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Abstract

Amine-responsive bilayer films were developed by using agar (AG), anthocyanins (AN),
gellan gum (GG) and Tifnanoparticles for visual monitoring of meat spoilage. The AG-
AN layer worked as the sensing layer to volatile amines, while GG{ay@r served as
the light barrier layer and simultaneously the conducting layer to improve the illumination
stability and electrochemical writing ability of th&G-AN layer, respectively. The
Scanning electron microscopy (SEM) images and X-ray diffraction (XRD) spectra
indicated the successful fabrication of bilayer films. lllumination experiments showed that
the incorporation of Ti@in the GG-TiQ layer significantly improved the illumination
stability of AN in the AG-AN layer. Meanwhile, electrochemical writing process could be
easily conducted on the AG-AN layer in the presence of GG-Eger, indicating the
feasibility of ink-free printing on bilayer biopolymer films. The AG-AN/GG-2%7{m
presented a limit of detection of 0.018 mM to trimethylamine (TMA), a typical basic gas
generated during meat spoilage. Based on its good illumination stability and sensing ability
to basic gases, th®G-AN/GG-2%TiO, film exhibited rose rede-green color changes
along with the spoilage of pork and silver carp, indicating its great potential for monitoring

meat spoilage in intelligent food packaging.
Keywords
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1. Introduction

Meat spoilage during distribution can be considered as an ecological phenomenon.
Unfortunately, meat spoilage could cause not only food waste, but more serious food safety
issues, because most of the specific spoilage orgarﬁms [1] and their metabolites are
harmful to human body. From the perspective of food preservation and food safety
assurance, it is of great significance to detect the meat spoilage in supply chain. To date, in
most cases, the meat spoilage was determined by using destructive detection methods, such
as the determination of total volatile base nitrogen (TVB-N) and total viable count . (TVC)
However, it is always a tedious work to determine the meat spoilage, especially when the
number of samples very large. Hence, it is highly desirable to develop simple, cost-
effective and non-destructive sensing technologies for the rapid detection of real-time meat

spoilage.

Intelligent food packaging has received considerable attention in modern food industry.
It especially aims to monitor the food quality or the surrounding environment of foods by
using sensors, indicators, and data carriers, which goes beyond the traditional food
packaging mainly with barrier abilities. These sensors, indicators and data carriers are
equipped onto or into the packages so that they can in situ record the information of food
guality. Among various sensors in intelligent packaging, colorimetric sensors, such as thin

films H] hydrogels| [4

because they are portable, easy to fabricate and convenient for visual detection.

B8] and colorimetric arraﬁ [9], have attracted much attention

In recent years, varioysH-sensitive colorimetric films have been developed as the gas
sensors to monitor the meat spoilage. These pH-sensitive colorimetric films could exhibit
visible color changes when reacting with the non-neutral volatile gases, such as@wines [10]
and carbon dioxidl], generated from deteriorated m€atssidering that traditional
synthetic pH dyes had potential harmful effects on human beings, of late, much attention
has been paid to natural pH-responsive pigments, such as antho?aﬂd-24]
curcumin |[25-28], which are safe and edible. At the same time, biopolymers, including

polysaccharides and proteins, were employed to immobilize these natural pigments due to
their good compatibility with natural pigments. However, one of the major concerns of

theseanthocyanins-polymer blend films would be the intrinsgtability of anthocyanins
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against ultraviolet (UV) light, temperature and oxy [29]. Among these fadwéigyht
irradiation should be a key factor to the color stability of anthocyanins embedded into
biopolymer filmsin practical application. This is because the meat packaging could
inevitably be exposed to sunlight in the supply chain. In addition, some studies showed that
the UV light had a higher impact on anthocyanin stability than elevated temperes [30
. Hence, it is critical to improve the light resistance ability of anthocyanins-based films
to achieve a long-term color stability.

Printing on food packaging materials can provide important information about foods,
such as the manufacture date and storage status of ds [32]. However, most inks are
typically derived from petrochemical feedstock, which brings not only environmental
sustainability concerns, but also food safety risk due to the possible migration of inks from
the package surface to foods. In recent years, the electrochemical writing technology has
emerged for printing on biopolymer fil . 33]. Our previous study showed that colorful
patterns could be printed on the anthocyanins-polymers blend films based on the pH-
responsive color change of anthocya [34]. By using anthocyanins as the colpr agent

this electrochemical writing can be regarded as a green printing method.

Hence, in this study, we aimed to devetopilayer film with improved illumination
stability and electrochemical writing ability to monitor meat spoilage. The first layer of the
bilayer film is agar-anthocyanins (AG-AN) blend, working as the sensing layer. The
anthocyanins were extracted from rose (Rosa rugosa), which are readily available at low
cost. Agar is an edible polysaccharide with good film-forming ability, and the use of the
agar to immobilize the anthocyanins was due to its near neutral charge that had no
interference to the color change of anthocyanins. The second layer of the bilayer film is the
gellan gum-titanium dioxide (GG-Tipblend, which was employed as the protection layer
It is well known that rutile Ti@ nanoparticles had excellent UV-blocking power by
absorbing high-energy UV and transforming them into less harmful heat or fluorescence
. Hence, rutileTiO2 nanoparticles was used to improve the illumination stability of
anthocyanins by protecting the anthocyanins in the sensing layer from UV irradiation. GG
is also a natural edible polysaccharide with good film-forming ability. A previous study
showed thaGG was a good polymer matrix to support and immobilize-fi@hoparticles
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. Therefore, TiQ nanoparticles were embedded in @@ matrix to reduce aggregation.

At the same time, with the help of GG-Li@omposite as a conducting layer,
electrochemical writing could be easily conducted on the AG-AN layer. To our best
knowledge, this is the first study trying to develop bilayer films with improved illumination
stability of anthocyanins and electrochemical writing performance. Our study showed that
the fabricated bilayer colorimetric films were sensitive to volatile amines. The addition of
rutile TiO2 nanoparticles improved the illumination stability of the embedded anthocyanins,
and multicolor patterns could be printed on AG-AN layer by using the electrochemical
writing method. The bilayer colorimetric film, working as a gas sensor, exhibited visible
color changes along with the spoilage of pork and fish samples, indicating their good

potentialin visual monitoring of meat spoilage intelligent packaging.
2. Materialsand methods
2.1. Materials and Reagents

Dried rose (Rosa rugosa), fresh pork and live silver carp (Hypophthalmichthys molitrix
were purchased from local market (Zhenjiang, China). Low-acyl gellan gum walstboug
from Dancheng Caixin sugar industry Co., Itd. (Dancheng, China). Rutile titanium dioxide
nanoparticles (diameter ~60 nm) was bought from Rhawn Chemicals. Agar, ethanol,
calcium chloride and trimethylamine solution (33 wt%) were bought from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China).

2.2. Anthocyanins extraction

Dried roseleaf was crushed into powder and transferred to 80% ethanol agueous solution
with a solid-liquid ratio of 1:15. This mixture was stirred at 35 °C for 6 h and then was
filtrated using a 25tm filter paper to collect the supernatant. Ethanol in the supernatant
was removed with a vacuum rotary evaporator at 45 °C in dark. The concentrated
anthocyanins extract solution was freeze-dried to obtain anthocyanins extract powders,
which were stored at 4 °C in a brown bottle filled with nitrogen.

The anthocyanins content in the extract powder was measured by the pH differential
method ] and anthocyanins content was expressed in mg/g (anthocyanins/extract

powder).
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2.3. Preparation of bilayer films

The bilayer films were prepared by a two-step casting method. A quantity of 2 g of AG
powder was added to 100 mL of water and the mixture was heated@uS@er stirring
for 2 h to form a clear solution. When the AG solution was cooled 16 4xertain amount
of lyophilized AN powder was added to teG solution to obtain an AN content of 8
mg/100 mL, according to the AN content in the lyophilized AN extract powder (612 mg/g)
(refer to section 2.2). After degassed with a sonicator (Branson CPX5800H, USA), the
solution (6 mL) was immediately poured into a smooth plastic Petri dish (diameter 53 mm)
on a horizontal table. Firm AG-AN hydrogel was formed when the AG-AN solution was
cooled.

Meanwhile, a quantity of @ of GG powder was dissolved in 100 mL of water by heating
at 80°C under stirring. TiQ@ nanoparticles powders in ratio of 0.5, 1.0 and 2.0 g/100 g of
GG were firstly dispersed in 2 mL of water and then sonicated for 5 min. Then, the TiO
dispersion was dropwise added to B& solution with continuous stirring. Under this
temperature, the mixtures were sonicated with a sonicator forid,0and subsequently
stirred for 10 min. After that, 5 mL of Caf2H.O solution (8 mg/mL) was dropwise added
into the solution with continuous stirring. When the G&=-TiO2 solution was cooled
down to 50°C, 6 mL of the solution was immediately poured on the as-preparedRG-
hydrogel. After the solutions was cooled, fi&GG-TiO> hydrogels were formed on the
upper surface of the ABGN hydrogel. TheGG hydrogels containing Ti®in the
concentration of 0, 0.5, 1.0 and 2.0 g/100 &&f were expressed as GG, GG-0.5%iO
GG-1%TiQ and GG-2%TiQ hydrogel, respectively.

The asprepared bilayer hydrogels were dried to films afGQnder vacuum, and the
obtained films were peeled from the Petri dish and storeéCatith 75% relative humidity
(RH) for further use. The bilayer films containiAg-AN and GG with different contents
of TiO2 were expressed as AGN/GG, AG-AN/GG-0.5%TiQ, AG-AN/GG-1%TiQ, and
AG-AN/GG-2%TiC films, respectively. In addition, the bilayer film withcAdil and TiG
was also prepared and expressed as AG/GG film. The preparation process of bilayer films

were described iBcheme 1.
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Scheme 1. The two-step casting process of fabricating the bilayer colorimetris.film

2.4. Electrochemical writing on bilayer films

The electrochemical writing on the films were conducted following the procedure in our
previous study with a slight modificati41]he above mentioned bilayer hydrogels
were firstly taken out from the Petri dish before drying. The bottom layer (GQ-TiO
hydrogelwas completely put on a platinum (Pt) plate 60 x 0.2 nmm), and the upper
layer (AG-AN) hydrogel was connected with the Pt needle (diameter 0.5 mm). The Pt plate
and Pt needle were respectively connected with the cathode and anode of an
electrochemical analyzer (CHI660E, CH Instruments Co., Shanghai, China). The
movement of thét needle was procedurally controlled by a robotic arm (DOBOT M1,
Shenzhen Yuejiang Technology Co., Ltd, Chjnaith a step precision of 0.1 um. The
bilayer hydrogels were immediately dried in a vacuum-drying oven at 70 °C to farm thi
bilayer films after the electrochemical writing process, and the films were also stored a
4 °C with 75% RH before use.

2.5. Characterization of the films
2.5.1. Microstructure observation

The micrographs of the films were recorded by a field emission scanning electron
microscopy (FE-SEM) (S-4800, Hitachi High Technologies Corporation, Japan). The films
were freeze fractured by liquid nitrogen for cross section observation. Then, they were

attached to conductive adhesive tape and mounted on the specimen holder, and finally



171  coated with gold under vacuum. Li@anoparticles were dispersed on silicon wafer for

172 SEM observation and energy dispersive X-ray spectroscopy (EDS) analysis.
173 2.5.2. Xray diffraction spectra

174 X-ray diffraction (XRD) spectra of TiéOnanoparticles and the films were measured
175 using an X-ray diffractometer (D8 ADVANCE, Bruker, Germany) equipped with
176  monochromatic Culka radiation, under a voltage of 40 kV and a current of 40 mA. The

177  samples were measured in continuous scan mode from 10 to 80° with a step of 2°/min.
178 2.5.3. Mechanical properties

179 The thickness of the filmwas firstly measured by using a hand-held digital micrometer

180 (Sanfeng Group Co., Ltd., Taiwan, China). Tensile strength (TS) and elongabeak

181  (EB) of the films were measured with a Model 4500 Universal Testing Machine (Instron
182  Corporation, Canton, MA), using a modified American Standards for Testing and Materials
183  (ASTM) standard procedure (ASTM Standard D882-00, 2000) procedure. Samples were
184  conditioned in a desiccator containing saturated Mgji6€bolution for 2 days prior to

185 analysis. Each film was ct a rectangular strif30 x 20 mm). The grip separation and

186  tensile speed were set at 20 mm and 0.6 mm/s respectively. TS and EB were calculated

187 using eqs 1 and 2, respectively:

188 Ts=L 1)
S

Al

189 EB(%) = 100><|— (2)
0

190 where TSs the tensile strengthr is the maximum loadS was the initial crossectional

191 area of the film sampjeEB was the elongation at break; Al is the extension of the films

192  and bis the initial test length of the films.

193 2.5.4. Water vapor permeability

194 The water vapor permeability (WVP) of the films was measured using the ASTM

195 method (ASTM Standard E96M-05, 1995). A glass cup with silica gel was closed with a

196 sample of film firmly fixed on top. The cups were weighed and placed in a desiccato
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containing saturated Mg(N{§ solution, which providd an relative humidity of 50% at

25 °C. The cups were weighed every 4 h until a steady increase in weight was achieved.
The water vapor transferred through the films and absorbed by the desiccant was
determined from the weight gain of the cup. The water vapor transmission rate (WVTR)

and WVP were calculated using egs 3 and 4, respectively:

R=_AM (3)
Ax At
VWP = WTRx 4)

Ap

where AnVAt is the amount of water gain per unit time of transfer; Ais the area exposed to
water transferx is the film thicknessand AP is the water vapor pressure difference

between both sides of the film.
2.5.5. Oxygen permeability

The Oxygen permeabilityQP) of the films was determined following the ASTM
method (ASTM D3985-05, 2005) at 25 °C and 53% relative humidity. OP values were
calculated by dividing oxygen transmission rate (OTR) by the numerical difference in
partial oxygen pressure on both sides of the films and multiplying by the mean thickness

of the films, using eq 5:
X
OP= OTRx— (5)
AP

where xis the film thickness and AP is the partial pressure of oxygen. Measurements

represent an average of six samples.
2.6. Color stability to light

The color stability of the films undaerisible light (A = 400-760 nm, 18 W, Philips,
Netherlands) and UV lighk & 320-400 nm withumax= 350 nm, 15 W40 uw/cn?, Guanya
Optoelectronic Technologies Co.td) were investigated in a temperature controlled
cabinet (25 °C). The lights irradiated the GG-7il@yers for each film. The distance

between the films and the light sources was 20 cm. The images of the films under visible



222
223
224
225
226

227

228

229

230

231
232
233

234

235
236
237
238
239

240

241
242
243
244

light andUV light were captured every 3 d and 5 h, respectively, using an optical scanner
The color parameters of the films were analyzed by using a user program in Matlab R2012a
(Matworks Inc., Natick, MA, USA). To compare the color stability of the films with
different initial colors, the relative color change (S) of the films were defined as eqs 6-9,

according to our previous stu38]:

AR=[R-R o
AG=[G,-G o
B[, -] ©
S(%) = 100x %ﬁfﬁf 9)

where Ss the relative color change of B and B values; i Go, Bo are respectively the
initial gray values of the red, green and blue of the film@R B: are respectively the gray

values of the red, green and blue of the film after storage.
2.7. Color response to trimethylamine

Trimethylamine (TMA) was used as the representatives of volatile basic gases
generated from spoiled meats. The film strips (10x10 mm) were hung up in a testing
chamber with the constant temperature (25°C) and relative humidity (75%). The solution
of the analyte was injected into the testing chamber with a microliter se [23]. The
concentration of TMA in the chamber was calculated using eq 10:

Where C (mol/L) is the analyte concentration in the testing chambisrthe density of
analyte solution (g/mL); Ms the volume of the liquid analyte (mL); Wis the mass fraction
of analyte in the solution; M is the molar mass of the analyte (g/mol); Vis the volume of

the testing chamber (L).

10
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The films were maintained in the testing chamber for 3 h to reach reaction equilibrium.
After that,the images and the UV-Vis spectra of the films were recorded using an optical

scanner and the UV-Vis spectrophotometer, respectively.
2.8. Application of films in monitoring meat spoilage

Fresh pork was directly diced without further treatment. Live silver carp was also diced
after removing its innards, head, tail and feathers. A quantity of 200 g of diced pork and
silver carp wergut intoa polythylene terephthalate (PET) box with a buttoned lid. Two
AG-AN/GG-2%TiCG, films, of which the AG-AN layer faced downwards, were
respectively fixed on the lid to cover the hole (15 x 15 mm) on the lid and adhered onto
the internal surface of the PET lid. The PET box was placed in an incubatet aith
75% RH. The photos of the films used to monitor meat spoilage were obtained by using a

digital camera, and the color parameters were extracted by using the Matlab software.

The total volatile basic nitrogen (TVB-N) content of these meat samples was measured
according to a previous IiteratuE'S9], following the Chinese Standard (GB 5009. 228-
2016).

2.9. Statistical analysis

Duncan’s multiple range test was used to compare the means at the 95% confidence level
by using SPSS statistics software. The data labeled with different lowercase letters are

significantly different.
3. Results and discussion

3.1. Characterization of the films

3.1.1. SEM images analysis

Fig. 1 shows the SEM images of cross sections of the films. A bilayer structure could
be clearly seen from the GG/AG filnki@. 1A), where the GG layer was homogeneous
and smooth, while the AG layer was less uniform with some cracks. This phase separation
between GG and AG laygwas greatly attributed to the thermal irreversibility of GG and
AG hydrogels, making them immiscible during the gelation process and thermal drying

process. Meanwhile, there was no obvious gap at their interface, degpitkstirect phase

11
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separation. This could be due to their partial crosslinking through hydrogen bonding force
based on their polysaccharide natufbis crosslinking at the interface was critical to
developing a bilayer film. Otherwise, one monolayer film might be easy to peel off from
the other monolayer film. The addition of AN improved the uniformity of AG layer.

Fig. 1. The SEM images of cross section of (A) AG/GG film, (B) AG-AN/GG fi(D) AG-AN/GG-
0.5%TiQ film, (E) AG-AN/GG-1%TiQ film and (F) AG-AN/GG-2%TiQ film, and (C) TiQ
nanoparticles. Inset of (C) is the EDS spectrum of; Ti@nhoparticles. The acceleration voltage was 15.0
KV.

It can be seen froffig. 1B that theAG-AN layer was more compact and dense than the
pure AG layer Fig. 1A). The morphology of Ti@ nanoparticles was shown kig. 1C.
Most of the nanoparticles were sheet shapes and agglomerated to clusters, and the EDS
spectrum (inset) verified the Ti@onstituent. The Ti@nanoparticles could be observed
from in the GG matrix of the AG-AN/GG-0.5%Ti@Fig. 1D), AG-AN/GG-1%TiQ (Fig.
1E) and AG-AN/GG-2%TiQ (Fig. 1F) bilayer films. Meanwhile, as can be seen from the

12
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Fig. 1F, no significant migration of Tgkhanoparticles from GG-TiQayer to the AGAN
layer occurred even though the concentration of. Ti@noparticles was 2% of the GG.
Furthermore, the interface of the AG-AN layer and GGzTi@yer remained well-
crosslinked after the addition of Ti@anoparticles. These results indicated that bilayer

films, consisting 0AG-AN and GG-TiQ layers, were successfully fabricated.
3.1.2. XRD spectra analysis

Fig. 2 shows the XRD spectra of Ti®anoparticles and the films. Ti@anoparticles
exhibited strong diffraction peaks af 2 ~27.5°, 37.2° and 54.4°, verifying their rutile
phase, which was in line with previous stu, 41]. The XRD pattern of AG/GG and
AG-AN/GG film showed amorphous peaks at ~13.6° and ~19°, due to amorphous nature
of agar (as a co-polymer of galactose and 3, 6-anhydro gala[42, 43]. A diffraction
peak at 2 = ~23° was the characteristic peak of gellan gum resulted from its double-helix
crystal structure6]. As for the AG-AN/GG-Ti@Ims, when TiQ concentration was
relatively low (0.5 g/100 ¢sG), the crystalline structure of the nanoparticle was almost
undetectable. This could be due to the coverage of GG molecular on the surface of.the TiO
As the concentration of TiKthe GG layer increasei 2 g/100 g, the intensity of a
characteristic peak (110) of rutile crystal phase increased, due to the self-assembled large
TiO2 agglomerates that recoeertheir crystallization ability. In addition, the diffraction
intensity of GG (20 = ~23°) presented a decreasing trend with the increase tdmntent,
indicating that the interaction betwe@® and TiQ decreased the crystallinity GiG. The
possible interactions involved electrostatic attraction between negative-charge carboxylic

groups from GG and positive-charge fi@vater complex during the preparation of GG-

TiO2 solution ].

13
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Fig. 2. The XRD spectra of Tionanoparticles and the bilayer films. The testing voltage and current

were 40 kV and 40 mA, respectively.

3.1.3. Mechanical and barrier properties

The fundamental mechanical and barrier properties of the films, inclUgifds, WP
andOP, were shown irFig. 3.

The AG/GG film showed the lowe3S (11.68 + 1.72 MPa)Hig. 3A) and highesEB
value (36.82% + 2.66%)(g. 3B). With the addition oAN to theAG layer, theTSvalue
presented a weak increase, whileEBvalue slightly decreased. Incorporation of 1%2IiO
into theAG-AN/GG film caused a significant increaseT@ value (18.01 + 2.36 MPa) (p
< 0.05), but theTS decreased again with further addition of TiG@p to 2% Fig. 3A).
Meanwhile, theEB value of theAG-AN/GG-TiO: films declined with the increase of TiO
content Fig. 3B). These results indicated that the incorporation ot Téused a rigid film
due to the reinforcing effect in th @G matrix. However, the reducels value in the
presence of 2% Tigrould be due to the aggregation and nhonhomogeneous dispersion of

TiO: particles that broke the compactness of the film.
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W\VP determines the moisture transfer between the surrounding atmosphere and the food
environment. The WVP of the AG-GG film was 3.54 + 0.32 g/mffi{Ra/h, which
decreased slightly whe&N was added to th&G layer Fig. 3C). The water permeability
of a film is largely dependent on its chemical structure, morphology, and hydrophilicity.
The decline of WWVP of AG-GG film with the addition AN could be due to the hydrogen
bond between th&G andAN, which reduced the available of AG to form hydrogen bond
with water. The further addition of 1% Ti® theAG-AN/GG film significantly improve
the water barrier ability, as the WMP of AG-AN/GG-1%%i®m was 2.93 = 0.22
g/mm/nt/kPa/h. This was probably due to the prolonged tortuous pathway of water vapor
formed by the well-distributed water impermeable nanoparts [45]. Similar results were
also found in chitosan-Tiblend films ] and wheat glute-nanocellulose-Ft@end
films . The slight increase of WVP resulted from the addition of 2% 10Q@he AG-
AN/GG film may also be due to the aggregation of i@t enlarge the crack between the

crystals ofGG. However, this increment was not significant (P > 0.05).

The oxygen barrier ability of the packaging films has great effect on the $bedf li
packaged foods. The AG/GG film showed the high@Bt value (40.80 + 2.36 cin
um/m?/d/kPa) Fig. 3D), which was comparable to polyvinyl chloride films (20-80°cm
um/m?/d/kPa). A significant decrease @P value was observed wheAG were
incorporated into the AG/GG film. The oxygen barrier ability of the AG-AN/GG films
were also notably improved by TiOThe OP value of the AG-AN/GG-2%Ti@film was
21.17 + 1.55 crhum/m%d/kPa, which was nearly a half of t# value of AG-AN/GG
film. The remarkable enhancement of oxygen barrier ability of AG-AN/GG film induced
by TiO> was due to the high aspect ratio of Ti@anoparticles and their distribution
throughout the film matrix. Incorporation of Ti@anoparticles retarded the chain mobility
via interfacial adhesion between Bi@ndGG matrix, which provided lower vacant-free
volume for oxygen transp03]. In addition, the enhanced oxygen barrier ability of the
GG-TiOzlayer may improve the stability #&G-AN layer by reducing the oxidization of
AN.
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Fig. 3. The (A) TS, (B) EB, (C) WVP, (D) OP of the bilayer films.
3.2. Color response of AN to pH

The anthocyanins extracted from rose were employed as the pH-sensitive pigments
to develop colorimetric films. Hence, the color response of the anthocyanins towards pH
changes was investigated. The AN powder was added to pH buffer solutions prepared by
using 0.2 M disodium hydrogen phosphate, 0.2 M citric acid and 0.2 M sodium hydroxide
solutions with different proportion&ig. 4A shows that anthocyanins solutions changed
from red (pH 2-3) to colorless (pH 4-5), light purplish (pH 6-7), green (pH 8-11), and
finally yellow (pH 12). Corresponding with the color changes in anthocyanins solutions,
the maximum absorption peak (~520 nm) of the UV/Vis spectra decreased when the pH
increased from 2 to 5, along with a red shift to ~550 Rig. @B). With the increase of pH
from 6 ranging to 10, the maximum absorption peak showed a continuous red shift to nearly
595 nm (pH 10), accompanied by a rise of the maximum absorption peak. However, the
maximum absorption peak showed a sharp drop when the pH was oVae Hhsorbance

ratio at 595 nm versus 520 nms¢dAsxn) could indicate the increase of green color
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intensity compared to red Colﬂ48]. As showrFig. 4C, the value of &s/Asxofirstly
increased (pH 2-10) and then decreased (pH 10-12). Particularly, there was a good
quadratic relationship betweess#As20 and pH 2-10, with Rof 0.9935 of the calibration
curve. This was different from purple sweet potato anthocys [48] and red radish
anthocyanins solutio that their absorbance ratios had good exponential relationships
with pH valuesThe color changes of AN extracted from rose indicated that it could be a

good candidate to develop a pH-sensitive colofnirosensor.

ApH=2345678

B C 2.0
y=0.0203x-0.0278 x +0.1037 ™
154 R’=0.9935 »’ ]
2 » l’(
£ ‘\"', 1.0
_2 < L]
=

0.5 =’

0.0

0.0

T T T 1 T T T T T T T T T
500 600 700 800 1 2 3 4 5 6 7 8 9 10 11 12 13

Wavelength (nm) pH

Fig. 4. The (A) color and (B) UV-Vis spectra of the rose anthocyardhgien under pH 2-12, and (C)

the change of A5/As2o of the rose anthocyanins solution with the increase of pH.

3.3. Color stability of the films under visible and UV light

The illumination stability of the films is important for practical application. In this study,

the color stability of films exp@sito visible light and UV light was tested, respectively.

The visible light was generated from a white fluorescent lamp (~ 400-760 nm). The
colors of the films after a period of storage were showhkign 5A. The AG/GG film
showed a transparent and very pale yellow color due to the presence of agar. After stored
under visible light at 25 °C for 21 days, its color was still well-maintained. The
incorporation of AN endowed the AG/GG film a rose red color. All of the colorimetric
films presented slight color changes after 21 days of storage. Especially for AG-AN/GG

film, its color changed from rose red to purple red. The relative color change (S) was used
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to quantify the color change of the films. A lower S value impdiedperior color stability.

As shown inFig. 5B, the S value of AG/GG film kept nearly constant (< 1%), indicating
its good color stability. In contrast, all the colorimetric films showed increasing S values
with radiation time and the S values decreased with the increase-@ohi€entration. This
improved color stability could be due to the physical light barrier abfitg. (S1) and
oxygen barrier abilityKig. 3D) of TiO2 that reduced the degradation of AN.

Generally, thdJV of solar spectrum (100-400 nm) consists of the three rakyés:
(400-315 nm), UVB (315-280 nm), and UVC (280-100 nm). In this study, the effect of
UVA on the stability of the films was studied, because almost all of the UVC range and
much of the UVB range light are absorbed by the stratospheric ozonﬁyer [49]. The color
of the films after exposed ®0UVA light (A =320-400 nm withkmax= 350 nm) were shown
in Fig. 5C. It can be seen that AG/GG was colorless and no obvious color changes occurred
in the AG/GG film after 35 hours of radiation. For colorimetric films, their colors showed
a trend to brownness after UV radiation, due to the degradation of AN. This was because
AN had strong UV absorption ability, as showrfig. S1, where the AG-AN/GG film had
extremely low transparency in the range of 200-380 nm, compared with the AG/GG film.
Especially, the highest S val(1.0% at the 38 hour) was obtained from the AG-AN/GG
film (Fig. 5D), indicating that AG-AN/GG film was most vulnerable to UV light. The
addition of TiQ improved the stability of the colorimetric films. At the'BBour, the S
values of AG-AN/GG-0.5%Ti@ film and AG-AN/GG-1%TiQ film were 13.2% and
11.5%, respectively. When the concentration ofzliOreased to 2 wt% of the AG, the S
value of AG-AN/GG-2%TiQ film was merely 8.4%, which was nearly a half of the S
value of AGAN/GG film. This significant improvement of color stability of the
colorimetric films compared with AG-AN/GG film was attributed to the great UV
absorption capacity of Ti&nhanoparticles, whose band gap energy is of the magnitude
order of the UV radiation ener51]. The rutile Ti@&noparticles could transform
high-energy UV light to less harmful heat or fluoresce [35]. In addition; TiO
nanoparticles have high chemical and thermal stability, and therefore they should be a

promising UV blocking agent to protect anthocyanins from degradation.
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Fig. 5. The color changes of thelayer films under (A) visible and (C) UV light, and the corresponding
Svalues of the films under (B) visible and (D) UV light.

3.4. Electrochemical writing on bilayéims

The electrochemical writinig based on the color changes of anthocyanins induced by
hydrogen ions and hydroxyl ions generated from water electrolytic reans [32]. Hence,
a hydrogel containing high water content is needed to be firstly fabricated. In this work,
the AG-AN and GG-TiQ hydrogels were obtained due to the good gel-forming ability of
AG and GG, respectively. In previous studies, the electrochemical writing was conducted
on anthocyanins-containing monolayer hydro , 34].inletiee use ofa bilayer
hydrogel instead of a monolayer hydrogel in this work for electrochemical writing could
make a better performance. As showB8¢heme 2, there are two ways for electrochemical
writing on monolayeihydrogels. The first way is shown Bcheme 2A, the monolayer
hydrogelis put on the Pt plate, and its upper surfsoeonnected with the Pt needle. The
Pt needle and Pt plate are respectively connected with the anode and cathode of the
electrochemical workstation. Under a constant current (1), a localized low pH conslition
generated around the Pt needle due to the anodic water electrolysis reaction (eq 11) so that
anthocyanins turns to acid color (rose red). On the contrary, a localized high pH condition

is generated around the Pt plate due to the anodic water electrolysis reaction (eq 12), and
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therefore anthocyanins turns to basic color (yellow). In this way, the voltgdeefWeen

the Pt needle and Pt plaseconstant no matter where the Pt needle is located on the surface
of the hydrogel. This is because thes proportional to the resistanceglRwvhile R is
proportional to the perpendicular distance between the Pt needle and Pt plate, namely the
thickness (@ of the hydrogel. However, the color change (yellow) of the entire lower
surface of the hydrogel connected with the Pt plate is not favorable for its further use. The
second way for electrochemical writing on monolayer hydrogels is that Pigpfaieto

the side surface of the hydrogel, as show8dmeme 2B. However, the U value between

the Pt needle and Pt plate would exceed the measurement range of the electrochemical
workstation, when the distance)tetween the Pt needle and Pt plate is overlarge. Hence,

a bilayer hydrogel can be used to prevent the color changes of the hydrogel connected with
the Pt plate and simultaneously make the voltage between the Pt needle and Pt plate
constant. As shown iScheme 2C, the AG-AN and GG-Ti@layer were connected with

the Pt needle and Pt plate, respectively. In this way, the water electrolysis reaction round
the Pt plate could not change the color of GGsThydrogel without anthocyanins.
Meanwhile, theJ value between the Pt needle and Pt plate is constant due to the constant

distance (g) between the Pt needle and Pt plate.
2H,0-4e = 4H+ Q1T (11)
4H,0+ 4€ = 40H+ 2471 (12)

The electrochemical writing patterns could be well preserved by immediately drying the
hydrogels to films. By adjusting the magnitude and direction of the current, multicolor
patterns, including English letterBi¢. 6A and6C), Chinese characterbki@. 6B) anda
geometrical shapd=(g. 6D), were successfully written on the colorimetric films. Hence,

the bilayer films could be a good alternative for electrochemical writing.
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Electrochemical writing on monolayer hydrogel

Anthocyanins-containing " B oct N
Pt needle bydrogel Electrochemical writing on bilayer hydrogel

Moditied AG-AN hydrogel

e

e

464

465 Scheme 2. The principle of electrochemical writing on monolayer and bilayer colorimetric films.

466
467 Fig. 6. The electrochemical writing patterns on (A) AG-AN/GG film, (B) AG-AN/GG®TiO; film,
468 (C) AG-AN/GG-1%TiQ film and (D) AG-AN/GG-2%TiQ film.
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3.5. Spectrum and color response to TMA

During meat spoilage, a mixture of ammonia, dimethylamine (DMA), trimethylamine
(TMA), and other monoamines and polyamines can be generated via the metabolic
breakdown of amino aci23_[ig. S2 shows the images of the AG-AN/GG-2%bildm
after being exposed to ammonia and three monoamines. The film turned to green in
different degrees, indicating its sensing ability to volatile amines. The sensing principle is
that the nitrogen-containing gasescombine with the water in the film and hydrolyze to
generate hydroxyl ions, as shown in eq 13, and then hydroxyl ions can induce the color
change of AN, as shown in eq 14, where the cyanidin changed from (1) flavylium ion to
(2) anhydrobase, and then anhydrobase anion in the presence of hydroxyl ions.

R,-N+H,00 R,-NH + OH (13)
OH OH o
OH (0] (0]
HO + OH" HO + OH‘: HO
O Z~OH " oW ZSOH  -OoH Z OH
OH OH OH
1 2 3 (14)

To simplify the experiment, TMA, a typical volatile monoamine, was selected as the
representative gas to exam the sensitivity of the colorimetric films towards volatile amines.
The color changes of colorimetric films towards TMA were showf&im 7A. All the
colorimetric films changed from rose red to green and final yellow color, when the TMA
concentration gradually increased to 0.405 mM. The corresponding S values of the films
also increased when the TMA concentration was up to 0.330FdM7B). Particularly,
the films with different content of Ti&showed near S values, indicating that the presence

of TiO2 had no detrimental impact on the sensing ability of the film.

Furthermore, the sensitivity of AG-AN/GG-2%Ti@m to TMA was determined by
using its UV-Vis spectra. As shown kig. 7C, the maximum absorption peak of AG-
AN/GG-2%TiO, film decreased at 540 nm, but increased at 595 nm, when the
concentration of TMA increased from 0 to 0.330 mM, which was in line with the spectrum
change of AN solution with the increase of @Hg, 4B). Similarly, the absorbance ratio
at 595 nm versus 540 nmspAlAsaq) of AG-AN/GG-2%TiCG film progressively rose with
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495 the increase of TMA concentration in the range of 0-0.330 mM, while declined when TMA
496  concentration was as high as 0.405 nffiy( 7D). The AogsAssovalue presented a good
497 linear relationship with TMA concentration in the range of 0-0.330 mM, wfthf B.9881

498  of the calibration curve. Accordingly, the limit of detection (LOD) of AG-AN/GG-2%Ti0O
499  film to TMA was determined to be 0.018 mM, by using eq. 15:

500 LOD = %K (15)

501 Where Kis the standard deviation of blank measurements and N is slope of the calibration

502 curve.

503 In addition, the sensing ability of the film to TMA was largely associated with the
504 relative humidityof test chamber. As shown kig. S3, at a constant TMA concentration
505 (0.255 mM), theAG-AN/GG-2%TiC; film remained a red color under 30% relative humidity,
506  while turned to green and then yellow under 75% and 90% relative humalipeative. This

507 indicated that a higher relative humidity contributed to generate more hydrogydnahe surface

508  of the film. Similar results were also observed in curcumin-based ms [26].

A Concentration of TMA (mM) B 40 —=— AG-AN/GG film
i " ~8—AG-AN i0, fi
Film type 0 0,030 0210 0330 0405 354 AG-AN
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§ 25
AG-AN/GG-0.5%TiO; film 2 20
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" 154
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s e I A
"“g 0.5 §; P
Z < N
o 985 i % ¥y =0.3186 x + 0.8101
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509 Wavelength (nm) Concentration of TMA (mM)
510 Fig. 7. The (A) colors and (B) S values of the colorimetric films in respon3@/ta at different

511 concentrations; (C) UV-Vis spectra and colors (inset) of AG-AN/GG-2%fTii@ in response to TMA at
512 0-0.405 mM, and (D) the corresponding changess@fA4o values of the AG-AN/GG-2%Tigfilm with
513 the concentration of TMA. The relative humidity and temperature of the testargber containing TMA
514 were 75% and 2%, respectively.
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3.6. Application of films in monitoring meat spoilage

To test the feasibility of the bilayer film in monitoring meat spoilage, two sqv@re
AN/GG-2%TiCG: films were fixed on the lid of a sealed PET box. As showFign$4, one
film, expressed as film 1, was fixed on the external surface of the PET lid to cover the hole
(15 mm length), while the other film, expressed as film 2, was directly adhered onto the

internal surface of the PET lid.

It can be seen that film 1, as a water permeable window, showed visible color changes
from rose red to light green, along with the cold storage (4 °C) of payk8A) and silver
carp Fig. 8B). By contrast, film 2, which was put inside of the sealed PET box, suffered
from severe AN leaching, after absorbing a large amount of water vapor volatilized from
the fresh meat samples. However, the AN leaching was not expected or controllable in this
case. Hence, in this study, the film 1 was regarded as the meat spoilage indicator for further

analysis.

The spoilage degree of the meats was evaluated by their TVB-N content. As shown in
Fig. 8C and8D, the TVB-N values of the pork and silver samples respectively increased
from 7.54 to 23.78 mg/ 100 g, and from 8.23 to 33.25 mg/ 100 g, after a 14-day storage.
Meanwhile, the color changes of the AG-AN/GG-2%Zfim could be quantitatively
described by the rate of G value to the sum ,06Rnd B value, namely/qR+G+B). It
increased from 31.45% to 33.39% for pork, and increased from 32.26% to 34.10% for

silver carp samples, respectively.

According to Chinese standard GB 2707-2016, the rejection limit of TVB-N level for
fresh pork is 15 mg/100 g. In this study, the TVB-N value of pork increased to 15 mg/100
g at nearly 8 d, when the/@®+G+B) value of the film was 32.55%i(. 8C). This indicated
that if the G(R+G+B) value was > 32.55%, then the pork sample should not be consumed.
Similarly, according to Chinese standard GB 2733-2015, the rejection limit of TVB-N level
for fresh silver carp is 20 mg/100 g. The TVB-N value of silver carp increased to 20 mg/100
g at nearly 8.5 d, when the/(@+G+B) value of the film was 33.05 %:i(. 8D). This
implied that if the GR+G+B) value was > 33.05%, the silver carp sample should not be

consumed.
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544 Simultaneously, the color of the electrochemical patterns (yellow color) on the film 1
545 did not obviously changed, indicating its color stability on the film. Hence, the AG-
546 AN/GG-2%TiO films with the electrochemical patterns, which was worked as a

547  colorimetric gas sensor, could be used to visually monitor the pork and silver carp spoilage.
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549 Fig. 8. The images of (A) pork and (B) silver carp, and the relation betweenrN'¢8ntents and
550 G/(R+G+B) (%) values of AG-AN/GG-2%Tililm in terms of (C) pork and (D) silver carp sample,
551 during storage at 4.
552  3.7. Safety and cost of the films
553 The bilayer AG-AN/GG-TiQ films are safe and cost-effective. Anthocyanins and agar

554 are well-known natural edible pigments and polysaccharide, respectively. GG is also an
555 edible polysaccharide and has received both U.S. FDA and EU (E418) approval for
556 application in a variety of fooﬂ:ﬂ/leanwhile, TO: is included in the list of approved

557 additives for food contact materials, according to the Commission Regulation (EU) No.
558  10/2011 on plastics and articles intended to come into contact with @ds [54]. For one
559  thousandAG-AN/GG-2%TiC; films (diameters 53nm), the total cost of the materials is

560 merely $ 17.15Table S1). Therefore, the colorimetric film is not only a safe meat spoilage

561 indicator, but an economical sensor for intelligent food packaging.

562 4. Conclusions
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Bilayer colorimetric films, including AG/GG, AG-AN/GG, AG-AN/GG-0.5%TiO
AG-AN/GG-1%TiG:and AG-AN/GG-2%TiQ film, were successfully developed through
a two-step casting technique. SEM images and XRD spectra verified the successful
fabrication of the bilayer films. The incorporation of Bi@p to 1 g/100 g of GG
significantly improved the tensile strength, water barrier ability and oxygen barrier ability
of the AG-AN/GG film, while the flexibility of the AG-AN/GG-Ti@films decreased with
the increase of Ti@content up to 2 g/100 g of GG. The color stability of the colorimetric
films under visible and UV light was enhanced with the increase of do@tent. The
presence of Ti@did not hinder the TMA-sensing ability of AN, and the LOD of AG-
AN/GG-2%TiC; film to TMA was 0.018 mM. TheAG-AN/GG-2%TiC, film exhibited
visible color changes along with the storage of pork and silver carp at 4 °C, and it was safe
and cost-effective. Hence, the bilayer films should have good potential for practical

application in intelligent food packaging.
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