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ABSTRACT

An edible and pH-sensitive film combined with electrochemiz@ing was developed
using gelatin, gellan gum and red radish anthocyanin extraicttelligent food packaging
applications The composite film displays orange redyellow color change over the pH
range 2-12. The tensile strength, ductility, and barrier respairibe films to UV light and
oxygen improved with the increase of red radish anthocyemmeentrationMulticolor
patterns were successfully drawn on the film usinglectrochemical inscribing method.
The composite films acted as gas sensors which presentel® wslor changes in the
presence of milk and fish spoilage, while the written patternse wesll preserved.
Accordingly, this composite film with written patterns e an easye-use indicator

with great potential for monitoring food spoilage as padroihtelligent packaging system.

KEYWORDS: intdligent food packaging; gelatin; gellan gum; red radish

anthocyanins; electrochemical writing; film
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1. INTRODUCTION

Intelligent food packaging has received great estein the last decades, because of
their potential for monitoring the condition of packagedd® or the surrounding
environment|Generally, intelligent food packaging systems can bezezhby three main
technologies, namely sensors, indicators and dataienﬂrAmong these systems,
indicators (e.g. freshness indicators, time-temperatdreators and gas indicators) which
could provide qualitative or semi-quantitative informatiommmans of a color change have

been widely studied since they are easy to fabricateamberead by the naked eye.

In recent years, many pkknsitive indicators have been developed to monitor food
guality. This was because various non-neutral volatile gaseh as amines, hydrogen
sulfide and carbon dioxide, can be generated from foodsgdspnilage. When these
volatile gases diffused to the headspace of the packaggscahild react with the pH-
sensitive indicators causing color changes of the itmlisaGenerally, the pH-sensitive
materials were composed of pH dyes arsblid matrix to immobilize the pH dyﬁﬁ
Concerning that traditional synthetic pH dyes with po&ritarmful effects to human

beings are not ideal for food packagﬂvg}ore attention has recently been paid to natural

and safe coloring agents, such as anthocy&nfrend curcumift>*8|in addition, the public

concern over environmental pollution caused by plastissdhaen a greater demand for
packaging materials to becofriendly by using biopolymers with good film-forming

propertiessuch as starch, chitosan, gums, alginate, agar, geatatiscaforth

Red radish (Raphanus sativus L.) (RR) is a anthocya'nrnyegetabl in which

anthocyanins mainly exist at acylated structhocyanins extracted from red radish
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are widely used as natural safe food-coloring agents echtigeir high stability and their
orange-red color similar todhof synthetic Food Red No. As red radish is readily
available at low cost, the red radish anthocyanins (RR&)good resource of pH-sensitive
dye. The solid matrix used to immobilize anthocyanins is alsatical component of a
sensitive, safe and yet environment sustainable indic&telatin is a denatured protein
from the triple helix of collagerit is accepteds “Generally Recognized as Safe’” (GRAS)
food additives by the US Food and Drug Administration (Fﬁ(ﬁelatin is considered as
a promising natural polymer for packaging applications becafises renewability
biodegradability and film-forming prope .in particularly with good oxygen barrier
property:< This may be used to protect packaged foods from being oxidizédhus
improve their shelf lifeHowever, poor mechanical properties (such as frangibilyeh
been described as one of the disadvantages of gelatig~fjlnTo compensate this
shortcoming, gelatims generally cross-linked and/or combined with other polynsersh
as sodium alginat and chitosaﬁl Gellan gumis a linear negatively charged
biodegradable exopolysaccharide. Four repeating carbohydra&tgsesent in the main
chain of gellan gum, which includes two d-glucose carbohysiratee L-rhamnose, and
one D-glucuronic ac It is safe to use with acceptable daily intake (ADI) dose not
specified, and has received both US FDA and EU (E418) approvapfdication mainly
as a multi-functional gelling, stabilizing and suspending ageat variety of foods and
personal care produg¢t§lmportantly, it was found that not only the mechanicapprtes
of gelatin film could be significantly improved by gellan Iso the gellan gum could

enhance the thermal stability of anthocyanins according neva stud Hence, the
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gelatin/gellan gum blend is considered a perfered film-formingitage immobilize

anthocyanins.

Most food packaging materials are labelled in ordgaréwide information about the
packaged foods and inks are typically derived from petrocla¢meiedstock, which brings
significant environmental sustainability concern to moderciengI In addition, the
migration of unsafe printing inks from packaging to food caralisk for consumers
healtﬁ To solve these problems, new inks such as edible inks andexcéniques for

printing are very desiralﬁRecently, Wu, et a?.ilsuccessfully printed on polysaccharide

film by an electrochemical method based on the pH respot®echange of anthocyanins.

As anthocyanins are safe and biodegradable, this electrmethewmiting can be regarded
as a green printing method. However, the related woglectrochemical writing on edibl

films is still limited.

In this study, we aimed to develop a new pH-sensitive afdeeiiim by using RRA as
the pH-sensitive pigment and gelatin/gellan gum blend as fitm-forming agent,
respectively. The fundamental properties of films, such asostructure, mechanical
properties and gas permeability properties were first investigahen, multicolor patterns
were inscribed on this polysaccharide/protein compositeliyimsing an electrochemical
deposition method. Finally, the film combined with depogitatierns was used to indicate

milk and fish quality.

2. MATERIALSAND METHODS

2.1. Materials and Reagents. Fresh red radish (cultivaXinlimei’) and live black carp

were purchased from local market, and pasteurized milk wabgs&d fronalocal cattle
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farm (Zhenjiang, China). Gelatin (type B, pig skin) was pusetdrom Sigma-Aldrich Inc.

(St. Louis, MO, USA). bw-acyl gellan gum was purchased from Dancheng Caixin sugar
industry Co., Itd. (Dancheng, Chin&ther chemical agents, such as ethyl alcohol, calcium
chloride, acetic aciammonium hydroxideacetonitrile and formic acid were bought from

Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).

2.2. Extraction of anthocyaninsfrom red radish. Fresh red radishes were peeled, cut
into pieces and dried at 65 °C under vacuum. Then, the rddechdishes were crushed
into powder and transferred to 80% ethanol aqueous solutibnawablid-liquid ratio of
1:10. After stirring at 35 °C for 6 h, supernatant of the swilutvas collected through
filtration using a 25+m filter paper Ethanol in the supernatant was removed with a vacuum
rotary evaporator at54°C in dark conditions. Finally, the concentratR®A extract
solution was freeze-dried under vacuum and the RRA exioaetler obtained was stored

at 4 °C in a brown bottle filled with nitrogen.

The anthocyanin content in lyophilized RRA extramivgder was measured by the pH
differential methoAbsorbance of sample at 520 and 700 nm was measured using a UV-
Vis spectrophotometry (Agilent CARY 100, Varian Corporatid®A). The anthocyanin

content was expressed in mg/g.

2.3. Preparation of films. Firstly, 100 mL aqueous dispersion containing 3 g of gelatin
(G) and 1 g of gellan gunGG) was heated at 8% in a water bath and stirred with a
magnetic stirrer for 0.5 h to form a clear solution. Urttiés constant temperatyi@0 mg
of CaCl2H.O was added into the solution with continuous stirring. eBasn the

cdculated anthocyanins content (303.42 + 7.82 mg/qg) (refer tmee23), RRA extract
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powder was then added to the solution to oldaianthocyanin contents of 5 mg/100 mL
10 mg/2100 mL, 15 mg/100 mL and 20 mg/100 mL, expressed as RIRA&RAL0, RRALS5
andRRA20. A control solution containing gelatin, gellan gum and G&ELO was also
prepared. After degassing with a sonicator at@5L2 g of the film-forming solution was
immediately poured into a clean and smooth plastic Bistriwith a 9 cm diameter. Then,
firm hydrogels were formed after the solutions were codi®aan The hydrogels were
dried to films by putting the Petri dishes on a horizontiif@tm in an oven at 4% for 2

h. After that, the film was peeled from the Petri dished stored in an incubator at@

with 75% RH for further use.

In order to prepare films with electrochemical writinge thibove-mentioned hydrogels
containing RRA were firstly taken out from the Petri digfiore drying. The hydrogel was
placed in contact with a platinum (Pt) plate connetitete cathode of an electrochemical
analyzer (CHI660E, CH Instruments Co., Shanghai, China)., Ehehneedle (diameter
0.5 mm) connectetb the anode of the electrochemical analyzer touched the spgace
of the hydrogel. Under a constant curremydrogen ions were produced around the
platinum needle and thus induced an orange red color Af RR the contrary, when the
Pt plate was connected the anode of the electrochemical analyzer and thedrilen was
connectedo the cathode of the electrochemical analyzer, hydroxyl wer® produced
around the Pt needle and thus induced a green color of RiRAnovement of the platinum
needle was procedurally controlled by a mechanicalvaitina step precision of 0.1 pm
(DOBOT M1, Shenzhen Yuejiang Technology Co., Ltd, China). Tjdrogel was
immediately dried in a vacuum-drying oven at 70t6Gorm a film which was stored at

4 °C with 75% RH prior to use.



138 2.4. Characterization of thefilms

139 2.4.1. Color responseto pH variation. UV-vis spectra of films were measured using a
140  UV-vis spectrophotometer (Agilent CARY 100, Varian Corporatid8A). Firstly, pH

141 buffer solutions (pH 2-12) were prepared by using 0.2 M disodiwtnolgen phosphate,
142 0.2 M citric acid and 0.2 M sodium hydroxide solutions witffiedént proportions. Then,
143  films were cut into squargd cm x 1 cm) and immersed in the buffer solutions for 5 min.
144  The spectra of the films in the range of 400-800 nm wavelemgté obtained using air as

145 the reference blank.

146 2.4.2. Microstructure observation. The micrographs of the films were recorded by a
147 field emission scanning electron microscope (FE-SEM}48S0, Hitachi High
148  Technologies Corporation, Japan). The films were fiiestize fractured by liquid nitrogen
149  before measurement. Samples were attached to double-sidegsivadtape and mounted

150 on the specimen holder, then sputtered and coated witlugdé& vacuum.

151 2.4.3. Mechanical properties. Tensile strengthl(S) and elongatiorat-break (EB of the
152  films were measured with an Instron Universal Testing MecliModel 4500, Instron
153  Corporation, Canton, MA, USA) using a modified ASTM D882-@&GTM, 2000b)
154  procedure. Samples were conditioned at 25 °C and 50 + 3% Rldasiccator containing
155 magnesium nitrate saturated solution for 2 d prior to amalfsach film was cut in
156  rectangular strips with 60 mm length and 20 mm width. Thelmgrip separation and
157  crosshead speed were set at 40 mm and 0.6 hmespectively. Thel'S and EB were
158 calculated as the equation (1) and (2), respectively. Meamunts represent an average of

159  six samples.
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TS= Fmax/ S 1)(

E (%) = 100x Al/I, )

whereTS was the tensile strength (MPakkwas the maximun load (N); S was the the
initial cross-sectional area of the film sample #1r& was the elongatioat-break 4/ was

the extension of the film (mm) angWas the intial test length of the film (40 mm).

2.4.4. Transparency measurement. The optical transmittance &GGand GGG-RRA
films (2 cm x 1 cm) were measured in the range of-800 nm with air as the reference

blank by using the UWis spectrophotometer.

2.4.5. Water vapor permeability. Water vapor permeability (WVP) of films was
determined gravimetrically using a standard test method (ASTMOBR6The film
samples that had previously equilibrated at 50% RH for 48 h vealedson glass cups
containing dried silica gel (0% RH). The cups were then plate@siccators containing
saturated Mg(NO3)solution (50%RH) at 25 °C. The cups were weighed at 1-h interval
until a steady state was reached. The water vapontisgien rate (VWVTR) o& film was
determined from the slop#f the regression analysis of weight gain of moisture (Am) that
transferred through a film area (A) during a definite t{theas shown in equation (3). Then,
the WP of the film was calculated based on the WMTR, as shawequation (4)

Measurements represent an average of six samples.
WVTR = Amy/( Axt) (3)

WVP = WWTRx X/AP (4)
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whereAm is the weight gain of the cup (g); x is the film thickaé€sn); A is the exposed
area (M); 4P is the partial water vapor pressure difference adtwes$im (1583.7 Pa at

25°C); tis the time (h).

2.4.6. Oxygen permeability. Oxygen permeability@P) of the film was estimated at
25 °C and 50% RH with an automated oxygen permeability testing machine (WDR;
SYSTESTER, China) following the standard method (ASTM D3985-05, 260%) was
placed on a stainless-steel mask with an open testiagod@8 cri Oxygen and nitrogen
were respectively flowed on each side of the films. Oxygamsiission rate (OTR) was
measured an@®P was calculated according to equation (5). Measurements eapras

average of six samples.
OP= OTRx XAP (5)

where OTR is the oxygen transmission rate’(m2-d™?); x is the film thickness (myP is

the partial pressure of oxygen (1.013 % P@ at 25 °C).

2.4.7. Color stability. The colorimetric films werestored in incubators at 4°C and 25°C
with 75% RH under fluorescent lights. The images of therzoetric films were captured
every day for two weeks by an optical scanner (Scanjet G405@ndRynalyzed by a user
program in Matlab R2012a (Matworks Inc., Natick, MA, USA).eTstability of the

colorimetric films was defined as the relative colourngfgg according to our previous

study

AR:‘R)_RJ (6)

10



AG:‘GO_GJ

200 (7)
201 AB=[B, B (8)
202 S=(AR+AG+AB)/(R+ G+ B)x100% (9)

203  where R, Go, Bo were the initial gray values of the red, green and blue;RRB: were the
204 gray values of the red, green and blue after storage. S evaslative color change of, R

205 G and B values.

206 2.4.8. Color response to basic and acid gases. Response of the colorimetric films
207 toward volatile ammonia in term of their color changes pexr$ormed using absorbance
208 measurements. The colorimetric films were hang up inrEemieyer flask (500 mL) at 1

209  cm above the ammonia solution (80 mL, 8 mM) at 25°C.
210 2.5. Application of filmsin monitoring food quality

211 2.5.1. Milk spoilagetrial. 20 mL of pasteurized fresh milk was poured into an unused
212  plastic Petri dish (diameter 90 mm) with a lid. In th&gldle of the lid, a square hole was
213 cut using a knife. Then the film was fixed on the lid to cokierhole. The Petri dish was
214  sealed with Vaseline anglaced in an incubator at 25 °C with 75% RH. During milk

215  spoilage, volatile gases were generated from the milk ffiadel through the film, making
216  a color change of the film. The images of the film waaptured using the optical scanner.

217  The acidity of milk was measured by acid-base titrati@thod according to a previous
218 Iiteraturﬂ

11
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2.5.2. Fish gpoilage trial. Fresh black carpMylopharyngodon picegswas cut into
strips after removing its innards, head, tail and scales.th&enilk spoilage trail, 25 g of
black carp was put into the plastic Petri dish and theviimm fixed on the lid to cover the
hole. The Petri dish was placed in an incubator at 4 °C with 75% RH. The total volatile

basic nitrogen (TVB-N) content was measured according te\aous Iiteraturﬁ
3. RESULTS AND DISCUSSION

3.1. Color and UV-vis spectra of RRA and GGG-RRA film. In this studyRRA was
used as the pH-sensitive pigment to develop packaging filmse smlbor response of RRA
and GGGRRA film to pH variation was firstly investigated. Fig. 1A si®that RRA
solutions changed from orange red to yellow when pH increased4rto 12. In detall,
RRA solution turned from deep orange red to light orange tineepH range of 2-7. At
weak basic conditions, the color became purple (pH 8k&n,lthe color changed to yellow
green (pH 10) and finally to yellow (pH 10-12). Correspondmgolor changes in RRA
solutions, the maximum absorption peak presented red-shiftshown in Fig. 1B, the
maximum absorption peak obtained at pH 2 was around 510 nm, whittratlyashifted
to 520 nm when the pH increased to 6. Meanwhile, the maximunrpdibsovalues
decreased. As the pH increased over 7, the maximum absopm®k shifted to
approximately 580 nm. At the same time, the absorption sa@jtadually increased when
pH increased from 7 to 10 and then decreased when pH increased Grto 12. The
absorbance ratio at 580 nm versus 510 neao#s10) indicates the increase of green
intensity compared to red. The calibration curve (Fig. A&et) showed that values of
AssdAs10 iIn PSPE solution increased and then decreased ovearthe of pH 2-9. An

exponential calibration curve was established between then phk range of 2-9 and

12



242 AssdAsio Of the RRA solution, as formula (10), where x and yeatbie pH and #o/As1o,

243 respectively.
244  y=0.139%"7"* R2=0.9823 (10)

245  The GGG film containing RRA showed similar color (Fig. 1C) and speckig. 1D)
246  changes with RRA in response to pH variation. An expoakcdiibration curve was also
247  established between the pH in the range of 2-9 agfiAdo of the GGGRRA film (Fig.
248 1D inset) according to the formula (11), where x and y were the pti ABdAs1o,

249  respectively.
250 y=0.2918""** R?=0.9791 (11)

251  Similar exponential calibration curves were also foundnih@cyanins extracted from
252  purple sweet potato (PSP) and film containing PSP anthocﬁwﬁne exponential
253  calibration curve between pH andséAsi0 for the GGGRRA film indicated thatRRA

254  maintained good chemical activity in the GGG film. The \esiolor changes of GGG-

255 RRA film toward pH change implied it was capabfandicating pH-related food quality.

256 3.2. Microstructure of thefilms. The SEM images showed that GGG film had a highly
257 compact and dense appearance of cross section (FigTi8)indicated that gelatin and
258 gellan gum had excellent compatibility with each other dueh® intermolecular
259 interaction. Similar homogeneous structure of compos#ad3GG film was also observed
260 in a previous stu When a low content of RRA (i.e. 5 mg/100 mL) was added irgo th
261 GGG film, some small spindrift-like structures appeared anduwvéermly distributed in

262 the film (Fig. 2B). With the increase BRA content, the GG@&RA films showed obvious

13
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aggregation of spindrift-like structures and stratificatioiy.(2C and Fig. 2D). When a
relatively high content of RRA was added, B&G-RRA20 film in turn became more
uniform than the GGARRAL10 and GGG-RRA15 film even though the size of spindrift-
like structures w&slarger (Fig. 2E)This phenomenon could be explained by the gelation
process of both gelation and gellan gum. During the gel&diomation of gelatin, junction
zones were formed by small segmeuwit$wo or three polypeptide chains reverting to the
collagen triple helix-like structuyellt has been reported that the addition of phenolic
compounds promote the formation of hydrogen bonds amoniprie heliceﬁ For the
gellan gum, the formation of gels was closely affectethbypH of the solution. As gellan
gum is a linear anionic polysaccharide, the aggregation ohgglian helices in water was
impeded by the intermolecular repulsion between negativalgel carboxylic groups on
the gellan gum, while this intermolecular repulsion cambeakened with the decrease of
pH of the solution, resulting in an enhancement of jonctone formatiofi?|In this study,
RRA as a phenol compound could also contriliatéhe gelation of gelatin. At the same
time, with the increase of the RRA content, the plthefsolution decreased, contributing
the gelation of gellan gum. Therefpmaore intermolecular cross-linking within gelatin
molecules and gellan gum molecules were generatedpdetalpartial phase separation of
gelatin and gellan gunis shownin Fig. 2B-D, the continuous and compact phase with
parallel-arranged long chains could largely comprise getadilecules, while the coarse
phase could largely comprise gellan gum. However, when the &Rwent was at a
relatively high level (20 mg/100 mL), the phase separatibmdan gelatin and gellan gum

molecules in the GG®RRA20 film was not as obvious as that in the GEBBA10 and

14
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GGG-RRAL15 films. This might be due to excessRRA havinga steric hindrance effect

on the formation of crosslinks among gelatin and gejlam chains.

3.3. Mechanical and barrier properties. TS represents the capacity of the films to
withstand loads tending to elongate &lexpresses the capability of the films to resist
changes of shape without crack formatidhe TS andEB of the GGG and GGG-RRA
films are shown in Fig. 3AWith the increase of RRA content, th€ andEB of the films
both become higher, indicating improved coupling streagthductility of the films. The
changesn mechanical properties of the films could be explained byittermolecular
interaction of G and GG in the absence and presence Af Rie higherTS of the films
in the presence of RRA could be due to the enhanced cnégsglamong G and GG chains,
respectively, as mentioned in section 2.3. Generally, an ragrdS of a film was
accompanied by a sacrifice BB. However, th€eB of theGGG-RRA films also increased
with the increase dRRA. This could be due to the layer structure of 8@G-RRA films

that endowed them with better flexibility compared to the GGG

Fig. 3B shows the UV-vis transmission spectra and imagestimsGGG and GGG-RRA
films. Pure GGG film was colorless and ledansparency of over 80% in the visible range
of 400-800 nm. The incorporationRRA into GGG film resulted in an orange color which
became deeper with the increase of RRA content. @héeb property of the film to UV
light could be obtained from the spectra in the rang6f400 nm. GGG film presented
excellent barrier properties to UV light in the range 2if0-245 nm where the
corresponding transparencies were lower than 1%, sitailar previous gelatin film
Moreover, the UV light barrier ability of the films weesignificantly enhanced with RRA

since the films with higher RRA content showed improvedidagbility over broader

15
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spectra ranges. GGRBRA20 film presented strong barrier ability to UV light in tlaage
of 200-360 nm. These results could be due to the facRfRAtasa phenolic compound
favorable for the adsorption of UV radiat|oinThe good UV light barrier properties of
GGGRRA films may be beneficial for food preservation dese UV lightis known to

induce deleterious change, particularly lipid oxidation, irdﬂ

Fig. 3C shows the effect of RRA on the WMP of GGG filfrare GGG film hag VWP
value of 2.83 gnm m? kPa® hl, which was several orders of magnitude higher than that
of polyethylene (PE) and poly(vinylidene chloride) (PVDC) fiﬁs‘[he high VWP of
GGG film could be due to the hydrophilic nature of gelatin and mejlam With the
increase oRRA content, the VWP of the films presented a first dedtitlewed by a rise
For GGGRRAL10 film, the WMP was 1.25 gym m? kPal- hl, which was lower thaa
half of the WMP value of the GGG film. As the RRA cortgrereased to 20 mg/ 100 mL,
the GGGRRAZ20 film showed a comparable WMVP (3.1Tngn m? kPa! hl) to the GGG
film. The permeability of a film largely depends on its chexhstructure, morphology and
hydrophilicity, regardless of the environment conditiofise initial decrease of WVP of
films with the increase of RRA content to 10 mg/ 100 mL coeldlbe to anthocyanin
enhancement of the interactions of both gelatin andrggllem molecules, lowering the
amount of gelatin and gellan gum molecules needed to fodroplgilic bonding with
water and subsequently leading to a decrease in the affinitedflms towards water.
Meanwhile, anthocyanins as phenolic components could fawmnly non-covalent
hydrophobic interactions with gelatin and gellan amd thus reduce the hydrophilicity
of the films. However, a significant increase of WMPtltd film was observed from the

GGGRRA15 and GGG-RRA20 films. This may be due to the high hydropigilafi

16



331 anthocyanins that made the film easier to absorb watenRRA content was too high
332 Hence, the results indicated that addition of a relgtikev content of RRA in the GGG
333 film beneficialy lowered its mainly consequently reducing the water evaporation of

334 packaged foods.

335  The GGG film had an oxygen permeabili@R) of 10.05cm® um m? d?* kPat (Fig. 3D),

336 which was much lower than low density polyethylene (LDBBPOcn?® um m2 d* kPa

337 1) and higher than poly(vinylidene chloride) (PVDC) (@Blcn? pm m? d! kPa) and
338 ethylene-vinyl alcohol copolymers (EVOH) (0.77tpm m2 d? kPal), but comparable
339 to polyvinyl chloride (PVC) (2080 cnt um mi 2 d* kP4df°| The increase of RRA content,
340 caused th©P value of GGG-RRA films to slightly decrease to 6.33 % ¢0F um m? o

341 ! kPa' (GGGRRA20 film). TheOP of the films was closely related to the diffusion path
342  of oxygen within the film. The decrease@P resulting from the increase RRA content
343 could be due to that the stronger crosslinking of gelatin ardngglimleading to a
344  reduction of the free volume for oxygen to pass throughilths.fThe lowOP of theGGG-

345 RRA films may reduce the oxidation content of packaged foods

346 3.4. Electrochemical writing on GGG-RRA film. In order to write information on the
347 films using the electrochemical method, a hydrogel needbdfiostly fabricatedIn this
348  study, a firm gel witha good toughness was facilely formed after the GRIEA solution
349  was cooled down without further treatment (Fig. 4A), attebdtd the good gelation ability
350 of gelatin and gellan gunit is well known that the color of anthocyanissiependent on
351  pH conditio so the principle of electrochemical writing on the hgddocan be
352 expressed as in scheme When the Pt needle was connectedthe anode of the

353  electrochemical workstation, a localized low pH conditicas generated in the hydrogel
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375

due to the anodic water electrolysis reaction (equatiorsd 2hat anthocyanins turned to
acid color (orange red). On the contrary, when the Pt @eeal connectetd the cathode

of the electrochemical workstation, a localized high piHditton was generated in the
hydrogel due to the cathodic water electrolysis reactiquat@on 13) and therefore

anthocyanins turned to basic color (yellow).
2H,0-4e = 4H+ Q1T (12)
4H,0+ 4e = 40H + 2HT (13)

The movement of the Pt needle along the horizonsalepas controlled by a mechanical
arm to produce desired patterns. After being written on the hydratel patterns were
preserved by immediately drying the hydrogels to films. Aparhftiee current direction,
the current magnitude could also make the color of the pattififerent. When the current
increased from 1 to 6 mAhe pattern “1” turned more acid (Fig. 4B) or basic colors (Fig.
4C). This was because a greater current led to more intetesealetrolysis reaction and
thus a greater acid or basic condition. Accordingliticalor patterns could be written on
one film by tuning the current direction and magnitude. As shiawig. 4D and 4E, the
flower with orange red petals and green calyeas the apple with orange red fruit and

yellow leaves were respectively draanindividual films

3.5. Color stability and gas sensing ability. The stability of the films and the written
patterns are of great importafor the practical application of the films. Fig. 5Aos¥s
the images of th&GG-RRAL1O0 film with red and yellow patterns stored at 75% for 30 d
at 4, 25 and 37 °C. The color of the film and patterns gradéedigd during storage

Especially at a higher temperature (%3), the film obviously turned less red and the

18



376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

patterns discolored significantly after 30Tab describe the degree of discoloration, the
relative color change [$f the film and patterns astested and shown in Fig. 5B. The S
values of films and patterns increased slightly ovdrattontrast, the S values were higher
at a higher temperature for both the film and the pattémna certain temperature, the S
values of the yellow pattern were higher than thahefred pattern followed by the film,

indicating that the film had greater color stability thae red pattern and then the yellow
pattern. Generally, the anthocyanins are more stable at MEIThe reason why the red

pattern was less stable than the film remained unclear.

Before the film was employed as a gas sensor in the giackaystem, its sensing ability
to acid and basic gas were investigated. As shown in Fig. d6Rythe GGGRRA film
gradually turned to redder after exposure to acetic acid gasuemed to green after
exposed to ammonia gas. This result suggested that theRIRAGHmM could be used to
indicate the food spoilage when either acid or basic gesesthe dominant volatile gases
As for the written patterns on the film, the red tri@ngiaintained its original color in
response to acetic acid (Fig. 5C) but gradually faded in resporgnmonia (Fig. 6D). At
the same time, the yellow triangle maintained yellowesponse to ammonia (Fig. D
while gradually fading in response to acetic acid (Fig. 6C). Hdnckeep the written
information stable on the film, the films with botr&rcolor patterns and yellow patterns
could be used to indicate food spoilage during which acid gaskbasic were the main

volatile gases, respectively.

3.6. Application of filmsfor indicating milk and fish spoilage. In this study, th&GG-
RRA10 film was selected to indicate food quality, considerthe effect of the

anthocyanins concentration on the color visibility ansl gensitivity of the films discussed
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in our previous stuﬁ The GGGRRA10 films with redpattern “F” and yellow pattern
“F” were used to monitor milk and fish spoilage, respectively. As shown in Fig. S1, the
films were fixed on the lid to cover the hole that worksdhe detection window through
which the volatile gases generated from milk and fish diffts@tntact with the film and
make a color change of the film. In this way, the watgov inside of the dishes could
permeate through the film to the external environment to eethe film swelling that

might cause anthocyanins to leach from the film.

Fig. 6A shows the color change of the GGG-RRAL0 filmrdptine milk spoilage. With
the increase of time, the film turned to be redder.ctit@r change could also be seen from
the color parameters, namely red (R), green (G) and Bu&$ shown in Fig. 6B, the R
value increased from 232 to 253, indicating a deeper red coloe ®hénd B value did
not significantly change. The color change of the film iegblihat acid volatile gases were
generated during the milk spoilage. Similar phenomena werebssyved in a previous
studﬂThis was largely due to the generation of organic acidaglanaerobic respiration
of anaerobic bacteria or facultative anaerobic bactemnder hypoxic or anaerobic
condition. Itis worth mentioning that the lo®P of GGG-RRA10 film might contribute
to a hypoxic condition for the anaerobic respirationpofilage bacteria. The acidity of the
milk was an important index to evaluate the freshness & rilhigher acidity value
indicated a larger amount of acid componentstheicfore an inferior freshness. As shown
in Fig. 6B, the acidity of the milk increased from 14.78 t®25T after a 48 h storage at
25 °C. According to Chinese standard (GB 19645-2010), the acdalitg wf pasteurized

milk should be under 18 °T to ensure qualitythis study, the acidity of the milk reached
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at 18 T for 25 h, while at this point the R value of the film wasrye240. This implied

that if the R value of the film was higher than 240, th& sample should not be consumed.

Fig. 6C shows the color change of the GBRA10 film during the spoilage of black
carp The film gradually turned from initial orange red to green (dra) then yellow green
(8 d). Accordingly, the color parameter R decreased, and Gasedefrom O d to the 4 d
(Fig. 6D). However, the R and G value did not dramaticdipnge after 4 d. Meanwhile,
the B value decreased over time from iniall44 to final 18indicating a deeper yellow
color (the complementary color of blue). Hence, the éue could be used as a
characteristic parameter for the color change ofiliine The color change of the film could
be mainly induced by the volatile basic gasssch as ammonia, trimethylamine and
dimethylamine, generated from the black carp. Fig. 6D shog&v3¥B-N content of the
black carp. It rose from 4.74 mg/100g at 0 d to 53.71 mg/100g at 9 €aT € generation
of TVB-N was due to the decomposition of proteins by b&ctand enzymes. According
to Chinese Standard (GB 2733-2015), the rejection limit of TMBwSI for black carp is
20 mg/100 g. In this study, the TVB-N value rose to 20 mg/100 g dirsea d, when the
B value of the film was around 8This implied that if the B value of the film was lower

than 87, then the fish sample should not be consumed.

For the written pattern$” on the GGG-RRALO films that were used for either milk or
fish spoilage, as expect, they retained a clear cotbshape (Fig. 6A and 6CAs can be
seen from the Fig. S2A,,R5, and Bvalues of the red “F” did not obviously change,
indicating a good color stability. Although the B valuetioé yellow “F” significantly

decreased (Fig. S2B), the patt&mY still kept a bright yellow color because of the weak
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443  fluctuation of R and G values. Hence, the GBRA film combined with written pattern

444  could be used to indicate the milk and fish spoilage.

445 As mentioned above, when the GARRA-10 film was used to indicate the milk and
446  fish spoilage, the film showed visible color changes whileathigen patterns on the film
447  maintained good shapes and colors. As the GGG-RRA films made from degradable
448 and edible biomaterials, and the patterns were in sitwrdm@n the films by using
449  electrochemical method without the need of inks, thewlkhhave a great potential for

450  practical application in intelligent food packaging.
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605  Figure captions

606  Fig. 1. The color (A) and UV-vis spectra (B) BRA anthocyanins extract solution at pH 2-12, and
607  the color (C) and UV-vis spectra (D) of GGRGRALO film at pH 2-12. Insets of (B) and (D) were
608 the change of AdJAsi0 of the RRA solution and GGARRAL0 film with the change of pH,

609  respectively.

610 Fig. 2. The SEM images of cross sectionszG (A), GGGRRAS (B), GGG-RRAL0 (C), GGG-

611 RRALS5 (D) and GGGRRA20 film (E).

612  Fig. 3. Themechanical properties (A), transparencies (B), WVP (@)@ia (D) of the GGG and

613 GGGRRAfilms.
614  Scheme 1. The principle of electrochemical writing on GGBRA film.

615 Fig. 4. The photo ofGGG-RRAL0 hydrogel(A); the images of pattern “1” at different current
616 magnitude when the Pt needle was connected with the anode (B)atmdlec (C) of the
617  electrochemical workstation; the images of multicolor patfiewer (D) and apple (E) written on

618  the film.

619  Fig. 5. Images (A) and the corrsponding S values (B) of the GRRA.0 film with written patterns
620 stored at 4, 25 and 37 °C for 30 days; the color responge @8GEGRRA10 film with written

621  patterns towards acetic acid (C) and ammonia gas (D).

622  Fig. 6. Images of GGAQRRAI10 film with red pattern “F” when used to monitor the milk spoilage
623 at 25 °C (A), and the corresponding R, G, B values changes filnthend the acidity change of
624  the milk (B); Images of GG®RRAIO film with yellow pattern “F”” when used to monitor the black
625 carp spoilage at 4C (C), and the corresponding R, G, B value changes of the filnthentlvVB-N

626  content changes of the black carp (D).
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633 Scheme 1.

Electrochemical workstation

e, ® @
G GG H.0 Ca” RRAs

Ptplate Pt needle

Dryin
.

GGG-RRASs film

Horizontal table

Electrochemical workstation

GGG-RRAs hydrogel

GGG-RRASs film
634 Horizontal table

31



635  Figure 4.
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637  Figure 5.
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Figure 6.
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