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ABSTRACT

Prior research from this laboratory has demonstrated the
feasibility of using chemical and enzymatic treatments on
protein and carbohydrate waste products for the purpose of
making fillers to enhance the properties of leather. These
treatments (microbial transglutaminase, genipin, and
polyphenols in the form of vegetable tannins), were effective
in reacting with gelatins, whey protein concentrate (WPC),
and/or chitosan, alone or in combinations, to give products
with interesting functional properties. All crosslinkers were
either natural products and/or sustainable materials. In our
continuing studies of chemoenzymatic methods to crosslink
collagen and collagen by-products, we investigated the
extensively reported 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC), which has been used to
crosslink proteins for purpose of making biomaterials. This
present study examined the reactivity of various concentrations
of EDC with gelatin, chitosan and combinations of both, in the
presence and absence of N-hydroxysuccinimide (NHS) at
optimal times, and temperatures, and the effect these
parameters had on physical properties, molecular weight
distribution and free amine content. It was found that both
gelatin and chitosan had reactivity with EDC and the physical
properties reflected the concentration of both the carbodiimide
and gelatin. It was found however that when the gelatin and
chitosan were reacted together in the presence of the
carbodiimide, the physical properties improved significantly
over the protein and carbohydrate when reacted separately,
resulting in unique products. This study provides a better
understanding of the reactivity of carbodiimide and optimal
conditions for developing appropriate products.

INTRODUCTION

Gelatin and collagen hydrolysate, extracted from the solid
byproducts of leather manufacture, had been chemically
crosslinked and grafted with polymerizable monomers to add
functionality."* In earlier research from this laboratory, the
use of glutaraldehyde-modified gelatin as a filling agent was
described.” In our prior research, we examined whether the
extensively reported ®® enzymatic polymerization of gelatin
using environmentally benign and relatively inexpensive
microbial transglutaminase would effectively produce filled
products similar to those described in chemical modification.
Research was directed toward optimizing desirable functional
properties such as gel strength and thermal stability, to
produce materials with the potential to serve as components of
filling or finishing agents in leather manufacturing or for
other industrial applications.”!" Biopolymers, formed by the
enzymatic crosslinking of dissimilar proteins, have the
potential for generating novel products.'*'® Based on this
research, we enzymatically reacted gelatin with casein'™'® or
whey proteins'®?! and after characterization, found that unique,
highly polymerized products were obtained. These products
were applied to blue stock,??? and we demonstrated that the
fillers did not affect the mechanical properties of the treated
leather®* and most importantly, when applied to low quality
hides® it was determined that these products significantly
improved the subjective properties of the leather and presented
more cutting area.

*Presented in part at the 111th annual American Leather Chemists Association Meeting, June 10-13, 2015, Pinehurst, NC
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Vegetable tanning, using polyphenols extracted from plant
materials, is used primarily for the production of heavy
leathers used in saddles, belts and shoe soles.?**” Polyphenols
involved in this vegetable tannage have recently been
investigated for their ability to crosslink gelatin.?®3?
Polyphenols are known to react under oxidizing conditions
with side chain amino groups of peptides, leading to formation
of cross-links in protein.? It was also demonstrated®*3 that
biopolymer type products could be made by reaction of
polyphenols with gelatin and pectins as well as with starch
and chitosan, respectively.

Vegetable tanning agents, e.g. quebracho and tara, contain
polyphenols and when these less expensive tannins were
applied to gelatin and other waste agricultural products, it was
demonstrated that modification took place similar to using the
polyphenolic acids, resulting in products amenable to be used
in leather processing.’* The vegetable tannin-modified
gelatin and whey products had improved physicochemical
properties and resulted in products that could be used as fillers
in leather processing.**#! The quebracho- and tara-modified
gelatin products were applied to chrome tanned hides and
demonstrated that quality of resulting leather was far superior
to untreated controls. Wet white or chrome free leather has a
tendency to be flat and tinny and of a lesser quality than wet
blue but after treatment with tara-modified gelatin, the quality
was enhanced with special emphasis on handle and break of
leather. Also, by improving the quality of wet white, a better
economic return should be realized. Thus, inexpensive
renewable resources, tannins and agricultural waste products,
are being utilized to improve quality of leather.

In our continuing investigation of chemoenzymatic methods
for modification of protein and carbohydrate waste products,
we investigated a cross-linking method for collagen-based
biomaterials that has been extensively reported using the
water-soluble carbodiimide, 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC).
Olde Damink et al. stated that cross-linking using EDC
involves the activation of carboxylic acid groups to give
O-acylisourea groups, which form cross-links after reaction
with free amine groups.** Treatment of dermal sheep collagen
with EDC resulted in materials with an increased shrinkage
temperature (Ts) and decreased free amine group content,
showing that cross-linking occurred. Addition of
N-hydroxysuccinimide (NHS) to the EDC-containing cross-
linking solution increased the rate of cross-linking. Liang et
al. has speculated that carbodiimide could form intramolecular
crosslinks within a gelatin molecule or short-range
intermolecular crosslinks between two adjacent gelatin
molecules.® Liang et al. has also suggested that carbodiimide-
crosslinked gelatin hydrogels could be used as bioadhesives to
overcome the cytotoxicity problem associated with
formaldehyde-crosslinked gelatin hydrogels. The researchers
found that crosslinking a gelatin hydrogel with carbodiimide

was rapid and the gelation time was short. Tropini et al. have
found that wheat gluten films could be cross-linked with
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and
N-hydroxysuccinimide.** Wheat gluten films were cast from
aqueous dispersions containing l-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and
N-hydroxysuccinimide (NHS) as cross-linking reagents and
glycerol as a plasticizer, with subsequent characterization of the
films by measurement of protein and water content, amount of
amino groups, swelling of the films in water, and mechanical
properties such as tensile strength and strain at maximum stress.
Recent successful applications of EDC to fish gelatins have
been reported.***” Several authors have reported on reaction of
EDC with fish gelatin and chitosan and the subsequent effects
on properties (e.g., vapor permeability, mechanical properties
and solubility) of resultant films*-? Finally, Wang et al. suggest
that EDC modified gelatin/chitosan could be a candidate for
implantable bioartificial livers.>

EDC’s ability to crosslink primary amines to carboxylic acid
groups enables peptides and proteins to be easily conjugated
to one another or to other compounds that contain either
carboxyl or amino groups.> Thus treatment of waste proteins,
perhaps in conjunction with chitosans or other waste proteins,
with EDC, could possibly lead to products with interesting
functional properties that could be used in leather processing.

This present study will examine the reactivity of EDC with
gelatin, chitosan and combinations of both, in the presence
and absence of NHS. We will determine optimal time,
temperatures, and concentrations of reactants and look at
effect on physical properties, molecular weight distribution
and free amine content. Furthermore, this will be a model
study for future investigations in which cost-effective water
soluble functional carbodiimides® will be reacted with waste
products for the purpose of making products for leather
processing (films, coatings, fillers, etc.)

EXPERIMENTAL

Materials

Two commercial Type B gelatins from bovine skin,
characterized in this laboratory as 123g and 175g Bloom,
EDC, NHS, Ninhydrin reagent, and chitosan (low molecular
weight and 75-85% acetylated) were obtained from Sigma-
Aldrich Corp. (St. Louis, MO). All other chemicals were
analytical grade and used as received.

Methods

Preparation of EDC-modified Gelatin

Gelatin (123g or 175g Bloom) (10g) was suspended in 40 ml of
water (Figure 1), held for 2 h at RT (room temperature,
22-25°C) and then heated at 45°C for 10 min. The solution was
allowed to sit at RT for 2 hr and then stored o/n at 4°C.
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The solution was then heated at 40°C for 15 min, and when
cool (RT), the pH was adjusted from 5 to 6. EDC (calculated
to be 0-50 mM final solution), and NHS (calculated to be 1:15
ratio to EDC), were prepared in 10 mL of water and added
immediately to gelatin solution. After addition to the solution,
the mixture was stirred well. Control samples to which no
EDC/NHS were added, were run to monitor changes in
physical properties. Aliquots (10 mL) of all the reaction
mixtures were added to test tubes for melting point
determination and 30-mL aliquots were poured into
appropriate containers (39-mm diameter jar) for determining
gel strength. The samples were warmed to 35°C in a shaker
bath and the reaction was carried out for 1 h. The samples
were cooled to RT and then chilled for 17 h at 10°C in a
constant temperature bath. Physical analyses (gel strength,
melting point and viscosity) were run on these samples.
Aliquots of the samples were lyophilized and molecular
weight distribution was determined. Sodium azide (70 uL of
1% solution) was added to the remaining treatment solutions
as a preservative; the samples were stored at 4°C.

Preparation of EDC-modified Chitosan

Chitosan (0.35g) was dissolved in 20 ml of 0.15M acetic acid
(Figure 1). Water (20 ml) was added and the samples were
sonicated. The samples sat at RT for 2 h and then o/n at 4°C.
The samples were warmed in 40°C bath, cooled and the pH
was slowly adjusted from 5-6; precipitation of chitosan was
continually monitored. EDC (calculated to be 0-30 mM final
solution), and NHS (calculated to be 1:15 ratio to EDC), were
prepared in 10 mL of water and added immediately to chitosan
solution. The samples were then treated as described above for
EDC-modified gelatin samples. Control samples, with no
EDC/NHS additions were also run.

Preparation of EDC-modified Gelatin/chitosan
Biopolymer Products

Chitosan (0.35g) was dissolved in 20 ml of 0.15M acetic acid
(Figure 2). Gelatin (123g Bloom) (10g) was suspended in 20
ml of water, held for 2 h at RT and then heated at 45°C for 10
min. When gelatin went into solution, the chitosan solution
was added and mixed well. The solution was allowed to sit at
RT for 2 hr and then stored o/n at 4°C. The solution was then
heated at 40°C for 15 min, and the pH slowly adjusted from
5-6; precipitation of chitosan was continually monitored. EDC
(calculated to be 0-10 mM final solution), and NHS (calculated
to be 1:15 ratio to EDC), were prepared in 10 mL of water and
added immediately to gelatin/chitosan solution. The samples
were then treated as described above for EDC-modified
gelatin samples. Control samples, with no EDC/NHS additions
were also run.
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Analyses

Physical Properties and Molecular Weight Distribution
Gel strength, melting point, and viscosity of the gelatin/
chitosan/EDC-treated solutions were determined as described
in a previous publication °. Protein molecular weights were
estimated as described previously.” In summary, SDS-PAGE
(polyacrylamide gel electrophoresis in sodium dodecyl sulfate)
was run using precast 4-15 percent gradient gels. A broad
range (BRS) calibration standard (Bio-Rad, Hercules, CA),
which contains a mixture of nine proteins ranging in size from
6,500 to 200,000 Daltons, was used. Samples of lyophilized
protein were dissolved in sample buffer (10 mM Tris-HCI at
pH 8.0 containing 1 mM EDTA, 2.5% SDS, 5%
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Figure 1. Flow diagram for preparation of EDC-modified gelatin
or chitosan.
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Figure 2. Flow diagram for preparation of EDC-modified gelatin/
chitosan biopolymer.
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[-mercaptoethanol and 0.01% bromophenol blue) and were
then heated at 40°C for 4 h. Separation was achieved using a
Phast-Gel System (Pharmacia Biotech Inc., Piscataway, NJ).
Gels were stained with Coomassie Blue (Pharmacia).

Ninhydrin Test for Primary and Secondary Amines

Determination of primary and secondary amines remaining in
protein after reaction with EDC gives an indication of the
extent of crosslinking, and this was determined by the
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Figure 3. Gel strength, melting point, and viscosity (at 60°C) of 123g Bloom gelatin (10% w/v) treated with 0-25 mM
EDC at pH 5.0-6.0, 35°C for 1 h.
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Figure 4. Gel strength, melting point, and viscosity (at 60°C) of 123g Bloom gelatin (10% w/v) treated with 0-10 mM EDC
at pH 5.0-6.0, 35°C for 1 h.
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Ninhydrin Test.”” The procedure was carried out as follows.
The standard (Leucine) and test samples were prepared as
outlined in Tables I and II. The samples were mixed well using
a vortex. A marble was added to top of each tube to cover, and
then all tubes were heated at 100°C for 10 min using a heater
block. The tubes were transferred to ice bath for 10 min.
Ethanol (2 ml) was added to each tube and the tubes were
mixed using a vortex. The absorbance was read at 570.0 nm;
standard and test samples were read vs. a blank. A standard
curve was drawn and free amino group concentration was
read from the standard curve.

RESuULTS AND DISCUSSION

Reaction of 10% Gelatin with EDC (w/wo NHS)

In these initial experiments, conditions outlined in the
literature were applied to 175 g Bloom gelatin. Accordingly, a
10% solution of gelatin was prepared and to it was added 30
mM EDC with a 1:15 ratio of NHS. The solution gelled
immediately upon addition of the EDC/NHS, and formed an
irreversible chemical gel. This reaction was so rapid, that in
next experiment, a lower bloom gelatin (123 g) was tried to see
the effect that these conditions would have on the reaction. In
this set of experiments, 30 mM of EDC with 1:15 NHS was
added to a 10% w/v solution of gelatin. This reaction
proceeded slightly slower and we were able to transfer the

TABLE I

Standard

Tube 1 2 3 4 5 6

Standard (uL) 0 100 | 200 | 300 | 400 | 500

Water (uL) 1000 | 900 | 800 | 700 | 600 | 500

Ninhydrin (ml) | 0.5 0.5 0.5 0.5 0.5 0.5

TABLE I1I

Samples

Tube 7 8 9 10 11 12

Sample weight (mg) | 4 4 4 4 4 4

Water (uL) 1000 | 1000 | 1000 | 1000 | 1000 | 1000

Ninhydrin (ml) 05105 ]05|05|05]|05
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reaction mixture to the appropriate testing vessels (for Bloom
and melting point). These samples also formed an irreversible
chemical gel. In the next set of experiments, continuing to use
the 123 Bloom gelatin, we decreased the concentration of
EDC; as a control, 0 mM was added and then the concentration
was increased from 5 to 25 mM.

These lower concentrations (from 10 mM to 25 mM,
increasingly became more viscous as they were prepared for
the 35°C bath. After 1 h only the control (0 mM) and the 5
mM could be analyzed for viscosity. The 10 mM to 25 mM
had formed an irreversible chemical gel and melting point and
viscosity could not be determined. The gel strengths of the
0-25 mM samples and melting point, and viscosity of the 0-5
mM samples are shown in Figure 3.
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Figure 5. SDS-PAGE of 123g Bloom gelatin (10% w/v) treated with
0-10 mM EDC at pH 5.0-6, 35°C for 1 h; molecular weights are shown
in Da.
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Figure 6. Viscosity (at 60°C) of 0.35% chitosan treated with 0-30 mM
EDC at pH 5.0-6.0, 35°C for 1 h.
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In the next set of experiments, from 5 to 10 mM of EDC with
and without NHS was used to treat 10% gelatin solution. The
physical properties, melting point and viscosity (Figure 4)
indicate that from 5 to 8 mM, an irreversible gel had not
formed. Gel strengths of these samples are also shown in the
figure. It appears that in the range from 5-8 mM, the gel
strength, melting point and viscosity results are similar with
and without NHS. However in 9-10 mM range the melting
point and viscosity values with and without the NHS differ, in
that the 10 mM range with NHS the samples did not melt and
viscosity could not be run. The presence of NHS appears to
increase the efficiency of the reaction in the higher EDC
concentrations. Finally, as seen in Figure 5, the molecular
weight distribution studies are showing that as the EDC
concentration increases the density of the gelatin bands
decreases. These results correlate with the physical properties,
particularly in the results for viscosity.

Reaction of 0.35% Chitosan with EDC

Literature has suggested that chitosan can take part in the
EDC reaction.®-* In preparation for making biopolymers
utilizing gelatin and chitosan treated with EDC, we ran a
series of experiments in which we observed physical properties
of EDC-treated chitosan. Chitosan (0.35% w/v) was treated for
1h, at pH 5-6 and 35°C, with varying amounts of EDC (0-30
mM). The samples did not gel so no melting point could be
run; as seen in Figure 6, the viscosity of the chitosan decreased
as the EDC concentration increased (perhaps due to the slight
change in the linear oligomer as influenced by the EDC

reaction). The viscosity of the control sample, which contained
0 mM of EDC, was 1.80 cP with STD of 0.05 (n=3), was
significantly higher than the samples treated with varying
amounts of EDC.

Reaction of 10% Gelatin and 0.35% Chitosan with EDC
Several authors have reported on reaction of EDC with fish
gelatin and chitosan and the subsequent effects on properties
of resultant films.**2 In the following set of experiments, 10%
gelatin and 0.35% chitosan were treated with varying amounts
of EDC (0-10 mM) at pH 5-6, 35°C. The effect on physical
properties of the products and molecular weight distribution
were examined. In the initial experiment, in which 0-10 mM
of EDC was reacted with gelatin and chitosan, the gel strength
was higher than when gelatin alone was treated. With respect
to melting point and viscosity the results are more dramatic
(Figure 7) in that after 5 mM offering, the samples did not
melt and viscosity could not be run. Even the samples that did
melt had much higher values than the gelatin (viscosity) and
chitosan (viscosity) alone at the same concentration of EDC.
The molecular weight distribution of the samples was run
(Figure 8) and the disappearance of the gelatin bands at the
higher EDC concentration correlates with the changes in the
physical properties.

Reaction of 5% Gelatin and 0.35% Chitosan with EDC

Having achieved a significant effect on physical properties
using 10% gelatin, 0.35% chitosan and varying mM of EDC,
we then examined the effect that a lesser amount of gelatin,
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Figure 7. Gel strength, melting point, and viscosity (at 60°C) of 123g Bloom gelatin (5% and 10% w/v), 0.35% chitosan,
biopolymer with 5% and 10% gelatin and 0.35% chitosan, and viscosity (at 60°C) of 0.35% chitosan, all treated with 0-10
mM EDC at pH 5.0-6.0, 35°C for 1 h.
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while keeping the chitosan at 0.35% and using similar amounts
of mM of EDC, would have on these properties. We first ran a
series in which 5% gelatin (w/w) was reacted with varying
mM concentrations of EDC with NHS. The results of these
experiments can be seen in Figure 7. Gelatin and chitosan
were then reacted with EDC (0-10 mM) and as was shown in
reaction of 10% gelatin, the physical properties of the resulting
products were significantly different than the modified
individual gelatin and chitosan (Figure 7). After the 5 mM
EDC concentration, a chemical gel was formed and the
melting point and viscosity could not be determined. Finally
SDS PAGE was run on these samples (Figure 9) and the
results are corroborating the data from the physical properties.

When the 5 and 10% loadings of gelatin biopolymer products
were compared (Figure 7), the data indicate that the samples
behaved similarly when increasing amounts of EDC were
added, but as one would expect, the physical property values
were reflecting the concentration (5% or 10%) of the added
gelatin.

- <+ 200,000

. +—116,250
. +— 97,400
" «— 66,200

= . 45,000

- <« 31,000

«— 21,500
s o 14,400
: . t
- 6,500 Da

10 8 6 4 2 0 Std
mM EDC

Figure 8. SDS-PAGE of 123g Bloom gelatin (10% w/v) and 0.35%
chitosan (biopolymer) treated with 0-10 mM EDC at pH 5.0-6, 35°C
for 1 h; molecular weights are shown in Da.
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Free Amine Determination

Primary and secondary amines remaining after reaction with
EDC will give an estimation of extent of crosslinking. The
ninhydrin test’” was used for this analysis. The products
resulting from reaction of 10% gelatin alone with 0-10 mM
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Figure 9. SDS-PAGE of 123g Bloom gelatin (5% w/v) and 0.35%
chitosan (biopolymer) treated with 0-10 mM EDC at pH 5.0-6.0, 35°C
for 1 h; molecular weights are shown in Da.
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Figure 10. Primary and secondary amino groups (uM/mg) remaining
after treatment of 10% (w/v) 123g Bloom gelatin alone and 10% (w/v)
123g Bloom gelatin and 0.35% chitosan (biopolymer), with 0-10 mM
EDC at pH 5.0-6.0, 35°C, for 1 h.
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EDC and 10% gelatin and 0.35% chitosan with 0-10 mM EDC
were analyzed and the results can be seen in Figure 10. The
data are indicating that the increasing concentration of EDC
has an effect on the free primary and secondary amines
remaining in these samples. The gelatin and chitosan reacted
together with EDC show a slightly higher amount of free
amine to begin with and its curve is showing a steeper decline
than that for gelatin alone with EDC. These data correlate
with physical properties (melting point and viscosity).

CONCLUSION

The extensively reported 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) reaction with proteins and
carbohydrates, for purpose of making biomaterials, was
investigated. The study examined the reactivity of various
concentrations of EDC with gelatin, chitosan and combinations
of both, in the presence and absence of NHS at optimal times,
and temperatures, and the effect these parameters have on
physical properties, molecular weight distribution and free
amine content. It was found that both gelatin and chitosan had
reactivity with EDC and the physical properties reflected the
concentration of both the carbodiimide and gelatin. It was
found however that when the gelatin and chitosan were reacted
together in the presence of the carbodiimide, the physical
properties improved significantly over the protein and
carbohydrate when reacted separately, resulting in unique
products. This is a model study for future investigations in
which cost-effective water soluble functional carbodiimides®
will be reacted with waste products for the purpose of making
products for leather processing (films, coatings, fillers, etc.)
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