Biodegradation of Chemically Modified Gelatin Films in Soil
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ABSTRACT: Gelatin films that had been chemically modified (crosslinked with formal-
dehyde, glyoxal, glutaraldehyde, hexamethylene diisocyanate, butadiene diepoxide, or
diepoxyoctane) were tested for their biodegradability by soil burial testing in a labora-
tory environment under temperature and humidity control. The relationship between
weight loss and time of biodegradation showed a linear behavior for all the samples, but
the rate of biodegradation showed a dependence on the type of crosslinking agent. The
most stable films were those crosslinked with aldehydes, and these biodegraded by the
10th day. The samples crosslinked with hexamethylene diisocyanate and diepoxides
completely biodegraded by the fourth and sixth days, respectively. It was shown that
the rate of biodegradation depended on the density of crosslinking, which was calcu-
lated by a modified Flory—Rehner equation. The biodegraded samples showed consid-
erable changes in the fingerprint region of FTIR spectra, and, thus, these spectra could
be used for evaluation of the soil burial biodegradation of chemically modified gelatin

samples. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 78: 1341-1347, 2000
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INTRODUCTION

The assessment of biodegradability of chemically
modified biopolymers is a key issue in the devel-
opment of environmentally friendly materials.!™
Earlier, we reported the biodegradative behavior
of chemically modified gelatin with aldehydes,
diepoxides, and hexamethylene diisocyanate em-
ploying a proteolytic enzyme (alkaline proteinase)
and in sewage, lake, and river waters.*~® For the
complete assessment of biodegradability of chem-
ically modified gelatin, the study of its soil biode-
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gradability is indispensable. Usually for such in-
vestigation, standard-sized samples of the mate-
rial are buried either in protected outdoor
locations or in a laboratory environment where
better control of temperature and humidity can be
maintained.”

Outdoor soil burial experiments involve real
environmental conditions to test samples for ra-
pidity of biodegradation. But due to uncontrolla-
ble factors (human or animal spoiling, climatic
changes), it lacks reproducibility. Nevertheless,
many authors conducted soil burial experiments
in outdoor conditions for varying periods of
time.?®

Laboratory soil burial tests also suffer from the
disadvantage of lack of control over the microbe
population. To avoid this disadvantage, some au-
thors inoculated soil with known test organisms,
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with or without soil sterilization.® However, both
cases of microbiological treatments of soil have
produced only partially satisfactory results, since,
in both cases, symbiotic relationships between
various native microorganisms strains are lost.
The soil microbial society consists of large num-
bers of individual microorganism populations
(bacteria, actinomycetes, fungi, yeasts, algae, and
protozoa) usually with approximate counts rang-
ing from 500 X 102 to 500 X 10° per gram of soil.*°
Normally, these microorganisms are heterotropic
and require brothlike substances for carbon, ni-
trogen, and energy. Thus, microorganism distri-
bution in soil depends on the presence and distri-
bution of organic sources of carbon and nitrogen
in the soil. A confirmation of this is the fact that
the enzyme activities which are important for the
turnover of organic substances in soil correspond
closely with the number of soil microorganisms.*°
Biodegradation thus depends on the complex and
balanced biosocieties in the soil in which study
must be conducted, under conditions which do not
disturb this balance. The present investigation
dealt with the biodegradation behavior of chemi-
cally modified gelatin in soil burial experiments
conducted in a laboratory, under conditions sim-
ilar to those of the natural environment.

EXPERIMENTAL

Materials

Gelatin type A, Bloom value 300 (Sigma, St.
Louis, MO), was used in the present investiga-
tion. Crosslinking agents formaldehyde (FA),
glyoxal (GO), glutaraldehyde (GA), hexamethyl-
ene diisocyanate (HMDIC), 1,3-butadiene diep-
oxide (BDE), and 1,2,7,8-diepoxyoctane (DEO)
were purchased from Aldrich (Milwaukee, WI)
and used as received. 2,2,2-Trifluoroethanol (TFE),
potassium thiocyanate (KCSN), and all other
chemicals were of AR grade and used as obtained.

Soil was taken from the Burnet Woods park in
an urban area of Cincinnati, Ohio, from the sur-
face layer of the ground. All inert materials were
carefully removed to obtain a relatively homoge-
neous mass.

Preparation of Crosslinked Gelatin Samples

Two grams of gelatin was soaked overnight in
distilled water at 5°C and then dispersed at 45°C
in 20 mL 0.02M phosphate buffer (pH 5.8). Solu-

tions of FA, GO, or GA in the same buffer were
added to the gelatin solution with thorough mix-
ing, in an appropriate quantity to obtain a 0.012M
concentration of the crosslinking agent. Cross-
linking was performed at the same temperature
(45°C) for 120 min. Crosslinking with BDE and
DEO was performed in the same way as in the
case of the aldehydes, specifically under identical
conditions (concentrations of crosslinking agent
and gelatin, temperature, solvent, and reaction
time). The crosslinking with HMDIC was per-
formed by adding appropriate amounts of HMDIC
and triethylamine (1/3 part of the HMDIC quan-
tity) to a 5.5 wt % solution of gelatin in TFE at
room temperature (25°C). In all cases, the result-
ing solutions were poured into aluminum dishes
having a diameter of 10 cm and were then dried at
room temperature for 24 h to obtain isotropic
films having a thickness of approximately 0.25
mm. Uncrosslinked gelatin films were cast as
above from a 5.5 wt % gelatin in 0.02M phosphate
buffer (pH 5.8). The crosslinked gelatin samples
were designated by the crosslinking agent desig-
nation followed by “G” for gelatin, for example,
FAG, GOG, etc., with NG specifying no crosslink-
ing agent at all (the uncrosslinked gelatin). The
sample designations and conditions of prepara-
tion are given in Table I.

Crosslink Density Determination

The total crosslink density expressed inversely as
the molecular weight between crosslinks was cal-
culated by the Flory—Rehner equation!! as re-
ported elsewere.'? The samples were swelled in
distilled water at 20°C for 24 h to reach swelling
equilibrium.

Biodegradation Experiments

Soil was poured into a plastic tray (10 X 20 X 5
cm) up to a thickness of about 4 cm. The samples
(10 X 20 X 0.3 mm) were weighed and then bur-
ied in the soil to a depth of 1 cm. The tray was
covered with a iron net and then with a thick
paper moistened with tap water. Water was
sprayed twice a day to sustain the moisture. Dur-
ing the fixed periods (first, second, fourth, sixth,
and tenth day), samples were carefully taken out,
washed with distilled water, and dried under am-
bient temperature (22—-25°C) and humidity (70—
80%) conditions for 24 h and then weighed.
Controls were prepared in sterile soil. To ster-
ilize the soil, 500 g of soil was heated in an oven at
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Table I Sample Designations, Crosslinking Agents, Solvents, and Molecular Weight

(Da) Between Crosslinks

Molecular Weight
Sample Designation Crosslinking Agent Solvent Between Crosslinks (Da)
FAG Formaldehyde Phosphate buffer, pH 5.8 480
GOG Glyoxal Phosphate buffer, pH 5.8 650
GAG Glutaraldehyde Phosphate buffer, pH 5.8 840
HMDICG Hexamethylene diisocyanate 2,2,2-Trifluoroethanol 3200
BDEG Butadiene diepoxide Phosphate buffer, pH 5.8 4150
DEOG Diepoxyoctane Phosphate buffer, pH 5.8 3700
NG — Distilled water 11,250

2 All crosslinked samples were obtained from a 5.5 wt % solution of gelatin at 25°C and the time of crosslinking was 120 min.

125°C for 6 h. Then, it was cooled at ambient
temperature and weighed to determine the water
content. This soil was placed into a plastic tray
(10 X 20 X 5 cm) and thoroughly mixed with a
0.02 wt % aqueous solution of sodium azide
(NaNg) to obtain a homogeneous mass. The
amount of the NaNj solution mixed was equal to
the amount of water lost during the sterilization
process.

Fourier Transform Infrared (FTIR) Analysis

Gelatin samples for FTIR analysis were taken on
the fourth day of biodegradation (for HMDICG,
on the second day). Control samples on the 10th
day of biodegradation were also used. Spectra
were obtained using a Perkin—Elmer 1600 Series
spectrometer.

RESULTS AND DISCUSSION

As in our previous work, where biodegradability
in lake and river waters was studied,® crosslink-
ing agents with various functional groups (alde-
hydes, epoxides, and isocyanates) and various
lengths of the —CHy— chain (1-8 —CH,— units)
were used. The appearances of the gelatin films
on various days of soil biodegradation are shown
in Figure 1. Even on the first day, very strong
changes in the samples were seen. During the
first 3 days, the films were swollen remarkably,
after which they began to lose their outline
shapes. On the 10th day, the biodegradation was
complete for all the films. In contrast to the ex-
periments with natural soil, the samples buried
in sterilized soil soaked with a NaNj solution kept
their outlines even to the 10th day, and their

weight losses (WL) were negligible (2—4%). All
samples changed their colors to brown.

The time dependence of the WL of the
crosslinked and uncrosslinked gelatin are shown
in Figure 2. The considerable differences between
the samples are seen even on the first day. The
highest WL was for HMDICG, which completely
degraded between the third and the fourth days.
(Complete degradation was determined when the
sample disappeared from the soil mass or it
turned into thin slimy mucous which was ab-

Day 0 1st 2nd 4th  6th 10th
aN, contr.)

FAG

NG

Figure 1 Appearances of the gelatin films after the
specified days of soil biodegradation. The last column
shows the NaN; controls.
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Figure 2 Weight losses of the films.

sorbed into the soil.) This kind of biodegradation
occurred with NG, HMDICG, BDEG, and DEOG.
The films of FAG, GOG, and GAG preserved their
comparative stiffness and it was possible to re-
move the residues of the films from the soil even
after the sixth day.

The curves of WL against time for the other
samples were almost parallel to each other. Com-
plete degradation occurred for NG, BDEG, and
DEOG by the sixth day. Remainders from FAG,
GOG, and GAG could not be recovered on the 10th
day, and for all practical purposes, they could be
considered as completely degraded.

A close relationship between the crosslink den-
sities (shown in Table I) and values of the WL
(Fig. 2) was established. The samples with higher
crosslink densities (FAG, GOG, and GAG) were
found to be the most stable. For these samples,
complete degradation occurred by the 10th day.
Complete biodegradation of BDEG and DEOG
was twice as fast as for those crosslinked with
aldehydes. Biodegradation of HMDICG was twice
as fast as for the diepoxide crosslinked samples,
although their crosslink densities were similar.
The explanation of this difference is the fact that
the crosslinking of HMDICG was carried out in
TFE, a nonaqueous medium, where the formation
of physical (hydrogen) bonds was hindered be-
cause of its polarity.

The absorption of water into the crosslinked
gelatin samples depended strongly on the density
of crosslinking. It was hindered by the network

structure, and the higher the crosslink density,
the lower the adsorption. This is important be-
cause the penetration of microorganisms and
their enzymes is impossible without water ad-
sorption and swelling of the crosslinked gelatin
network.

The very low estimated network density for NG
(11,250 Da between crosslinks) did not corre-
spond to the comparatively high stability of NG in
soil. It could be assumed that in soil NG under-
went additional changes in its network structure
during incubation.

The soil microorganisms are involved in the
synthesis of simple and complex organic mole-
cules, which may belong to the cell biomass or to
different extracellular products.'® For example,
fungi form phenolic compounds from a simple
aliphatic molecule, which may polymerize both
abiotically or become linked with amino acids,
peptides, amino sugars, and other organic com-
pounds to finally form dark humic acid-type
polymers.!® These processes are catalyzed by
microbial phenoloxidases, but analogical pro-
cesses could be catalyzed by other microbial
enzymes such as hydrolyases, transferases, and
ligases. These processes may take place and
form additional crosslinks in NG. In crosslinked
samples, such processes could not take place,
since active functional groups in gelatin are
already engaged.

FTIR spectra of FAG, HMDICG, and NG are
shown in Figure 3. The spectra of undegraded
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Figure 3 FTIR spectra of (A) unbiodegraded samples and (B) those biodegraded in
soil for 3 days.
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samples are comparatively simple and without
any characteristic bands in the fingerprint region.
In contrast, all biodegraded crosslinked gelatin
samples exhibited characteristic bands in the fin-
gerprint region (1250-600 cm™'). Particularly

(Continued)

strong and characteristic bands were found in the
regions 1200-1100 cm ' and 800-1020 cm .
The complexity of the spectra could be due to
either the unfolding of the modified protein struc-
ture and exposure of crosslinked sites or to for-



mation of new compounds as by-products of the
metabolism of the microorganisms.

CONCLUSIONS

The chemically modified gelatin with either FA,
GO, GA, HMDIC, BDE, or ODE showed rapid bio-
degradability in soil burial experiments in a labora-
tory environment. The biodegradability was mea-
sured by means of weight loss of the films or with
the aid of FTIR spectroscopy. The rate of biodegrad-
ability showed dependencies on the type of the
crosslinking agent and on the crosslink density.
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