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Spoiled salmon can cause foodborne diseases and severely affects human health. Herein, we report a pH-
responsive colorimetric microneedle (MN) patch fabricated from bromothymol blue (BTB) and silk fibroin
meth acryloyl (SilMA) (BTB/SiIMA@MN patch) for sensing salmon spoilage. The needle tips of MN could
penetrate food cling film and insert into fish to extract tissue fluids directly and transport the extracted fluids to
the backing layer for color displaying. The color change of BTB/SiIMA@MN patches depended on the pH
variation resulting from the increase of total volatile basic nitrogen in salmon during storage. The color of MN
patches changed from yellow to yellowish green and to final green, indicating salmon changed from fresh to
medium fresh and then to putrefied, respectively. Salmon spoilage can be rapidly determined via naked eye
recognition and also analyzed on a smartphone in a nondestructive way, allowing consumers to estimate food

quality easily and reliably.

1. Introduction

Eating spoiled seafood especially raw fish and mollusks can cause
illnesses ranging from mild gastroenteritis to life-threatening diseases
(Amagliani, Brandi, & Schiavano, 2012). Salmon is recognized as a
healthy food due to its richness of high-quality proteins, omega-3 fatty
acids, fundamental micronutrients and minerals (Amagliani, Brandi, &
Schiavano, 2012). Consumer consumption of salmon has increased
sharply in recent years. As sashimi and sushi are the main market cir-
culation forms for salmon (Fan et al., 2021), freshness is one of the most
important factors to determine the quality of raw fish. However, salmon
is a highly corruptible food, and the quality is influenced by numerous
factors such as the packaging material, treatment process, and preser-
vation condition (Feng, Zhang, Liu, Liu, & Zhang, 2020; Zhu, Gao, Gao,
& Sun, 2018). Therefore, it is crucial for rapid and effective detection of
the freshness of packaged salmon.

Detection of fish and meat freshness mainly includes organoleptic
evaluation, microbial detection and spectroscopic methods, such as
near-infrared reflectance spectroscopy, hyperspectral imaging, and
fluorescence spectroscopy (Cheng and Sun, 2015; Prabhakar, Vatsa,
Srivastav, & Pathak, 2020). Traditional organoleptic evaluation

perceives product sensory characteristics, containing appearance, color,
smell, texture and taste through subjective judgments of evaluators (Wu,
Zhang, Chen, & Bhandari, 2021). Sensory evaluators and consumers
may have different responses to the same stimulus level, leading to
inaccurate test results originating from the non-objective judgments (Liu
et al., 2019). Moreover, microbial detection and spectroscopic methods
are limited for applications because of their tedious operation and
relatively high cost. Therefore, rapid and cost-effective detection tech-
niques to monitor the freshness and quality of fish/meat have emerged
increasingly (Wu, Zhang, Chen, & Bhandari, 2021).

Colorimetric sensors on the packaging film have attracted great
attention because of their nondestructive way to monitor the freshness
of fish/meat without the need for sample pretreatment (Li, Lin, Wang,
Lv, & Li, 2019; Chang, Li, Hou, Duan, & Li, 2018; Li, Lin, Lv, Gai, & Li,
2020). Microbes contaminated fish/meat always releases total volatile
basic nitrogen (TVB-N), such as ammonia and amines produced from
protein decay, leading to pH increase in fish and meat and their pack-
aging environment (Ezati, Priyadarshi, Bang, & Rhim, 2021; Alamdari,
Forghani, Salmasi, Almasi, Moradi, & Molaei, 2022). Colorimetric sen-
sors designed on the packaging film known as intelligent packaging for
the visualization of pH change are popular for rapid detection of fish/
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meat spoilage (Liu et al., 2019). Chemical chromogenic dyes can rapidly
and visually monitor the freshness of packaging food based on pH-
responsive activities (Chen, Zhang, Bhandari, & Guo, 2018). Cao et al.
prepared an anchored bromothymol blue (BTB) film for the freshness
monitoring of chicken and pork (Cao, Sun, Zhang, Liu, Li, & Wang,
2019). BTB as pH-sensitive dye was also incorporated into hydrogel as
an indicator for the detection of TVB-N/pH during pork storage at 4 °C
based on color change (Sutthasupa, Padungkit, & Suriyong, 2021).
Obvious pH responsive color change of BTB demonstrated the good
potential of BTB dye-based sensors for real-time indication of meat
spoilage. These non-direct-contact colorimetric sensors effectively avoid
dye migration and potential second pollution (Liu et al., 2022). How-
ever, they can only sense volatile substances in the packaging head-
space, and often give delayed information.

Direct-contact sensor provides real-time and accurate information to
judge the fish and meat spoilage. Kim et al. developed a bromocresol
purple dye-based colorimetric sensor with pH-responsive activity to
monitor the freshness of chicken breast meat by direct surface contact
(Kim, Lee, Lee, Baek, & Seo, 2017). The bromocresol violet dye was
immobilized within high moisture-absorbing materials including poly-
vinyl alcohol, and exhibited color change from yellow to blue and finally
purple to point spoilage of chicken breast meat. Direct-contact colori-
metric sensors with high absorption efficiency and good safety are still
urgently required.

Microneedle (MN) patches, containing an array of miniaturized
needles, have emerged as promising tools for biomedical applications,
such as drug delivery, biomarker detection, and health monitoring (Rad,
Prewett, & Davies, 2021; Yang et al., 2021; Dixon et al., 2021). Swel-
lable hydrogel-based MN arrays extract biomolecules in blood and
interstitial fluid within a few minutes or even seconds. They also can be
applied to extract target analytes from food samples (Li, Feng, Wang,
Liu, Chen, & Fu, 2021). Silk fibroin is a non-toxic and edible natural
polymer with excellent mechanical strength and high hydrophilicity
(Kim et al., 2018). Meth acryloyl functionalized silk fibroin meth
acryloyl (SilMA) is more apt to be crosslinked than silk fibroin under UV
light to improve its stability and mechanical strength for MN patch
preparation (Bae, Kim, & Park, 2020). However, no MN patch using
SilMA as raw material has been reported for monitoring the change of
TVB-N/pH during fish/meat storage.

Herein, we report the exploration of SilMA as the substrate and BTB
as the chromogenic agent to fabricate a colorimetric MN patch (BTB/
SiIMA@MN) for pH-responsive detection of packaged salmon spoilage
without unpacking and pre-treatment. The tips of BTB/SiIMA@MN
patch enable penetrating the packaging film to sample fluid deep in
salmon tissue, allowing fluid to flow into the chromogenic dye reservoir
of backing layer in patch. pH variation in connection with the freshness
of salmon is indicated by the color change of BTB from yellow to
yellowish green and to final green. Furthermore, the RGB values in the
pictures of chromogenic MN patches are quantitatively analyzed with
the Color Coll APP on a smart phone, giving a good linear relationship
with TVB-N content. The proposed MN patches can accurately and
conveniently indicate fish spoilage in real-time and on-site, showing
great potential for food safety application.

2. Materials and methods
2.1. Materials

SilMA and lithium phenyl (2,4,6-trimethylbenzoyl) phosphinate
(LAP) came from Engineering for Life Intelligent Equipment (Suzhou,
China). Polydimethylsiloxane (PDMS) mold (12 mm x 12 mm in size, 8
x 8 MNs conical cavity array with 1500 um in height, 550 pm in
diameter of the base) was from Taizhou Microchip Medical Technology
(Taizhou, China). Horseradish peroxidase (HRP) lyophilized powder
was from Shanghai Maclin Biochemical Technology Co. (Shanghai,
China). Hydrogen peroxide (H202, 30 %) was obtained from Sinopharm
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Chemical Reagent (Shanghai, China). Atlantic salmon (Salmo salar)
samples were purchased from Shenzhen Feng Xian Food Co. (Shenzhen,
China). Ultrapure water was purchased from Wahaha Group Co.
(Hangzhou, China). All reagents were of analytical grade and used
without further purification.

2.2. Preparation of BTB/SiIMA@MN patch

2.2.1. Preparation of SilMA hydrogel solution

LAP (0.05 g) as light initiator was dissolved in ultrapure water (20
mL) and LAP solution (0.25 %, w/v) was obtained after shaking at 45 °C
for 30 min. Then, SilMA (0.07 g) was added to LAP solution (1 mL) in
polyethylene tube and placed at room temperature for 1 h for complete
dissolution to obtain 7 % (w/v) SilMA hydrogel solution.

2.2.2. Fabrication of MN patch tips

SilMA hydrogel solution (250 pL, 7 % w/v) was added to the PDMS
mold and the foam was removed under negative pressure (1.0 MPa) with
a vacuum drying chamber (DZK-K50B, Darth Carter, China) at 35 °C for
5 min. The excess surface hydrogel solution was also removed. The so-
lution in PDMS mold was concentrated and dried in a thermostatic blast
oven (DGT-TG80, Darth Carter, China) at 37 °C for 6 h. The above
procedure was repeated for 3 times to fill the tip microcavity with
hydrogel. Finally, the hydrogel in the tips was irradiated with a hand-
held UV lamp (254 nm) for 150 s and the mold was taken out to obtain
photocurable MN tips.

2.2.3. Fabrication of backing layer in MN patch

BTB (0.1 g) was fully dissolved in 20 % ethanol solution to obtain
BTB solution (0.1 %, w/v). BTB solution (400 pL) and water (330 uL)
were added to SilMA (0.07 g) in a polyethylene tube to make SilMA
completely dissolve. Then, HRP (135 uL, 150 U/mL) and H302 (135 pL,
100 mM) were severally added to above solutions to obtain BTB
hydrogel solution (0.04 %, w/v). BTB hydrogel solution (200 uL, 0.04 %,
w/v) was dripped onto the mold containing the as-prepared MN tips and
the mold was dried at 37 °C for 12 h. Then, the mold was peeled to
obtain colorimetric hydrogel BTB/SiIMA@MN patch.

2.3. Characterization of BTB/SilMA@MN patch

2.3.1. Surface morphology
The morphology of the prepared MN patches was observed on a
stereomicroscope (SGO-SZMN45TRB4, KWONG KUK, China).

2.3.2. Mechanical properties

The mechanical properties of MN tips prepared with different SiIMA
concentrations were analyzed on a texture analyzer (TA-XT PLUS, Stable
Micro System, UK). Probe was selected P/25. Parameter setting: The
measurement mode and option were gel; the force sensor approached
tips at the speed of 1 mm/s; the force measurement started when the
sensor touched the tips, the measurement rate was 0.2 mm/s; and the
measurement ended when the sensor moved 0.5 mm; triggering force
was 5 g.

2.3.3. Water absorption

Gelatin hydrogels (3 %, w/v) were prepared by dissolving gelatin
(3.0 g) in ultrapure water (100 mL) at 60 °C. Then, gelatin solution was
poured on a petri dish and solidified at room temperature for 12 h (Sun
et al., 2021). Finally, the dried MN tips were inserted into the gelatin
with an appropriate pressure, and the MNs water absorption changes
were recorded every 2 min. The water on tip surface was absorbed using
absorbent paper, and weight was recorded after placing on filter paper.
The water absorption was calculated using equation (1):

Water absorption% = [(M - M) / Mp] x 100 (@D)]
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Fig. 1. Schematic illustration for the preparation and application of BTB/SiIMA@MN patch for visual monitoring of salmon freshness.

where My was the dry weight of MN tips before the tips inserted into the
gelatin, and M was the total weight of MN tips after insertion into the
gelatin.

2.3.4. Color pictures

Photos were taken with a mobile phone (iPhone 12 Pro Max, Apple
Computer Inc, America). The average RGB pixel intensities were
collected on mobile phone application “Color Coll” (I0S operating sys-
tem) and analyzed with the Adobe Photoshop CC 2019 software.
Normalized R’, G/, and B’ values were calculated using the following
relationships: Rx' = Rx/Ryp, GX' = Gx/Gyp, and Bx' = Bx/Byy, respec-
tively, where “x” represented the data obtained at a certain time and
“wb” represented the data obtained in white background (Park, Baynes,
Cho, & Yoon, 2014), “0” represented the data obtained from hydrogel
without adding buffer solution. Then, the color difference of the
hydrogel was calculated as the formula (2) (Lee, Baek, Kim, & Seo,
2019) and the linear relationship was compared:

Color difference (RGB) = [(Rx" - R¢)? + (Gx’ - G¢')* + (Bx’ - Bo)?1"? (2)

2.4. Detection of salmon spoilage with BTB/SilMA@MN patch

Salmon samples (back tissue and muscle, 5 g) were placed in glass
petri dishes and sealed with food plastic wrap. Samples were stored at
0 °C and 4 °C for 10 days. The tips of BTB/SiIMA@MN patches pierced
into plastic wrap and inserted on the salmon tissues. The color changes
were recorded as smartphone photography every day without taking
down the patches. After storing at 0 °C and 4 °C for 10 days, new BTB/
SiIMA@MN patches were pasted on the salmon samples across the
plastic films. Pictures were taken on the smartphone every 2 min.

The pH values of salmon samples were recorded on a digital pH
meter (ST3100, OHAUS, USA). Samples (2 g) were firstly blended with
ultrapure water (20 mL) using a high-speed dispersing machine (T18
digital ULTRA-TURRAX, IKA, Germany) to homogenize for 3 min. All
tests were performed in triplicate.

The TVB-N levels of salmon samples were tested according to the
method of Ding et al. (Ding, Li, & Li, 2014). The homogenized salmon
samples (5 g) were crushed with a meat grinder. Then, MgO (0.5 g)
powder was added into the digestive tube and fully mixed with the
salmon samples. Finally, the digestive tube containing the prepared
salmon samples was connected to automatic Kjeldahl nitrogen analyzer

(K9840, Hanon, China) for automatic analysis. The distillate was
collected in a conical flask containing boric acid solution (30 mL, 20 g/
L), the mixed indicator (12 drops) consisting of methyl red ethanol so-
lution (2 drops, 1 g/L) and bromocresol green ethanol solution (10
drops, 1 g/L). The TVB-N value of the boric acid solution was titrated
with hydrochloric acid solution (0.01 M). The analysis was repeated
three times to calculate the TVB-N level, expressed as mg/100 g.

The total viable count (TVC) of salmon samples were tested ac-
cording to Zhu et al. (Zhu, Gao, Gao, & Sun, 2018). In brief, a piece of
sample (1 g) was homogenized in 9 mL phosphate buffer saline solution
(PBS) (pH 7.2) for 2 min. The homogenized sample solution was diluted
ten times with PBS and dispersed on Luria Bertani Broth Agar plates.
Then, the plates were incubated at 37 °C for 72 h. The colonies were
counted and expressed as lg CFU/g. The tests were performed in
triplicate.

2.5. Data analysis

Measurement of each property for samples was performed in tripli-
cate with individually prepared samples as the replicated experimental
unit, and the results were presented as mean standard deviation (SD).
Curve Fitting was carried out by existing mathematical models
embedded in the Origin 2021 software (Origin Lab Co., Northampton,
MA, USA).

3. Results and discussion
3.1. Preparation and characterization of BTB/SiIMA@MN patch

Fig. 1 illustrates the preparation of BTB/SiIMA@MN patch. PDMS
mold (12 mm x 12 mm in size, 8 x 8 MNs conical cavity array with
1500 pm in height, 550 pm in diameter of the base) was used for MN
patch preparation not only to enable the tips of MN patch to penetrate
the plastic wrap and extract enough interstitial fluid from the fish tissue
but also to make the MN patch portable and low cost with short prep-
aration time. To achieve rigid and safe MNs for penetrating through the
food cling film, SiIMA was used as the substrate due to its naturally non-
toxic property and enough mechanical strength after curing. The MN
tips were solidified under 254 nm UV irradiation. The MN backing layer
was cured using crosslinking agents (HRP and H03) to avoid the
destruction of UV light on BTB. The as-prepared MN patches were
translucent yellow and took regularly arranged MN array (Fig. 2a-c).
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Fig. 2. (a) Photograph of dye-free MN patch; (b) Photograph of the as-prepared BTB/SiIMA@MN patch; (c) Microscopy image of BTB/SiIMA@MN patch; (d) Local
magnified microscopy image of three needle tips in BTB/SiIIMA@MN patch; (e) Mechanical properties of MN tips with 5%-10% SilMA; (f) Water absorption of MN

tips with 5%-10% SilMA.

The yellow color of BTB/SiIMA@MN patch was a bit deeper than the MN
patch without BTB dye (Fig. 2a, b). The MN array consisted of 8 x 8
conical needles (Fig. 2c). The needle tips showed an average size of
1140.6 + 15.6 um in height and 520.3 + 3.5 um in diameter (Fig. 2d).

3.2. Mechanical properties of BTB/SilMA@MN patch

To penetrate wrapping packaging with a sufficient mechanical
strength, MN patches with different SilMA concentrations (5-10 %, w/v)
were prepared and tested. The force-displacement curve of MN patch is
shown in Fig. S1. The force was recorded until the displacement of the
moving sensor descended by 0.5 mm. The mechanical strength increased
with the SilMA concentration up to 7 % w/v, then decreased with a
further increase (8-10 %) of the SilMA content (Fig. 2e). The tolerable
force of each needle in all patches was above 0.50 N. The needle tips of
MN patch with 7 % SiIMA could bear the highest force of 1.59 N because
the SilMA fully filled the gap in the hydrogel, making the MNs most
compact (Yan et al., 2021). The needle tips prepared under this condi-
tion were strong enough to penetrate food cling film without breaking
(Fig. S2a, S2b). However, when SilMA concentration exceeded to 8 %,
MN patches exhibited fracture or plastic failure, and the tolerable forces

of needles dropped down. With the increase of SilMA concentration,
p-sheet structure of silk fibroin hydrogel increased, inducing the in-
crease of the MN brittleness (Barroso, Man, Villapun, Cox, & Ghag,
2021; Zhao, Zhu, Guan, & Wu, 2021). The result exhibited that BTB/
SiIMA@MN patch prepared with 7 % SilMA concentration could
perform best performance on the mechanical strength.

3.3. Water absorption of BTB/SilMA@MN patch

To present wonderful color response performance, water absorption
as an important feature of MN patches with different SilMA concentra-
tions was further tested. With the increase of SilMA concentrations from
5 % to 10 %, the water absorption capacity of BTB/SilMA@MN patches
first increased and then decreased, which was consistent with the results
of Cheng et al. (Cheng, Tao, Qi, Yin, Kundu, & Lu, 2021) (Fig. 2f). Water
absorption ability reached the highest when the SilMA concentration
was 7 % for the same reason for mechanical strength. Moreover, water
absorption of the MN patch was almost completed within 6 min, and
tended to be gentle after 8 min. Thus, the MN patch with 7 % SilMA
concentration could extract fluid quickly in 6-8 min for sampling.
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Fig. 3. (a) Color change of BTB-loaded hydrogel with pH. Linear relationships between RGB signals of hydrogel pictures and pH values ranging from 6.2 to 7.8: (b)
SilMA hydrogel with 0.02% BTB; (c) SilMA hydrogel with 0.03% BTB; (d) SilMA hydrogel with 0.04% BTB; (e) SilMA hydrogel with 0.05% BTB.

3.4. Optimization of BTB concentration for backing layer

The color of BTB solution changed from yellow to green and final
blue with pH from 5.4 to 7.8 (Fig. S3a). Different UV-vis absorption
spectra of the BTB solutions with two absorption peaks were observed at
various pH values (Fig. S3b). The pH-sensitive intensity and position of
the two absorption peaks of the BTB solution changed with pH, indi-
cating that BTB is an ideal indicator for making colorimetric MN
patches.

To optimize the BTB concentration in backing layer for preparing
BTB/SiIMA@MN patch, SilMA hydrogels with different BTB concen-
trations (0.02 %-0.05 %, w/v) were prepared and exposed to buffer
solutions at various pH values (5.2-8.0). The color change of BTB-loaded
hydrogel from yellow to green was clearly visible in different pH buffers
(Fig. 3a). The BTB-loaded hydrogel showed bright yellow at pH 5.2-6.2,
light green at pH 6.4-7.4, and dark green at pH 7.6-8.0. The color dif-
ference of the hydrogel depended on BTB concentration. Linear rela-
tionship between color parameter (RGB value) of BTB-loaded hydrogel
and pH is shown in Fig. 3b—e. The biggest slope of linear equations was
observed in Fig. 3d which originated from 0.04 % BTB-loaded hydrogel,
indicating the most obvious color changes compared with other BTB-
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Fig. 4. (a) pH change of salmon during storage at 0 °C and 4 °C for 10 days. (b)
TVB-N value of salmon stored at 0 °C and 4 °C for 10 days.

loaded hydrogels (Liu et al., 2022). BTB concentrations over 0.05 %
were not tested because the coagulability of hydrogel became worse.
Therefore, 0.04 % BTB was opted as the experimental concentration.
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3.5. Application of BTB/SiIMA@MN patch for the detection of salmon
spoilage

The color changes originating from BTB chromogenic dye of the
BTB/SiIMA@MN patch were caused by pH variation of salmon tissues
due to TVB-N production. Thus, changes of pH, TVB-N, and some other
properties were first discussed.

3.5.1. pH, TVB-N, TVC and other chemical and physical changes

Fig. 4a shows the pH change of salmon samples with time during
storage. The initial pH of the salmon was 6.41 on day 0. After storage at
4 °C for 3 days, pH value reduced to 6.29 because glycolysis produced
lactic acid accumulation. The pH increased to 6.46 and 6.73 after stor-
age for 6 and 10 days, respectively, as a result of the production of
ammonia and amines from protein decomposition (Moon, Kim, Xu, Na,
Giaccia, & Lee, 2020). For the salmons stored at 0 °C, the pH decreased
to the lowest 6.35 at day 4 and exceeded its initial pH value on day 9.
Then, the final pH increased to 6.49 after 10 days storage. This trend in
pH change of salmon is consistent with the results obtained by Ding et al
(Ding, Li, & Li, 2014). Therefore, it is not accurate to use pH value for the
detection of the salmon spoilage due to both pH decrease and increase
could happen in storage. Thus, TVB-N and TVC were further detected.

TVB-N is the summation of ammonia, dimethylamine, trimethyl-
amine and other basic nitrogenous substances produced after fish/meat
spoilage (Prabhakar, Vatsa, Srivastav, & Pathak, 2020). TVB-N value is

generally used as a quality indicator of fish/meat putrefaction
(Fernandez-Segovia, Fuentes, Alino, Masot, Alcaniz, & Barat, 2012).
According to Commission of the European Communities, a TVB-N value
of < 25 mg/100 g is considered as the acceptable limit for good-quality
fish (European Commission, 1995). Specifically speaking, fish/meat
with TVB-N value > 20 mg/100 g is considered spoiled, 15-20 mg/100 g
is medium fresh but cooking edible, and < 15 mg/100 g represents fresh
on the basis of previous report (Guo et al., 2020). Fig. 4b shows the
change of TVB-N value in salmon during storage at 0 °C and 4 °C. The
initial TVB-N value of salmon samples was 8.4 mg/100 g and the sam-
ples were identified as fresh. The TVB-N content gradually increased
from the initial 8.4 mg/100 g to 20.5 mg/100 g on day 7 at 4 °C, indi-
cating spoilage of salmon. However, the TVB-N content reached the
maximum value of 15.0 mg/100 g at 0 °C after days storage, exhibiting
the salmon samples were almost close to medium fresh.

TVC is a commonly used index to evaluate the degree of microbial
contamination of aquatic products. According to the regulation of the
International Committee on Microbiology for Food for raw salmon, the
TVC of edible raw salmon should be < 5 Ig (CFU/g) (Ding, Li, & Li,
2014). Fig. S4 shows the TVC gradually increased from the initial 3.521g
(CFU/g) to 5.26 1g (CFU/g) on the 7th day at 4 °C, indicating the salmon
was inedible after a 7-day storage at 4 °C. However, the TVC reached the
maximum value of 4.65 1g (CFU/g) on the 10th day after storage at 0 °C,
exhibiting the salmon samples were still medium fresh after a 10-day
storage at 0 °C. Meanwhile, the freshness classification of salmon
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Fig. 6. Linear relationship between the RGB signal and TVB-N value of pack-
aged salmons stored at 4 °C for 0, 2, 4, 6, 8, 10 days.

evaluated by TVC was consistent with the results of TVB-N.

The texture and histamine content of salmon stored at 0 and 4 °C for
10 days were also tested to evaluate the freshness of salmon (Feng,
Zhang, Liu, Liu, & Zhang, 2020). The hardness, elasticity, chewiness and
resilience of salmon all declined with the increase of storage time
(Fig. S5). The histamine was 41.9 mg/kg of salmon stored at 4 °C on day
6, and increased to 54.2 mg/kg on day 7 (Fig S6), exceeding the limit
value of histamine content (50 mg/kg) set by FDA (Surowka, Rzepka,
Ozogul, Ozogul, Surowka, & Ligaszewski, 2021). These results are in
good agreement with the above TVB-N values for distinguishing
whether the fish spoiled.

3.5.2. Color change of BTB/SiIMA@MN patch

BTB/SiIMA@MN patch was inserted into salmon to indicate fresh-
ness/corruption using color displaying without destruction of packaging
film (Fig. 5a). To test the color response of BTB/SiIMA@MN patch for
the detection of salmon spoilage in a rapid time, the patches were pasted
on salmons stored at 0 °C and 4 °C on day 10 and color changes were
recorded every 2 min. As shown in Fig. 5b. the RGB signal of color
pictures obviously increased in the first 6 min and stabilized in the range
of 8-20 min both for salmons stored at 0 °C and 4 °C, showing the MN
patches could completely extract the liquid from the salmon sample at 8
min. When the MN patches were inserted on salmon, color changes
indicating freshness/spoilage of samples could be realized quickly. The
color of MN patch pasted on the salmon stored at 4 °C was initially
yellow, indicating salmon fresh (Fig. 5c). Then, the color became deep
yellow at day 3-4 and yellowish green at day 5-6. This stage was
considered medium fresh. Finally, the color became green on day 7 and
the green color sustained to the 10th day, representing spoiled and
inedible fish. In addition, the color of MN patches on salmon stored at
0 °C on day 0-8 remained yellow and gradually changed to light green
on day 9-10, stating the salmon were fresh for up to 8 days stored at
0 °C. The results show that the BTB/SiIMA@MN patch could be used as a
convenient colorimetric sensor for indicating salmon spoilage.

3.5.3. Correlation between color difference of BTB/SilMA@MN patch and
TVB-N value

Fig. 6 shows the correlation between the RGB values calculated from
color pictures of BTB/SiIMA@MN patches and TVB-N value of salmon
samples along with linear dependence model and the correlation coef-
ficient (R?). It is evident that a strong and positive correlation between
the RGB values of the MN patch and the TVB-N values in salmon stored
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for 10 days. The results proved the colorimetric sensing ability of BTB/
SiIMA@MN patch for pH change originating from the increase of TVB-N.
In other words, BTB/SiIMA@MN patch can be a colorimetric indicator
for indirect detection of TVB-N and the spoilage of packaged salmon.

4. Conclusion

In conclusion, we have developed colorimetric BTB/SiIMA@MN
patch using BTB as chromogenic dye and SilMA as hydrogel matrix for
the detection of packaged salmon spoilage. The developed BTB/Sil-
MA@MN patch exhibits strong mechanical strength and water absorp-
tion in the needles, allows easy penetrating food cling film and
transporting inner food fluids to the backing layer in 8 min. The color
change of BTB/SiIMA@MN patch depends on the pH variation resulting
from TVB-N increase in salmon during storage. Three stages (fresh -
medium fresh - spoilage) of salmon freshness can be clearly distin-
guished from distinct color changes of the developed BTB/SiIMA@MN
patch. The developed BTB/SiIMA@MN patch allows rapid detection of
spoilage of packaged salmon with a mobile phone as detector in a
nondestructive way, and shows great potential in food safety
application.
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