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Abstract

Gelatin extracted from chromium-tanned leather wastes (CTLW) has a lower molar mass because of the more aggressive
extraction process needed to disrupt chromium-collagen bonds when compared to gelatin extracted from the bones, skin,
and connective tissues of animals. As a consequence, CTLW gelatin is more hydrophilic, thus it is harder to apply in the
production of polymers. To overcome this issue, in this study, films produced with starch, CTLW gelatin, commercial gelatin
(as a comparative), and their blends were cross-linked with glutaraldehyde. The cross-linking reduced the crystallinity of
the films, impairing the reorganization of gelatin chains into a triple helix structure, which balanced the effect of the higher
molecular chain, while not altering the films’ tensile strength. It increased the elongation at break and reduced the solubility
and the swelling degree by up to 53% and 69%, respectively. These results stand as a great advance for the practical use of

starch-CTLW gelatin films.
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Introduction

The production of starch—gelatin polymer films started in
the late nineties aiming at allying the properties of materials
made of proteins and polysaccharides in a single polymer
[1, 2]. After more than three decades, this blend is still the
subject of research [3—16]. Films produced from gelatin (or
collagen hydrolysate) obtained from leather wastes are of
special interest [9, 12, 17-20].
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The use of starch in the production of polymeric materials
is justified by its low cost and wide commercial availability.
In turn, proteins such as gelatin usually result in polymeric
materials of better mechanical properties [21].

Polymeric starch and gelatin films are commonly studied
for applications in the food industry, especially as packaging
[2, 4,22-24]. The addition of essential oils and ethyl lauryl
alginate, for example, may confer them antifungal properties
[5, 25]. This blend is also applied in biomedicine, especially
in drug delivery systems [3, 10, 26] and might be used in
agriculture as well [27-30].

The latter application may be more suitable when the
gelatin used is recovered from wastes such as chromium-
tanned leather wastes, since the films would be in direct
contact with soil instead of human skin or food items.
Because starch—gelatin polymers are hydro-biodegradable,
the hydrolysis of the long-chain polymer molecule results
in smaller molecules used as nutrients by microorganisms
[27-30]. The feasibility of the starch—gelatin film’s practi-
cal applications, however, depends directly on the produc-
tion of less hydrophilic films that could withstand, at least
for a certain period of time, the conditions of application.
This is especially true for CTLW gelatin films, which are
more hydrophilic than the ones produced from commercial
gelatin [9].
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One of the ways of decreasing the interaction of starch
and gelatin films with water is through cross-linking. Mar-
tucci and Ruseckaite [31] and [32] indicate the reduction
in the biodegradation of crosslinked starch—gelatin films
and Al-Hassan and Norziah [4] obtained higher mechanical
resistance and lower solubility values on films crosslinked
with transglutaminase.

Gelatin crosslinking can be accomplished by the addition
of chemical agents such as transglutaminase, terephthalalde-
hyde [33] and glutaraldehyde—the latter is the most widely
studied in the crosslinking of collagen for biomedical appli-
cations [34, 35]. The glutaraldehyde-promoted crosslinking
occurs due to the bonds created between the amine groups
of the gelatin and the hydroxyl groups of the glutaraldehyde,
which results in the formation of a Shiff base [17].

In this work, the effects of glutaraldehyde crosslinking
on the properties of starch—gelatin films extracted from
chromium-tanned leather wastes were studied. A reduction
in the hydrophilicity of starch—gelatin films results in a more
sustainable material with better properties, which might be
used as an alternative to synthetic polymers derived from
petroleum.

Materials and Methods
Materials

Gelatin extracted from the chromium-tanned leather wastes
(CTLW) and colorless and unflavored commercial grade gel-
atin (Refeisucos, Brazil) were used in the production of pol-
ymer films with native corn starch (Refeisucos, Brazil). The
films were plasticized with glycerol (Kinetics, Brazil) and
crosslinked with glutaraldehyde (50% v/v) (Neon, Brazil).
The complete extraction and purification process of gelatin
extracted from CTLW was reported by Scopel, Restelatto,
Baldasso, Dettmer and Campomanes Santana [36].

The gelatin ash content was determined by subjecting
the samples to a temperature of 600 °C in a muffle furnace
(Model 1963, Fornitec, Brazil) for 4 h and measuring their
masses before and after calcination.

The gelatin molar mass was determined by gel permea-
tion chromatography on a Viscotek GPC Max VE-2001
equipment, using 2SB-807 HQ and 2SB-806M HQ columns.
NaNO; in aqueous solution was used as the mobile phase at
0.5 mL/min and 35 °C.

The starch gelatinization temperature was determined
by differential scanning calorimetry (DSC) performed on a
simultaneous thermal analyzer (STA, Jupiter 449, Netzsch,
Germany), according to the methodology presented by
Karlsson & Eliasson (2003). The starch amylose content was
determined by the spectrophotometric method recommended
by Martinéz & Cuevas (1989).

Polymeric Films Production

In order to produce the polymeric film samples by casting,
starch and CTLW or commercial gelatin were mixed with
deionized water, which was added to a final filmogenic
solution volume of 213 mL. The pH of both solutions was
equal to 7+ 0.5. According to Farris et al. (2010), neutral
to slightly alkaline pH values are more favorable to gelatin
crosslinking, which indicates the chosen pH of 7.0 0.5
is appropriate for the intended reaction [37]. The solution
was then heated at 85-90 °C for 15 min under constant
stirring and mixed with glycerol. Glutaraldehyde (when
used) was added to the solution (at a concentration of 3%)
after it had been cooled to 25 °C. Finally, the solution was
casted onto a 21.0x27.5 cm Teflon-coated plate. The sam-
ples were dried at 21 +3 °C and relative humidity of 60
+ 7% for 4 days. Each film composition was produced in
triplicates and the experiments were properly randomized.
Two experimental designs were used to evaluate the cross-
linking effect promoted by glutaraldehyde.

The first experimental designs was used to evaluate how
glutaraldehyde altered the properties of the films produced
with a single natural polymer (starch-S, CTLW gelatin-L,
or commercial gelatin-C). For this, samples were produced
following a 2 X 3 complete factorial experimental designs.
Each film was produced with 6 g of the natural polymer
and 1.6 g of glycerol (both on a dry basis).

The second experimental designs was used to evaluate
how glutaraldehyde, in different concentrations (0.0, 1.5
and 3.0%), altered the properties of the films produced
with the blend of starch and CTLW or commercial gelatin.
For this, samples were produced following a 2 factorial
design with a center point. Each film was produced with
2 g of starch, 4 g of gelatin and 1.6 g of glycerol (all of
them on a dry basis).

The films were stored at a constant relative humidity
of 60% (maintained with a saturated solution of mag-
nesium nitrate in a closed environment) until further
characterization.

Films Characterization

The thickness of the films was determined using a layer
thickness gauge (Model 345, Elcometer) capable of meas-
uring variable thicknesses from 0 to 12,500 um with an
accuracy of 2.5 um. Twenty measurements were taken for
each film sample.

The solubility test was performed using 2 X2 cm sam-
ples. They were dried in a desiccator for 48 h to determine
the initial dry mass and were then placed in a plastic con-
tainer with 70 mL of deionized water and shaken in an
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orbital shaker at 90 rpm and 27 °C for 24 h. Afterwards,
the samples were again dried in a desiccator for 72 h to
determine their final mass. Mass measurements were per-
formed on an analytical balance (Model AUY220, Shi-
madzu, Japan). The mass loss percentage corresponded to
the solubility of the film.

Water vapor permeability (WVP) was determined
according to ASTM E96-00. 7 g of 4-8 mm silica gel were
placed in plastic containers with 2.5 cm opening diam-
eters. The openings of the containers were then sealed with
film samples so that water vapor transfer could occur only
through the film. This system was placed in a test chamber
with relative humidity controlled at 75% (using a satu-
rated sodium chloride solution) at 20 °C and atmospheric
pressure. The mass of water absorbed by silica, and thus
transferred through the film, was determined by weighing
the system every hour for 8§ h.

The degree of swelling was determined using 2 X2 cm
samples of previously dried films. They were weighed and
then submerged in deionized water at 23 °C. After 5 h, the
films were removed from the water and weighed again.
The degree of swelling was calculated as the percentage
of water (m/m) absorbed by the dry film.

Mechanical properties were determined according to
the ASTM method D882-2012. For each film, five 2 X 10
cm specimens were stored at 23 +2 °C and 50+ 10% of
humidity for at least 40 h. Then, they were tested in a uni-
versal machine (Emic, Model DL2000, Brazil) at a sepa-
ration rate of 25 mm.min~ ! and using a 20 kN load cell.

UV-visible absorption spectra of the films were
obtained in an Evolution 60 spectrophotometer (Thermo
Scientific) within the range of 200 to 550 nm using a
film carrier. Color was determined using a Hunter Lab
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spectrophotometer. Six layers of each film were overlaid
to allow proper color measurement.

The X-ray diffraction (XRD) test was performed on an
X-ray diffractometer (Shimadzu XRD-6000), at room tem-
perature with a 2-theta range of 2°-40° and with scan step
of 0.03°.

Statistical analysis was performed with the Software Sta-
tistica 10 (Statsoft). The statistical difference between means
was determined by the Tukey test using a 95% confidence
level.

Results and Discussion
Raw Material Characterization

The amylose content in starch was found to be 27% (£ 0.6).
Consequently, amylopectin content is equal to 73%, which
is within the values typically found for native corn starch
[38, 39]. Starch gelatinization temperature was found to be
equal to 84.5 °C, which is a similar value to the ones found
by other authors [39, 40]. This is, therefore, the minimum
temperature for the filmogenic solution to be heated so that
the starch can effectively undergo the gelatinization process.

Commercial and CTLW gelatin presented ash contents of
0.24% + 0.04 and 1.2 +0.3% respectively. The higher ash
content of CTLW gelatin will play a part in changing some
of the films properties as later discussed.

Another gelatin property that alters films properties is
its molar mass [41, 42]. Figure 1 presents the number aver-
age molar mass (Mn), mass average molar mass (Mw), z
average molar mass (Mz), polydispersity (Mw/Mn), and
the molar mass distribution curve for both commercial and
CTLW gelatin.
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Fig. 1 Molar mass distribution curve and molar mass averages for CTLW gelatin (left) and commercial gelatin (right)
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The broad molar mass distribution seen in Fig. 1, espe-
cially for CTLW gelatin, indicates that the size of the
molecular chains are not homogeneous, which is con-
firmed by polydispersity values of 13.45 and 12.82 for
CTLW and commercial gelatin respectively. According to
Akcelrud [43], higher polydispersity values indicate the
existence of a tail of low molar mass in the curve. This is
observed in both samples, but mainly for CTLW gelatin,
which has a tail of lower molar mass that corresponds to
the gelatin molecules that had their chain more hydrolyzed
during extraction.

Mw values (39 and 119 kDa, for CTLW and commer-
cial gelatin respectively) are within the typical range of
molar mass for gelatin extracted through the alkaline pro-
cess, which ranges from 20 to 120 kDa [44]. The lower
value found for CTLW gelatin was expected due to the
need to break chromium-collagen bonds for the extrac-
tion of this gelatin. The hydrolysis process, thus, becomes
more aggressive than the one used for commercial gelatin
extraction, which is made from non-tanned animal skin,
bones, and cartilage. Nevertheless, molecules with a molar
mass higher than 120 kDa can be observed in both sam-
ples. It is also possible to observe that the CTLW sam-
ple presents a higher proportion of lower molecular mass
chains than the commercial gelatin sample.

Films Color and UV-Visible

The main visual characteristic resulting from the cross-link-
ing of the gelatin chains by the action of glutaraldehyde is a
yellowish color, as Fig. 2 shows. The color stems from the
reaction of NH, groups of some amino acids that form the
protein with the C=0 group of the aldehyde, resulting in a
Shiff base, characterized by the presence of a C=N group
where the carbon is bonded to two groups other than hydro-
gen atoms [45].

Two methods were used to prove the occurrence of
crosslinking: color measurement and UV-visible analysis.
Color measurement (Fig. 3) shows how samples with the
addition of glutaraldehyde alter their color, tending towards
yellow. Therefore, higher glutaraldehyde concentrations also
result in yellower colors.

Figure 4 presents the UV-Visible spectra of the films
produced with the individual natural polymers and the
starch—gelatin blend. A peak at approximately 440 nm is
observed for samples produced with both gelatins (com-
mercial and CTLW) when cross-linked with glutaraldehyde.
This is the wavelength at which the absorption of Shiff bases
typically occurs, proving the occurrence of cross-linking and
formation of the Shiff base [46]. The same peak is observed
for all the films produced with the starch—gelatin blend when

Fig.2 Starch-commercial gelatin film without a and with b glutaraldehyde; starch-CTLW film without ¢ and with d glutaraldehyde

Fig.3 Color measurement of
films. In the samples codes, S
stands for starch, L for gelatin
obtained from chromium tanned
leather wastes, C for commer-
cial gelatin, SL for starch—gela-
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Fig.4 Color measurements of films. In the samples codes, S stands
for starch, L for gelatin obtained from chromium tanned leather
wastes, C for commercial gelatin, SL for starch—gelatin obtained from

cross-linked with glutaraldehyde, which indicates that the
presence of starch did not impair the cross-linking.

Both analysis, color and UV-visible, indicate the occur-
rence of cross-linking between the gelatin and the glutaral-
dehyde, with higher cross-linking degree (yellower films)
for the compositions with more glutaraldehyde. The effects
of the cross-linking, as well as the effects of the different
properties presented by CTLW and commercial gelatin in
film composition, will be discussed below.

X-Ray Diffraction

X-ray diffraction results (Fig. 5) show a peak at approxi-
mately 20 =7.5° and a halo at 20 =20°. The first peak corre-
sponds to the gelatin protein chains which were reconstituted
as triple helices (structures in which the collagen molecules
are found before being partially hydrolyzed and extracted
as gelatin). The halo, in turn, is related to the randomly dis-
tributed gelatin or starch chains with no spatial organization,
which is the amorphous phase [47-49]. The intensity of the
peak at 20=7.5° indicates the amount of chains reconsti-
tuted as triple-helix. An intensity reduction in this peak
indicates that triple-helix reconstruction was prevented [8].

The addition of glutaraldehyde creates bonds between the
gelatin chains, which prevent their conformation into helical
structures. This causes a reduction in peak intensity upon
addition of the crosslinking agent [50]. It is also noted that
the addition of more glutaraldehyde further reduces the peak
intensity, indicating that a higher cross-linking degree results
in a reduction in the films crystallinity.

The films produced with CTLW gelatin have two addi-
tional fine peaks in the XRD spectrum: one at 20 =14.5°
and the other at 20 =29.5°. These peaks occur due to the

@ Springer

chromium tanned leather wastes blends, SC for starch-commercial
gelatin blend. The number in parenthesis is the percentage of glutar-
aldehyde used in the film composition (0.0, 1.5. or 3.0%)

presence of salts, especially those of calcium and sodium.
Calcium comes from leather tanning and also from the
gelatin extraction process, which employs calcium oxide
as the alkalinizing agent [36]; and the sodium comes from
skin preservation before tanning, which is performed using
sodium chloride, as well as from the tanning process itself
[51].

The XRD spectrum of the starch films without gelatin
addition showed an amorphous halo and crystalline peaks
at20=17° 19.5° and 21.5°. Both amylose and amylopectin
(the polymeric chains that form starch) can form organized,
crystalline structures after the films have dried. Amylose
rapidly rearranges into a crystalline structure in the pres-
ence of high moisture content (first stages of drying), while
amylopectin takes days to undergo the retrogradation pro-
cess [52]. The amylose chains rearrange into a double helix
conformation during the drying of the film [53]. According
to Souza de Miranda et al. [54], the peak found at 20=17°
represents the crystallization of the amylose chains, whereas
the one at 20=19.5° represents the crystallization of the
amylopectin chains.

Crystalline peaks from starch retrogradation are not
visible in the XRD spectra for starch—gelatin blends. This
indicates that the presence of gelatin (both commercial and
the one extracted from CTLW) inhibited the formation of
crystalline structures of the starch due to the disruption of
the starch-starch interactions.

Mechanical Properties
Tables 1 and 2 present a summary of the results for the

mechanical properties of the films. The same total dry mass
was used in the production of all films. The reduction in the
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Fig.5 XRD spectra of the films. In the samples codes, S stands for
starch, L for gelatin obtained from chromium tanned leather wastes,
C for commercial gelatin, SL for starch—gelatin obtained from chro-

thickness of the starch films compared to the gelatin ones is
explained by a higher packing degree of the starch chains
[55]. Overall, the addition of glutaraldehyde did not affect
the thickness of the material.

mium tanned leather wastes blends, SC for starch-commercial gelatin
blend. The number in parenthesis is the percentage of glutaraldehyde
used in the film composition (0.0, 1.5. or 3.0%)

The mechanical properties’ results indicate that all films
presented a hard and tough plastic behavior. Except for the
films produced only with starch, the samples tended to strain
harden (due to the orientation of the crystalline regions of
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Table 1 Thickness, yield

: : Sample' Thickness (um) Yield strength (MPa) Elongation at  Tensile strength at Elongation
strel}gth, elongation at yield, yield (%) break (MPa) at break
tensile §trength at break and (%)
elongation at break of the
natural polymer films S(0.0) 93+1° 83+1.7° 144 1%¢ 7.5+0.8% 74+ 18°

S(3.0) 92+1° 5.1+0.6* 19+2% 5.4+04° 94 +6¢
L(0.0) 111+4° 3.7+0.1* 18+2% 8.5+0.5% 144 +13°
L(3.0) 99 +2% 3.9+0.7¢ 19+2% 9.9+0.8* 157 +12°
C(0.0) 107 +4* 25.6+1.79 13 +4% 27.7+1.5° 364
C(3.0) 110+3* 20.5+1.2° 11+3° 27.8+2.8° 55+10%

*When evaluating the results of the same column, different letters indicate statistically different means (p

value <0.05)

'In the samples codes, S stands for starch in the composition, L for gelatin obtained from chromium tanned
leather wastes, C for commercial gelatin and the number in parenthesis is the percentage of glutaraldehyde

used in the film composition (0.0, 1.5. or 3.0%)

Table 2 Thickness, yield

: ; Sample! Thickness (um) Yield strength (MPa) Elongation at  Tensile strength at Elongation
strer}gth, elongation at yield, yield (%) break(MPa) at break
tensile §trength at break and (%)
elongation at break of the
natural polymer blend films SL(0.0)  99+2° 5.0+0.1° 15422 6.4+0.6° 85+ 10

SL(1.5) 102+£3° 54+0.3" 17+£2% 7.4+0.6 108 +7%
SL(3.0) 99 +2° 4.6+0.5" 16+£5% 7.2+0.8" 132.+45¢
SC(0.0) 107+ 1° 19.2+1.5° 12+1% 20.4+1.2% 33430
SC(1.5) 105+1% 152+0.9° 10£2° 214+1.3° 54+10%
SC(3.0)  107+2° 153+1.4° 161 192416 95+ 14°

* When evaluating the results of the same column, different letters indicate statistically different means (p

value <0.05)

'In the samples codes, SL stands for the blend of starch—gelatin obtained from chromium tanned leather
wastes, SC for starch-commercial gelatin blend and the number in parenthesis is the percentage of glutaral-
dehyde used in the film composition (0.0, 1.5. or 3.0%)

the polymer) after the yield point. Therefore, for most sam-
ples, tensile strength at break was higher than yield strength
[56].

Due to its lower molecular mass, to the presence of higher
amounts of salts, and to the presence of low molar mass
molecules (gelatin that is hydrolyzed to collagen hydro-
lysate), the use of CTLW gelatin, when compared to com-
mercial gelatin, resulted in the production of films with
lower strength values and higher elongation values, specially
elongation at break. The same behavior was observed for
both the pure natural polymer films and the blends. The Mn
values are associated with variations in the mechanical prop-
erties since they indicate different numbers of loose ends in
the polymer chains. Minor chains interrupt molecular inter-
action, and reduce cohesion and mechanical resistance. They
act as plasticizers in the system [43]. Hygroscopic salts, as
the calcium and sodium ones found in CTLW gelatin, also
act as plasticizers in starch—gelatin films due to their ability
to absorb water, a natural plasticizer of this material [57].

Elongation at break increased with glutaraldehyde addi-
tion in films produced with the blend of starch and CTLW

@ Springer

or commercial gelatin. An increase is also observed in the
films produced with the natural polymers alone when cross-
linked with glutaraldehyde, which is not, however, statisti-
cally significant due to the high standard deviation found for
the results. An increase in tensile strength caused by cross-
linking with glutaraldehyde was also expected, however, this
did not occur. This is justified by the reduction in the crystal-
linity of the material. While the crosslinking made the mate-
rial more resistant, the loss in crystallinity made the material
less resistant. The balance of the two effects resulted in the
maintenance of the tensile strength of the material practi-
cally being unchanged by the addition of glutaraldehyde.

As for the reduction in tensile strength when comparing
the values found for the single-polymer films and for the
starch—gelatin blend films, Garcia et al. [10] indicated that
an increase in the tensile strength of gelatin films due to
the addition of starch happened because of the formation of
a more cohesive internal structure of the material. Analo-
gously, lower values of strength obtained for films produced
by the starch and gelatin blend may result from the formation
of a less cohesive internal film structure.
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Table 3 Solubility, water vapor permeability and swelling degree of
of the natural polymer films

Sample! Solubility (%) Water vapor perme-
ability (g mm day~!

Swelling (mass %)

m~2 kPa~?)
S0.0) 20.1+1.5% 13.2+1.4° 238+19°
S(3.0) 21.3+0.3 13.3+0.9° 253 +8°
L0.0) 659+3.9° 10.2+0.6* -2
L(3.0) 56.3+0.9¢ 10.8+1.0° 685+ 62¢
C(0.0) 49.0+1.5° 16.5+0.7° 482 +36°
C(3.0) 258+0.6° 17.1+0.5° 163 +26°

*When evaluating the results of the same column, different letters
indicate statistically different means (p value <0.05)

In the samples codes, S stands for starch in the composition, L for
gelatin obtained from chromium tanned leather wastes, C for com-
mercial gelatin and the number in parenthesis is the percentage of
glutaraldehyde used in the film composition (0.0, 1.5. or 3.0%)

2No swelling results are shown for this sample because it ended up
disintegrating during the test

Table 4 Solubility, water vapor permeability and swelling degree of
of the natural polymer blend films

Sample! Solubility (%) Water vapor perme-
ability (g mm day ™!

Swelling (mass %)

m~2kPa~?)
SL (0.0) 52.9+1.8° 11.0+1.2% -2
SL (1.5) 44.7+0.4* 10.4+0.5 503 + 14¢
SL (3.0) 30.6+0.7¢ 11.0+0.7% 350+24°
SC(0.0) 44.1+1.1% 162+1.7° 411+30¢
SC (1.5) 25.4+0.8° 15.8+2.3° 187+11°
SC (3.0) 20.5+1.3° 16.0+0.5° 126 +19°

* When evaluating the results of the same column, different letters
indicate statistically different means (p value <0,05)

n the samples codes, S stands for starch in the composition, L for
gelatin obtained from chromium tanned leather wastes, C for com-
mercial gelatin and the number in parenthesis is the percentage of
glutaraldehyde used in the film composition (0.0, 1.5. or 3.0%)

2No swelling results are shown for this sample because it ended up
disintegrating during the test

Water Interaction Properties

Tables 3 and 4 present solubility, water vapor permeability,
and swelling degree results for the starch—gelatin films.
Reduction in solubility is one of the main changes in
properties caused by cross-linking [33, 34, 58]. While
starch—gelatin films had their solubility reduced by the addi-
tion of glutaraldehyde, the same was not observed for pure
starch films. Also, the films produced with pure corn starch
presented a strong smell of glutaraldehyde right after drying,
indicating that the cross linking agent did not react and was
still volatilizing. Films produced with gelatin, on the other
hand, had their solubility reduced and did not present the

same characteristic of glutaraldehyde still volatilizing after
drying, which indicates that the cross linking agent in fact
reacted with the gelatin chains.

The films with gelatin in their composition had their solu-
bility and swelling degree reduced both by the addition of
1.5% and 3.0% glutaraldehyde, in the presence or absence
of starch, for both CTLW and commercial gelatin. The use
of commercial gelatin resulted in the production of less
hygroscopic films (lower solubility and swelling degree).
According to data from previous works, the presence of
hydrolyzed collagen (gelatin molecules that were hydrolyzed
and had their molecular mass further reduced in the extrac-
tion process) makes CTLW gelatin films more hydrophilic
than films produced with commercial gelatin [9, 59]. The
presence of hygroscopic salts, which have high affinity with
water molecules, also increases the water interaction prop-
erties of films produced with CTLW gelatin [9, 57]. The
higher molecular mass of the commercial gelatin reduces
the solubility of the films produced with it [60]. Finally, the
amount of glutaraldehyde in the films’ composition directly
affected the solubility and swelling degree, both showing
greater reductions with the highest amount of glutaraldehyde
added. This indicates that a higher cross-linking degree was
achieved with the addition of more glutaraldehyde.

The addition of 3% glutaraldehyde reduced the film solu-
bility by 14.5% and 42.0% for the films produced with the
CTLW gelatin and with the CTLW-gelatin-starch blend
respectively. This reduction was equal to 47% and 53%
for the samples produced with the commercial gelatin and
with the commercial gelatin-starch blend respectively. The
crosslinking, however, was more effective in reducing the
swelling degree of the films, which was reduced by 66% and
69% for samples produced with commercial gelatin and with
the commercial gelatin-starch blend, respectively, with the
addition of 3% glutaraldehyde. The welling degree reduction
data for films produced with CTLW gelatin were not calcu-
lated due to the impossibility of determining the degree of
swelling for uncrosslinked samples, which solubilized dur-
ing the test.

The solubilization of a polymer comprises two stages:
formation of a swollen gel (by the diffusion of molecules in
the polymeric structure) and formation of the actual solution.
The swelling process does not occur, or is impaired, in the
presence of crosslinks. As for the second stage of solubili-
zation, it is impaired by crystallinity, hydrogen bonds and
crosslinks [61].

Thus, in the swelling stage, crosslinking has a direct
effect on reducing the diffusion of molecules in the poly-
mer structure. However, for the solubilization of the mate-
rial, one must also take into account its crystallinity. As
verified by XRD, while the addition of glutaraldehyde
promoted the crosslinking of the gelatin chains, it reduced
their ability to rearrange into a helical structure, reducing
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their crystallinity. That is why the reduction in the degree
of swelling was greater than the reduction in the solubility
for the crosslinked films.

The reduction in the films degree of swelling with the
addition of glutaraldehyde (and with increasing concentra-
tion of the cross linking agent) provides an indication of the
increase in the number of bonds formed by the glutaralde-
hyde-promoted cross-linking. A higher density of crosslinks
results in a smaller space for penetration of a solvent and a
consequently a lower degree of swelling [43].

Water vapor permeability was not altered by the addition
of glutaraldehyde. Although more soluble and hygroscopic,
samples produced with CTLW gelatin have lower permeabil-
ity than films produced with commercial gelatin. This may
be explained by the effect of fillers on the gas permeability
of polymer composites. The gas permeability coefficient
decreases considerably when powder fillers are introduced
into the polymers in amounts of up to 5-10%. It continues
to decrease, but less rapidly, when the load content is further
increased to 20-30% by volume. The permeability increases
markedly when the charge content is high (40-50%). This
permeability characteristic is related to the complexity of the
gas transfer mechanism in a heterogeneous system such as
the polymer-charge system. In heterogeneous systems, the
phase that determines the transfer of gas through a mate-
rial is the continuous phase, in this case the polymer phase.
Usually, the polymer molecules are adsorbed on the surface
of the filler, and therefore more densely packed structures
are formed, with a lower gas permeability. When the filler
content in the polymer phase is high, ruptures appear, that
is, the phase continuity is interrupted. In a polymer with
high amounts of filler, open capillaries are formed, which
guarantee phase gas transfer: the permeability through dif-
fusion is replaced by the flow of molecular or viscous gas
[62]. The salts remaining in the CTLW gelatin act as fillers
when it comes to water vapor permeability. When in high
amounts, as verified in previous works of this research group
[9], the salts would increase the films water vapor perme-
ability. However, when in low amounts, as in the films dis-
cussed in this paper, the salts act as a barrier to water vapor
permeability, reducing it.

Conclusion

Glutaraldehyde was not effective as a cross-linking agent
for starch molecules. However, it highly improved the
water interaction properties of films produced with gela-
tin (with or without starch addition), proving its effective-
ness in cross-linking this protein. The color of all films
produced with gelatin and glutaraldehyde changed to yel-
low due to the cross-linking reaction, producing a Shift-
base. XRD results indicated that cross-linking impaired

@ Springer

the reconstitution of gelatin chains into a triple helix,
reducing the crystallinity degree of samples produced
with glutaraldehyde. The lower molar mass and the pres-
ence of hydrolyzed collagen and hydrophilic salts in the
composition of CTLW gelatin made the films produced
with it less strong, with higher elongation results and more
soluble than the ones produced with commercial gelatin.
The effect of the cross-linking in the molecular structure
of the films was compensated by the reduction in crystal-
linity with regard to mechanical properties, which were
not highly affected by cross-linking. The water interaction
properties of solubility and swelling degree, on the other
hand, were reduced by cross-linking, which was the main
objective of this work. Therefore, the cross-linked films
presented better water-interaction properties than the non-
crosslinked films, which will allow them, especially the
ones produced with CTLW gelatin, to better withstand the
application conditions when used in high-humidity situa-
tions, such as agricultural environments.
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