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ABSTRACT

Samples of gelatin extracted from chromium-
containing leather waste by different protocols
were chemically modified with glutaraldehyde,
glyoxal and carbodiimide and compared to
similarly modified commercial gelatins. Glutaral-
dehyde appeared to be a very efficient cross-linker,
giving gels that would not melt at 70°C with the
addition of only 2% glutaraldehyde but with a
decrease in their rigidity when the amount of
glutaraldehyde was increased. Foaming tests on
these samples demonstrated that the addition of
low amounts of glutaraldehyde increased both the
foam capacity and the foam stability of the
gelatins. Glyoxal modification did not have such
an effect on the gel strength and melting point of
the samples. It did not increase foam capacity but
did increase foam stability, it gave better adhesive
properties to these gelatins and it did increase
dramatically their emulsification capacity. Carbo-
diimide had similar effects on gel strength as
glyoxal; it did increase dramatically the melting
point of commercial gelatin but had no effect on
the melting point of the extracted gelatins. It
decreased the foam and adhesive properties of all
the samples, but it did increase the emulsification
capacity of the extracted gelatins. The study
demonstrates that the functional properties. of

chemically modified gelatin extracted from
chromium-containing leather waste were changed,
and, as a result, new uses could be identified for
these value-added products.

INTRODUCTION

Gelatin is used commercially for one or more of the
following properties: gel formation, emulsion stabilization,
foam stabilization, flocculant formation, film formation,
adhesive, and as a protective colloid. Any structural
alteration to a reactive group could modify the physical
behavior. This is often what is sought in the study of chem-
ical modification. Reaction can take the form of substitution
at one or more types of reactive sites, which is termed
“chemical modification,” or a reaction may be polyfunc-
tional, in which case it can bridge adjacent protein chains.
This is known as “cross-linking.””

Cross-linking of gelatin is most commonly carried out in
aqueous solution or on cast layers of the protein.
Concentration is an important factor, as distance between
molecules will determine whether linking will take place
intermolecularly or intramolecularly. Intermolecular cross-
linking increases the molecular weight, which in the case of
a high grade gelatin is already large. In aqueous solution the
intermolecular cross-linking is manifested by a rise in
viscosity. If allowed to continue, the solution becomes
viscoelastic. Further cross-linking causes the flow proper-
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ties to disappear altogether and the material forms a rigid
gel, which will either have an elevated melting point or fail
to revert to a solution at all when heated. The progress of
these effects depends upon the degree of cross-linkage.
Cross-linked gelatin solutions generally give rise to weak
gels on cooling, presumably because the covalent links
introduced in the solution phase interfere with the freedom
of the polypeptide chains to adopt the conformation
necessary for the gel structure. On the other hand, if the
gelatin is cross-linked in the gel state, dramatic increases in
the rigidity occur.

Covalent cross-linking of gelatin has been extensively
reported in the literature, and glutaraldehyde, glyoxal and
carbodiimide have been broadly studied as hardening
agents. While glutaraldehyde is fairly nonspecific in its
reactivity, glyoxal modifies specifically  arginine’ and
carbodiimide introduces new substituents at the carboxyl
groups and amide cross-links." The mechanisms of the
modification of proteins by these reagents have been report-
ed in the literature.**

Glutaraldehyde* cross-linking of proteins proceeds through
the formation of o, w-Schiff bases. One would expect this to
be a readily reversible process in the absence of reducing
agents such as sodium borohydride or sodium cyanoboro-
hydride. An early study® showed that the reaction of
proteins with glutaraldehyde was essentially irreversible
even without reduction and resulted in a loss of available
lysine. Later studies® showed that the chemistry of the
reaction of glutaraldehyde is complex. Although glutaralde-
hyde has a fair degree of specificity for the €-amino group
of lysine, reaction also occurred with other nucleophilic
functional groups in proteins such as the sulfhydryl group
of cysteine, the imidazole ‘ring of histidine, and the
phenolic hydroxyl group of tyrosine.’

Until approximately 20 years ago the specific chemical
modification of arginine was relatively difficult to achieve.*

It is reasonable to suggest that the recent advances in the .

study of the function of arginine residues in proteins stem
from the work on the use of phenylglyoxal® as a reagent for
the specific modification of arginine, though observations
on the use of 2,3-butanedione® and glyoxal' appeared at
approximately the same time. In the modification of arginyl
residues with glyoxal, the specificity of reaction may be
complicated by reaction also at primary amino groups and
sulfhydryl groups." For example, reaction of glyoxal with
bovine serum albumin at pH 9.0 resulted in modification of
greater than 80% of the arginine residues, with approxi-
mately 30% modification of lysine residues."

The use of carbodiimide-mediated modification of carboxyl
functional groups in proteins is by far the most widely used
method for the study of such functional groups.* The most
popular approach utilizes a water-soluble carbodiimide as
the activating agent."”? Despite the problems with side reac-
tions, modification of carboxyl groups in proteins with a
water-soluble carbodiimide and an appropriate nucleophile
has proven extremely useful and is reviewed in several
articles."” '

In the present work, samples of gelatin extracted from
chromium-containing leather waste by different protocols
were treated with glutaraldehyde, glyoxal and carbodiimide
and were compared to similarly modified commercial
gelatin. Physical properties, gel strength and melting point,
and functional properties, foamability, adhesive properties
and emulsion capacity, were examined.

EXPERIMENTAL

Materials

Gelatin, type B from bovine skin, 75 and 225 g Bloom,
glyoxal and 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide hydrochloride (EDAC) were obtained from Sigma
Chemical Co. (St. Louis, MO). Glutaraldehyde was
obtained from Eastman Kodak Co. (Rochester, NY).

Alkali-extracted and enzyme-extracted gelatin from chrome
shavings were isolated by processes described in previous
publications.''* The alkali-extracted gelatin used in this
study was obtained by treating the chromium-containing
leather waste with 6% MgO (Fisher Scientific, Fair Lawn,
NJ) in an aqueous solution for 6 hr at 70°C for the one
labeled “high Bloom™ and at 75°C for the one labeled “low
Bloom.” The enzyme-extracted gelatin was obtained by
treating the chromium-containing leather waste with 0.01%
pepsin (Sigma Chemical Co., Saint Louis, MO) in an
aqueous solution at room temperature for 8 hr and, after an
adjustment of the pH to 8 with MgO, at 70°C for 3 hr. The
gelatin solutions were filtered and stored at 4°C. All
samples were deionized using Amberlite MB-150 mixed
bed resin (Sigma Chemical Co., Saint Louis, MO). The
solutions were lyophilized and these dried samples were
used for chemical modification.

Chemical Modification

A 6.67% wt/wt concentration sample of gelatin was pre-
pared and allowed to swell for 1 hr at ambient temperature.
Then it was equilibrated at 50°C for 30 minutes. The mod-
ifier was added and the sample was shaken at 50°C for 1
hour when glutaraldehyde or carbodiimide were used and
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4 hours when glyoxal was used. The sample was placed in
a 10°C bath for 17-18 hours before any test was performed.

METHODS

Analyses

Moisture, ash, TKN, chrome content, gel strength, dynamic
viscosity, density and molecular weight distribution of the

extracted gelatins were determined as described in a-

previous publication. "

Gel Strength

The Bloom Test" to determine gel strength was run using a
TA.XT2 Texture Analyzer, designed and manufactured by
Stable Micro Systems (Godalming, Surrey, UK) and mar-
keted by Texture Technologies Corporation (Scarsdale, NY).

Melting Point

The melting points of the gelatins were measured by the
method BSI, 1975 with the modification as described by
Rose.” Samples were prepared in test tubes as described
above. A few drops of Bromophenol Blue indicator and a
small solid sphere were added carefully to the top of the
samples. The temperature of the bath was raised at 0.5°C
per minute until samples melted as indicated by the drop of
the sphere. As recommended, the temperature was recorded
when the sphere was half way down the gel.”

Foamability

Foam capacity and stability were determined as described
in a previous publication.” Sainples were prepared as
described above and the next day were heated at 60°C for
15 min. Each sample was transferred to a Waring Blender
with a mini mixing chamber attached. The sample was
whipped for 15 seconds and then transferred to a 100 mL
graduate cylinder. The initial foam volume was read at
0 time and every 5 minutes for 2 hrs while the samples
stood in a 38°C water bath. The foam capacity or foam
volume increase (volume after whipping minus the volume
before whipping divided by the volume before whipping at
0 time and expressed as percent) and foam stability (foam
capacity at specific time) over a 2 hour period were
calculated.”'*

Adhesive Test

Determination of the adhesive properties was carried out as
described in previous publications®* using a TA.XT2
Texture Analyzer, and its XT.RA Dimension software to set
the conditions for the analysis, run the determinations and
calculate the results. Samples were prepared as described

above and the next day were equilibrated at 35°C. The
appropriate amount of sample, about 0.1 g, was weighed
onto a lexan plate. The plate was then placed on the plat-
form of the instrument and was screwed tightly in place.
The appropriate parameters were programmed into the
instrument and the test was begun. An acrylic probe of
1 inch diameter was used, approaching the sample at a
speed of 1 mm/sec. When it sensed the sample, the speed
increased to 2 mm/sec. A force of 100 grams was applied
for 2 seconds and the probe was pulled away from the
sample at a speed of 10 mm/sec for a distance of 5 mm. The
software calculated the tackiness (peak, g) and the work of
adhesion (area, g-s); the ratio of tackiness to the work of
adhesion was calculated upon completion of the determina-
tions, where smaller values would indicate higher grade
adhesives.

Emulsion Capacity

Emulsion capacity was determined by the method described
in a previous publication.® Samples were prepared as
described above and equilibrated at 38°C. Each sample was
processed using a Hamilton Beach hand blender for 30 sec
and peanut oil was then slowly added, with blending, to the
sample over a one hour time period. The oil was added until
the emulsion broke. The grams of oil emulsified per gram
of protein was calculated.”

RESULTS AND DISCUSSION

For the production of Type B gelatin, both ossein and cattle
hide pieces are subjected to lengthy treatment with an
alkali (usually lime) and water at ambient temperature.
Depending on previous treatment, the nature of the materi-
al, the size of the pieces, and the exact temperature, liming
takes from 5 to 20 weeks. After conditioning, the raw
material is thoroughly washed with cold water to remove
excess lime, the pH adjusted with acid, and the product
extracted with hot water to recover the soluble gelatin. The
number of extractions varies; 3 to 6 is typical. The first
extraction generally takes place at 50-60°C, subsequent
extractions being made with successive increases in
temperature of 5-10°C. The final extraction is carried out
close to the boiling point. Extracts are kept separate,
analyzed, and subsequently blended.” Two different Type B
gelatins (225 g Bloom and 75 g Bloom) were used as
references in the experiments described in this paper.

Non-commercial gelatins used in the experiments described
in this paper were isolated from chrome shavings using two
different methods. The alkali-extracted gelatin was isolated
using 6% magnesium oxide in a 500% float at 70°C for
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6 hrs."* If the temperature is carefully controlled at 72°C a
high Bloom gelatin is obtained, if the temperature is raisc;d
up to 75°C, a low Bloom gelatin is isolated. The enzyme-
extracted gelatin was isolated, after a pretreatment with
pepsin for 8 hrs at room temperature and pH 3, with an
extraction at 72°C and pH 8.15 The chemical and physical
properties of these products, after deionization and
lyophilization, are presented in Table I.

As seen in Table I, the alkali-extracted gelatins show
similar nitrogen and chrome content, about 18% TKN and
50 ppm of chromium, but the enzyme-extracted gelatin has
a nitrogen content of 12% TKN and a chromium content of
only 16 ppm. All the other chemical properties are very
similar for the three samples used. The main differences in
the physical properties are in the gel strength. The enzyme-
extracted gelatin has the higher value, about 201 g Bloom;
the high Bloom alkali-extracted sample has a value of 163

and the low Bloom of 96 g Bloom, which are comparable to
the values of the commercial samples, labeled as 225 and
75 g Bloom, which read 238 and 122 g Bloom when tested.

Table I also presents the molecular weight distribution of
these gelatins. The percentage of sample in the high range
of molecular weight follows the pattern shown by the gel
strength values, that is, the enzyme-extracted sample has
the highest percentage, followed closely by the high Bloom
alkali-extracted, and the low Bloom sample has a much
lower value. '

The variation of gel strength and melting point of gelatin
treated with different amounts of the modifiers was studied.
Figure 1 shows the changes in the gel strength of the gelatin
when treated with a. glutaraldehyde, b. glyoxal and
c. carbodiimide; Figure 2 presents these changes on the
melting point.

TABLE 1
Properties of Lyophilized Gelatins
Alkali-extracted Enzyme-extracted
Parameter High Bloom Low Bloom High Bloom
Chemicalt
pH 542 5.24 5.49
Moisture (%) 10.15 9.51 9.76
Total ash MFB (%) <1.0 <1.0 <1.0
TKN M-AFB (%) 17.82 18.62 12.43
Chromium MFB (ppm) 48.0 50.0 15.73
Physicalt, §
Gel Strength (g Bloom) 162.7 96.0 201.3
Dynamic Viscosity* (cP) 2.6345 2.1570 2.7968
Density* (g/mL) 1.0033 1.0006 1.0029
Molecular weight distribution (%) .
>208,000-85,000 D 47.1 21.0 579
85,000-50,000 D 21.6 24.8 19.5
50,000-<7,200 D 313 542 22.6

T N = 3 where N = number of replicates for each sample.
% N =1 where N = number of replicates for each sample.
§ 6.67% (w/w) solution

* @60°C

MFB = Moisture Free Basis AFB = Ash Free Basis TKN = Total Kjehldahl Nitrogen




CHEMICAL MODIFICATION OF RECOVERED GELATIN

-
] 1 2 3 4 *“:m 6 7 L] 9 10
a. Effect of glutaraldehyde

0 5 © o * o >
b. Effect of glyoxal Gelatin
—e— 225 g Bloom commercial gelatin
BOLo e e s m e e e e - -m - 75 g Bloom commercial gelatin

--4-- MgO-ext low Bloom gelatin
---X----  MgO-ext high Bloom gelatin
— ¥ - Pepsin-ext high Bloom gelatin

c. Effect of carbodiimide

FIGURE 1. — Effect of chemical modification on the gel strength (measured as g Bloom) of the treated gelatins.
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FIGURE 2. — Effect of chemical modification on the melting point of the treated gelatins.
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As seen in Figure la, all the samples followed the same
- tendency; showing a slight increase of gel strength when a
very low amount of glutaraldehyde was added and a
decrease when more than 1% was added. As described in
the introduction, the addition of cross-links in the gel
decreases the degrees of freedom of the molecules to
rearrange and give a high gel strength. The cross-linking of
the gelatin after the treatment with glutaraldehyde is shown
again in Figure 2a, where the melting point of the samples
is presented. With the addition of about 2% glutaraldehyde,
the samples did not melt even at 70°C, while the controls
had a melting point of 28-35°C.

Figure 1b shows the effects of different levels of glyoxal
modification on the samples of gelatin; in these experi-
ments the gel strength did not significantly increase, but did
in fact decrease particularly after the addition of at least
10% glyoxal (except for the 225 g Bloom commercial
gelatin). The melting point (Figure 2b) did not change after
. modification with this aldehyde.

The gel strengths of carbodiimide modified gelatins
(Figure 1c) were similar to the gel strengths of glyoxal
modified gelatins. The gel strength of the gelatin decreased
after the addition of at least 2% carbodiimide. The effect on
the melting point (Figure 2c) is different for the commercial
gelatins than for the extracted gelatins. The modified
commercial gelatins did not melt at 70°C if more than 1%
carbodiimide was used to modify the 225 g Bloom or more
than 2.5% was used to modify the 75 g Bloom; the extract-
ed gelatins did melt at about 30°C even with the use of 10%
carbodiimide.

It has been reported that the amino acid composition of
gelatins prepared by the alkaline process (Type B gelatin)
differs from those produced by the acid process (Type A
gelatin).” Also, the heterodisperse nature of the molecular
weights of gelatins has been discussed, highlighting the
advantage of a high molecular weight gelatin in matters
such as cross-linkage and chemical functionality.' All these
differences are obvious between the gelatins studied, not

_only between commercial and non-commercial, but also
between the non-commercial gelatins, which were extract-
ed with different methods.

To see the effect of chemical modification with glutaralde-
hyde, glyoxal and carbodiimide on the functional properties
o the different gelatins, each gelatin was tested unmodi-
fied, and modified with 2% glutaraldehyde, 25% glyoxal or
2.5% carbodiimide, and the resultant functional properties,

foamability, adhesiveness and emulsion capacity were
measured.

Figure 3 presents the results of the foaming test of the
different gelatins used, comparing the different treatments.
Figure 3a shows the foaming test results for the commercial
sample 225 g Bloom. The unmodified gelatin shows a good
foam capacity, but the foam stability is not so good, since
after 1 hour the foam capacity has decreased 50%. The
results of the modification of this sample with glutaralde-
hyde and carbodiimide are not presented, because the
gelatin did not melt at 60°C as required for the foaming test.
The modification with glyoxal increased both the foam
capacity and stability of the 225 Bloom commercial gelatin.

The high Bloom alkali-extracted gelatin (Figure 3b) has a
higher foam capacity than the 225 g Bloom commercial
gelatin and also an excellent foam stability, since after two
hours, the foam capacity has decreased less than 10%.
Again, the results of the glutaraldehyde modification of this
sample-are not presented, because the gelatin did not melt
at 60°C as required for the foaming test. The glyoxal
modification had little effect on foaming properties but the
carbodiimide modification decreased the foam capacity
about 20% and also the foam stability of this sample.

Figure 3c presents the results of the foaming test of the
enzyme-extracted gelatin. The foam capacity and stability
of this sample are very similar to the 225 g Bloom
commercial gelatin (Figure 3a), suggesting that the
commercial gelatin was probably extracted with pepsin, as
usual in commercial production. Glutaraldehyde cross-link-
ing of the enzyme-extracted gelatin increased the foam
capacity about 20%, and also the foam stability. The
glyoxal modification did not change the foaming properties
of these samples and the carbodiimide modification
decreased them, similarly to what is shown by the high
Bloom alkali-extracted gelatin.

Figure 3d shows the results of the foaming test for the 75 ¢
Bloom commercial gelatin. The foam capacity and stability
of this sample are very similar to the results from the 225 g
Bloom commercial gelatin. When the 75 g Bloom commer-
cial gelatin was cross-linked with glutaraldehyde, the foam
capacity increased about 50%, reaching the values shown
by the 225 g Bloom gelatin, and the foam stability was also
improved. The glyoxal modification did not change the
foam capacity of the sample, but increased the foam
stability, while carbodiimide modification increased the
foam capacity, but did not change the foam stability. It is
important to realize that commercially, gelatin is not a
uniform product; the desired Bloom value is achieved by
blending different gelatins with different gel strengths. The
blending influences the way the gelatin is cross-linked or
modified.
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Finally, Figure 3e presents the results of the foaming test for
the low Bloom alkali-extracted gelatin. As in the samples
with high Bloom, the alkali-extracted gelatin had a much
petter foam stability than the commercial gelatin, and the
foam capacity of both samples was similar. The change in
the foam capacity of the low Bloom alkali-extracted gelatin
after glutaraldehyde cross-linking was about 20%, and the
foam stability did not show a big change. Again, glyoxal

modification did not change the foam capacity of the -

sample, and carbodiimide modification decreased the foam-
ing properties of the sample.

Table 11 shows the results of the adhesive test of the studied
samples. Looking at the samples as-is, the high Bloom
alkali-extracted gelatin had adhesive properties very similar
to the 225 g Bloom commercial sample, while the low
Bloom alkali-extracted gelatin had adhesive properties very
similar to the 75 g Bloom commercial sample; the enzyme-
extracted gelatin showed adhesive properties in between the
two commercial samples.

Samples treated with 2% glutaraldehjde were prepared to
test adhesive and emulsification properties, but these
samples did not melt at 35°C, the temperature described in
the experimental part as necessary for these tests.

Samples treated with 25% glyoxal were prepared and their
adhesive properties are presented in Table II. While the
sample prepared with 225 g Bloom commercial gelatin did
not melt at 35°C, the 75 g Bloom commercial gelatin had
better adhesion after glyoxal modification (it presented a
decrease of about 7% in the ratio, influenced by the big
change in the work of adhesion). All the extracted gelatins
also improved the adhesive properties after glyoxal modifi-
cation, showing a decrease between 13 and 19% in their
ratio.

The adhesive properties of samples prepared with 2.5%
carbodiimide are also shown in Table II. Again, the sample
prepared with 225 g Bloom commercial gelatin did not melt
at 35°C. The 75 g Bloom commercial gelatin had the same
adhesion properties after carbodiimide modification, while
the extracted gelatins decreased their adhesiveness between
3 and 20%.

Table III shows the results from the emulsification capacity
test. When unmodified samples were tested, both commer-
cial gelatins presented a value above 92 g of oil emulsified
per g of protein, while the alkali-extracted gelatins present-
ed a value between 74 and 78 g oil emulsified per g of
protein, showing that the gel strength does not have any

TABLE II
Adhesive Properties of Modified Gelatins

Unmodified Glyoxal Carbodiimide
Samplet, § Peak* Area$ ‘Ratiol Peak” Areat Ratiol Peak* Areat Ratiol
Commercial
225 Bloom 1888.1 37.57 50.61 — — — — — —
75 Bloom 1189.8 20.42 58.44 1565.9 28.99 54.49 1190.4 21.03 57.02
Alkali-extracted
High Bloom 1730.0 33.80 51.30 2301.6 51.83 44.50 923.7 15.00 61.70
Low Bloom 1052.1 15.87 66.84 1513.6 28.14 53.81 789.9 12.17 64.90
Enzyme-extracted
High Bloom  1332.1 23.30 57.24 2006.7

N =5 where N = number of replicates of each sample.
* Samples equilibrated at 35°C

" Tackiness in g

¥ Work of adhesion in gs

1 Low ratio (peak/area) indicates good adhesive properties.

43.20 46.50 830.9 13.06 63.62
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influence on this functional property. The enzyme-extract-
ed gelatin emulsified 81 g of oil, demonstrating again that
the way the gelatin was extracted has more influence on this
property than the physical characteristics of the sample.

When the gelatins were modified with glyoxal, the emulsi-
fication capacity increased considerably in the low Bloom
alkali-extracted gelatins but not much in the commercial
low Bloom alkali-extracted and in the high Bloom extract-
ed gelatin. Glyoxal modified high Bloom enzyme-extracted
gelatin did not show any change. Carbodiimide modifica-
tion decreased the emulsification capacity of the 75g
Bloom commercial gelatin and increased the emulsification
capacity of all the extracted gelatins.

CONCLUSIONS

Three different samples of gelatin extracted from chromi-
um-containing leather waste each were chemically
modified with glutaraldehyde, glyoxal and carbodiimide.
Glutaraldehyde appeared to be a very efficient cross-linker,
giving gels that would not melt at 70°C with the addition of
only 2% glutaraldehyde but with a decrease in their rigidi-
ty when the amount of glutaraldehyde increases above 2%.
Foaming tests on these samples demonstrated that the
addition of low amounts of glutaraldehyde increases both
foam capacity and foam stability of the gelatins. Glyoxal
modification did not have such an effect on the gel strength
and melting point of the samples. It did not increase foam
capacity but did increase foam stability, it gave better
adhesive properties to these gelatins and it increased

dramatically their emulsification capacity. Carbodiimide
had similar effects on gel strength as glyoxal; it dramatica]-
ly increased the melting point of commercial gelatin but dig
not have any effect on the melting point of the extracted
gelatins. It decreased the foam and adhesive properties of
all the samples, but it increased the emulsification capacity
of the extracted gelatins. The results indicate that depending
on the application of the gelatin, a different modifier can be
used to get the desired functional properties.
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