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ABSTRACT: Gelatin is a highly abundant and relatively inexpensive protein which is
used in a variety of gel applications including photography, drug delivery, microencap-
sulation, and food preparation. Control of network formation in gelatin may therefore
provide methods of preparing protein gels tailored for specific applications. In this
study, circular dichroism (CD), Raman, and nuclear magnetic resonance (NMR) spec-
troscopies were used to characterize ordering processes which occur in gelatin and their
relationship to absorbency. Ordering of the unmodified protein, studied as a function
of concentration, temperature, and time after initial preparation, correlates inversely
with absorbency. Chemical modification was used to control the absorbency and solubil-
ity of the protein gels. Alkylation of gelatin using glycidyltrimethylammonium chloride
causes substantial increases in water absorbency with degrees of substitution as low
as 0.5%. Increases in saline swelling were observed only after additional modification
of the alkylated gelatin with a nonionic polyoxyalkyleneamine crosslinking agent (Jeff-
aminew ) . Limiting the initial degree of substitution prior to crosslinking (to just below
1%) plays a key role in optimizing the absorbency and minimizing the dissolution of
the gel in saline. The methods and principles used to manipulate the absorbency of
gelatin may also find use for other natural protein systems. q 1998 John Wiley & Sons,
Inc. J Appl Polym Sci 68: 281–292, 1998
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INTRODUCTION an important role in stabilizing their structure.
Indeed, some proteins naturally absorb large
amounts of water to form gels. The ability of natu-Natural gel-forming polymers have the potential

to provide the fluid uptake and physical proper- ral proteins to function as highly absorbent mate-
rials is influenced by folding and network forma-ties needed in a variety of applications and are

desirable for these uses because of their safety, tion, which control the physical properties of the
biodegradability, and potential low cost. Protein gels. Control of these interactions in proteins may
systems are particularly promising in these end therefore permit purposeful production of highly
uses as they are well hydrated, with water playing absorbent network structures.

Gelatin is an abundant and relatively inexpen-
sive protein derived from collagen, with the capac-Correspondence to: D. A. Tirrell.

Contract grant sponsors: Kimberly-Clark Corp.; Center for ity to form network structures and gels. It is used
University of Massachusetts–Industry Research on Polymers, in a variety of gel applications including photogra-
University of Massachusetts Amherst.

phy, drug delivery, holography, microencapsula-
Journal of Applied Polymer Science, Vol. 68, 281–292 (1998)
q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/020281-12 tion, and food preparation. Under certain condi-
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282 KIICK-FISCHER AND TIRRELL

Scheme 1 Gelatin alkylation. Although the scheme shows modification of glutamic
acid side chains, it is likely that the other nucleophilic sites are alkylated as well.

tions, gelatin absorbs 200 times its mass in water, triple helix crosslinks and single-strand gelatin
amorphous regions.3but forms very weak gels at this high water con-

tent. Furthermore, swelling from the collapsed, Control of the ordering process in gelatin may
allow purposeful formation of absorbent networkdry state (xerogel) is severely restricted, with ab-

sorption of only 15 g water/g protein. structures. The swelling of network structures
depends on factors such as crystallinity, crosslinkThe ordering of gelatin networks is character-

istic of the amino acid sequence, which contains density, molecular weight, and hydrophilicity,
which can be controlled by chemically modifyinga well-conserved glycine–proline–hydroxypro-

line triad throughout the protein polymer. These the protein. The introduction of sterically bulky
and/or charged groups along the protein chainthree amino acids comprise over 50% of the over-

all amino acid composition. The pyrrolidine- may disrupt ordering without compromising hy-
drophilicity. Indeed, alkylation of gelatin and col-rich sequences serve as nucleation sites for par-

tially reforming the collagen triple helix, 1 with lagen by carboxymethylation and epoxide addi-
tion has been shown to alter the solubility pro-interchain hydrogen bonding between gelatin

strands.2 Weaker hydrogen bonding stabilizes perties of both proteins.4–6 Other modifications
which have also been shown to alter the physicalthe network structure which comprises collagen

Table I Gelatin Modification: Representative Reactant Masses and Degrees of Modification

Degree
Mass Degree Epoxide Jeffaminet

Mass Gelatin Mass GTACa Jeffaminet Mass DEACb Substitution Modification
Sample (g) (g) (g) (g) (%) (%)

1 10.7 1.5 N/A N/A 0.51 N/A
2 10.0 6.1 N/A N/A 1.5 N/A
3 10.0 18.6 N/A N/A 2.9 N/A
4 5.1 37.2 N/A N/A 7.6 N/A

5 4.1 N/A 0.74 (ED2001) 0.23 N/A 0.13

6 5.0 37.4 1.15 (ED2001) 0.40 7.4 0.16
7 10.0 15.2 1.99 (ED2001) 0.59 6.7 0.26
8 5.1 50.0 2.50 (ED2001) 0.75 9.5 0.41

9 1.5 0.3 0.25 (ED148) 0.25 0.77 1.6
10 1.5 1.0 0.15 (ED148) 0.20 1.2 0.66
11 5.0 3.1 0.64 (T403) 0.42 1.6 0.34

12 1.5 0.50 0.20 (ED900) 0.05 0.85 0.20
13 1.5 0.22 2.35 (ED900) 0.78 0.70 1.8

Alkylation: Reagents added as above to 20 wt % gelatin solution (pH 5.5) and stirred at 657C for 1.5 h. Jeffaminet modification:
Reagents added to alkylated gelatin (20 wt %, pH 9.0–11.0) and stirred at 557C for 1 h.

a Glycidyltrimethylammonium chloride.
b 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide methiodide.
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Scheme 2 Crosslinking of gelatin by polyoxyalkyleneamine crosslinkers.

properties of gelatin include acetylation, lauroyla- sieved to particle sizes of 300–600 mm and stored
at controlled relative humidity (RH) over a satu-tion, succinylation, and alkylsulfonation.4 None of

these reactions has been reported to significantly rated aqueous solution of MgCl2r6H2O (33%
RH).10 Protein concentrations are reported asimprove the swelling of the protein network.

Crosslinking of gelatin has also been extensively weight percent (wt %) and solutions were pre-
pared using distilled water (or 0.15M NaF) tostudied as a means to improve the material and/

or controlled release properties of the protein, but yield final concentrations of 0.005–20 wt % with
a resulting pH of approximately 5.5. Initial disso-compromises water absorbency4,7,8 unless modifi-

cation of the gelatin [e.g., grafting of poly(acrylic lution was achieved by heating the solution to 40–
607C for 5–10 min; preparation conditions wereacid)] is conducted prior to crosslinking.9

In this study we report the (i) characterization consistent within sets of samples prepared for
spectroscopic analysis. In experiments designedof the ordering in gelatin as it relates to absor-

bency and (ii) the chemical modification of the to probe the effect of aging on the secondary struc-
ture of the protein, samples were stored at 57Cprotein to alter the swelling of the network. Or-

dering of the noncovalently crosslinked protein to minimize hydrolysis and bacterial growth. No
network correlates inversely with swelling of the
protein gel. Chemical modification of gelatin
with glycidyltrimethylammonium chloride causes
marked changes in the swelling of the protein
in water. Subsequent crosslinking by nonionic
polyoxyalkyleneamine crosslinking agents (Jeff-
aminesw ) further increases swelling in saline
while preventing dissolution.

EXPERIMENTAL

Materials

Porcine skin gelatin (Hormel Foods Corp., 265
Bloom number, Type A) was used in all experi-
ments. Glycidyltrimethylammonium chloride (Al-
drich), 1-(3-dimethylaminopropyl)-3-ethyl carbo-
diimide methiodide (Aldrich), and polyoxyalkyl-
eneamines (Jeffaminesw, Huntsman Corp., Texas)
were used as received in the chemical modification
and crosslinking reactions. Deionized water was
used as the solvent.

Figure 1 Jeffaminew polyoxyalkyleneamine cross-
linking agents: (a) ED900 and ED2001; (b) EDR148,Sample Preparation
with a molecular weight of approximately 148; (c) T403

The porcine skin gelatin used in the spectroscopic has a molecular weight of approximately 440, 5–6
moles propylene oxide, and trimethylolpropane for A.studies and free swell capacity experiments was
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284 KIICK-FISCHER AND TIRRELL

in a tared, 100-mm sieve and its mass measured.
A modified procedure was used in a separate set
of experiments designed to determine the depen-
dence of swelling on the concentration of unmodi-
fied gelatin gels. In these experiments, gels were
prepared (as described above) at varied weight
percentages, allowed to set in the refrigerator
overnight, and cut into pieces of 3–5-mm dimen-
sion. These gel pieces were tested according to
the standard protocol and the free swell capacity
calculated based on the mass of the dry gelatin.
Free swell capacities are reported as g water/g
dry gelatin and are calculated by subtracting the
dry mass of the protein from the swollen mass
and then dividing by the dry mass of the protein.Figure 2 Free swell capacity of gelatin gels as a func-

tion of drying to a specific water content. The line repre-
sents the equation y Å 107.95 x00.66 ; R Å 0.99. Spectroscopic Characterization of Ordering

Circular dichroism (CD) spectra were recorded
from 190 to 250 nm using an Aviv Model 62DSsignificant mass loss was recorded for gels stored

at 57C for the duration of the experiments. circular dichroism spectrometer equipped with a
Brinkmann RM6 temperature control unit. Sam-
ples of 0.005–0.025 wt % concentration were mea-

Swelling Studies sured in a 1-mm pathlength quartz cell at 257C
unless otherwise noted. Samples with concentra-Comparisons of the absorbency of unmodified and

chemically modified (see below) gelatins were tions of approximately 2 and 5 wt % were mea-
sured in a 0.01-mm pathlength demountable cellmade on the basis of free swell capacity measure-

ments. Free swell capacity (absorbency) experi- to obtain CD spectra at higher concentrations.
Spectra are reported using mean residue elliptici-ments were conducted by adding deionized water

or isotonic (0.9% [0.15M]) saline (10 mL) to 0.1 g ties based on an average amino acid residue mo-
lecular weight of 110.11 Ordering of the unmodi-of dry gelatin (300–600-mm particle size, either

modified or unmodified) and allowing the gelatin fied and modified proteins was monitored via
changes in the mean residue ellipticity at 198 nmto swell for 1 h. The swollen gel was then retained

Figure 3 Concentration dependence of the circular dichroism spectrum of gelatin.
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Raman spectra (4 cm01 resolution) were re-
corded using a Bruker FRA 106 spectrometer with
a Nd : YAG laser (1064 nm wavelength) as the
irradiation source, with a backscattering collec-
tion geometry. Intensities of vibrations were cal-
culated using a Lab Calc software package. Amide
I bands could be fit using two vibrations, each
with a combination of Gaussian and Lorentzian
line shapes. Frequency, width at half-height, in-
tensity, and percentage of Gaussian and Lo-
rentzian bands were varied to yield the best fit.
Resulting c -square values were on the order of
1004 to 1005 . Gelatin solutions (4.6–15.5 wt %)
were prepared by heating the protein in distilled
water at 40–607C for 10 min with equilibration
to room temperature for an additional 10 min.
Solutions were then allowed to gel in a Raman
liquid sample cell at 57C for 6–8 min, and Raman
spectra were subsequently recorded at room tem-
perature. Storage at 57C for up to 1 week did not
result in any significant spectral changes. The ad-
dition of sodium azide (0.02%, to prevent bacterial
growth) also did not cause any changes in the
vibrational spectra.

Proton NMR spectra were recorded using a
Bruker AMX 500 NMR spectrometer with proton
acquisition at 500 MHz. Twenty-four scans were
collected at 22.77C with a 1-s cycle delay. Presatu-
ration of the water peak eliminated the interfer-
ing HDO resonance. Chemical shifts are reported
in parts per million (ppm) from 3-(trimethylsilyl)-

Figure 4 (A) Expanded Raman amide I region of the propionic-2,2,3,3-d4 acid (as the sodium salt,gelatin spectrum at various gel concentrations. The
TSP), which is also used as an internal peak areaspectrum of the solid sample is that of the gelatin pow-
reference. Gelatin samples were dissolved in D2Oder as obtained. (B) Peak contributions to the amide I

band for 4.6 wt % gelatin; peaks at 1672 cm01 (18%)
and 1637 cm01 (82%). (C) Peak contributions to the
amide I band for 15.5 wt % gelatin; peaks at 1672 cm01

(31%) and 1635 cm01 (69%).

as a function of concentration, temperature, time
after initial preparation, and chemical modifica-
tion. Estimates of the triple helix content are
based on a mean residue ellipticity of055,000 deg
cm2/dmol for collagen.12 Gelatin solutions were
prepared by heating the protein in distilled water
or 0.15M NaF at 407C for approximately 5 min
followed by equilibration to room temperature.
Comparisons of ordering in chemically modified
samples were conducted after allowing the sam-
ples to equilibrate at 57C overnight. No change Figure 5 Relative peak area of the 1637 cm01 Raman
in mean residue ellipticity was observed in the amide I band of gelatin as a function of concentration.

The line represents the fit y Å 1.10 x00.13 ; R Å 0.96.samples even after 5 days of storage at 57C.
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Figure 6 Proton NMR (500 MHz) spectrum of 4.1 wt % gelatin in D2O.

(0.02% in sodium azide) by gentle heating in a yielding a gelatin solution with a concentration of
approximately 20 wt % and a pH of 5.5. The epox-sand bath at 657C for 1 h to yield final concentra-

tions of 1.8–8.8 wt %. Samples were stored over- ide was added dropwise to the stirring solution in
varying amounts depending on the desired degreenight at 57C prior to spectral acquisition at ambi-

ent temperatures. No changes in the spectra were of substitution. (Generally, addition of 1.5 g glyci-
dyltrimethylammonium chloride to 10 g of gelatinobserved with longer storage times. Nuclear mag-

netic resonance spectroscopy (Bruker AC 200 yielded a degree of substitution of 0.5%.) The reac-
tion was covered and allowed to stir at 60–707CNMR spectrometer with proton acquisition at 200

MHz) was also used to characterize the chemi-
cally modified gelatin samples. Lithium bromide
(LiBr) was added to the chemically modified gela-
tin samples at a ratio of approximately 7 g per g
gelatin in D2O as above to minimize the network
formation which decreases gelatin peak intensity.
This procedure permitted a more accurate esti-
mate of the degree of substitution and degree of
modification (by the crosslinking agent) observed
after chemical modification of the gelatin. The
spectra were acquired at room temperature imme-
diately after NMR sample preparation.

Chemical Modification of Gelatin

The chemical modification (alkylation) of gelatin
using epoxide compounds was conducted using Figure 7 Concentration dependence of NMR signal
glycidol, glycidyl butyrate, and glycidyltrimethy- intensity. The lines are fit according to the following
lammonium chloride (Scheme 1 and Table I) . Gel- equations: (solid line) Pro, 3.64 ppm, y Å 0.162 x00.80 ,
atin was dispersed in distilled water at room tem- R Å 0.97; (dashed line) Gly, 3.96 ppm, y Å 0.423 x00.79 ,

R Å 0.98.perature and then heated to approximately 657C,
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Figure 8 Proton NMR spectrum (200 MHz) of gelatin modified with glycidyltrimeth-
ylammonium chloride and Jeffaminew ED900. The resonance at 4.8 ppm corresponds
to HDO. Labeled resonances correspond to (a) Jeffaminew ED2001 (CH2) and (b)
glycidyltrimethylammonium chloride (CH3).

for 1.5 h. During the reaction, the pH of the solu- 11.0) in order to minimize hydrolysis of the pro-
tein which is accelerated at high pH.4tion increased from 6.5 to 8.5, consistent with re-

action of side-chain carboxylic acid groups. These After the reaction, the warm gelatin solution
was placed in 12,000–14,000 molecular weightsolutions were either dialyzed as described below

and tested directly for changes in ordering and cutoff dialysis tubing (Spectrapor) and dialyzed
for at least 48 h against 4–6 300 mL changes ofabsorbency (CD and NMR) or were reacted with

Jeffaminew polyoxyalkyleneamine crosslinking distilled water at 407C. (Gelatin remains in solu-
tion under these conditions.) Dialysis for 48 h wasreagents.

A series of Jeffaminew crosslinking reagents sufficient for removing excess reactant from the
(diamines ED2001, ED900, and EDR148; tri-
amine T403; see Fig. 1 for chemical compositions)
were added directly to alkylated gelatin prepared
as described above (Scheme 2 and Table I) . The
reactants were stirred at 557C for approximately
5 min prior to addition of a water-soluble carbodi-
imide (1-(3-dimethylaminopropyl)-3-ethyl carbo-
diimide methiodide, Aldrich).13,14 The Jeffaminew
reagents were added first because in most cases
addition of the carbodiimide to gelatin solutions
prior to the addition of the Jeffaminew nucleo-
phile resulted in immediate gelation of the pro-
tein. After carbodiimide addition, the solutions
were stirred at 557C for approximately 1 h. Solu-
tion pH values ranged from 9.0 to 11.0. For reac-
tions with over 5 mol % Jeffaminew (based on the Figure 9 Triple helix content of gelatin (0.02 wt %
total number of amino acid residues), reactions samples, estimated from mean residue ellipticity at
were conducted in 1M HEPES buffer with an ini- 198 nm) with varying degrees of substitution (Table I,

samples 1–4).tial pH of 6.5 (which yielded a reaction pH of 9.0–
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residues.4 Degrees of substitution and modifica-
tion are reported as percentages of the total num-
ber of gelatin amino acid residues.

RESULTS AND DISCUSSION

Spectroscopic Characterization of Gelatin

The absorbent capacity of gelatin gels is depen-
dent on the initial gel concentration, with the free
swell capacity of the gelatin xerogel an order of
magnitude less than that of a 2 wt % gel (approxi-Figure 10 Free swell capacities of control and alkyl-
mately 15 versus 200 g/g). It is likely that anated gelatins (Table I, samples 1–4) in water and in
increase in ordering during the drying processisotonic saline (0.9% NaCl).
plays a critical role in this behavior and that the
effects of drying might be approximated simply
by varying the gelatin concentration. As shown inreactant/product mixture as assessed via NMR

spectroscopy. The gelatin solutions were stored at Figure 2, the free swell capacity varies smoothly
as a function of concentration. This concentration57C overnight, and the resulting gels were cut into

small pieces and dried over P2O5 for 12 h under dependence is observed regardless of whether the
gel is prepared at a specific initial concentrationa vacuum or in a fume hood for 48 h. The resulting

solids were ground at liquid nitrogen tempera- or is dried down to that concentration from a 1.95
wt % gel.tures to a particle size of 300–600 mm and used for

free swell capacity and spectroscopic experiments. Circular dichroism spectroscopy was used to
characterize the conformational ordering as it re-NMR spectroscopy allowed estimation of the

degree of epoxide substitution and the degree of lates to absorbency. The changes in the CD spec-
tra as a function of concentration are demon-Jeffaminew modification of the modified gelatin.

The methyl protons of glycidyltrimethylammon- strated in Figure 3 for gelatin at concentrations
of 0.005–0.020 wt %. The spectra are consistentium chloride (3.28 ppm) and the ethyl protons of

the Jeffaminew ethyleneoxide units (3.72 ppm) with that reported for the collagen triple helix,
with a small positive feature at 221 nm and aeach have distinct NMR signals which can be used

to estimate the degree of substitution and degree large negative mean residue ellipticity at 198
nm.12,15 It is apparent from the spectra that theof modification, respectively. The glycine/hy-

droxyproline signal (3.95 ppm) is used to estimate nature of the protein structure does not change
significantly with increasing concentration, butthe gelatin content for these calculations, know-

ing that porcine skin gelatin has 421 glycine and that an increase in order, manifest as an increase
in the mean residue ellipticity at 198 nm (whichhydroxyproline amino acid residues per 1000 total

Table II Triple Helix Content and Swelling of Alkylated, Crosslinked Gelatin
with High Degrees of Substitution

Degree
Degree Epoxide Jeffaminet Triple Helix

Substitution Modificationa Content Free Swell, Saline
Sample (%) (%) (%) (g/g)

Control 0 0 97 14
6 7.4 0.16 50 41, then dissolves
7 6.7 0.26 44 Dissolves (50 min)
8 9.5 0.41 40 Dissolves (15 min)

a Jeffaminet ED2001.
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by definition is normalized for differences in con-
centration11) , does occur.

Raman spectroscopic studies were also con-
ducted as an alternate means to assess the order-
ing which occurs in gelatin. The conformation-
sensitive amide I band region for gelatin gels of
varying concentrations (4.6, 8.8, and 15.5 wt %,
and as the obtained powder) is shown in Figure 4
and is consistent with that reported for gelatin,16

with the amide I band maximum located at ap-
proximately 1668 cm01 . As demonstrated in the
figure, the amide I band of the protein shifts per-
ceptibly to higher wavenumbers with increasing
concentration. This is consistent with the forma- Figure 11 Gelatin absorbency in saline after various
tion of collagen triple helix, as the amide I band of chemical modifications (Table I, samples 1–8, 12–13).
collagen (1670 cm01) is shifted to slightly higher
wavenumbers relative to the gelatin amide I
band.16 Curve fits of the amide I region indicate nances at 3.96 and 3.64 ppm, respectively (Fig.
that the amide I bands of all spectra can be fit to 7), illustrate the results for all amino acids in the
contributions from two peaks: one at approxi- spectrum. The observed concentration depen-
mately 1670 cm01 and another at approximately dence matches that observed in absorbency and
1637 cm01 (Fig. 4). Raman experiments and further demonstrates

The decrease in the contribution from the band the dependence of absorbency on the structure as
near 1637 cm01 (which arises from hydrogen monitored by these spectroscopic methods. The
bonding of water with the amide group) with in- results also demonstrate that there is no preferen-
creasing concentration is shown in Figure 5. The tial amino acid dependence of the concentration-
area of this band correlates inversely with the related loss in resonance intensity. Nevertheless,
ordering in the protein; a decrease in its area re- ordering in gelatin networks (reformation of the
flects an increase in the ordering of the protein collagen triple helix) does limit absorbency. A se-
and should correlate with an decrease in absor- ries of chemical modifications of gelatin was
bency. Indeed, the relative area of this band ex- therefore conducted to frustrate the ordering in
hibits a concentration dependence that is qualita- gelatin and to determine its impact on absor-
tively like that observed for the free swell capac- bency.
ity. The functionally different forms of the data
from the swelling and Raman experiments likely

Chemical Modification of Gelatin and Resultingresult, in part, from differences in experimental
Absorbencyconditions; a more detailed comparison between

these data sets is therefore not warranted. Alkylation
NMR spectra of gelatin samples were recorded

as functions of concentration to probe for any Gelatin was covalently modified in order to dis-
rupt folding and network formation and increasechanges in individual amino acid resonances as

the ordering process advances. A 500 MHz proton the observed free swell capacity of the protein.
Initial experiments which varied solution compo-NMR spectrum of a 4.1 wt % gelatin gel at room

temperature is shown in Figure 6; resonances cor- sition (pH, temperature, denaturing salts) and
drying conditions (freeze drying, organic precipi-responding to individual amino acids are indi-

cated.17,18 This spectrum is observed for gelatin tation, critical point drying) in an effort to disrupt
ordering yielded xerogels with free swell capaci-under all conditions studied (including variations

in temperature and time after initial prepara- ties of only 22 g water/g gelatin.19

Sterically bulky and/or ionic groups were incor-tion); there is no dependence of chemical shift,
line width, or relative intensity on any variable porated into the gelatin chain via the reactions

shown in Scheme 1. Modification by each of theinvestigated. Plots of signal intensity (relative to
TSP) as a function of concentration (1.0, 1.9, 4.8, epoxides listed in Scheme 1 results in gelatin gels

that exhibit greater water retention than does anand 8.7 wt %) for the glycine and proline reso-
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Table III Swelling of Alkylated, Crosslinked Gelatins

Degree Epoxide Degree Jeffaminet
Sample Substitution (%) Modification (%) Free Swell, Saline (g/g)

9 0.77 1.6a 23
10 1.2 0.66a Dissolves
11 1.6 0.34b 22

a Jeffaminet ED148 crosslinking agent.
b Jeffaminet T403 crosslinking agent.

unmodified control, as assessed by the increased to gelatin controls, as shown in Figure 10. The
values reported correspond to a free swell time oftime required to dry the modified gelatin under a

vacuum. Only glycidyltrimethylammonium chlo- 1 h; the alkylated gelatins dissolve in water
within 2 h. The maximum free swell observed inride causes a measurable change in the absor-

bency of the protein, however, resulting in water water for these modified gelatins was 88 g/g for a
gelatin with a degree of substitution of 2.9%. Atsolubility at room temperature. The improvement

in water solubility which results from incorpora- greater degrees of substitution, samples dissolved
within the hour of soaking. The increase in absor-tion of quarternary ammonium groups (but not

hydroxyl or butyrate groups) may result from in- bency/solubility is not a result of base hydrolysis
of the protein; gelatin heated for 1 h at 707C atcreased electrostatic repulsive forces between the

added cationic sites and the protonated basic side pH 9.0 in the absence of epoxide yields the same
free swell values as those of an untreated controlchains of the protein. The glycidyltrimethylam-

monium chloride modification was therefore in- gelatin.
As also shown in Figure 10, saline free swellvestigated in greater detail.

NMR spectroscopy permitted simple character- values remain similar to those observed for un-
modified gelatin (approximately 20 g/g), indepen-ization of the product, as the methyl signal from

the glycidyltrimethylammonium sites (3.28 ppm) dent of the degree of substitution. Even increasing
the degree of substitution of the epoxide to 8.6%is easily distinguishable from the gelatin reso-

nances (Fig. 8). Degrees of substitution calcu- (which corresponds to alkylation of 85% of the
carboxylic acid groups on the protein) does notlated from the NMR spectra as described in the

Experimental section are reported as percentages improve the free swell of the protein in saline. We
suggest that the reduction in swelling in saline isof the total number of gelatin amino acid residues.

The NMR spectrum shown in Figure 8 corre- due to shielding of the electrostatic repulsion that
is likely responsible for the water solubility of thesponds to a modified gelatin with a calculated de-

gree of substitution of approximately 7%. modified protein. The electrostatic screening may,
in this case, also limit protein swelling by induc-Comparison of samples with varying degrees

of substitution via CD spectroscopy demonstrates ing conformational changes which promote net-
work formation in the protein. In support of thisthat the ordering in gelatin is significantly re-

duced by the incorporation of small amounts of hypothesis, an increase in the triple helix content
of alkylated gelatin (from 48 to 67% for a 0.02glycidyltrimethylammonium chloride and that or-

dering decreases with increasing degrees of alkyl- wt%
solution of gelatin with a degree of substitutionation, as shown in Figure 9. The triple helix con-

tent of the modified protein decreases from control of 2.9%) was observed with increasing ionic
strength in 0–0.5M NaF.values of approximately 97% to values of approxi-

mately 75% with degrees of substitution as low as
0.5%. The mean residue ellipticities for the control Crosslinking
shown in Figure 9 differ from those shown in Fig-
ure 3 due to slight sample preparation and instru- As a means to improve swelling in saline, a series

of nonionic, water-soluble polyoxyalkyleneaminemental differences; data are compared only within
each set of experimental data. crosslinking agents (Jeffaminesw ) were added to

the alkylated gelatin. Jeffaminesw were chosenThe observed decrease in ordering does corre-
spond to an increase in absorbency as compared as modifying agents because of their hydrophil-
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Table IV Triple Helix Content and Swelling of Alkylated, Crosslinked Gelatin
with Low Degrees of Substitution

Degree Degree
Epoxide Jeffaminet Triple Helix

Substitution Modification Content Free Swell, Saline
Sample (%) (%) (%) (g/g)

Control 0 0 97 14

1 0.51 0 69 24
5 0 0.13a 61 22

12 0.85 0.20b 40 32
13 0.70 1.8b 42 34

a Jeffaminet ED2001 crosslinking agent.
b Jeffaminet ED900 crosslinking agent.

icity, nonionic character, steric bulk, and ability crosslinking occurs at these apparent low degrees
of modification.to crosslink protein materials via carbodiimide-

activated amide bond formation (Fig. 1 and Crosslinking reagents with higher reactivity
(EDR148, Fig. 1) or increased number of func-Scheme 2). Jeffaminew crosslinking agents were

added to the alkylated gelatins (degrees of substi- tional groups (T403, Fig. 1) were also reacted with
alkylated gelatin in an effort to prevent salinetution ranging from 6.7 to 9.5%) to yield calcu-

lated degrees of Jeffaminew modification of 0.14– solubility. As shown in Table III, saline absor-
bency values of only 23 g/g were observed and0.41%, calculated as described in the Experimen-

tal section. The modification decreases the triple dissolution was not prevented. Neither the added
reactivity nor the increased functionality ap-helix content from the control value of 97% to val-

ues of 40–50% (Table II) . This reduction in order, peared to improve the reaction efficiency or the
physical properties of the modified protein. Modi-as expected, corresponds to an increase in the sa-

line absorbency of gelatin from approximately 22 fication with Jeffaminew ED2001 or ED900
yielded similar degrees of modification and freeto 41 g/g in saline, as shown in Table II and Figure

11. The results demonstrate the utility of adding swell values (Table I and Fig. 11). Because the
Jeffaminew ED900 is simpler to handle (it is anonionic groups to gelatin to improve the protein

absorbency in saline solutions. liquid at room temperature), it was used in exper-
iments designed to test the effect of the degree ofHowever, as shown in Figure 11, modification

of gelatin by only nonionic Jeffaminew ED2001 epoxide substitution on subsequent crosslinking
reaction efficiency and gelatin absorbency.or ED900 (degrees of modification ranging from

0.04 to 0.16%) results in free swell capacities in In an effort to improve absorbency without
causing sample dissolution, gelatin was modifiedsaline of less than 25 g/g. Both alkylation by glyci-

dyltrimethylammonium chloride and modification with glycidyltrimethylammonium chloride at
slightly less than 1% degree of substitution fol-with Jeffaminew (ED2001 or ED900; results re-

ported are an average of both) are required to lowed by Jeffaminew modification (ED900). Tri-
ple helix contents and swelling for gelatin modi-improve saline absorbency of gelatin to the ap-

proximately 41 g/g maximum observed. It may be fied in this manner are shown in Table IV. While
the triple helix content (40–42%) and degree ofthat the ionic groups introduced onto the gelatin

chain by alkylation disrupt the ordered regions of substitution (0.18%) in these systems are similar
to those observed for the saline soluble, Jeff-the protein enough to slightly improve absorbency

and that the large, nonionic groups open up the aminew-modified, alkylated gelatin (Table II) ,
these samples are not soluble, which suggests annetwork further after initial hydration. The gela-

tin modified by both glycidyltrimethylammonium improved reaction efficiency and successful cross-
linking with lower degrees of alkylation. Overallchloride (6.7–9.5%) and Jeffaminew (0.14–0.41%)

is soluble, which suggests that no significant absorbency behavior is improved, with free swell
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ment between Kimberly-Clark Corp. and the Centercapacities in saline of 32–34 g/g observed without
for University of Massachusetts–Industry Research onsubsequent dissolution (Table IV). It appears
Polymers at the University of Massachusetts Amherst.that limiting the amount of glycidyltrimethylam-
NMR spectra were recorded in the University of Massa-monium chloride used in the first step conserves
chusetts NMR Facility, which is supported in part bycarboxylic acid sites for the subsequent carbodi-
the NSF Materials Research Science and Engineeringimide-activated crosslinking with Jeffaminew. Center at the University.

The increased crosslinking plays a key role in im-
proving the absorbency of the crosslinked gelatin;
optimization of degrees of alkylation and cross- REFERENCES
linking may result in further improvements.
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