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Abstract:

A novel and low-cost micro-sensor with a diameter of 12 pm was developed
based on Titanium dioxide-Polyaniline/Silk fibroin fiber (TiO2-PANI/SFF).
TiO2-PANI composites were deposited on surfaces of SFFs by in-situ polymerization.
The microfibers were characterized by Scanning electron microscopy (SEM), Energy
dispersive spectrometer (EDS), Raman spectrometer, Fourier transform infrared
(FTIR) spectroscopy and X-ray diffraction (XRD), and the formation mechanism of
them was illustrated in detail. With ammonia (NH3) as model gas, the TiO2-PANI/SFF
micro-sensor showed good sensing performance with response value of 0.82 and
response time of 10 s to NH; of 100 pg/L. When the micro-sensors were applied for
pork freshness evaluation, the output response values showed good correlation with
the total volatile basic nitrogen (TVB-N) levels in pork (R?=0.990), and the
discriminant results of the micro-sensors for pork freshness based on linear
discriminant analysis (LDA) showed the prediction accuracy of calibration and
prediction set was 90.73% and 86.38%, respectively, which indicated the great

potential of TiO2-PANI/SFF micro-sensor for pork freshness evaluation.
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1. Introduction

Achieving accurate and rapid detection of meat freshness is one of the major
challenges for meat industry [1]. Quality of pork decreases rapidly during
transportation and storage because of bacterial growth and enzymatic actions [2, 3],
which may cause poor food taste or even food poisoning. The traditional methods for
evaluating pork freshness include sensory test, chemical analysis and viable bacterial
counts [4-6]. Sensory test is a rapid method, but it’s not reliable when meat freshness
changes slightly. Both chemical analysis and viable bacterial counts are objective
methods, but they are time-consuming and couldn’t be competent with modern
industrialization process. Therefore, development of new fast, low-cost and accurate
method for evaluation of pork freshness is of great significance.

Gas sensing technology has been playing an increasingly important role due to
their promising applications in many fields such as medical diagnosis, monitoring of
environmental pollutants and human health and safety [7-9]. Moreover, it could be
applied to the evaluation of meat freshness. Volatile amines, including ammonia,
histamine, tyramine, tryptamine and putrescine, etc., are produced by protein
decomposition of pork because of microbial spoilage and biochemical reactions [10,
11]. These volatile amines constitute the total volatile basic nitrogen (TVB-N) which
are closely related to meat freshness [6]. It might be possible to relate the freshness of
pork with the concentration of volatile amines so as to make prepared sensors as
indicators to evaluate pork freshness. There have been several studies attempting to
marry meat freshness with the presence or concentration of certain substance emitted
by meat [12-14]. For example, Cheuk-Fai Chow et al. [15] successfully applied
Re(I)-Pt(II) sensor to detect CH3SCH3 in real rotten pork with a linear luminometric
response up to 20.0 mg-kg ! (R = 0.997) and the detection limit as 0.05 mg-kg .
Naomi Funazaki et al. [16] presented a semiconductor gas sensor based on
Rh-La;03-In203 showing excellent sensitivity and selectivity to ethyl acetate
produced in the initial bacterial putrefaction of meat at 300 °C. These studies
confirmed the reliability of gas sensors for assessing freshness of meat. However, the
prepared sensors based on these studies are often complicated to fabricate, high cost
or environmentally harmful as the rare metal was used in their sensors. Therefore, it is
highly desirable to develop a micro-size, cost-effective and eco-friendly sensor for the
evaluation of meat freshness.

Polymer-metal oxide based composites have recently attracted extensive
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attention due to their unique properties of catalytic activity [17], photocatalytic
activity [18] and gas sensitivity [19]. Polyaniline (PANI), a kind of polymer with
conjugated electronic structure, has been widely applied to the development of
various devices on account of its good environmental stability and unique properties
such as electrochemical, electroluminescence, redox behavior [20-22]. TiOz, a typical
n-type semiconductor, has also received extensive studies in gas detection because its
electrical resistance has a strong dependence on the concentration of surrounding
gases [23]. Previous study has reported gas-sensing performance of polymer-metal
oxide (n-type) based sensor could be greatly improved owing to the P-N junction
presenting in their backbones [24]. Accordingly, the synergetic effect of TiO2-PANI
may show great gas-sensing property over conventional sensors based on nanometal
oxides. Unfortunately, the applications of polyaniline based sensors are restricted for
poor mechanical property and low processability of polyaniline [17].

Natural silk provides a way to solve the above problems due to its excellent
characteristics. Natural silks produced by silkworm have unique structure as shown in
the supplementary information (Fig. S1 (a) and (b)), Silk fibroin fiber and sericin
protein are the main components of natural silk [25]. Owing to the water solubility of
sericin protein, natural silks have to be degummed before use. As shown in Fig.S1 (c)
and (d), silk fibroin fiber contains a large number of amino acid residues providing
great potential for surface modification of silk fibroin fiber [26, 27], and the past
reports have confirmed that the main components of silk peptides could be endowed
with a great number of in situ active sites [28, 29]. In addition, silk fibroin fibers in
size of about 10 pm not only ensure the convenience for further processing and
assembly, but also meet the needs for miniaturization. Therefore, silk fibroin fiber
provides a great potential for the fabrication of low-cost and micro-size gas sensor.

The aim of this study is to develop a cost-effective and eco-friendly microfiber
sensor for ammonia detection and pork freshness evaluation. TiO2-PANI
nanocomposites were firstly deposited on the surfaces of silk fibroin fibers by in-situ
polymerization. The obtained composites were characterized in detail and then
applied as the gas sensors. The performances of the prepared TiO>-PANI/SFF
micro-sensors were evaluated by detecting ammonia gas at room temperature. Finally,

the prepared sensors were applied to evaluate pork freshness.
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2. Experimental
2.1. Materials

Cocoons of silkworm were supplied by Zhejiang textile Co., Ltd. (China).
Sodium carbonate (Na;COs, 99.8%), P25 titanium dioxide powder (TiO2, 95%),
sulfuric acid (H2SO4, 98%), ammonium persulfate (APS, 98%), trimethylamine
(TMA, 33%) and ammonium hydroxide (NH3*H2O, 25~28%) were purchased from
Sinopharm Chemical Regent Co., Ltd. (China). Aniline was purchased from Aladdin
Chemical Reagent Co., Ltd and distilled under reduced pressure before use. High
purity air was purchased from Jiangsu Thorpe Co., Ltd. (China). Fresh pork was
bought from Auchan supermarket. (Zhenjiang, China). Double distilled water was

used to prepare all solutions.

2.2. Preparation of TiO2-PANI/SFF sensor
2.2.1. Preparation of silk fibroin fibers

Silk fibroin fibers were obtained by degumming method removing the sericin
proteins from silkworm cocoons. The degumming process was carried out through
boiling the cocoons in 0.05 M Na>COs solution for half an hour. Then double distilled
water was used to wash the degummed SFFs thoroughly. The obtained SFFs were

dried in a vacuum at 40°C for 12h and stored in the dark at room temperature.
2.2.2. Preparation of TiO>-PANI/SFF microfiber

TiO2-PANI/SFF microfibers were prepared by in-situ polymerization technique.
Specifically, 0.15 g of SFFs were dispersed in 0.5 M H>SO4 solution (40 mL)
containing different amount of TiO> nanoparticles with magnetic stirring for 0.5 h,
followed by the addition of 182.4 pL of aniline dissolved in 0.5 M H2SO4 (10 mL)
with magnetic stirring for 20 min. Then the in-situ polymerization of aniline was
initiated by dropwise adding 0.456 g APS dissolved in 0.5 M H2SO4 (50mL) into the
above solution. The whole synthesis process was carried out in ice/water bath at 0 °C
for different hours with magnetic stirring. At last, the prepared composite was washed
and filtered for five times with distilled water and then dried for 12 h at 40 °C.

2.3. Characterization

The morphologies of composite microfibers were characterized using a scanning
electron microscope (SEM, S-4800, Hitachi, Japan). Energy scattering pattern were
obtained using X-max EDS spectrometer (Oxford, UK). Raman spectra were

investigated using a microscopic confocal Raman spectrometer with 532 nm laser
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excitation (ThermoFisher, USA). The structure changes of prepared materials were
studied by a Thermo Scientific Nicolet iS50 FT-IR Spectrometer (ThermoFisher,
USA). The XRD patterns were obtained from a Rigaku Miniflex 600 powder
diffractometer (Cu Ko radiation, 40 kV 15 mA) with a D/Tex Ultra 250 1D CCD
detector.

The volume conductivity ¢ was calculated as follows [30]:
4L
o=—">F—
#D*[R

Where o, R, D and L is the conductivity (S/cm), resistance (), diameter (cm) and

(1)

length (cm) of prepared fiber samples, respectively. The conductivity was calculated
by repeatedly measuring the resistance of samples five times via 2-probe method at
room temperature using a digital multimeter (Agilent 34410A, USA). The length (L)
of prepared fiber samples was 0.5 mm. The diameter of fibers was about 12 um seen

from SEM morphologies of prepared materials.
2.4. Fabrication of TiO2-PANI/SFF micro-sensor

A simple fabrication strategy was used to assemble TiO,-PANI/SFF micro-sensor.
Briefly, conductive silver adhesive was utilized to weld a single composite microfiber
onto both ends of positive and negative electrodes of a flexible flat cable (FFC,
spacing of 0.5mm) with the help of an optical microscopy. The photo of the FFC cable

and the details of the prepared sensor were shown in Fig. 1 (a), respectively.
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Fig. 1 (a) the photo of the FFC cable and the details of the prepared micro-sensor; (b) Schematic diagram of

sensors' performance testing setup.

2.5. Performance testing of the prepared micro-sensors

Gas-sensing performances of the prepared micro-sensors were studied by a
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home-made system at room temperature of 25 °C as shown in Fig. 1 (b). Teflon
tubing was used as the connection pipeline. Pure air was employed to vent 30 min at a
speed of 2 L/min to purify the whole test device before testing. During the test, a
certain amount of liquid volatile ammonia was injected into the gas chamber by using
a micro-injector, and then the fan was opened for 2 h to make injected liquid
evaporate completely and mix evenly. Mixed gases could enter into the test chamber
by controlling switching state of the needle valves. Resistance of a sensor was

measured by a multimeter at 2 s intervals.

The concentration of ammonia in gas phase was controlled by controlling the
injection amount. The concentration of target gas was calculated by the following
formula [31],

_22.4% p*d*V,
M *V,

C 2)

where C (ppm) is the target gas concentration, p (g/mL) is the density of the liquid, d
is the purity of the liquid, Vi (uL) is the volume of the liquid, V2 (L) is the volume of
the glass chamber, and M (g/mol) is the molecular weight of the liquid.

The response value of sensor was defined as:

R—-Ro
Ro

S=

3)

Where R is the resistance when the sensor was exposed to testing gases, Ro is the

resistance of the sensor in pure air.

2.6. Evaluation of pork freshness

In order to examine the feasibility of the fabricated TiO2-PANI/SFF
micro-sensors, a piece of fresh pork was cut into pieces of 10 g, and then they were
stored separately in test chambers at 4 °C. In the following seven days, two parts of
pork samples were prepared to test response values of the sensor and determine the
content of TVB-N in pork every day, respectively. TVB-N, as a traditional indicator of
pork freshness, could well reflect the degree of protein decomposition in pork [6, 32].
Response values of the prepared micro-sensors were measured by a home-made
system as shown in Fig. S2 (a), and the test steps of pork freshness evaluation was
illustrated in detail in the document of “Supplementary Material”. TVB-N content in

pork was determined by a steam distillation method according to the previous
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literature [33]. All results are the average value of five times repetition to same
sample. The correlation between the response values and TVB-N contents was fitted
through the curve fitting to verify the correlation between them. Linear Discriminant
Analysis (LDA), constructing discriminant functions through linear combination of
labeled data, is one of the most widely used supervised classification procedure [34].
In this study, LDA was applied to verify the feasibility of the prepared micro-sensor

used in the prediction of pork freshness.

3. Results and discussion
3.1. Characterization of TiO2-PANI/SFF microfiber

Morphologies of the silk fibroins coated with different nanomaterials including
PANI, TiO2-PANI were characterized by SEM images. As shown in Fig.2 (a), the
uncoated silk fibroins possessed quite smooth surfaces, and the diameters of silk
fibroins were about 12 um. Fig.2 (b) showed the surface morphology of silk fibroin
deposited with PANI. It can be observed there existed polyaniline lamellar structure
on the surface of silk fibroin. The growth of polyaniline layer may result from the
large number of amino acid residues of silk fibroins seizing the aniline monomer or its
polymer through hydrogen bonding and ionic bond. Fig.2 (c) and (d) were the SEM
images of TiO2-PANI/SFFs prepared by controlling the reaction time of 2 h and TiO-
amount of 0.025 g. The doping of TiO> had a significant effect on morphologies and
structures of the microfibers. The smaller TiO2 nanoparticles were agglomerated in the
presence of polyaniline, forming larger TiO2-PANI composite particle clusters. A large
number of polyaniline filaments with diameter of about 20 nm extended from the
surface of particle clusters, which could be a boost for binding the particle clusters to
the surfaces of silk fibroins. At last these particle clusters were randomly distributed
on the surfaces of silk fibroins, forming a layer of TiO2-PANI composite with a large

specific surface area.
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Fig. 2 SEM images of (a) SFF, (b) PANI/SFF, and (c-d) TiO2-PANI/SFF.

The incorporation of TiO2 nanoparticles on the polyaniline substrate was verified
by energy dispersive spectrum (EDS). As seen in Fig.3 (a), the titanium peak in the
spectrum confirmed the successful modification of TiO; onto polyaniline substrate.
The functional groups vibration of the composites was characterized by laser Raman
spectroscopy in Fig.3 (b). The characteristic peaks at 1163 and 1491 cm’! are
attributed to the stretching vibration of C=N double bond of quinoid structure from
PANI [35]. The peaks at 419 and 1594 cm™! exhibited the presence of benzene ring in
PANI [36, 37]. However, these peaks were not obvious in the silk fibroins spectra,

which confirmed the existence of polyaniline in the prepared composites.
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Fig. 3 (a) EDS, (b) Raman spectra, (c) FTIR spectra and (d) XRD patterns of SFF, PANI/SFF and TiO2-PANI/SFF.
The structure changes of prepared materials were studied by FTIR spectroscopy.

As Fig.3 (c) shows, the characteristic peaks for pure SFF occurs at 1643 cm™ (amide

1), 1520 cm™ (amide II), 1331 cm™ (amide III), 1163 cm™ (amide 1V), indicating the

existence of B -sheet structure in SFF [38]. The main characteristic FTIR spectra of

PANI/SFF shows the band at 1564 and 1501 cm™ ascribed to C=C and C=N
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(stretching vibrations of benzenoid and quinoid rings) of PANI, while a band at 1297
cm! is attributed to C—N stretching vibrations of benzenoid unit and that at 1095
cm! is assigned to C—O stretch [39]. TiO-PANI/SFF exhibits spectral information
similar to that of PANI/SFF. Remarkably, the peak for both amide I and amide II in
TiO2-PANI/SFF move to lower wave number (1564 cm™ and 1501 cm™), which
indicate that polyaniline has some interactions with peptide linkages in SFF
macromolecular chains[40].

Fig.3 (d) shows the XRD patterns of three types of fibers (SFF, PANI/SFF,
TiO2-PANI/SFF). Obviously the characteristic diffraction peak for the degummed
fibers occurs at 26 = 20.4°, which are corresponding to the -sheet structures in silk II
fibroin of SFF[41]. Compared with SFF, PANI/SFF and TiO>-PANI/SFF show fairly
large shifts in position of diffraction peak, confirming that the interaction of
polyaniline with the peptide linkages in SFF macromolecular chains[40]. According
to the previous work [40, 42, 43], hydrogen-bonding interactions between peptide
linkages and hydrogen atom on nitrogen atoms of PANI are considered to be main
interactions to anchor the PANI on SFFs while the electrostatic attraction may play a
secondary role.

According to the above analysis, the mechanism of TiO2-PANI/SFF preparation
was shown in Fig. 4. Firstly, the titanium dioxide was distributed uniformly in H2SO4
solution. When the aniline monomer and ammonium persulfate were added, the
aniline monomers were polymerized to form polyaniline on the surfaces of titanium
dioxide nanoparticles and silk fibroins, respectively. Then the titanium dioxide
nanoparticles coated with polyaniline were gradually agglomerated forming titanium
dioxide-polyaniline composite particles with diameter of about 2 pm. Meanwhile,
protonated amino groups of polyaniline backbones were combined with the amino
acid residues of silk fibroins, forming sheath structures on surfaces of silk fibroins.
After that, a large number of polyaniline filaments attached to silk fibroins were
further extended making the combination of TiO2-PANI composite particles and silk

fibroins more stable.
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Fig. 4 The mechanism of TiO2-PANI/SFF microfiber preparation.
3.2. Gas-sensing performance of TiO2-PANI /SFF micro-sensor

3.2.1. Optimization of TiO2-PANI /SFF micro-sensor

In order to obtain good gas-sensing performances of TiO2-PANI/SFF
micro-sensors toward volatile amines produced by pork spoilage, ammonia (NH3) was
selected as the simulation model gas to optimize performances of the prepared sensors.
In this study, two variables were considered during the optimization, i.e. TiO:
concentration and polymerization time.

Typical resistance transients of the TiO>-PANI/SFF micro-sensor toward NHs
were shown in Fig. 5 (a). When the sensor was exposed in NHs; gas, dramatic
resistance changes could be observed due to the deprotonation of polyaniline [44] as
following : PANI-H" + NH3; <>PANI + NH4". When NH3 gas was replaced with air,
the resistance gradually returned to its original state. Fig. 5 (b) showed transients and
changes of the response values of the TiO>-PANI/SFF micro-sensors prepared
respectively with 0.005 g, 0.015 g, 0.025 g and 0.05 g of TiO2 toward 100 pg/L of
NHj. Clearly, response values of the sensors increased with TiO2 amount rising from
0.005 g to 0.025 g, which may be ascribed to the synergies of the n-p junction
presenting in the backbones between titanium dioxide and polyaniline. However,
response values of the sensors decreased obviously with further increasing TiO»
amount, which could be explained by the fact that excessive TiO2 amount obstructed
the bonding between the target gas and inner composites of the sensors. A conclusion
from the Fig. 5 (b) could be drawn that the optimum amount of TiO» is 0.025 g for

improving ammonia sensing performances.
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Fig. 5 (a) Typical resistance transients of the TiO2-PANI/SFF micro-sensor toward NH3; (b) Transients and inset
(1) changes of the response values of the micro-sensors prepared respectively with 0.005g, 0.015g, 0.025g and
0.05g of TiO2 to 100 pg/L of NHs; (¢) Transients and inset (2) changes of the response values of the micro-sensors

prepared respectively with stirring time of 1h, 2h, 4h and 8h to 100 pg/L of NH3.

The transients and changes of the response values of the TiO,-PANI/SFF
micro-sensors prepared respectively with stirring time of 1 h, 2 h, 4 h and 8 h toward
100 pg/L of NH3 were shown in Fig. 5 (¢). With stirring time extending from 1 h to 8
h, response values of the sensors increased first and then decreased. When stirring
time was 2 h, the resultant TiO2-PANI/SFF sensor exhibited the best sensing
properties toward 100 pg/L of NH3 compared to the others. The most likely reason is
that an entire network of PANI is difficult to form on the surfaces of silk fibroins as
polymerization time is short. The response values decreased obviously when stirring
time was more than 2 h, which could be explained that the conjugated monomers are
apt to form conductive particles in the solution instead of attracting unceasingly on
the surface of fibers with polymerization time prolonged [40]. The conductivities of
obtained materials were measured to support the view. The results measured were:
3.16%10°, 7.37*102, 5.83*10* and 9.21*107° S/cm for 1, 2, 4 and 8 h, respectively. It
can be seen that the conductivities of the TiO,-PANI/SFF composites were the best
while the polymerization time was two hours, which support the validity of the

conjecture.
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3.2.2. Ammonia sensing performance

Fig. 6 (a) showed resistance transients of the TiO»-PANI/SFF micro-sensor
versus ammonia in the concentrations of 5-600 pg/L under the optimum conditions at
25 °C. The prepared micro-sensor showed good response-recovery characteristic.
When the sensor was exposed to ammonia, the resistance increased rapidly and
eventually reached equilibrium, the response time was about 10 s. When exposed in
the air, resistance of the sensor gradually returned to baseline, the recovery time was
about 280 s. Fig. 6 (b) showed response values of the sensor with ammonia
concentration increasing. The regression equation is
y=-0.0000069x>+0.00999x+0.00105 ( R>=0.991 ) . The summary table about
performance of reported PANI based sensors and the comparison between them and
our work was included in Table 1. Compared to reported works, the prepared sensor

has the advantages of faster response, wider detection range and speedy recovery.
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Fig. 6 (a) Resistance transients and (b) response values of the TiO2-PANI/SFF micro-sensor exposed to NH3 of
different concentration at 25 °C; (c) Resistance transients of the micro-sensor to 100 pg/L of NH3 for five times; (d)
Response values of the micro-sensor to several common reducing gases at 25 °C; (e) Response transients of the

same sensor to both ammonia and trimethylamine with the same concentration of 100 pg/L.

Table 1. Response (S), response time (71), recovery time (72), studied detection range (Dr), materials

(M) and measured temperature (7Tm) of the various NHs gas sensors.

Materials S Ti(s) Txs) Dr (ppm) Tu(°C) Authors
TiO-PANI/SFF  0.82(100 ppm) 10 280 5-600 25 This paper
PANI 0.96 (100 ppm) 122 1235 10-100 25 G.D.Khuspe et al.[45]
PANI-PSSA/TiO,  0.81(100 ppm) 60 120 10-100 25 QiangianLin et al.[46]
CSA-PANI/SnO;  0.91(100 ppm) 46 3245 10-100 30 G.D. Khuspe et al.[47]
PANI/rGO 0.59(50 ppm) - 240 5-50 25 X Huang et al.[48]
S, N:
GQDs/PANI 0.42(100 ppm) 115 44 1-1000 25 J.N.Gavgani et al.[49]
PANI/TiO, 1.67(23 ppm) 18 58 23-141 25 Tai et al.[50]
PANI/TiO; <0.5(100 ppm) 41 >500 20-100 25 SG Pawar et al.[51]
PANI/SnO, 0.72(100 ppm) >180 >420  10-100 25 G.D.Khuspe et al.[52]

3.2.3. Repeatability, stability and selectivity of TiO2-PANI/SFF micro-sensor

For practical application, reliability of a gas sensor depends largely on the
repeatability and stability of itself. Fig. 6 (c) showed resistance transients of the
prepared sensor toward 100 pg/L of NH3 for five times. From the resultant figure,
each response curve was basically similar, and the resistance could be restored to
initial state after each round of testing. The relative standard deviation of response
values for five times was 3.14% indicating great repeatability of the prepared sensor.
Subsequently, the stability of same sensor toward 100 pg/L of NH3 was studied for a
month. The results showed response value of the sensor was reduced to 88.1% of its
initial value after the 30" day indicating relatively long-term stability.

Excellent selectivity in detection of a target gas with presence of multiple gases
is another critical parameter. Several common reducing gases, including ammonia,

ethanol, acetone and methanol, were employed for testing response values of the
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prepared micro-sensor at room temperature as shown in Fig. 6 (d). The concentration
of each tested gas was kept at 100 pg/L. Clearly, the response value to ammonia was
0.82 while the sensor has little response to the other gases indicating high selectivity
of the prepared sensor toward ammonia gas.

It is reported that some toxic small molecular components will be produced
during storage of pork meat, such as ammonia, hydrogen sulfide, trimethylamine,
etc.[53]. Therefore, Trimethylamine, as a contrast to ammonia, was chosen to test
performance of the prepared sensor. Fig.6 (e) shows the response transients of the
same sensor to both ammonia and trimethylamine with the same concentration of 100
ng/L. Seen from Fig.6 (e), the prepared sensor has response of 0.29 to trimethylamine
while the response to ammonia is more than 0.8, indicating that the sensor has a

certain response to amines, but is more sensitive to ammonia.
3.3. Application of TiO2-PANI/SFF micro-sensor in pork freshness evaluation

Fig. 7 (a) showed the changes of TVB-N contents and response values of the
prepared micro-sensor to pork samples with prolonged storage time. Seen from the
graph, the sensor response values and TVB-N content had no obvious changes in the
first three days, and then both of them increased exponentially with further prolonging
storage  time of pork. The nonlinear fitting  equations  were
y=0.178*exp(x/3.823)-0.260 (R*=0.966) and y=11.240*exp(x/3.559)-12.0 (R*=0.967),
respectively. According to Chinese standard GB/T 5009.44, 2003 [33], TVB-N
content less than 15 mg/100g was regarded as fresh meat, content in 15-25 mg/100g
as the second and more than 25 mg/100g as spoiled meat. Obviously, pork of the first
three days was judged as fresh meat, its quality was on the decline in the fourth day,
and the meat had been spoiled on the fifth day, which was consistent with response
values of the sensor. Furthermore, Dependence of TVB-N for pork samples on the
corresponding response values was shown in Fig. 7 (b), it can be found a good linear
relationship between them, the regression equation is y=74.215x+4.696 (R*=0.990).
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Fig. 7 (a) the changes of TVB-N contents and response values of the micro-sensor to the samples with
prolonged storage time. (b) Dependence of TVB-N contents for pork samples on the corresponding sensor

response values.

Linear discriminant analysis (LDA) was employed to verify the feasibility of the
prepared micro-sensor used in the prediction of pork freshness. All the samples data
were randomly divided into calibration and prediction dataset in the ratio of 2:1 used
for building the discriminant models. The results obtained showed that the prediction
accuracy of calibration and prediction set was 90.73% and 86.38%, respectively,
which indicated the prepared micro-sensor had potential for pork freshness

evaluation.

4. Conclusions

A novel TiO2-PANI/SFF micro-sensor was proposed for pork freshness
evaluation with the characteristics of easy fabrication, low cost, environment friendly
and miniaturization. With ammonia as the model gas, the micro-sensor showed good
sensing performance with response value of 0.82 and response time as short as 10 s to
NH3 of 100 pg/L. When the micro-sensor was applied to pork freshness evaluation, a
well linear relationship (R?=0.990) was found between output response values and
TVB-N levels in pork, and the discriminant results of the micro-sensor for pork
freshness based on linear discriminant analysis (LDA) showed the prediction accuracy
of calibration and prediction set was 90.73% and 86.38%, respectively. The excellent
performance of TiO2-PANI/SFF sensor benefited from the porous and ultra-thin hairy
structure. In conclusion, the proposed TiO>-PANI/SFF micro-sensor holds great

promise in the application of pork freshness evaluation.
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Figure Captions
Fig. 1. (a) The photo of the FFC cable and the details of the prepared micro-sensor; (b)

Schematic diagram of sensors' performance testing setup.
Fig. 2. SEM images of (a) SFF, (b) PANI/SFF, and (c-d) TiO»-PANI/SFF;

Fig. 3. (a) EDS, (b) Raman spectra, (c¢) FTIR spectra and (d) XRD patterns of SFF,
PANI/SFF and TiO,-PANI/SFF.

Fig. 4. The mechanism of TiO2-PANI/SFF microfiber preparation.

Fig. 5. (a) Typical resistance transients of the TiO2-PANI/SFF micro-sensor toward
NH3; (b) Transients and inset (1) changes of the response values of the micro-sensors
prepared respectively with 0.005g, 0.015g, 0.025g and 0.05g of TiO2 to 100 pg/L of
NHs; (c) Transients and inset (2) changes of the response values of the micro-sensors

prepared respectively with stirring time of 1h, 2h, 4h and 8h to 100 pg/L of NHs.

Fig. 6 (a) Resistance transients and (b) response values of the TiO>-PANI/SFF
micro-sensor exposed to NH3 of different concentration at 25 °C; (c) Resistance
transients of the micro-sensor to 100 pg/L of NH3 for five times; (d) Response values
of the micro-sensor to several common reducing gases at 25 °C; (e) Response
transients of the same sensor to both ammonia and trimethylamine with the same

concentration of 100 pg/L.

Fig. 7. (a) The changes of TVB-N contents and response values of the micro-sensor to
the samples with prolonged storage time. (b) Dependence of TVB-N contents for pork

samples on the corresponding sensor response values.

Table 1. Response (S), response time (T1), recovery time (T2), studied detection
range (DR), materials (M) and measured temperature (TM) of the various NH3 gas

Sensors.
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