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Gelatin films added with acid-base indicators modify their color
when being in contact with media of different pH:
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Abstract

The aim of this work was to develop biodegradalttgin-based films capable of sense
pH changes. These protein films were prepared Bjincafrom aqueous solutions of
bovine gelatin, glycerol and three acid-base indisa methyl orange (MO), neutral red
(NR) and bromocresol green (BCG), at pH 2, 6 andAlllresulting protein films were
homogeneous, thin and had different colors dependm pH and the indicator used.
The response of these materials was evaluated aimgitheir contact with liquid and
semisolid media, and with a container headspa@aeidtand alkaline pH. In all tests,
developed protein films could modify their coloteafbeing in contact with media of
different pH. The physicochemical properties ainfl were also affected differently by
the presence of each acid-base indicator. While dbdition of BCG did not
significantly modify the properties of control geha films, except its color; the
incorporation of MO and NR into film-forming solaotis significantly improved
mechanical properties and decreased the waterikiylldnd moisture content of the

resulting protein films without affecting their veatvapor permeability.

Keywords smart packaging, protein film, pH indicators,aj#l, food spoilage sensor.
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1. Introduction

Innovations in food packaging technologies incltite development of new active and
smart materials as well as the use of biopolymsersaw materials. These packaging
technologies attempts to ensure and extend theéysafel quality of products during
shelf-life without affecting the environment, inspnse to new consumers’ demands
(Brody, Bugusu, Han, Sand, & McHugh, 2008; DainefBontard, Spyropoulos,

Zondervan-van den Beuken, & Tobback, 2008; Resduestcal., 2010).

Biopolymers-based systems can act as carriersfigreht types of additives. Thus,
numerous active packaging systems containing rlaturssynthetic antioxidant or
antimicrobials compounds, ethylene or oxygen captprobiotics, flavors, etc., has
been developed (Campos, Gerschenson, & Flores, Rdllinas et al., 2015; Salgado,
Ortiz, Musso, Di Giorgio, & Mauri, 2015; Silva-Wsislhl, Sobral, Gomez-Guillén, &
Bifani, 2013). However, there are fewer studiestloa development of smart systems
capable of monitoring the quality of the packageddf They often attempt to sense
environmental changes or specific compounds gesekrdtring food packaging or
storage, in order to inform the freshness or mialogical quality of food to
manufacturers, retailers or consumers (Biji, Raatdtar, Mohan, & Srinivasa Gopal,
2015). Usually these smart devices provide qualgatnformation through visual
colorimetric changes and may be incorporated inéopgackaging materials or attached
to the inside or outside of the package (Ahvenai@603; Biji, Ravishankar, Mohan, &

Srinivasa Gopal, 2015; Han & Scanlon, 2005; Ke2608).
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In this regard, the addition of synthetic acid-bambcators (bromocresol green, neutral
red, phenol red, bromocresol purple, cresol reagnplphtalein, bromothymol blue,
xylenol blue, p-naphthol-benzein, hexamethoxy radd their combinations) into
polymeric matrices such as polyvinyl alcohol, celée acetate, polyethylene and
polyethylene terephthalate has been studied byraleaethors to determine volatile
amines, C@ SQG and other byproducts of bacterial growth (BooheG&rski, 2011;
Eagland, 2004; Gorski & Booher, 2011; Pacquit ef a006, 2007). The above-
mentioned indicators have been used as model sysseémge they are not GRAS
compounds, but recently some natural compound$, asi@grape, flowers and spinach
extracts or anthocyanins have been proved to babtapo react to external pH stimuli
(Maciel, Yoshida, & Franco, 2015; Veiga-Santos,cBiield, & Tadini, 2011; Zhang,
Lu, & Chen, 2014).

Even though many plant and animal proteins haven hesed as raw material for
producing active packaging (Campos, Gerschensofjoges, 2011; Mellinas et al.,
2015; Salgado, Ortiz, Musso, Di Giorgio, & MauriQ15; Silva-Weiss, Ihl, Sobral,
GoOmez-Guillén, & Bifani, 2013; Mauri & Afon, 2012jauri, Salgado, Condés, &
ARoN in press), as far as we know, there is nodlitee related to the formation of pH
colorimetric indicator films based on proteins.

Proteins are heteropolymersafamino acids which differ in their side groups. tAsy
can act as buffer systems due to their ionizaldle groups, their film’s responsiveness
to pH changes is uncertain. Moreover, the amingaaale groups could be highly
reactive against potential cross-linking or chernggafting (Guilbert & Gontard, 2005).
This potential reactivity could inactivate addittvadded to the formulation to provide a
new functionality, or change protein network crbsking, thus affecting the

physicochemical properties of films.
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In this context, the aim of the present work wasléwelop protein films capable of
sensing pH changes through the addition of acié-lmadicators to film formulations.
Gelatin was selected as protein source since filrag are colorless (Gomez-Guillén et
al., 2009) — unlike plant protein based films whigénerally present certain color,
inherent to non-protein compounds extracted togeth#h proteins (Salgado, Molina
Ortiz, Petruccelli, & Mauri, 2010)This colorless would allow films to take the
indicator color without interference. Three synitetcid-base indicators, with different
chemical structure and significant color variatiama wide pH range, were selected as

system models to activate protein films.

2. Material and Methods

2.1 Materials

Bovine gelatin with 240 Bloom (Kraft Foods, Argerd) was used as protein source. Its
protein content, as measured by the Kjeldahl me{dgdAC, 1995), was 87.8+0.6%
(w/w, dry weight; Nx5.5). Glycerol (Anedra, Argemd) was used as film plasticizer.
Three acid-base indicators were employed: metrghge (MO, Benzenesulfonic acid,
4-[[(4-dimethylamino)phenyl]azo]-, sodium salt, Matkrodt Baker, USA), neutral red
(NR, 2,8-Phenazinediamine,N8,N8,3-trimethyl-, moydrochloride, Pablo Zubizarreta
Ward, Argentina) and bromocresol green (BCG, Phedgl -(2,2-dioxido-3H-1,2-
benzoxathiol-3-ylidené)g2,6-dibromo-3-methyl], = monosodium  salt, Anedra,
Argentina).Table 1 shows their chemical structures, pKa values, pHeddpnce color,
andAmax In the visible region (Sabnis, 2007). All the otlieagents used in this study

were of analytical grade.
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2.2 Films preparation

Films were prepared by casting. Initially two aquecsolutions were prepared by
magnetic stirring, one containing 10% (w/v) gelain100°C and the other containing
2.5 % (w/v) glycerol plus 0.04% (w/v) methyl orangeutral red or bromocresol green
(MO, NR and BCG respectively) at room temperattigual volumes of both solutions
were then mixed by stirring for additional 30 minraom temperature and the pH was
adjusted to 2, 6 and 11, with 2 mol/L HCI or 2 rhdMaOH. Finally, 10 mL of each
film-forming solution were cast onto polystyrenetrPdishes (64 cff) and dried in an
oven with air flow circulation (Yamato, DKN600, U$At 60°C for 3 h. Resulting films
were preconditioned 48 h at 20°C and 58% relativeitlity (in desiccators with
saturated solutions of NaBr) just before being @@&dkom the casting surface and
characterized.

Furthermore, control gelatin films without the imgoration of acid-base indicators into
film-forming solutions, at pH= 2, 6 and 11, werdabed as described previously.
Three independent batches for each type of prdigm (G, G+MO, G+NR, and

G+BCG) were performed.

2.3 Films characterization

Thickness:Film thickness was measured by a digital coatingktiess gauge (Check
Line DCN-900, USA). Measurements were done at figsitions along the rectangular
strips for the tensile test, and at the centerarelght positions round the perimeter for
the water vapor permeability (WVP) determinatioiibe mechanical properties and

WVP were calculated using the average thicknessdoh film replicate.
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Moisture content (MC)Small specimens of films were collected after ctoding, cut
and weighed before and after oven drying at 108fC4# h, ASTM D644-99, (ASTM
2004). MC values were determined in triplicate éach film, and calculated as the

percentage of weight loss relative to the origimeight.

Color: Film color was determined with a Konica Minolta Ghra Meter CR-400
(Konica Minolta Chroma Co., Osaka, Japan) set itu@inant/2° observer. A CIE-Lab
color scale was used to measure the degree ohéghi *), rednessHa*) or greenness
(-a*), and yellowness+o*) or blueness -b*) of the films. The instrument was
calibrated using a white standard plate with caloordinates oflL* sangara = 97.55,

a*standard= -0.03 an®*siangars= 1.73 provided by Minolta. Films color was measuoa

the surface of this standard plate and total cdifference {lE*) was calculated as

follow:

AE* = [(L* fim — L*standar) > + (@%im — @%tandar) > + (0*im — D*standard] *° (1)
Values were expressed as the means of nine measnteion different areas of each
film.

Visible absorption spectraEach film specimen was cut into a rectangular pizoe
placed directly in a spectrophotometer test celsp&ctrum (from 400 to 800 nm) of
each film was obtained in an UV-Vis spectrophot@n¢Beckman DU650, Germany).
Measurements were performed using air as refereAdle.determinations were
performed in triplicate.

Water vapor permeability (WVPMWater vapor permeability tests were conducted
according to ASTM method E96-00 (ASTM, 2004) witnme modifications. Each film
sample was sealed over a circular opening of 0B®¥8in a permeation cell that was

stored at 20°C in desiccators. To maintain a 79%iive humidity (RH) gradient across



152 the film, anhydrous silica (0% RHwas placed inside the cell and a saturated NacCl
153 solution (75% RH) was used in the desiccators. The RH inside thewses always
154 lower than outside, and water vapor transport wederchined from the weight gain of
155 the permeation cell. When steady-state conditioeseweached (about 1 h), eight
156 weight measurements were made over 5 h. Changéseinveight of the cell were
157 recorded and plotted as a function of time. Theelof each curvedmiat, g HO s
158 was obtained by linear regression and the wateorvapnsmission rate (WVTR) was
159 calculated from the slope divided by the permeatielharea (A, in f). WVP (g HO
160 Pa's'm?) was calculated as:

161 WVP = [WVTR / (R"?°. (RHy— RH))] . d 2)

162 Where: WVTR = water vapor transmission rate (g0Hs* m?), R/"?° = saturation
163 water vapor pressure at test temperature (233%2&t R0 °C), Rkl - RH; = relative
164 humidity gradient across the film -expressed asaetibn- (0.75), A = permeation area
165 (m?), and d = film thickness (m). Each WVP value représ the mean value of three
166 samples taken from different films.

167 Water solubility (WS)WS was determined as was described by Gontard, Du€hey,
168 & Guilbert (1994) with slight modifications. Thregieces of films were weighed
169 (diameter = 2 cm; ~0.03-0.05 g) and immersed im&Oof distilled water. The system
170 was sealed, shaken at 100 rpm for 24 h at 20°QG#&-dT400 model, Argentina), and
171 then filtered through Whatman n°1 filter paper ywesly dried and weighed) to
172 recover the remaining undissolved film, which wasidcated at 105°C for 24 h. WS
173 was calculated as follows:

174 WS =[(R . (100 -MC))-R.100/[R . (100 — MC)] (3)

175 Where B=initial film weight (g), R = final dry film weight (g), MC = moisture content

176  (%). All tests were carried out in triplicate.
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Glass transition temperature (Tg)Tg was determined by differential scanning
calorimetry, using a DSC TA 2010 calorimeter Q10®.8/Build 296 (TA Instrument,
New Castle, Del., USA) controlled by a TA 5000 miedwith a quench cooling
accessory. Temperature and heat flow calibratiothefequipment were carried out
according to ASTM methods, using lauric and steaditls and indium as standards.
Hermetically sealed aluminum pans containing 5 mdjlms were prepared, and the
capsules were scanned at 10°C/min over the rarf@eao-850°C. Tg, defined as the
inflexion point of the base line, caused by thecdiinuity of the specific heat of the
sample (ASTM D3418-03 (ASTM, 2004)), was calculaisthg the Universal Analysis
V4.2E software (TA Instruments, New Castle, Del.SA). All the assays were
performed at least in duplicate.

Mechanical propertiesTensile strength (TS), elastic modulus (EM) anchg#dion at
break (EAB) of flms were determined following tpeocedures outlined in the ASTM
method D882-02 (ASTM, 2004), using a texture aredyZA.XT2i (Stable Micro
Systems, Surrey, England) equipped with a tensigngystem A/TG. Films probes of
90 mm length and 6 mm width were used. The ingig) separation was set at 50 mm
and the crosshead speed at 0.4 mim Measurements were made at 20°C in a
temperature-controlled room.

The curves of force (N) as a function of distancen) were recorded by the Texture
Expert V.1.15 software (Stable Micro Systems, Syriengland). Tensile properties
were calculated from the plot of stress (tensikedbnitial cross-sectional area) versus
strain (extension as a percentile of the origiealgth). TS and EAB were determined
directly from the stresses-train curves, and EM determined as the slope of the initial
linear portion of this curve. Reported values ane taverage of at least twelve

replications taken from different films for eachrrfaulation.
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2.4 Films’ response to pH changes

Each film was faced with liquid, semisolid and gasemedia of different pH: i) adding
a drop of 2 mol/L HCI or 2 mol/L NaOH directly onims; ii) placing the films in
contact with gels prepared from gelatin solutiong.8% w/v at pH= 2.5, and 11; and
iii) exposing the films to gaseous atmospheres iggee by acetic acid glacial {840,
pKs~4.8, Anedra, Argentina) and ammonia MNHK.~9.3, Anedra, Argentina).
Photographs of films before and after (30 minuts)tacting it with those media of
different pH were taken with a digital camera (Kkd4853, USA) and color variations

were measured using a colorimeter (Konica Minoltarotha Meter CR-400), as

described above;-at-the-same-time-films-were-phapbed.

2.5 Statistical analysis

Results were analyzed by two-way ANOVA (two factqrsl and presence of acid-base
indicator, in three and four levels, respectivgdit=2, 6 and 11; control films (G) and
those added with MO, NR and BCG (G+MO, G+NR and G&Brespectively). Means
were tested with the Tukey’'s HSD (honestly sigifit difference) test for paired
comparison, with a significance levet0.05, using the Statgraphics Plus version 5.1

software (Statgraphics, USA).

3. Results and Discussion

3.1 Appearance and optical properties of films

All gelatin films prepared with or without methytange, neutral red and bromocresol
green acid-base indicators at pH 2, 6 and 11 weraeogeneous, thin, flexible, and
transparentFigure 1 shows their visual appearance. Control gelatimgilG) were

clear and colorless for all pHs tested. The additb methyl orange (MO), neutral red
10
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(NR) and bromocresol green (BCG) to film-forminglumns allowed to obtain
transparent films with different and well definenlars, dependent on the nature of each
acid-base indicator and the solutions pH (2, 6, Hh}d Even the color of films matches
to the inherent color of the indicators at each @gorted inTable 1 Color parameters
(L*, a*, b* and4E*) and the absorption spectra in the visible rarfgaratein films are
shown inTable 2 andFigure 2 respectively. Regardless of the pH of the filnrforg
solutions, control gelatin film<x) showed a high brightness (high), absence of color
(low values ofa*, b*, andAE*) (p>0.05), and no signal in their absorption ctpee in
the visible range (data not shown). But these prdiins acquired a specific coloration
with the addition of the acid-base indicators te flormulations, characterized by
different values o&* andb*, and a significant lower brightness th@rfilms (p<0.05).
The absorption spectra of these colored films sllopeaks at different wavelengths in
the visible range, which were related to their cations. Gelatin films incorporated
with MO (G+MO) were orange at pH 2, yellow at pH 6, and purgl@t 11, with
maximum absorptionsugay at 510 nm, 430 nm, and 570 nm in their respecpactra
(Figure 2.A). It is worth noting that films with MO at alkaknpH showed a purple
color not reported for this indicator in the cité@rature (Sabnis, 2007). On the other
hand, gelatin films incorporated with NI&tNR) were yellow at pH 11, and purple at
pH<6, with Anax at 460 nm and 520 nm in their respective visilplectra Figure 2B).
But it is possible to note, that those films preghat pH 2 showed a higher absorption
peak and a higher intensity of the hue (with higheues ofa* and lower values d§*)
than those prepared at pH 6. Finally, gelatin filimsorporated with BCGG+BCG)
were barely yellow at pH 2 and blue at pH 6 andvlifh maximum absorptions at 440

nm and 620 nm respectivelFigure 2C). For this indicator, flms at pH 11 showed a

11
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more intense coloration than those at pH 6, evigérny an increase in its absorption
peak, a more negativ# value and a highex* value.

Coloration of films could be considered as an aold#l attribute for some commercial
applications. These materials can act as barriervigible light, protecting food

products from oxidation (Cian, Salgado, Drago, Gdez, & Mauri, 2014).

3.2Films” response to pH changes

Figure 3 shows the response of all developed films whepegalan contact with acid
and alkali liquids, semisolids and gases. Thisyaalaws verifying the ability of these
films to sense pH changes, simulating that these@és could occur in a liquid or
semisolid food, or in the headspace of a food ¢oetaas the result of the reaction
products of food spoilage. Thus, the material coafdrm indirectly about the quality
and safety of the product during its storage asttidution chain until be consumed.

All color changes seen irigure 3, which were reversible, were confirmed by
colorimetric measurements. Hunter color parametgrsa* and b* are shown as
supplementary material.

Gelatin films incorporated with MO, NR, and BCG tbehange their color after being
in contact with alkali or acid solutions of NaOH &Cl respectively, gaseous
atmospheres of acetic acid or ammonia, and gefgi® at pH 2.5 and 11, except for
those in which the pH of the medium and film werailar. These film responses were
immediately and markedly with liquid and gases ifflecent pH, but less evident and
slower with semisolid media. Slower turning kinstiof acid-base indicators against
semisolid media could probably be attributed tatkah diffusive processes.

Figure 3.A shows changes in color of gelatin films incorpedatvith MO G+MO)

after being in contact with different pH media. Forample.films obtained at pH 6
12
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resulted initially yellow, but became orange or gerby placing a drop of HCI or
NaOH solutions on them respectively. The same hehaas observed when the films
were exposed to acidic or alkaline gaseous atmosphé is noteworthy that acidic
gaseous atmosphere produced by acetic acid didlteotthe color of the yellow film at
pH 6 and turned purple to yellow film at pH 11, meaching the characteristic orange
color of MO in acidic medium. This could be attried to the pKa of acetic acid (pKa ~
4.8) that is higher than the pH at which MO tum#&s$ acid form (pKa=3.7).

Films at pH 6 and 11 in contact with semisolid nuediat pH 2.5 veered to the same
yellow acquired by acidic films, instead of the egfd orange coloration. This could
be attributed to the diffusion of the indicatortte gel during the assay, which also
provided color to the media. Meanwhile against sefid media at pH 11, films at pH 6
reached the alkaline purple coloration, but thdsptb 2 turned yellow. It seemed that
these acid films failed to achieve the pH of theayehat their structural characteristics
favored the diffusion of the indicator, according the observations previously
mentioned.

Figure 3.B shows how gelatin films with NR in their formulati (G+NR) could sense
the pH of the surrounding medium. They modifiedrtieelor by placing a drop of acid
or alkali on them or when subjected to acidic éalhe gaseous atmospheres. As noted
above, the changes in films color were less evidgmtn they were contacted with
semisolids, at different pHs.

Gelatin films incorporated with BCGG#BCG) showed similar behavior thaa+NR
films (Figure 3.C). They changed their color clearly and immediatafter being in
contact with acid and alkaline liquids and gasemeslia. These color changes were

very noticeable since the films turned from bargdflow (at acidic pH) to blue (at

13
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neutral or alkaline pH) or vice versa, being thelsanges less evident when films were
contacted with semisolid media.

Microbial growth often influence the pH of the mewh due to metabolites produced by
microorganisms, for example lactic acid, hydrogaHide, volatile amines, etc. (Biji,
Ravishankar, Mohan, & Srinivasa Gopal, 2015; HaB8d&anlon, 2005; Kerry & Butler,
2008). If packaging material could sense this ckatmgough a change in its color, it
would inform producers, sellers and consumers alioeitquality and safety of the
packaged food (Biji, Ravishankar, Mohan, & Srin@aSopal, 2015; Kerry & Butler,

2008)

3.3 Effect of pH and acid-base indicators addition ba physicochemical properties of
films
Regardless of the presence of acid-base indicatdgmulations, pH of film-forming
solutions affects the ionization state and the @onétion of proteins, thus conditioning
the interactions that can occur between polypeptiseins and among proteins and
other components during film formation. Protein-tpho interactions involved in film
matrix stabilization determine the cross-linking goee and the hydrophylic-
hydrophobic character of the films, which correlatgth their physicochemical,
mechanical, and barrier properties (Mauri & AAGIDOR, 2008). Furthermore, the
incorporation of additives into materials formudati attempting to confer specific
functionalites on films -—such as antioxidants, imrdrobials, vitamins,
microorganisms, probiotics, flavors, and pigmentsuld also affect protein cross-
linking and therefore modify the physicochemicabgerties of the resulting materials
(Salgado, Ortiz, Musso, Di Giorgio, & Mauri, 2018auri , Salgado, Condés & Afdn

in press).
14
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Thickness, moisture content (MC), water solubility) S), water vapor permeability
(WVP) and glass transition temperature (Tg) of dmwved films are showed ihable 3.
No modification in films thickness (~ 50m) was observed with the addition of acid-
base indicators used (p>0.05) neither with the gHthe film-forming dispersion
(p>0.05). Moisture content of control gelatin filngG) —without acid-base indicator
addition— were ~20%. The addition MO and NR into formulationssignificantly
decreased the moisture content of the resultimgsfilG+MO and G+NR) (p<0.05) at
all studied pH, while the incorporation BICG did not modify their moisture content
respect tdG films (p>0.05). Variation on pH only modified tmeoisture content of
and G+BCG films (p<0.05) slightly. In both cases, films oioked at pH 6 shows the
highest MC values (p<0.05).

Control gelatin films G) showed interesting water solubilities —betweeraBd 49 %
depending on the pH of film-forming solutions — walhniresulted lower than others
values reported in the literature for this protélms (Nur Hanani, Roos, & Kerry,
2012). The addition of the acid-base indicators ithte formulations caused different
effects on the water solubility of the resultingm. MO provoked a significantly
decrease in water solubility of the resulting filifs<0.05), being this effect higher at
pH 11 ca.60%) than at pH 2 and 64. 40%).NR did not affect the water solubility of
gelatin films (p>0.05) andBCG caused differential behaviors on water solubility
depending on the pH of the film-forming solutioriacreased it ~25% at pH=11
(p>0.05), decreased it ~40% at pH=6 (p>0.05), addchdt modify it at pH=2 (p<0.05).
Control gelatin films and those colored MO and NR prepared at acidic pH were
more soluble than those obtained at neutral ofiatkg@H (p<0.05). But those colored

by BCG showed similar water solubilities at pH 2 and Higher than at pH 6 (p<0.05).

15
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These results suggest a different protein crossrlindegree dependent on the presence
of the acid-base indicators and pH of film-formswjutions.

Unlike water solubility and moisture content resulio significant differences in water
vapor permeability (WVP) of films were observed @80 g H,O s* m* Pa') with
the addition of acid-base indicators (p>0.05) oarding the pH of film-forming
solutions (p>0.05).

Mechanical properties of developed gelatin filme presented idrigure 4. Control
gelatin films G) showed moderate tensile strength (TS), Young dulus (EM), and
elongation at break (EAB). These properties wefectdd by both the presence and
type of acid-base indicator (p<0.05) as by thaahgH of protein dispersion (p<0.05).
Incorporation ofMO or NR into formulations improved the mechanical propgertof
these materials. This colored films showed higkesite strength and Young’s modulus
but lower elongation at break than control filn@) ((p<0.05). These improvements
were most notable at neutral and alkaline pH thatidic pH.G+NR films showed the
best mechanical properties of films developed. drtipular, addition oNR to gelatin
film-forming solutions at pH=11 markedly increasthsile strengthc@. 400%) and
Young’s modulusda. 2000%) of resulting films (p<0.05), in detrimeritits elongation
at break ¢a. 40% decrease) (p<0.05). Moreover:BCG films had similar mechanical
properties than respective control films (p>0.080d it is worth noting that gelatin-
based films added or not with different acid-basdicators obtained at pH 6 and 11
showed higher tensile strength than those prepaoed acidic film-forming solutions
(p<0.05).

These results suggest that studied acid-base todicawith different chemical
structures (shown ifable 1), could interact differently with gelatin in theqgbein

network. Addition ofMO andNR to formulations seems to favor protein cross-gki
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leading to more resistant and less water solubtesfiwith lower moisture content and
without affecting their water vapor permeability.né&feasBCG addition seems not
interfere in protein matrixes obtained at pH 6 ddd but favor certain plasticizing
effect in acidic films.

Glass transition temperatures (Tg) of studied fibns presented imable 3. All films
showed just one Tg, suggesting that no phase depara was
observed (Tapia-Blacido, Mauri, Menegalli, Sobrahd Afidn, 2007)Neither the
presence and type of acid-base indicators nor piHeofilm-forming solutions modified
Tg of the materials (p>0.05), except B+MO andG+BCG films at pH 6 that showed
slightly higher Tg than control films (p<0.05). Hee results did not represent the
greater cross-linking or the possible plasticizieffect on protein matrix suggested
above when analyzing moisture content, water shiyl@nd mechanical properties of
films. The different moisture content of films als® affecting the Tg value. These
results suggest thddO andNR molecules could be acting as physical and/or cba&mi

entanglements not modifying the mobility of polypdp chains.

4. Conclusions

Gelatin-based films capable of sensing change$ensurrounding pH medium were
developed by addition of methyl orange, neutral aad bromocresol green —known
acid-base indicators— in their formulation. Allnfis modified its color reversibly when
they were in contact with liquid, gaseous and selwisnedia of different pHs. The
addition of these compounds also modifies the plgsiemical properties of the
resulting materials. In particular, methyl oranged aneutral red could be acting as
physical and/or chemical entanglements, increasiagensile strength and reducing the

water solubility of the resulting films, withoutfatting their water vapor permeability
17
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and their capacity to change their color against il of the surrounding medium.
These smart materials, used as food packaging atings, could inform about the
safety and quality of any product whose deteriorathode caused a change in the pH
of the media, such as microbial growth.

Evidence that the protein matrix did not interfesiéh the discoloration of the acid-base
indicators when being in contact with a medium fedent pH, pushed to find food
grade dyes that could replace the synthetic onalyzed in this work and to probe this

materials as packaging of real systems.
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Figure legends

Figure 1. Appearance of control gelatin-based films (G) #mose added with methyl
orange (G+MO), neutral red (G+NR), and bromocregseen (G+BCG) at pH 2, 6 and

11.

Figure 2. Visible absorption spectra (400-800 nm) of gek@sed films added with
methyl orange A), neutral red B) and bromocresol greerC) at pH 2, 6, and 11

respectively.

Figure 3. Response of gelatin-based films added with metimghge (G+MO,A),
neutral red (G+NRB), and bromocresol green (G+BCG) at pH 2, 6 and 11 after

being in contact with liquid, gaseous and semisaiatlia of different pHs.

Figure 4. Mechanical properties of gelatin-based films okedi at different pH (2, 6
and 11) added or not with different acid-base iattics (MO, NR, and BCG)A)

Tensile strength (TSB) Young's modulus (EM)C) Elongation at break (EAB).

Table captions

Table 1. Chemical structure, pKa, pH dependence color,agpdin the visible region
of methyl orange (MO), neutral red (NR) and bronesot green (BCG), used in this

manuscript as pH indicators.
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Table 2. CIE-Lab color parameters.{, a* andb*) and total color difference1E*) of
gelatin-based films added or not with differentdaloase indicators (MO, NR, BCG)

obtained at different pH (2, 6 and 11).

Table 3. Thickness, moisture content (MC), water solubil{yvS), water vapor
permeability (WVP) and glass transition temperat{irg) of gelatin-based films (G)
added or not with methyl orange (MO), neutral fd&), and bromocresol green (BCG)

atpH 2,6 and 11.

Supplementary Table.CIE-Lab color parameters (L*, a* and b*) of gela{@®) films
added with methyl orange (MO), neutral red (NR) anaimocresol green (BCG) at pH
2, 6, and 11 and their corresponding responsesstgaiid or alkali liquid, gaseous and

semisolid media.
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Table 1. Chemical structure, pKa, pH dependence color, and Anax in the visible region

of methyl orange (MO), neutral red (NR) and bromocresol green (BCG), used in this

manuscript as pH indicators .

Acid-base
Chemical structure Amax pKa Color change
indicator
Methyl o 507-522nm Red at pH<3.0
N z
Orange >N < > N < > é\OH 3.7
(MO) 464 nm Yellow at pH>4.4
Neutral 529-544 nm Red at pH<6.8
Red 7.4
(NR) 454 nm Yellow at pH>8.0
Bromocr esol 423-444 nm Yellow at pH<3.8
Green 4.6
(BCG) 617 nm Blue at pH>5.4

*) Data from Sabnis[29].



Table 2. CIE-Lab color parametersq, a* andb*) and total color difference1E*) of

gelatin-based films added or not with differentdalsase indicators (MO, NR, BCG)

obtained at different pH (2, 6 and 11).

Film pH L* a* b AE*
2 94.41+0.21% -0.79+0.06¢ 2.10+0.17% 2.06+0.12"
G 6 93.35+0.58% -0.94+0.07% 2.70+0.61% 1.85+0.52"
11  93.87+0.58% -1.07+0.07* 2.05+0.1%" 2.64+0.22
2 80.30 £+ 0.50% 26.50+0.04% 61.70+1.62* 11.8+0.09"
G+MO 6 79.67 +0.28% 17.11+0.28° 65.27+0.08" 11.30+0.08"
11  47.02+0.2Y" 58.34+0.37 -417+0.18 2.41+0.2
2 50.63 +0.72%8 58.01+0.52% 4.64+0.37% 548+0.17
G+NR 6 62.69 £ 0.64” 23.12+0.92° 25.85+0.4% 518+0.17"
11  64.93+098 16.81+0.88° 20.32+0.74 3.25+0.16"
2 91.53+0.46¢ -573+0.02% 3157+0.848 6.18+0.13"
G+BCG 6 57.41+0.28" -1066+1.13" -32.33+1.89" 12.94+0.50"
11  43.33x1.24" -521+0.42" -47.01+0.48" 14.63 +0.0¥

Reported values for each gelatin film are meastandard deviatiomg9). Different letters (a, b, c, d) in

the same column indicate significant differences0(p5) among the different acid-base indicatordlier

same pH of film-forming dispersion, according tok@éy's test. Different letters (w, X, y, z) in thense

column indicate significant differences (p<0.05)ceny the different pH of film-forming dispersion for

the same film formulation, according to Tukey’d.tes



Table 3. Thickness, moisture content (MC), water solubil{yvS), water vapor

permeability (WVP) and glass transition temperat{irg) of gelatin-based films (G)

added or not with methyl orange (MO), neutral id&), and bromocresol green (BCG)

atpH 2, 6 and 11.

Thickness MC WS wvVP *10™ Tg
Film pH

(kM) (%) (%) (gH20/s.m.Pa) (°C)
2 495+3.9 192+08 496+1.6" 763+08% -7.9+0.
G 6 51.0+3.0° 221+08" 37627 6.54+03% -6.3+2.0"
11 47.8+3.4" 215+03 376+1.8 796+038F -6.8+0.7
2 454+223" 169+08* 307+29* 8.28+0.88 -7.3+1.0"
G+MO 6 48.1+2.3* 16.3+08* 232+1.4Y 7.00+098* -51+05"
11 51.1+36* 173+03* 152+0%* 6.71+019 -6.9+05"
2 49.7+3.3% 174+08* 535+44 890+0.94 -7.7+0.5"
G+NR 6 502+1.8° 175+1%* 381+19" 883+0.78° -57+1.23"
11 50.7+1.9" 165+0.%* 341+108" 858+0.78% -6.7+0.7"
2 46.0+2.% 205+0.7° 513+0.9 012+0.18Y 62+1.7
G+BCG 6 495+3. 7 233+12 215+08Y 862+0.28 -42+058"
11 49.4+6.5* 203+023¢ 498+56° 990+0760" -65+1.7"

Reported values for each gelatin film are meastandard deviatiom€9 for thicknessp=3 for MC, WS

and WVP;n=2 for Tg). Different letters (a, b, c) in the sam®umn indicate significant differences

(p<0.05) among the different acid-base indicatorsttie same pH of film-forming dispersion, accogdin

to Tukey's test. Different letters (X, y, z) in thkame column indicate significant differences (P5).

among the different pH of film-forming dispersioor fthe same film formulation, according to Tukey’s

test.



G+ MO

G+ NR

G + BCG

Figure 1. Appearance of control gelatin-based films (G) and those added with methyl
orange (G+MO), neutral red (G+NR), and bromocresol green (G+BCG) at pH 2, 6 and

11.
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Figure 2. Visible absorption spectra (400-800 nm) of gelatin-based films added with
methyl orange (A), neutral red (B) and bromocresol green (C) a pH 2, 6, and 11
respectively.
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Figure 3. Response of gelatin-based films added with methyl orange (G+MO, A),
neutral red (G+NR, B), and bromocresol green (G+BCG, C) at pH 2, 6 and 11 after

being in contact with liquid, gaseous and semisolid media of different pHSs.
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Figure 4. Mechanical properties of gelatin-based films akedi at different pH (2, 6
and 11) added or not with different acid-base iattics (MO, NR, and BCG)A)

Tensile strength (TSB) Young's modulus (EM)C) Elongation at break (EAB).

Reported values for each gelatin film are meassandard deviatiomg12). Different letters (a, b, c, d)
indicate significant differences (p<0.05) amongdiféerent acid-base indicators for the same pHllof-
forming dispersion, according to Tukey's test. &t letters (X, y, z) indicate significant difeces
(p<0.05) among the different pH of film-forming dexsion for the same film formulation, according to

Tukey's test.



Highlights

¢ Smart gelatin films added with synthetic acid-base indicators were developed

¢ Films modified their color after being in contact with media at different pHs

¢ Films” response was evaluated against gaseous, liquid and semisolid media

*  Protein matrix didn’t interfere with the discoloration of the acid-base indicators
¢ Acid-base indicator’s presence affected the physicochemical properties of films



