatively uniform after the
body wall samples were heated at 55 °C. Quantitatively, the
relative intensity of the T1- and T2-weighted images displayed
in Fig. 2b. The overall trend was the intensity of the T2-
weighted images decreased while T1-weighted images in-
creased with increasing of heating temperature. Similarly, a
significant change of the relative intensity was observed be-
tween the temperatures 45 and 55 °C. The result was consis-
tent with the trend of previously mentioned A21 and A23. It is
possible to infer that heating will lead to the loss of excessive
extracellular space, thus decreasing the water-holding capaci-
ty of sea cucumber body wall.

Table 1 NMR parameters obtained for sea cucumber body wall at
different temperature (A21, A22, and A23 represented the area
percentages of bound water, immobile water, and free water, respectively)

Temperature (°C) T21 T22 T23 A21% A22% A23%

Control 5.36 71.26 359.07 0.73 1.43 97.84

35 3.70 54.01 342.86 0.87 2.41 96.72

45 2.81 68.04 359.04 1.15 2.74 96.10

55 2.23 62.04 327.38 2.90 5.69 91.42

65 1.22 31.02 188.04 4.85 4.30 90.85
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DSC Analysis and Dynamic Rheological Study

DSC analysis was also employed to character the structure
change of the sea cucumber body wall. Figure 3 presents
low-temperature heating profile of sea cucumber body wall
heated from 20 to 70 °C. A prominent peak centered at around
51 °C (Tmax) was observed with Tonset at about 45 °C. The net
heat energy (enthalpy, △H) was 1.442 (J/g). DSC detects en-
dothermic peaks representing heat uptake by the protein struc-
ture as it gradually unfolds upon heating and transitions into
its denatured structure. Studies on chicken and beef muscle
showed that there are typically three peaks, in which the first
peak corresponds to endothermic transition of myosin (~40–
60 °C), the second to sarcoplasmic protein and collagen (~60–
70 °C), and the third to actin (~80 °C) (Bertram et al. 2006).
The body wall of sea cucumber S. japonicas is mainly com-
posed of highly insolubilized collagen fibers (Saito et al.
2002). Herein, the DSC analysis showed only an endothermic
peak at around 51 °C, about 6 °C lower than that (57 °C) of
pepsin-solubilized collagen extracted from body wall of the
sea cucumber S. japonicas (Cui et al. 2007). The denaturation
temperature of body wall is in the range of 45–55 °C which is
in accordance with the result observed in NMR and MRI

analysis, further confirming the heat-induced changes in col-
lagen structures.

The elastic behavior is another critical quality attribute
which translates into textural properties of sea cucumber body
wall during the low-temperature heating process. Thus, rheol-
ogy was also employed in this study for quality control. A
typical storage modulus (G′) pattern for sea cucumber paste
was recorded to characterize transition from viscous protein
paste to a solid (Fig. 4a). With the temperature increasing, the
G′ showed only marginal change until 45 °C, followed by a
marked increase which leveled at approximately 65 °C. The
increase in G′ has been attributed to the ordered protein aggre-
gation to form a three-dimensional gel network with water
entrapped in the gel matrix (Dileep et al. 2005). This might
have been due to denaturation of collagen protein structures
induced by the low-temperature heating. It is crucial step for
tenderization. The rheological properties showed similar trend
to the DSC thermogram (Fig. 4), confirming that heating in-
creases protein unfolding, leading to greater denaturation and
eventually to the development of a more elastic gel. The chang-
es in loss modulus G″ for bodywall pastes were similar to those
in their G′, although the magnitude of G″ values was much
smaller. Tan δ of sea cucumber body wall gradually decreased
from 0.46 to 0.13 when heated from 45 to 65 °C. These sug-
gested that elastic gel body with proteins network structure
formed gradually. Subsequently, a strong network developed
after 65 °C. The change of these parameters with the lapse of
time at 45 °C was shown in Fig. 4b. It can be seen that Tan δ
decreased gradually with increasing the time. G′ and G″ started
to increase from 15 min, reaching the highest peak at approx-
imately 30 min. This demonstrated that it took about 30 min for
the body wall collagen to form a gel network at 45 °C.

Enzymatic Assay

During low-temperature heating process, the sea cucumber
body wall went through structural denaturation and solubili-
zation. Ringer’s soluble fraction (RSF) is the fraction of
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collagen soluble in Ringer’s solution as reported by the Hill
procedure in 1966 (Hill 1966). The enzyme-labile fraction
(ELF) is the part of the collagen molecule that is unprotected
by the tight molecular configuration of native collagen. The
total unaltered fraction (TUF) is the portion of collagen that
has not been denatured enough for the quaternary structure of
the molecule to be disturbed, thereby protecting it from en-
zyme attack (Powell et al. 2000). Therefore, the analysis of
these fractions of sea cucumber body wall during low-
temperature heating may provide more precise information
on the cause of structure change and thus would further ex-
plain the changes observed in NMR and MRI. Figure 5 shows
the changes in the collagen composition over heating treat-
ments at different temperature. ELF increased from 6.54 to
33.10% as temperature increased from 25 to 65 °C
(Table 2). ELF was indicative of the denaturation as the
heating temperature increased (Powell et al. 2000). A signifi-
cant increase of ELF was observed when the temperature
reached 45 °C (Fig. 5), suggesting the separation of the heat-
induced soluble portion from the insoluble. This is in

agreement with the fact observed in NMR and MRI analysis,
inferring the occurrence of body wall structure change during
the low-temperature heating treatment. TUF decreased
(p < 0.05) as temperature increased from 35 to 65 °C also
indicating that the partial quaternary structure of the collagen
had been disturbed as tenderization occurred. Significant de-
crease of TUF was observed when the heating temperature
was 45 °C as evident by NMR and MRI. Moreover, RSF
remained relatively constant. The relatively low amount of
body wall collagen solubilization that occurred was expected,
because this process normally leads to loss of collagen. There
was only less than 6% RSF when the body wall samples were
heated at 65 °C.

FT-IR of Sea Cucumber Collagen Fibrils

To further investigate the protein structure change of the sea
cucumber body wall, FT-IR spectroscopy was applied to char-
acterize collagen fibrils heated at 45 °C for up to 120 min.
Figure 6 shows the typical Fourier transform infrared spectra
of amid I (1700–1600 cm−1) of collagen fibrils heated at 45 °C
with various time. Amide I region was selected in the charac-
terization of protein secondary structure change during low-
temperature heating at 45 °C. The amide I region is dominated
by carbonyl stretching vibrations with minor contributions
from C–N stretching and N–H bending (Sano et al. 1994). A
component centered between approximately 1658 and
1650 cm−1 has been assigned to the α-helix (Kr 1986).
More than one β-component has been observed in the spectra
of many β-sheet proteins. Bands in the regions of 1640–1620
and 1695–1690 cm−1 have been assigned to β-sheet by many
authors (Lee et al. 1990; Susi and Byler 1986). The assign-
ment of bands around 1670, 1683, 1688, and 1694 cm−1 to β-
turns has been proposed (Kr 1986). In the present study, the
maximum intensity of the 1658 cm−1 band in the spectra of the
collagen fibrils can be attributed to proteins with high α-helix
content (Fig. 6). The intensity maximum of this band shifted

Fig. 5 Relative composition of collagen in sea cucumber body wall
heated to 25 (control), 35, 45, 55, and 65 °C

Table 2 Effect of heating on solubility enzyme lability on collagen in
sea cucumber body wall

Temperature (°C) Percent(±SD) of total collagen

RSF ELF TUF

Control (25 °C) 1.43a ± 0.18 6.54a ± 0.18 92.03a ± 8.11

35 1.53a ± 0.09 6.84a ± 0.35 91.63a ± 5.63

45 4.49b ± 0.48 25.51b ± 2.48 70.00b ± 6.49

55 5.34c ± 0.23 30.07c ± 0.55 64.58bc ± 5.78

65 5.77d ± 0.48 33.10d ± 1.20 61.13d ± 2.68

SD standard deviation
a–d Different letter superscripts in each column denote significant
(p < 0.05) differences, respectively
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Fig. 6 Fourier transform infrared spectra of amid I (1700–1600 cm−1) of
collagen fibrils heated at 45 °C with various time of 15, 30, 60, 120 min
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hugely to lower frequencies after heating 15 min. This means
that heating increased the β-sheet fraction for all heat-induced
samples. Peak shape also changed obviously. A reasonable
explanation for the band change may be a decrease in α-helix
content and possible formation of other secondary structures
resulting from heat treatment (Liu et al. 2008). In accordance
with the NMR and MRI analysis, the FT-IR result revealed a
gradual on-going structural change of collagen fibrils, the
body wall main component, when heated at 45 °C for 30 min.

Microstructure Characterization

Microstructures of raw and heated sea cucumber body wall
samples were examined using scanning electron microscope
(SEM). As shown in Fig. 7, the fibers of raw sample were
longer, and their distribution was in a certain direction
(Fig. 7a, f, g). In contrast, body wall fibers after heating for
15 min bent and shrank, and the space between the fibers
increased (Fig.7b). With increasing heating time, this trend
continued up to 60 min (Fig. 7c, d). The collagen fibrils
wrapped or twisted with each other and complete fiber bundle
in tissue ruptured and then formed close structure. After
heating for 120 min, (Fig. 7e, h), the fibers in long-time heated
samples changed from coarseness to fineness. Most of the
fibers became very relaxed, stretched, thinner, and nearly par-
allel ordered with each other. A similar result was also report-
ed previously (Liu et al. 2012), which found that fiber bundles
in raw sample were rich and loosely, and aggregated and the
gaps between fibers became smaller after heating at 50 °C.
This result indicated that the low-temperature heating did

inducemicrostructure changes, whichmight be closely related
to the proton density and distribution change. Relaxation
times were concerned with fine porous microstructure where
the water molecules was restricted in their motion due to
smaller pores in the network structure (Han et al. 2009;
Salomonsen et al. 2007). Thus, the NMR and MRI may pro-
vide a fast and non-invasive assessment of the microstructure
changes during heating process for better food quality control.

Relationship Analysis

In order to investigate the relationship between the heating
temperature, gel properties (dynamic rheological properties),
and NMR analysis, Pearson correlation analysis test was used

Fig. 7 Views of raw and heated sea cucumber by a scanning electron micrographic (SEM). a Raw sample, b heating for 15, c 30, d 60, e 120 min; a–e
×1000, f raw sample, ×500, g raw sample, ×10,000, h heating for 120 min, ×10,000. All treatments were carried out at 45 °C

Table 3 Correlation between NMR parameters and temperature, G′,
RSF, ELF, and TUF

Temperature G′ RSF ELF TUF

Temperature 1.00c 0.899a 0.945a −0.942a −0.942a

T21 −0.983b 0.815 −0.914a −0.911a 0.911a

T22 −0.712 −0.738 −0.467 −0.463 0.464

T23 −0.782 −0.854 −0.609 −0.609 0.608

A21 0.919a 0.980b 0.815 0.811 −0.812
A22 0.848 0.832 0.834 0.823 −0.825
A23 −0.947a −0.972b −0.883a −0.875 0.876

T1 intensity 0.937a 0.994c 0.870 0.865 −0.865
T2 intensity −0.886a −0.988c −0.81 −0.801 0.802

a p < 0.05, b p < 0.01, c p < 0.001

2214 Food Anal. Methods (2017) 10:2207–2216



to analyze the relationship between the NMR relaxation pa-
rameters and physicochemical properties. As a fast and non-
invasive analytical technique, NMR can inmany cases replace
the more time-consuming and sample destructive analysis
methods if strong correlations between the NMR parameters
and relative physicochemical parameters are found. As shown
in Table 3, T21 was highly positively correlated with TUF and
negatively correlated with temperature, RSF, and ELF
(p < 0.01 or p < 0.05). T22 and T23 were not highly correlated
with any physicochemical parameters. A21 was highly posi-
tively correlated with temperature and G′, while A23 was high-
ly negatively correlated with temperature, G′ and RSF. T1

intensity was highly positively, while T2 intensity was nega-
tively correlated with temperature and G′. The results indicat-
ed that heat-induced protein in body wall would cause signif-
icant changes in body wall physicochemical properties. The
high correlation coefficient between the physicochemical
properties and NMR parameters of body wall indicated that
low-field NMR and MRI might have potential for fast and
non-invasive assessment of sea cucumber body wall changes.
Thereby, the correlation values suggested that it might be pos-
sible to substitute instrumental methods that determine G′,
RSF, ELF, and TUF by low-field NMR for monitoring the
heat-induced changes in collagen structures of sea cucumber
body wall in a rapid and non-invasive manner.

Conclusions

Low-field NMR and MRI could be used as a fast and non-
invasive method for the assessment of the tenderization of sea
cucumber body wall. NMR relaxometry enables probing the
mobility of protons, and MRI could visualize internal struc-
tural changes during the low-temperature heating process,
thereby providing useful information about interactions be-
tween myowater and the collagen proteins. Measurements
made through LF-NMR and MRI demonstrated a significant
change of the sea cucumber body wall when heated between
45 and 55 °C. The changes observed by NMR technique were
also confirmed by DSC, FTIR, and SEM measurements.
Strong correlations between the NMR parameters and rheol-
ogy storage modulus (G′), relative enzymatic assay parame-
ters, RSF, ELF, and TUF, were found for the low-temperature
tenderization of sea cucumber body wall. All these results
herein revealed that it could be possible to use NMR and
MRI to assess sea cucumber tenderization during low-
temperature heating process.
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