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An edible film to carry L-(þ)-ascorbic acid (AA) was formulated for natural antioxidant food

protection. Considering previous works where films based on the “rigid” structure of gellan

(deacylated) or on a mixture of acylated-deacylated (more “disordered”) gellan were used for

network development, pectin was herein chosen by considering that the alternating presence of

“disordered” (hairy) regions together with ordered (homogalacturonan) ones could sufficiently

immobilize water for better AA retention and lower browning. High methoxyl pectin (HMP) was first

investigated. AA stability and browning were studied during film storage at 33.3, 57.7, or 75.2%

relative humidity (RH) and 25 �C; their dependence on water mobility determined through 1H NMR

analysis as well as the correlation between browning and AA degradation were again found.

Network characteristics and glycerol (plasticizer) interactions were analyzed through X-ray diffrac-

tion and Fourier transform infrared spectroscopy as well as through uniaxial tensile assay. From all

results obtained, it was hypothesized that browning development in solidlike systems may be

directly related to the water molecules more closely adsorbed on the hydroxyl-polymeric (active)

surfaces. The HMP film microstructure produced the best immobilization of water molecules except

at 75.2% RH, where it showed lower AA stability than acylated-deacylated gellan film. It is

suggested that disordered regions of this pectin network may not be adequately counterbalanced

by more transient junction zones of alternating hydrophilic (water) and hydrophobic (methyl ester)

interactions, also disturbed by glycerol molecules, for accomplishing enough water immobilization in

the whole network at 75.2% RH.
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INTRODUCTION

In the past half century, synthetic petroleum-based polymers
have been widely used in a variety of packaging materials but
have become a major source of waste disposal problems due to
their poor biodegradability. With the increasing demand by
consumers for high-quality foods and concerns about limited
natural resources and the environment, the use of renewable
resources to produce edible and biodegradable packaging mate-
rials that can improve product quality and reduce waste disposal
problems is being explored. Biopolymer-based edible films and
coatings are intended to function as barriers against moisture,
oxygen, flavor, aroma, and oil, thereby improving food quality
and enhancing the shelf life of food products (1).

Water-soluble polysaccharides are commonly used in food-
related applications as thickeners due to their increase in viscosity
when hydrated (2-4). Polysaccharides can also constitute edible

films, an important quality since these polymers are of natural
origin, come from renewable sources, and are biodegradable as
well. Although it is recognized that polysaccharide edible films
are not good barriers against water vapor, they can find interest-
ing applications as food interfaces (5), as carriers of active
compounds or preservatives (6), constituting delivery systems
with local activity (7-9).

Edible films based on gellan polymers, the deacylated form of
the gum secreted by Sphingomonas elodea, have already been
developed to support L-(þ)-ascorbic acid (AA) for antioxidant
protection of foods, by leveraging its natural activity as a vitamin
in human metabolism (10, 11). Kinetics of AA destruction at the
prevailing anaerobic condition of storage and of the subsequent
nonenzymatic browning (NEB) development were studied in
these previous works at 33.3, 57.7, and 75.2% relative humidity
(RH), and their relationship with the microstructure, at the
macromolecular and molecular levels, was also analyzed. The
important compromise ofwater availability inAAdegradation at
anaerobic storage and inNEB aswell was observed, since the first
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reaction of AA at this condition involves its hydrolysis to
diketogulonic acid (DKG). It was suggested that browning may
just begin from the latter product, favored by the relatively low
RH (or aW) of storage, which allows dehydrations involved in the
browning reaction chains in solidlike systems (10). It was sug-
gested that local water mobility at a constant RH value may be
connected with the local microstructure of the film network.
Gellan is constituted of a parallel, half-staggered, double helix
stabilized by both intra- and interchain hydrogen bonds. The
flexibility of the chain is tempered by three bonds per tetrasac-
charide monomer of glucose (Glc), glucuronic acid, Glc, and
rhamnose (Rha) (12). The gellan network would be a continuous
branched fibrous structure showing fibers of variable thickness,
which results after side-by-side association or lateral aggregation
of helices. Hence, the junction zones are continuous throughout
the gel network due to the presence of free carboxyl groups.
Without “disordered” regions, the elasticity of the gellan gel will
be due to the bending and stretching of fibers (13). It was then
hypothesized that this “rigid” network cannot immobilize water
sufficiently for promoting higher AA stability and lower NEB
development. Hence, it was suggested that the presence of
glycerate and acetyl side chains in the gellan chains by using a
mixture of gellan and of its acylated form would lead to a film
network where lateral aggregation would be hindered, producing
a less rigid network, which may contribute in some degree to
better immobilization of water. This also permitted, as expected,
the usage of a lower proportion of glycerol for adequate film
flexibility. This filmnetwork determined higherAA retention and
lower NEB development with similar mechanical characteris-
tics (11, 14). The above hypothesis led us to also think about
pectin as a convenient polymer to constitute film networks when
polysaccharides are selected for filmmaking. Pectin is a structural
component of cell walls, which consists primarily of partially
methyl esterified poly R-D-1,4-linked galacturonic acid (homo-
galacturonan, “smooth” ordered regions), but it also shows kinks
of (1f2)-linked R-L-rhamnose residues with remaining “hairy”
regions due to side chains of arabinogalactan I, which constitute
the disordered regions in the commercial product (13,15-17). As
a first approach, a highmethoxyl (73% esterified) pectinwas then
selected in the present paper for film development, looking for
better AA retention as well as a lower browning rate as a
consequence of controlled water mobility in the pectin network.

MATERIALS AND METHODS

Safety. This research work was performed in accordance with the
Safety Protection Plan of the Facultad de Ciencias Exactas y Naturales of
the University of Buenos Aires, where the laboratories are periodically
submitted to the inspections of the Department of Hygiene and Safety.

Chemicals. Food grade pectin with a high degree of methylation
(GENUpectin type B rapid set-Z) for manufacturing foodstuffs was from
CP Kelco (J. M. Huber Corp., Edison, NJ). Its relevant molecular
characteristics are listed in Table 1. It contains negligible amounts of
divalent cations and a higher content of sodium and potassium. All other
chemicals were of analytical quality from Merck (Buenos Aires,
Argentina) or Sigma (St. Louis, MO).

Preparation of Films. Films were made using casting technology. An
aliquot of 6 g of the high methoxyl pectin (HMP) powder was slowly
poured in 260 g of continuously stirred deionized water under controlled
high speed shear (vertical stirrer model LH, Velp Scientifica, Italy), to
reach homogeneous hydration of the powder to avoid lumps. While the
high speed stirring was performed, the obtained viscous, homogeneous,
and transparent system was then heated to 90 �C at a constant heating
speed (5 �C/min) on a hot plate, with simultaneous recording of the
temperature every 20 s through a thermocouple connected to a Consort
millivoltmeter (P 901, CE Belgium). Glycerol was added (3.5 g) as
a plasticizer, followed by potassium sorbate (0.03% w/w) and AA

(0.100% w/w), both predissolved in deionized water. The total weight of
the system was then made to 300.00 g by adding enough deionized water,
followed by stirring for homogenization. The film-forming solution
presented a pH of 3.16 when measured at 25 �C. The hot solution was
placed under vacuum for 20 s to remove air bubbles and immediately
poured onto leveled polystyrene plates. They were cooled for 60 min at
room temperature, but gelation was not observed in the pectin solution
contained in the plates. After this, the fractionated system was air-dried in
a convection oven for 2.5 h at 60 �C. After they were cooled to room
temperature, films were peeled from the polystyrene plates and stored over
saturated solutions of known water activity (aW�). Salts used in the
solutions were as follows: MgCl2 (aW�=0.333), NaBr (aW�=0.577), and
NaCl (aW�=0.752) at 25 �C. Equilibration was assessed by measurement
of aW values of film samples every day until that of the saturated solution
used was attained. Afterward, the sample thickness was measured to the
nearest 0.001mmusing a digital micrometer (Mitutoyo,Kawasaki, Japan)
at six different locations in each of 10 specimens. For kinetic studies,
samples were collected during storage. In general, three batches of films
(replicates) were prepared as indicated, and each one was stored at RH for
the influence of film making to be allowed for consideration in the study.
The following analyses were performed on samples of the three batches for
each time of interest.

Dosage of AA. Each film sample was first cut into pieces smaller than
1 mm in size, weighed on an analytical scale (0.0001 g), and extracted for
1.5 h at 5 �C with a 1% (w/v) oxalic acid solution under magnetic stirring
into a 25.00 mL volumetric flask. During this time, it was submitted to
vortexing (Velp, Italy) for 90 s at 35 Hz every 15 min. The suspension was
finally centrifuged at 10000 rpm and 6 �C for 30 min (Eppendorf 5810R
Refrigerated Centrifuge, United States). An aliquot was taken from the
supernatant, and the AA concentration was determined through the 2,6-
dichlorophenol indophenol (2,6-DPIP) spectrophotometric method (10)
in duplicate for each sample.

Determination of pH. It was performed on the gel-forming solutions
as well as on the films after their equilibration at the corresponding RH, as
previously indicated (11).

Water Activity. It was determined on film samples with a Decagon’s
Aqualab (Series 3 Water activity meter, United States) at 25 �C (constant
temperature), according to León et al. (11).

Color Evaluation. Film disks of 20 mm diameter were used for color
measurement in aMinolta colorimeter (Minolta CM-508d, Tokyo, Japan)
using an aperture of 1.5 cm diameter, as previously explained (11). The
yellow index (YI) parameter was measured for reporting the NEB
developed in film samples, according to ASTM D-1925 (18).

Moisture Determination. Films were sampled at various time inter-
vals during storage, cut into pieces smaller than 1 mm in size, weighed
(0.0001 g), and placed into small, light glass containers. They were then
frozen in liquid nitrogen and freeze-dried at room temperature for 48 h
(Christ, Freeze-Dryer Alpha 1-4 LD, Germany, and a Pfeiffer vacuum
pump, Duo 5M, Germany), as previously reported (10). As in the case of
performingmoisture determinations through a vacuumoven at 70 �Cuntil
constant weight for around 30 days (10), the freeze-dried samples obtained
were immediately led for 48 h into a chamber under P2O5 to follow the
same protocol. Statistical differences were not found in the moisture
contents obtained through both methods as in previous assays. Hence, we
preferred to freeze dry not only for rapidness but also because sample
chemical composition essentially does not change during dehydration at
low temperatures. Determinations were performed on six film specimens
from each evaluated condition.

Glass Transition Temperature. Differential scanning calorimetry
(DSC, 822eMettler Toledo calorimeter, Schwerzenbach, Switzerland) was
used to determine the Tg (onset value) of the second scan performed as
previously indicated (10, 11). It was calibrated with the melting points of
indium (156.6 �C), lead (327.5 �C), and zinc (419.6 �C), in addition to the
DSC periodic calibration performed with a sapphire disk, in the whole
temperature range where the equipment is usually employed (19).

Fourier Transform Infrared Spectroscopy (FTIR) Spectroscopy.
FTIR spectra were recorded at ambient temperature and atmospheric
pressure on aNicolet 8700 (Thermo Scientific Nicolet, MA) spectrometer,
which was equipped with a diamond attenuated total reflection (ATR)
device, a DTGSTEC detector, and a reflection incident angle of 45�. Each
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spectrum was obtained by recording reflectance (%) through 64 scans
performed with a resolution of 4 cm-1 and between 4500 and 525 cm-1.
Spectrawere analyzed through theOMNIC software (version 7.3, Thermo
Electron Corp., United States).

Nuclear Magnetic Resonance (NMR) ProtonMobility. All of the
experiments were performed on film samples using a Bruker Avance II
spectrometer operating at 300 MHz for 1H. The probe was a Bruker high
power CPMAS and was used under static conditions. The rotor sizes were
18 mm long with a 4 mm outer diameter. All of the experiments were
conducted on resonance at room temperature, in triplicate as previously
explained (10, 14).

X-ray Diffraction. A Philips X-ray diffractometer with vertical
goniometer was used (Cu KR radiation λ=1.542 Å). Operation was
performed as previously indicated (10). The order of reflection (n) was
considered as 1 for calculation.

Water Vapor Permeability (WVP). It was determined following the
procedure and calculations indicated by Gennadios et al. (20) for hydro-
philic films, by taking into account the resistance of the air column to the
vapor transference in the space (10 mm) remaining between the calcium
chloride desiccant placed into the cup and the film sample at the top of the
beaker, which was in contact with an environment of 73% RH at 25 �C
(Ibertest chamber, Spain).

Tensile Test. The tensile strength (N/m) was calculated as the ratio
between the tensile force (N) and the corresponding extension or deforma-
tion (m) at failure, determined from the force-elongation curves recorded
at 5 mm/min constant crosshead speed in an Instron Testing Machine
(model 3345, Norwood, MA), as previously explained (11).

Atomic Force Microscopy (AFM). This study was performed on
film samples under a nitrogen atmosphere, by taking images through an
atomic force microscope (NanoScope III, Digital Instruments, CA) and
performing image analysis (21) with the scanning probe microscopy
software WSxM 4.0 Develop 11.3-Package (2007, Nanotec Electronica,
Spain), as previously indicated (14).

Microstructural Parameters. The tensile strength at failure (Ts) was
found to be related to the volume fraction of network solids (φ) in a power
law fashion:

Ts ¼ A 3j
m

This power law dependence was assumed to arise due to the fractal
arrangement of polymer particles in aggregates. In theweak-link rheological
regimewhere the elastic constant of the flocs is much greater than the elastic
constant of the links between the flocs,m=1/(3-Df), whereDf is the fractal
dimension for the arrangement of particles within the flocs (22). The fractal
dimension of the gels was determined by equilibrating the films at each
RH and finding their tensile strength at failure for each of these HMP
concentrations with different moisture contents. Measurements were made
in at least six different samples from each condition. The slope of the log-
log plot ofTs vs φ corresponds tom, which can then be used to determineDf

assuming the weak-link rheological regime as stated above.

Image analysis of atomic force micrographs was performed using Adobe
Photoshop 5.5 (Adobe, United States) and Fovea Pro 3.0 (Reindeer
Graphics, Asheville, NC) to determine the Euclidean distance map (EDM)
fractal dimension (DEDM) as explained in J. C. Russ’s Image Processing
Handbook (23). Atomic force micrographs were converted to 8-bit grayscale
images and inverted using Adobe Photoshop CS (version 8.0.1) (mass was
black), while thresholding was carried out using the Fovea Pro filters.

Statistical Analyses of Data. The results are reported as the average
and standard deviation (SD). Rate constants of AA destruction were
calculated by linear regression where AA concentration was in terms of g
AA/weight (g) of the corresponding film sample assayed. Analyses of
covariance (ANCOVA) were applied for the comparison of slopes, that is,
rate constants, as indicated by Sokal and Rohlf (24). The statistical
analyses of results were performed by applying ANOVA (R: 0.05),
followed by pairwise multiple comparisons evaluated by Tukey’s signifi-
cant difference test (24). The significance of linear correlations was
evaluated according to Bancroft (25). The GraphPad Prism software
(version 5.00, 2007, GraphPad Software Inc., United States) was used for
all analyses previously detailed.

RESULTS AND DISCUSSION

Homogeneous and flexible films were obtained after casting
from the solution containing HMP with the degree of esterifica-
tion reaching 73% (Table 1) and were plasticized by glycerol
[glycerol 3 100/(pectinþ glycerol)=36.84% w/w]. They showed
transparency and slight yellowness (b=þ 8.90; YI=16 ( 3 YI
units), as well as high initial lightness (L=86.0%( 0.2). All films
were easily removed from polystyrene cast plates after 20 min of
cooling at room temperature. The initial AA concentration was
≈3.03% (w/w) on a film basis, which accounted for ≈100% of
AA retention after casting. Film samples were stored at 25 �C.
Equilibration was reached at the fourth day of storage at each
condition of RH, as indicated through measurement of the film
water activity every day.

A constant pH of 3.70( 0.09 was found during film storage at
each RH (33.3, 57.7, or 75.2%) assayed, as well as a thickness of
0.15 ( 0.03 mm, after equilibration. Moisture contents were
between 16.6 and 26 gwater/100 g of a film’s driedmass (Table 2).

X-ray. The X-ray diffraction patterns of material showed
essentially an amorphous structure with only two detectable
intensities in the regions of 2θ=15.81� (d spacing, ≈ 5.6 Å) and
2θ=28.87� (d spacing,≈ 3.1 Å), which were especially evident in
films stored at 33.3 or 57.7%RH (Figure 1A,B). Other detectable
intensities were also observed in the region of 2θ=6.81 and 7.98�
(d spacing, ≈ 12.98 and 11.08 Å, respectively). The existence of
some crystalline regions can be ascribed to well-ordered binding

Table 1. Molecular Characteristics of the HMPa Used for Film Constitution

%

molecular mass (�103 Da)b
total carbohydrate

contentb-d
galacturonic

acidb,c
degree of

methylationb c,e
degree of

acetylationb,c,e

457 (204-684)f 98( 1 82( 3 73( 2 14( 2

neutral sugar compositionb (mol/100 mol)

Rha Fuc Ara Xyl Man Gal Glc

13.2 0 36.6 1.9 0 44.1 4.2

cation contentg (mol/100 g)

Na K Ca Mg

1.870� 10-2 9.49� 10-3 3.75� 10-3 1.47 � 10-3

a The same composition was shown by the commercial HMP as well as after dialysis through a membrane with a molecular weight cutoff of 12000 (Sigma) (17). bChemical
assays and molecular weight analysis were performed according to Fissore et al. (17). cMeans and SDs (n = 3) are shown. d Total carbohydrates are expressed as g of
galacturonic acid (standard for calibration curve) per 100 g of product (17). e The degree of methylation was calculated as the molar ratio with respect to the galacturonic acid
content, whereas the degree of acetylation was the molar ratio with respect to the total carbohydrate content. f Themolecular weight range is also shown. g The cation content was
determined through atomic absorption spectrometry (17).
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throughout the polysaccharide network (13). The X-ray diffrac-
tion study of pectic (polygalacturonic) acid reported by Chan-
drasekaran (12) showed interhelical associations of 2.8 Å
occurring through direct O3H 3 3 3O62 and O61H 3 3 3O6 hydro-
gen bonds involving the carboxyl groups of the antiparallel
related helices. Studies carried out on calcium pectate revealed
that pectin macromolecule is a right-handed 3-fold helical con-
formation where two macromolecules show antiparallel associa-
tion, through some calcium pectate junction zones, shifted by
1.7 Å, respectively, where somedegree ofmethyl esterification can
be accommodated within them by only slight modification of the
ester group’s torsion angles (26). On the other hand, Chandrase-
karan (12) reported that pectinic acid (100% methylester of
polygalacturonic acid) is also a 3-fold helix, but it has a hexagonal

packing arrangement with only one helix per trigonal unit cell
(x=y=8.37 Å and z=13.0 Å). In this idealized 100%methylester
form of pectinic acid, the unit cell has a triangular column of
methyl (hydrophobic) groups, enclosed by three helices, and a
similar channel filled with water molecules hydrogen bonded to
the surrounding polymer chains. The network formed by alter-
nating hydrophobic and hydrophilic channels embedded among
the helices provides an interesting motif in the formation of
junction zones, which are implicated in the gelation process (12),
as thermodynamically quantified by Oakenfull and Scott (27) in
the case of high methoxyl pectins. The latter authors indicated
that mainly hydrogen bonds necessarily in conjunction with
hydrophobic interactions contribute to the free energy of gelation
or formation of junction zones in this kind of pectins. Hence, the
free carboxylic groups (27%) of the HMP herein used for films
can relate antiparallel helices through hydrogen bonds (2.8 Å),
whereas the alternating hydrophobic and hydrophilic channels of
the methyl-esterified (73%) poygalacturonic acid (z=13.0 Å) are
actually segments (smooth regions) interrupted by some kinks of
L-rhamnose (15) substituted by lateral chains of D-galactose and
L-arabinose (arabinogalactan side chains) and by defects of other
sugars like D-xylose and D-glucose (Table 1) (28). The mentioned
kinks of rhamnogalacturonan I and some other sugar defects
(e.g., xylogalacturonan) constitute the known nongelling “hairy”
regions of pectins, that is, the amorphous (disordered) zones of
the polysaccharide film network developed after film casting.
Reducing the degree of methylation (to 73% in the present film)
with respect to pectinic acid would increase the amount of water
within the network formed by the alternating hydrophobic and
hydrophilic channels. The addition of cosolute would not only
compete for this water but also disrupt the formation of the
hydrophobic cage, altering the gelation properties (12). Oakenfull
and Scott (27) determined that the specific function of sugars and
polyols in the formation of gels of HMP are to stabilize junction
zones by promoting hydrophobic interaction between ester
methyl groups. In the present work, pectin swelled in water in
the film-forming solution, but gelation was not observed (pH=
3.16). Dehydration in the presence of glycerol in the network
during casting, followed by the increase in the moisture content
during storage, led to a solidlike system because the concentrated
glycerol, like a cosolute, may have contributed to the stabilization
of the hydrophobic interaction between methyl groups during
dehydration but avoided the complete reorganization as a
polymer-polymer interactive network of alternating hydropho-
bic and hydrophilic (water) channels at the junction zones,
leading to an essentially amorphous material (Figure 1). In this
sense, Chandrasekaran et al. (29) indicated that glycerol can
produce disturbance of filament aggregation in the case of gellan
polymer.

Table 2. Parameters Determined on High Methoxyl Pectin Films Stored at Constant RH and 25 �Ca

RH (%)

33.3 57.7 75.2

kAA
0b (min-1) (1.9 ( 0.2) � 10-6 (2.8 ( 0.5) � 10-6 (23 ( 2) � 10-6

kYI
b (YI units min-1)c (1.08 ( 0.08) � 10-4 (4.6 ( 0.2) � 10-4 d (13.33 ( 0.05) � 10-4

lightness,e L (%) 82 ( 2 A 85.4 ( 0.8 A 85.8 ( 0.2 A

half-shelf life of AA (t1/2, d) 250 90 20

time for duplicating YI initial value (t2, d) 90 35 14

moisture contentf (g water/100 g dry matter) 16.6 ( 0.6 21.5 ( 0.6 26 ( 1

glass transition temperature (onset), Tg (C) -84.7 -94.2 -108.4

change in specific heat at the glass transition [J/g (dm) K]f 0.603 0.371 0.876

a The same capital letter in a row means nonsignificant differences (p < 0.05). b The rate constant and its SD are shown (n = 3). cYI to report NEB development. dKinetic
constant value from fitting experimental data up to 55 days. After this, the YI was constant (53 ( 4) up to 107 days. eSDs are shown (n > 11). f dm, dry matter.

Figure 1. X-ray diffraction patterns of HMP films stored at 33.3 (A), 57.7
(B), or 75.2% (C) RH and 25 �C.
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FTIR.FTIR spectra of films thatwere stored at constantRHcan
be seen inFigure 2. The signals at typical wavenumbers correspond-
ing to pectin polysaccharide can be observed, like the band in the
zone attributed toCdOstretchingof the esterified carboxyl groupat
1749 cm-1, which occurs as a single major band. It was slightly
higher than the broader bandmanifested at 1615-1650 cm-1 by the
carbonyl stretchingof the carboxylic (nonesterified) groupat 33.3 or
57.7%RH, which was coherent withHMP. Although a decrease in
this carboxylic group band area is reported to be observed with an
increasing degree of pectin esterification, it is not necessarily
correlatedwith the result of quantitative analyticalmethods because
carboxylic group stretching also occurs at another different spectral
region (≈1400 cm-1), as indicated by Gnanasambandam and
Proctor (30). A higher proportion of available water at 75.2%
RH of film storage seemed to intensify the band at 1650 cm-1, that
is, the CdO stretching movement. Probably, this may be due to a
lower compromise of CdO group in hydrogen bonding with O3 of
the pectin antiparallel chainwhenwater ismore available.Wilson et
al. (31) reported a water deformation band at 1640 cm-1 as
corresponding to water adsorbed (δ HOH) on pectin, while
carboxylic band was assigned by them at 1605 cm-1. In our work,
CdO stretching band may then be sharpened by the signal of
adsorbed water.

The characteristic peaks of the polygalacturonic backbone in
the fingerprint zone (1200 to 900-850 cm-1) of pectins appear at
1020 and 1105 cm-1 (32). Characteristic pectin bands are also
present in this region corresponding to C-H stretching in the
carbohydrate backbone. Pectic samples are characterized mainly
by the wavenumbers 1145, 1105, 1014, and 952 cm-1 (33), where
1105 and 1014 cm-1 bands are diagnostic wavenumbers of pectic
polysaccharides rich in uronic acids. Some of these characteristic
bands in the case of pectin film samples can be seen in Figure 2A:
the asymmetric stretching of the glycosidic link at 1145 (34) and
1105 cm-1 as well as a shoulder at 985 and a band at 925 cm-1. A
film made only with HMP and stored under an anhydrous (0%
RH) atmosphere also showed the characteristic bands at 1145and
1105 cm-1 (less intense) as well as signals at 1052 and 1085 cm-1

(Figure 2B). A sharp band at 1020 cm-1, a shoulder at 983, and a

lower intensity band at 925 cm-1 were also observed. When
glycerol was added to the latter pectin film and also stored at
anhydrous condition, it was remarkable to note the higher
intensity of bands at 1105 and 1020 cm-1 (Figure 2B). Indeed,
the small peak at 1052 cm-1 was completely masked in the
presenceof glycerol by the broadeningof the sharp bandobserved
at 1020-1022 cm-1 (Figure 2B, arrow). The same phenomenon
was in part observedwith respect to the original peak at 1085 cm-1.
Both signals can be associated to the C-Obond stretching of C-
OH and C-O-C groups of carbohydrate chains (35). This was
also observed in the total film formulation at all storage condi-
tions (Figure 2A). The FTIR spectrum of pure glycerol shows
sharp and important bands at 1105, 1035, and 920 cm-1

(Figure 3A). The band observed at 925 cm-1 was then intensified
due to the glycerol present in the film formulation (Figure 2A,B).

The different shape of the band recorded at ≈1650 cm-1 for
pectin and pectinþ glycerol films stored at 0%RHwas observed
(Figure 2B), in comparison with the spectra of films elaborated
with all components of the formulation assayed in the present
work and stored at 33.3, 57.7, or 75.2% RH (Figure 2A). There-
fore, the effect of water adsorbed in the pectinmacromolecules of
the latter films must be stressed (31), where a sharpening in the
water bandat 1640 cm-1, asmentioned above, is clearly observed.

A broad shorter band at 2945 cm-1 that corresponds to theOH
stretching in the carboxylic group can beobserved in the spectrum
of the HMP film without glycerol and stored at 0% RH
(Figure 2B). At the same time, a broad typical band at ≈3363
cm-1 was also observed, which is reported as characteristic of
polysaccharides from cell walls (33). When this film sample was
stored at 33.3% RH, it was very difficult to take its spectrum
because noticeable noise completely masked the signal from the
ATR (Figure 3B). The latter was associated with the presence of
water vapor at the film surface in the analyzed pectin samples.
This phenomenon was not observed when glycerol was added to
the latter films, either after storage at 33.3% (Figure 2B) or, of
course, at 0% RH (Figure 3B). Consequently, it can be pointed
out that water was not able to penetrate the pectin film network
for plasticizing or to disrupt polymer-polymer interactions,
unless glycerol was present for plasticization, as it was previously
observed in gellan films (10).

Figure 2. (A) FTIR spectra of HMP films stored at 33.3 (black line), 57.7
(gray line), or 75.2% (light gray line)RHand 25 �C. (B) FTIR spectra of films
made only with HMP (called “pectin”; black line) and with the addition of
glycerol (called “pectin þ glycerol”; light gray line), which were stored at
0%RH; gray arrow indicates the broadening of the 1020-1022 cm-1-band.

Figure 3. (A) FTIR spectra of glycerol and (B) films made only with HMP
(called “pectin”; black line) and with the addition of glycerol (called “pectinþ
glycerol”; light gray line), which were stored at 33.3% RH.
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The broad OH stretch band, observed at a frequency of
≈3363 cm-1 for pectin film, was slightly shifted to a lower
wavenumber (≈3320 cm-1) when glycerol was added to pectin-
alone films (Figure 2B), showing no difference when the latter
material was also equilibrated at 33.3%RH (Figure 3B) or in the
case of the complete film formulation (Figure 2A). At the same
time, when glycerol was present, two bands appeared at 2890 and
2950 cm-1 coming from C-H (saturated) stretching, character-
istic of glycerol: 2880 and 2930 cm-1 for this pure compound
(Figure 3A).

Hence, it can be suggested that stable hydrogen bonds may be
formed between glycerol plasticizer and O atom in the C-O
covalent bond of pectin polymers (36), shown by the broadening
at 1020-1022 cm-1 as well as by the band shift of the OH stretch.
Small but characteristic peaks shown by pectin-alone films at
1052 and 1085 cm-1 were masked by the broadening of the sharp
band at 1020 cm-1, when glycerol (Figure 2A) and the other
compounds (Figure 2A) of the edible film systemwere also present
in the formation of the pectin polymeric network. At the same
time, it can be hypothesized that water coming from the RH of
film storage may penetrate into the film network through inter-
action with the glycerol plasticizer, which has to be previously
H-bonded with polymer chains at the C-O covalent bond. It is
reported that glycerol interacts favorably with water to strength-
en the H-bond network of the solvent (37). Dashnau et al. (37)
determined that water-glycerol hydrogen bonding shifted
the OH stretch frequency of water (3406 cm-1, 25 �C) to lower
wavenumbers as the glycerol concentration increased until xglyc=
1.00 (3337 cm-1). Moreover, hydrophobic interactions occurring
as a consequence of hydration of apolar groups like methyl ones
of theHMPenhancewater-water (or, in the present case, water-
glycerol) hydrogenbonding over theweakermethyl group-water
interactions (38). On the other hand, glycerol seemed to interact
with pectin through its methoxyl groups because the band
attributed to CdO stretching of the esterified carboxyl group
was observed at 1735 cm-1 for the pectin-alone film stored at 0%
RH (Figure 2B), whereas this band was revealed at 1749 cm-1,
while contoured and sharpened in shape, after addition of
glycerol (Figure 2B). This coincided with that above-mentioned
in the discussion of X-ray diffraction patterns, where it was
indicated that glycerol present in the films may interfere with
the complete reorganization of pectin macromolecules as a
polymer-polymer interactive network of alternating hydropho-
bic and hydrophilic (water) channels at its junction zones.
Because stable hydrogen bonds may be formed between glycerol
and O atom in the C-O covalent bond of pectin polymers, this
fact may disturb the interhelical association through hydrogen
bonds in the case of free carboxyl groups of the antiparallel
related helices of the pectic acid backbone. If these carboxyl
groups were esterified, this hydrophobic interaction would be
disturbed and probably this event may be responsible for the
contoured and sharpened band observed at a wavenumber of
1749 cm-1 in the presence of glycerol.

WVP. WVP was examined at a vapor pressure difference of
0/73%RH difference across the film. A value of (10( 2)� 10-10

g m-1 Pa-1 s-1 was determined at 25 �C, after applying the
correction indicated by Gennadios et al. (20). These authors
reported a WVP of ≈6.2 � 10-10 g m-1 Pa-1 s-1 for methyl
cellulose and of≈5.0� 10-10 g m-1 Pa-1 s-1 for corn zein films.
Values between 0.8� 10-10 and 1.7� 10-10 g m-1 Pa-1 s-1 were
also reported for hydroxypropyl methylcellulose films, when
assayed for 0%/85% RH across the film at 27 �C (20), and a
WVP of 8.41� 10-11 g m-1 Pa-1 s-1 for 0%/90%RH and 38 �C
(39). Yang and Paulson (40) found aWVP changing from≈1.5�
10-10 to ≈3.0 � 10-10 g m-1 Pa-1 s-1 for gellan films made

from50 to 60%of glycerol [w/w, plasticizer/(plasticizerþ gellan)]
concentration, respectively, showing the dependence of the WVP
on the plasticizer concentration used.

HMP films were effectively plasticized by glycerol and, secon-
darily, by water coming from a storage atmosphere, as demon-
strated by FTIR assays. Glycerol seemed to interfere in the film
polymeric network at the junction zones, increasing intermole-
cular spacing (41), which led to higher permeation of water vapor
molecules. Generally speaking, plasticizers reduce intermolecular
forces along the polymer chains, thus increasing free volume and
chain movements (41), as occurs in the case of amorphous HMP
films herein studied. Because permeability is the contribution of
diffusivity and solubility of the permeance through the solid
matrix, the obtained result was coherent with the microstructure
developed by the FTIR and X-ray diffraction analyses.

Kinetics of Ascorbic Acid Destruction and Browning Develop-

ment.The decrease of the ratio between theAAconcentration and
the initial one with time fit (p<0.05) a pseudo first-order kinetic
from zero storage time of films (Figure 4A), as earlier reported in
the literature for different systems (42-44). “Equilibration” of the
casted films at each water activity, which occurred at ≈4 days of
storage, did not seem to affect the kinetic of AA destruction from
zero time. Films stored at 57.7% RH showed a breakdown at 83
days, where the rate constant (kAA

0) increased from 2.8� 10-6 to
4.1� 10-5 min-1 (Table 2). Consequently, half-life times (t1/2) of
250, 90, and 20 days were calculated for AA stored at 33.3, 57.7,
and 75.2% RH, respectively (Table 2). They were, in general,
longer than those observed in a previous study for AA entrapped
in gellan films (t1/2=36, 26, and 11 days, respectively) or in film
systems based on a mixture of acylated and deacylated gellan
(t1/2=76, 36, and 26 days, respectively), the latter with a similar
proportion of glycerol like in pectin films (11).

The increment of the YI with storage time statistically fitted
(p<0.05) to a pseudo zero-order reaction (Figure 4B) as is often

Figure 4. Kinetics curves of AA destruction (A) and nonenzymic browning
development (B) into HMP films stored at 33.3 (O), 57.7 (2), and 75.2%
(b) RH (25 �C). The YI was the parameter used for NEB evaluation.
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found in the literature (45), once the corresponding lag time
(3.88 days) had finished, as occurred in pectin films stored at
75.2% RH. At the fifteenth day of pectin film storage at 57.7%
RH, the slope of the browning development changed from a rate
constant of 4.6 � 10-4 YI unit min-1 to zero, so that a constant
value of ≈52 YI units was maintained up to a 21% of AA
retention (Figure 4). Film lightness (L) was constant during
storage at a given RH. Hence, the mean and SD of measured
values were reported inTable 2 for all conditions ofRH. The time
for YI duplication (t2) was between 90 and 14 days (Table 2).

The rates of AA destruction and NEB development increased
with the RH of film storage (Figure 5A,B, respectively). The
browning seems to be associated to AA degradation as indicated
through the relationship between t1/2 of ascorbic acid degradation
and t2 of NEB (Figure 6A). The different AA stability and
browning rates at a given RH of storage (Table 2) are the result
of system composition, as well as microstructure of film network
in the presence of the remaining and available water. It was
previously proposed (10) that water molecules are involved in a
SN2 in the first chemical reaction of AA destruction chain in
anaerobic storage, which is prevailing for edible films herein
studied (10). This reaction leads to hydrolysis of the AA lactone
ring to render 2-keto-L-gulonic acid (KGA), through an acid-
catalyzed reaction (46). The attack of the AA ring by a water
molecule (SN2)was also suggested tobe slowenough todetermine
the total reaction rate. Therefore, the proposed mechanism
explains a second-order kinetics for AA hydrolysis (47),

rAA ¼ -
1

νAA

d½AA�
dt

¼ k½H2O�½AA� ¼ kAA
0½AA�

Hence, as water concentration takes part of the rate constant
(kAA

0) determined from the measurement of the AA concentra-

tion remaining at any time, water availability is then a feature of
the pseudo first-order rate constant (kAA

0) value obtained by
statistical fitting of experimental AA data (10). Because available
water increased as the solidlike (film) networks were stored
between 33.3 and 75.2% of RH, kAA

0 also increased for AA
degradation (Table 2 and Figure 5A). Once KGA appears, this
reactive molecule (R,β-unsaturated carbonyl, β-hydroxyl
carboxyl) suffers successive transformations that involve dehy-
drations and decarboxylations producing different browning
active compounds (46). The absence of water available for
solvation in the film networks (33.3-75.2%RH range) promotes
dehydration reactions as well as high reactivity of nucleo-
philes (47), that is, higher reaction rates of browning than in
aqueous solutions ofAAand sugars or polyols (43). Probably, the
null acceleration of browning at the two lowest water contents of
films (Table 2) can be ascribed to the fact that AA hydrolysis to
finally produce KGA was less promoted. This allows conclusion
that the latter reaction is in fact a decisive path that controlled the
NEB in solidlike systems as pectin films.

NMR. Proton (1H) NMR spectroscopy was used to study the
dynamic aspects of water interactions in the pectin film network.
For low-moisture biopolymer systems (water content <35%),

Figure 5. Increase of rate constants for AA degradation (kAA
0,2) (A) and

nonenzymic browning development (kYI, 4) (B) measured as the YI
against the RH (%) of pectin film storage at 25 �C. The corresponding rate
constants determined in a previous study (11) in gellan or deacylated are
also reported (O) as well as in acylated-deacylated gellan ()) films.

Figure 6. (A) Relationship between the time for YI duplication (t2) and
half-time (t1/2) of AA destruction. Rate constants of AA degradation (kAA

0)
(2) and browning development (kYI) (4) vs the spin-spin time constant
T2a (B) or T2b (C). Error bars are in the order of the symbol size.
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the slowing of water motion has been reported to be associated
with bound water (i.e., immobile water) arising from hydrogen
bonding (48). Hence, this is the case for the water dynamics in the
presentwork (Table 2). Short-rangemotions ormolecular (water)
relaxations investigated through 1H NMR (49) led to the ob-
servation that the magnetization decay in the xy-plane showed
two spin-spin time constants (T2a and T2b) as observed after
exponential fitting, indicating the existence of multirelaxation
rate behavior. These parameters may be associated with two
fractions of water, which have different relaxation rates or
mobility degrees (50, 51). One of them showed transverse relaxa-
tion values between 1.986� 10-4 and 1.038� 10-3 s (T2a), while
the other water population presented transverse relaxation
values ranging from 8.367 � 10-4 to 7.446 � 10-3 s (T2b). It is
hypothesized that the latter fraction of water molecules charac-
terized by a higher mobility may be associated to reactive
molecules, while the former may probably be related to water
compromised on macromolecular plasticization (11). Pure water
has a T2 of about 1-2 s, as determined by Chen et al. (50).

With different reaction order, NEB kinetics seemed to bemore
sensible to water dynamics than the AA one (Figure 6B,C). The
rate constants of AA destruction (kAA

0) and NEB development
(kYI) showed the best linear relationship (R2=0.9998 and 0.985)
against T2b and T2a, respectively (Figure 6B,C). Thus, AA
degradation seems to be mainly involved with the more mobile
water population, whereas in the browning development, the
slowest water fraction seems to bemainly compromised. It can be
hypothesized that in solidlike systems as films herein developed,
the hydroxyl groups of pectin macromolecules may be activated
as a consequence of adsorption of layers ofwatermolecules closer
to themacromolecule surface (52). These hydroxyl groupsmay be
involved as active surfaces for water exchange with reactive
molecules derived from AA degradation, which leads to the
browning development.

Kerr and Wicker (51) found limited water mobility in dry
pectin samples. These authors determined T2 time constants
ranging from about 100 μs to 400 ms as a function of increasing
aW from 0.11 up to 0.75. Hence, they suggested that there was not
a population of water molecules separated by large diffusion
distances from the pectinmacromolecules. At the same time, they
determined that the lowestmoisture systems (moisture lower than
the monolayer value, which took a value of 11 g H2O/100 g dry
matter) did not have two distinct water (T2) populations. Accord-
ing to those authors, the monolayer aW took a value of 0.31,
slightly lower than that of 0.333 (33.3% RH) herein used for
pectin films. However, it should be kept inmind that the presence
of plasticizing substances like glycerol, and others with plasticiz-
ing behavior like potassium sorbate (53), can contribute tomodify
the moisture monolayer value in pectin films.

When compared with previously reported results (11), HMP
films showed significantly lower water mobility (T2b population)
and lower AA degradation rates than those determined in gellan
as well as in acylated-deacylated gellan films, excepting when
pectin films are compared with the latter system stored at 75.2%
RH (Figure 7A). This result, which was observed when water was
more available for reactions, might be attributed to the lower
retention of this excess of water molecules in the HMP network.
Disorder regions may not be adequately counterbalanced by the
more transient junction zones developed in highly methoxylated
pectins, since they are constituted by alternating hydrogen bonds
and hydrophobic interactions disturbed by glycerol, in which the
excess of water adsorbed at 75.2% RH might just not be
sufficiently immobilized. However, the AA degradation rate did
not increase in the same proportion as in gellan-based (rigid
network) films with respect to T2b (Figure 7A).

The commercial pectin hereinused for filmmakingwas entirely
constituted by carbohydrates (Table 1). Disorder (hairy) regions
contributed 18% of the total carbohydrate content of the HMP,
while the rest was D-galacturonic acid (GalA) with a 73%methyl
esterification (homogalacturonan, “smooth” region). A 14%
acetylation (mol of acetyl group/mol of total carbohydrates)
was also determined. The latter may also contribute to hinder
in some degree the structure at the hydrogen bond-hydrofobic-
mediated junction zones, modifying or modulating the gelation
process (54). By considering the composition and molecular
weight of the pectin used for films (Table 1), it can be assumed
frommolar ratios (GalA/Rha=30; [arabinose (Ara)þ galactose
(Gal)]/Rha=6) that the pectin macromolecule of 457 kDa could
be structurally constituted by≈49 repeating units of (a) at least 28
molecules of GalA monomers (≈22 of them methylated), fol-
lowed by (b) another twomolecules of free GalA alternating with
two molecules of L-rhamnose (rhamnogalacturonan I), the latter
two being substituted by two arabinogalactan I side chains of four
Gal and 2-3 Ara residues (55). The molar ratios of GalA/xylose
(Xyl)=206 and of GalA/Glc=95 were also considered in the
frequency of repeating units. Actually, each 28 residue homo-
galacturonan region can repeat many times (up to 1372 GalA
residues) before to find one chain of rhamnogalacturonan (hairy)
region, which will be constituted by repeating units of alternating
GalA and rhamnose (up to 196 residues), considering the relative
proportions above indicated. The latter means that 14% (molar
base) of the pectin network corresponded to amorphous
(disorder) regions, while the rest was mainly compromised in
the alternating hydrophilic-hydrofobic (transient) junction
zones. The pattern of distribution of these regions in the pectin
macromolecule as well as of the methyl esterification in the
homogalacturonan is also a key factor in the gelation properties

Figure 7. (A) Rate constants of AA loss (kAA) against spin-spin relaxa-
tion time (T2b) and (B) glass transition temperatures (Tg) as a function of
the moisture contents of HMP film (4) stored at 33.3, 57.7, or 75.2% RH
(25 �C). The same is reported for gellan or deacylated (O) as well as for
acylated-deacylated gellan ()) films (11).
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and microstructural characteristics of the HMP network ob-
tained (55).

Macromolecular Mobility. Relaxation of macromolecules as-
sessed through thermal determination of Tg of HMP films
showed a substantial decrease (≈23 �C) with the increment of
the RH of storage or moisture content (Table 2). Pectin films
stored at 25 �C were in an amorphous rubbery state, where
macromolecular mobility increased dramatically with water con-
tent because of its plasticizing action,which is complementedwith
the effect of glycerol. There are not substantial differences
between the Tg of pectin films and those of gellan (deacylated)
or deacylated-acylated gellan mix films, as can be observed in
Figure 7B (11). Moreover, the latter films showed the same Tg

values when stored at 33.3 or 75.2%RH (Figure 7B), but the AA
stability was different than the one of pectin (Figure 5). Hence,Tg

(Figure 7B) could not completely justify the differences observed
in AA stability (Figure 5A). A good correlation was observed
(Pearson r = 0.911, p<0.001; R: 0.05) when plotting the
difference (T - Tg) as a function of browning rate constants
(kYI) in pectin films (Figure 8). A similar trend was observed for
gellan-based films reported in a previous study (11). These
relationships were not observed when plotting (T - Tg) against
AAkinetic parameters. Because a better relationship of browning
kinetics with the slowest water population was also found as
indicated above, it is suggested that the browning development in
solidlike systems like HMP films may be directly related to the
hydroxyl groups of pectin macromolecules, that is, with the
polymeric surfaces activated bywatermolecules closely adsorbed.
Probably, the same occurs with all mentioned hydrophilic poly-
mers when constituting films.

It was reported that homogenized and freeze-dried polymeric
matrix model systems (gelatinized starch, maltodextrin, and
polyvinylpyrrolidone with MW=40000) containing a low con-
centration of addedMaillard’s reactants (D-glucose and L-lysine),
which were further desiccated over P2O5 to “zero” % moisture
and heated for 48 h at 90 �C, developed browning, although all of
these model systems were well below their measured Tg (56). The
authors suggested that the Tg should not be considered as an
absolute threshold for stability with regard to NEB reactions.
Leffler and Grunwald (57) indicated that some diffusion of
reactants may even occur below Tg. In polymeric matrices, like
in the above-mentioned polymeric systems, Maillard’s reactants
do not necessarily have to diffuse into them to accomplish
browning, because chemicals were homogenized previously to
freeze drying. Probably, all of these hydrophilic polymers may
also be promoters of the browning reactions as active surfaces for

water adsorption, and it is not possible to either completely
“deactivate” them by the total elimination of the first monolayer
of water adsorbed in the polymeric hydroxyl groups or by
working below Tg.

Pure polymers show high Tg values (220-250 �C for dry
cellulose, 58) and some of them undergo thermal degradation
without undergoing a glass transition. In our work, it was
determined that a 25% glycerol aqueous solution showed a Tg

value of-104.69 �C (onset). As a consequence, glycerol would be
mainly responsible for the lowmagnitude of theTg values showed
by pectin-equilibrated films, as expected from a plasticizer (59).
Probably, in our work, the measuredTg values corresponded to a
glycerol-enriched phase in the pectin film (60, 61). FTIR spectra
herein determined may also support this statement. On the other
hand, other small molecules present in the film formulation
should be considered because they are also exerting additional
plasticization (sorbate, AA), contributing to the low Tg tempera-
tures in the systems (62, 63). It has to be kept in mind that a
polymermay show its backbone chainmobility increased because
of plasticization, but this may not necessarily agree with the
motions of water (or diluent) molecules, which become available
to chemical reactions andmicrobial growth when thesemolecules
are adequately mobile (58, 64).

A higher increment of AA degradation and of the subsequent
browning rate constantwas observed in films stored at 75.2%RH
with respect to 33.3 and 57.7%, a trend that correlates with an
important increase in water mobility or T2 (Figure 6B,C). The
latter coincided with detection at -27.56 �C (peak) of some
proportion of freezable bound water (65) by means of DSC
studies only in pectin films equilibrated at 75.2% RH, a fact that
might indicate that there was some proportion of less closely
associated water with the polymer matrix or of water with special
higher mobility at this RH condition, responsible for a faster AA
destruction. The same was observed in previous works (10, 11)
with gellan-based films stored at the highest RH (75.2%).

Mechanical Performance of Films. It was determined in the
large deformation scale and uniaxial condition at a constant
cross-head speed of 5 mm/min. Tensile strength at rupture was
calculated as the adequate parameter for comparison as recom-
mended earlier by Ferry (66) for the tensile test. It can be seen in
Figure 9A that deformation at rupture decreased with the incre-
ment of T2a, the slowest water population of the total moisture
contents of pectin films. Deformation of samples stored at 75.2%
RH, that is, with the highest T2a value, was significantly lower
than at the other conditions. The increase in the moisture content
with the RH of film storage, which led to higher T2a, may allow
the association of polymer units, which is facilitated by enhanced
macromolecular mobility in the rubbery state (67), leading to
lower deformation. It can also be suggested that penetration of
water molecules into the pectin polymeric network may produce
their constraint, evidenced by the inverse relationship between
deformation-at-break and moisture content (Figure 9A).

Tensile strength at film failure decreased significantly asT2a or
water mobility increased in the film network (Figure 9A), as a
consequence of water plasticization. The tensile strength para-
meter changed in a significant power relationship with the solid
content of the pectin network (Figure 9B). It is known in the
literature that the elastic modulus is a function of the polymer
concentration and changes in a power ratio (68-70). As a
consequence, it has been indicated that the elastic modulus is
proportional to the cross-linking degree or polymer-polymer
interactions, herein of physical origin (hydrogen bonds, hydro-
phobic interactions, electrostatic forces) at the junction zones.
Therefore, plasticization produced a decrease in the tensile

Figure 8. Plotting the difference between storage (T = 25 �C) and glass
transition temperature (Tg) against rate constant of NEB development (kYI)
in HMP films (b) stored at 33.3, 57.7, or 75.2% RH (25 �C). The same is
reported for gellan or deacylated (O) as well as for acylated-deacylated
gellan ()) mixed films (11).
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strength of films from1306 to 550N/masRH increased from33.3
to 75.2% (Figure 9B).

A fractal dimensionDf
3d=2.90 was derived from the exponent

of the fitted power equation of tensile strength vs solid content
(Figure 9B), which is in relation to themicrostructural order of the
network developed during film constitution (Figure 10). Atomic
forcemicroscopy images of theHMP films in the 1.0 μm� 1.0 μm
scale (Figure 10) showed a homogeneous network, which seems
constituted by aggregate “flocs” of a regular diameter, mainly
50-65 nm and other of 30 nm. The fractal dimension determined
by the erosion dilatation method (EDM) on the atomic force
microscopy images, like that observed in Figure 10, was DEDM=
2.90. It is shown that the fractal dimension is sensitive to the
spatial distribution of the particles in the network. The latter
value was in agreement with the fractal dimension found from the
tensile test of pectin films. Higher fractal dimensions occur in
networks that are more ordered or, as in the present case, where
larger flocs characterized the microstructure. The weak-link
regime was herein considered to calculate the rheological fractal
dimension. These results suggest that it is the links between the
polymer flocs that yield under tension. Because each junction
zone is a pillar of gel strength (12), the flocs observed in Figure 10

would be related to each other through some short lateral
aggregation of two or three alternating hydrophilic-hydropho-
bic channel junction zones, which are responsible for the ordered
regions observed through X-ray diffraction: the trigonal unit cell
with z=13.0 Å as well as the hydrogen bonds (2.8 Å) that relate
antiparallel helices through the remaining free carboxylic groups
(27%). Consequently, disordered (hairy) regions may be those
that look like elliptical spheroid flocs (Figure 10).

Gellan-based films reported in a previous study, formulated
with either higher or similar ratios of glycerol to polymer than

pectin films, showed tensile strength values of 1400-1700 and
1700-2400 N/m, respectively (11). It can be concluded that the
presence of a high frequency of methoxyl groups that leads to
more transient junction zones in the pectin film network, in
conjunction with a 14% (molar bases) of disordered regions that
can dissipate the tensile stress, may lead to a less rigid macro-
molecular network than in the case of gellan networks (13). These
events allowed lowering of the glycerol content even though a
higher proportion of pectin polymer was used with respect to all
gellan-based systems. Its microstructural organization in larger
flocs where the links between them are weaker and yield under
tension promoted less resistant networks in comparison to those
developed through lateral or side-by-side aggregation of poly-
meric helices as occurred in the case of gellan-based films (14). At
the same time, the lessmobile population (T2a) ofwatermolecules
seemed to be related with polymer plasticization in the pectin
films.

In the present study, theAA stability and subsequent browning
development depended on the water availability in the HMP film
networks. This microstructure produced a better immobilization
of water molecules in comparison with gellan-based films pre-
viously studied, leading to a higher AA retention and lower
browning rate as well, at the two lowest RHs of storage.
Mechanical testing of films in the large deformation scale devel-
oped themajor compromise of water contents with the plasticiza-
tion of the polymeric networks when stored at 33.3 or 57.7%RH,
whereas film equilibration at 75.2% RH allowed detection of
freezable bound water through DSC studies, which might not be
compromised in plasticization but contributed to an important
increment in water mobility (T2) in the film microstructure and,
hence, to the exponential increase in AA loss and subsequent
browning development. This result, which was only observed
when water was more available for reactions, might be attributed
to the lower retention of water molecules in the HMP network at
75.2% RH of film equilibration. At this condition, disorder
regions of this pectin network may not be adequately counter-
balanced by junction zones constituted by alternating hydrophilic
(water) and hydrophobic interactions, which are in addition
disturbed by glycerol molecules. Therefore, water was less im-
mobilized than in the acylated-deacylated gellan mix films,
where lateral aggregation occurred, constituting a continuous
branched fibrous network, although with some important degree
of spatial hindering (14). Hence, it is suggested that disorder

Figure 9. Deformation at rupture and tensile strength [calculated as the ratio
between force (N) and deformation (m) at failure] against the spin-spin
time constant T2a of film samples (A). Tensile strength as a function of the
solid content of pectin films equilibrated at each condition of storage RH (B).
Error bars indicate SDs (n = 9).

Figure 10. Atomic forcemicroscopy image obtained fromHMP filmswith a
scan size of 1.0 μm � 1.0 μm.
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regions (14%of the pectin used) should have to be distributed in a
network developed from less transient junction zones like those
electrostatically (calcium) mediated in the case of low methoxyl
pectins, in order to accomplish sufficiently higher water immo-
bilization in the whole network. Hence, AA loss and subsequent
NEB development could be better controlled through the ade-
quate selection of a polymer, in view of higher immobilization of
water in the film network.

ABBREVIATIONS USED

HMP, high methoxyl pectin; AA, L-(þ)-ascorbic acid; NEB,
nonenzymatic browning; RH, relative humidity; aW�, true water
activity; YI, yellow index; SD, standard deviation; WVP, water
vapor permeability; FTIR, Fourier transform infrared spectros-
copy; NMR, nuclear magnetic resonance; T2a, T2b, spin-spin
relaxation times with a and b subscripts indicating the two
components of the relaxation process; M(t), peak height of the
spin-spin relaxation; M1 and M2, equilibrium magnetization in
the spin-spin relaxation; λ, wavelength of the X-ray beam
(Bragg’s law); n, order of reflection, which was considered as 1
(Bragg’s law); d (Å), distances between the planes of the crystals;
A, system-dependent proportionality constant; t1/2, half-life time
of AA; t2, the time for YI duplication; Tg, glass transition
temperature; νAA, stechiometric coefficient for AA hydrolytic
degradation reaction (here νAA=1); rAA, AA reaction rate/unit
volume at constant temperature; [AA], molar concentration of
AA; [H2O], molar concentration of water; k, rate constant of the
second-order kinetics for AA hydrolytic degradation reaction;
kAA

0, rate constant of the pseudo first-order kinetics for AA
hydrolytic degradation reaction; SN2, bimolecular nucleophilic
substitution mechanism; KGA, 2-keto-L-gulonic acid; GalA,
D-galacturonic acid; Rha, rhamnose; Fuc, fucose; Ara, arabinose;
Xyl, xylose; Man, manose; Gal, galactose; Glc, glucose.
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