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Effects of Ionizing Radiation on 
Two Gelatin Fractions I11 

Carbonyl Group Analyses and Electron Spin Resonance Studies 

By LEONARD P. PRUSAK* and BARTLEY J. SCIARRONE 

Two fractions, F-I and F-11, obtained by alcohol fractionation of commercial pigskin 
gelatin, and having molecular weight values of 173,000 and 86,000, respectively, 
showed the following relationship with respect to additional carbonyl group content 
resulting from low-level irradiation under a 3 MeV. Van de Graaff: 1 per cent solu- 
tion > 5 per cent solution (gel) > film. Irradiated films (F-I and F-11) showed 
doublets with 2 5 gauss line separation in electron spin resonance studies. These, 
together with previously published data, indicate that the gelatin fractions undergo 
molecular weight changes through free radical mechanisms involving scission, 

crosslinking, and weak bond formation. 

N PREVIOUS papcrs (1, 2) the authors showed I the isolation of 2 fractions, F-I and F-11, from 
commercial pigskin gelatin ; the irradiation tech- 
nique used with a 3 Mcv. Van dc G r a d  accelera- 
tor ; acid-base titration behavior ; sedimenta- 
tion velocity and intrinsic viscosity studies; and 
molecular weight determinations. 

We now give further experimental data which 
indicate that irradiation of these gelatin fractions 
produces changes in structure through free radical 
mechanisms. 

The currently accepted concept regarding 
radiation effects on organic materials is that chain 
scission is synonymous with molecular weight 
decrease, and crosslinking is a sign of molecular 
weight increase. Intermediate variations are ex- 
plained on groiinds that both scission and cross- 
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linking occur. This thinking may be extended to 
the irradiation of complex polymers, assuming 
that conditions are employed which lead to these 
ultimate effects. It is doubtful, on the basis of 
experimental data available today, that gelatin is 
susceptible to predictable irradiation behavior. 

Some factors which must be considcrcd beforc 
rupture or linkage are proposed as explanations 
for shifts in molecular weight of irradiated gelatin 
include solvent-solute intcraction, absorbed ir- 
radiation dose, presence or absence of oxygen, 
solute concentration, nature of solvent, thermal 
history, aging, irradiation temperature, etc. 

Since the formation of free radicals in solids 
and liquids exposed to irradiation has been estab- 
lishcd, explanations of molecular weight shifts in 
irradiated gelatin require consideration of free 
radical formation. This, in turn, poses the qucs- 
tion as to indirect effects of the solvent if irradia- 
tion is carried out on a fluid system. Experi- 
mental evidence indicates that irradiation o f  oxy- 
genated protein solutions, such as gelatin, results 
in the formation of carbonyl functions (3, 4) and 
that these are traceable to intermediate free 
radicals. Radiolytic cleavage of the pcptide 
chain yields an arnide and an additional carbonyl 
group : 
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as opposed to  hydrolytic fracture, which yields an 
acid and free amino group: 
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H H  
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H 
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TABLE II.-RESONANCE CURVE VALUES 
NORMALIZED TO SWEEP 50, GAIN 50 

Proof of additional carhonyl group formation has 
been obtained (3) by isolation of a number of 
a-keto acids from irradiated gelatin-namely, 
oxalacetic, a-ketoglutaric, glyoxalic, pyruvic, and 
phenylpyruvic. Formation of these is believed 
to  occur through a n  imino intermediate which 
yields the acid on hydrolysis. 

Numerous details regarding the precise mech- 
anistic sequences and interrelationships of free 
radical formation, chain scission, and crosslinking 
arc yet  to be resolved, but  i t  can be said with 
reasonable certainty that  these evcnts do occur in 
irradiated gelatin. Data  are presented here to 
show tha t  additional carbonyl group formation 
affords an excellent means for correlating the 
degree of scission and/or crosslinking in the 
gelatin fractions as functions of irradiation dose 
and physical state (film or aqueous solution). 

Since the formation of stable free radicals 
containing unpaired electrons in irradiated 
organic solids has been established, the applica- 

TABLE I.-RESULTS O F  CARBONYL ANALYSIS 

F-I F-I1 
pmoles pmoles 

Carbonvl/Gm. CarbonvllGm. _ .  
1% S o h ,  
Mrad. 
0.41 23.4 11.8 
0.60 39.5 13.5 
1.15 53.1 2 5 . 3  
2.10 66.6 47.6 

5% S o h ,  
Mrad. 
0.41 3.6 
0.60 6.0 
1.15 13.8 
2.10 36.0 

0.41 0.2 
0.60 0 . 4  
1.15 0 .8  
2.10 1.1 

Film, Mrad. 

1.1 
1 . 2  
1.8 
4 . 9  

0.06 
0.15 
0.65 
0.95 

Peak-to- 
Peak 

Distance 
(Arbi- 
t r a y  Normalized 
Scale) Sweep Gain Value Dose, Mrad 

F-I 
8 .4  320 200 0.328 0.461 
6 . 1  100 200 0.762 0.679 
5.0 50 100 2 . 5  1.71 
8.8 50 50 8.8 3.12 

F-I1 
6 .7  100 500 0.335 0.461 
6.3 100 100 1.5;s 0.679 
6.4 50 100 3.2 1.71 
7.9 50 32 12.35 3.12 

tion of electron spin resonance to  the determina- 
tion of the free radical quanta has assumed con- 
siderable importance. Because others (5,6) have 
shown that the application of this method to  pro- 
teins gives meaningful results, spin resonance 
measurements on irradiated gelatin films were 
included in the present work. 

EXPERIMENTAL 

Carbonyl Analysis.-Determination of cdrbonyl 
group formation was made according to the proce- 
dure of Lappin and Clark (7) using thc 2,4-dinitro- 
phenylhydrazone derivative of acetaldehyde as a 
reference standard. Hydrazonc content was dcter- 
mined in terms of pm. carbonyl/Gtn. of gelatin a t  440 
mp with a Bcckman DU spcctrophotometer. Addi- 
tional carbonyl group formation was obtained by 
diff crence between controls and irradiated samples. 
The data are given in Table I. 

Electron Spin Resonance Studies.-Film strips of 
F-I and F-I1 were submitted to the scanned beam of 
the 3 MeV. Van de Graaff accelerator as previously 
described ( l ) ,  and the resulting averagc absorbed 
doses were calculated immediately following irradi- 
ation. They werc: 0.46, 0.67, 1.71, and 3.12 
Mrads, respectively. The films werc cxposed to 
these doses at room temperature (24"C.), inserted in 
heat-sealed aluminum foil packages, and immcdi- 
ately immersed in liquid nitrogen (77'K.). Controls 
were included to the point of irradiation. 

Spin resonance measurements, conducted on all 
samples on the day of irradiation, were made using 
a Varian 100 kc. field modulation EPR spectrometer 
a t  a microwave frequency of 9000 Mc./scc. Various 
degrees of attenuation of resonance intensity were 
used to obtain readable signals. Therefore, in order 
to have comparable measures of free radical popula- 
tion all resonance intensities, measured on an arbi- 
trary scale, were normalized to the instrument 
parameters sweep 50 and gain 50. (See Table 11.) 
A log-log plot of normalized resonance signal in- 
tensity versus dose is shown in Fig. 1. 

RESULTS 

Carbonyl Analysis.-In the casc of 1 and 5% solu- 
tions of both fractions, straight line relationships 
were obtained from plots of dose (Mrad.) versus 
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Figure 3 shows a sernilog plot of dose Germs pm. 
carbonyl/Gni. of gelatin in irradiated films of F-I 
and F-11. In contrast to 1 and 5Oj, solutions, the 
films showed less carbonyl formation, and propor- 
tional relationship to the logarithm of the dose. I t  
would appear that carbonyl groups were formed at 
thc same rate in the 2 gelatin fractions despite 
widely dillerent average molecular weights. 

G values, or the number of events (carbonyl 
groups formed) per 100 cv. (electron volts) absorbed 
energy, were derived frotn the formula: 

t 100 

-1 a 
10 

m 

0.1 0.5 1.0 5 10 
DOSE, Mrad. 

Fig. 1.-Plot of the linear relationship between 
EPR signal intensity, normalized to the instrunlent 
paramcters sweep 50 and gain 50, and the dose 
impinging upon films of F-I (0)  and F-I1 (0). 

pm. carbonyl formed per Gm. of protcin. Further- 
more, some correlation was evident between the 
samc conccntration levels of the separate fractions. 
Figure 2 shows a plot of dose versus pni. carbonyll 
Gm of gclatin in 5(% solution of both fractions. 
Data for obtaining the best possible straight linc 
were computed by regression analysis. Slope values 
for l'jlc solutions of F-I (4.2 X lop2) and €7-11 (6.2 X 
10-2) were remarkably close, but the values for 57 ,  
solutions differed by a factor of 10 (rf. Fig. 2). 
Nonetheless, it can be stated that in irradiated 
solutions thc number of carbonyl groups formpd per 
Gin. of protein is directly proportional to the dose 
imparted and is concentration dcpcndcnt. 

2.0 I1 
e 

H 
w- SLOPE. 6.1 X 10.' g 1.0 - 
a 

0' 
10 20 30 

LLrn. CARBONYL/Grn. GELATIN 

Fig. 2.-Arithmetic relationship bctmecn the dose, 
impinging upon a 57, solution of F-I (0 )  and F-I1 
(0), and the resulting extra pm. of carbonyl groups 
produced/Gm. of the gelatin fraction. 

No. of changed molecules X 100 
E (ev.) 

C =  

(pm./Gm.) (6.06 X (100) 
(Mrad. ) (cv./Gm./Mrad. ) 

~~ - - 

The expression above applies to materials irradi- 
ated in the dry state, i e . ,  films, since the second term 

u 

J 
m -  
0 -  
0 0.5 ~ 

5 1.0 - 
- 

/ 

0 z 0.6 1 0  1 4  1.8 2 . ~  
Nrn. CARBONYL/Gm. GELATIN 

Fig. 3.--Semilog relationship between the dose, 
impinging upon films of F-I (0)  and F-I1 (0), and 
the resulting extra prri of carbonyl groups produced/ 
Gm. of the gelatin fraction 

in the denominator refers to grams. In the case of 
1 yo solutions, the second term was appropriately 
adjustcd to enable calculation of encrgy absorption 
( E )  on the basis of 100 nil. (1 Gm. of protein in 100- 
nil. vol.). Similarly, with the 570 solutions, another 
adjustment ccas made in the second term to permit 
calculation of energy absorption of a 20-ml. vol. 
'I'hus, the second exprcssion in thc dcnominator is, 
rcspcctivcly, for 

film: 6.37 X ev./Gm./Mrad. 
1% solution: 
5% solution: 

6.37 X loz1 rv./100 tnl./Mrad. 
6.37 X lozo X 2 ev./20 ml./Mrad. 

The G (carbonyl) values for both fractions are given 
in Table 111. 

Results for all samples were somewhat lower than 
thc G = 1.2 reported by Garrison ( 3 )  for gelatin 
solutious (5 mg./ml.) irradiated with fi°Co ?-rays at 
a dose rate of about 2 X ev./tnl./min. This 
difference in values can be accounted for by observ- 
ing that Garrison's rate is equivalent to  about 0.2 
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TABLE III.-EXPERIMENTALLY DETERMINED 
CARBONYL FORMATION G VALUES 

F-I F-I1 
Mrad. 

0 41 0 54 0 2; 
0 60 0 63 0.21 

1% Soln., G Values 

Journal of Phnrmaceutzcal Sciences 

Electron Spin Resonance Studies.-Figures 4 and 
5 arc first derivative resonance curves of F-I and F-I1 
irradiated a t  3.12 Mrad., and Figs. 6 and 7 show 
resonance curves on controls, all observed at room 
temperature. Figurcs 4 and 5 also illustrate the 
typical doublet of 25 gauss line separation obtained 
for all irradiated samples. 

One of the samples, F-I, irradiated at 3.12 Mrad. 
a t  25°C. was observed at  77°K. Total erasure of the 
doublet occurred when the gain was reduced to 125 
and the sweep held at  50. By increasing the gain to 
160 and reducing the power by 15 decibels, the same 
sample (at i'7OK.) gave a doublet of 25 gauss line 
separation, indicating that at low temperature thc 
sigiial was readily saturated. Shouldering beyond 
the points of inflection was evident, indicating pos- 
sible dipolar broadening. 

Shifting the sweep and gain to  32 and 200, respcc- 
tively, retaining the sample a t  77"K., and reducing 
the power by 20 decibels gavc a doublet of 20 gauss 
line separation and retained evidence of shouldering 
The sample was then removed from the nitrogen 
atmosphere and raised to room temperature (25OC ). 
A t  sweep 32, gain 500, -15 decibels, the pattern 
approached that originally obtained a t  room t e n -  
perature with a doublet of 25 gauss. Retention of 
the doublets despite shifts in resonance temperature 
conditions (following irradiation a t  room tempera- 

i . i s  
2.10 

0.44 
0.30 

0.21 
0.22 

5% Soln., G Values 
0.41 0.42 0.12 
0.60 0.47 0.10 
1.15 0.57 
2.10 0.82 

0.08 
0.11 

Film, G Values 
0.41 0.46 0.14 
0.60 0.63 0.24 
1.15 0.66 0.54 
2.10 0.50 0.43 

Mrad./hr. (2 X 10" ev./ml./min. = 1.2 X 1OZy 
ev./L./hr. Since 1 Mrad./hr. = 6.37 X loz2 
ev,/L./hr., 1.2/6.37 = 0.158, or 0.2 Mrad./hr.). 
In the 3 Mev. Van de Graaff, on the other hand, all 
dose rates were imparted on a "per second" basis. 
Thus, in the range of doses used in the present ex- 
periments (0.4-2.0 Mrad.), the dose rates differed 
by factors ranging from 7,200 to 36,000 (greater). 
Since the efticiency of free radical formation is re- 
duced at  higher dose rates through recombinations 
caused by high local concentration, the higher dose 
rate is responsible for the lower G (carbonyl) values. 

Of collateral interest in connection with the G 
(carbonyl) value calculations, are the previously 
referrcd to Wiederhorri experiments (a), which 
showed that in parent gelatin (from which F-I and 
F-I I were Iractionated) the molecular weight be- 
tween crosslinks increased as the irradiation dose 
increased. This implies the formation of thernio- 
stable covalent bonds, a requirement for copolymer- 
ization. F-I arid F-11, on the other hand, did not 
respond to  the crosslinking test a t  any irradiation 
level (at least through the crosslinking mechanism), 
hcnce failed to polymerize despite carbonyl forma- 
tion. This, in turn, would suggest that either the 
number of carbonyl groups formed was inadequate 
(Table 111), or that a crosslinking factor present in 
the parent source was lacking in the purified frac- 
tions, or both. 

Fig. 4.-First derivative electron spin resonance 
spectrum a t  25°C. of a film of F-I after irradiation 
with accelerated electrons giving a total dose of 
3.12 Mrad. Instrument parameters used were 
sweep = 50, gain = 50. 

Fig. 5.-First derivative electron spin resonance 
spectrum a t  25'C. of a film of F-I1 after irradiation 
with accelerated electrons giving a total dose of 
3.12 Mrad. Instrument parameters used were 
sweep = 50, gain = 32. 

ture) from 25OC. to 77°K. to  25OC. shows (5) that 
free radicals produced a t  room temperature remain 
in the same chemical form upon cooling and sub- 
sequent warming, arid that changes in room tem- 
perature patterns following lowering of the tcm- 
peraturc to 77OK. are reversible. The increase in 
signal strength at low temperature is primarily due 
to 1/T dependence of the magnetic susceptibility. 

By normalizing the resonance curves to  sweep 50 
and gain 50 constant values (Table II), arid plotting 
the resulting data as a function of dose (Mrad.) on 
a log-log scale, linear trends were obtained (Fig. 1) 
for F-I and F-11. Deviations from the straight line 
plot can be attributed to variations in sample weight 
and positions of the films in the cavity. 

From Table 111 one can readily determine the 
relative increascs in free radical formation for F-I 
and F-I1 when subjected to identical increases in 
irradiation dose, keeping the initial free radical and 
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0 H H CH, 0 

sweep 

Fig. 6.-First derivative clcctron spin resonance 
spectrum at  25°C. of a control (unirradiated) 
film of F-I. Instrunlent parameters used were 

= 500, gain = 800. 

Fig. ‘i.-First derivative electron spiii resonance 
spectrum at  25°C. of a control (unirradiated) film 
of F-11. Instrument parameters used were swec’p = 
500, gain = 800. 

dosage norms as bases lor comparison. ‘2 32‘j.o in- 
crease in radiation from 0.461 to 0.679 Mrad. elicited 
a 56‘x increase in frec radicals in F-l and a 78!& in- 
crease in F-11. A further increase of 60Y,, in radi- 
ation produced 69% more free radicals in F-I, but 
only a 509; increase in F-11, the latter indicating a 
downward trend in free radical formation despite a 
2.5-fold increase in energy over the prcvious run. 
Finally, a further 45% increase in irradiation pro- 
duced 71% more free radicals in F-I and a 75% 
increase in F-IT. In both fixns, therefore, the higher 
the dose absorbecl, the greater the excess of unpaired 
clectrons. Contrary to the expectation that radical 
concentration, in terms of gain strength, should be 
directly proportional to the absorbed radiation, the 
data show that radical concentration is proportional 
to the three-halves power of the radiation dose. 

DISCUSSION 

ilssurning that the predominating amino acid com- 
ponents in gelatin arc alanine, glycine, proline, and 
hydroxyproline with no representation of --++ 
Linkages in the absence of cystine (81, the most 
probable site uf radiation damage would appear to 
bc the a-carbon in the polypeptide back bone. 

Viewing the protein configuration as: 

I 
CH! I ‘H 0 H 

R 

lracture of the C--PI; bond at  1 would require 25 
gauss for the proton, with a possible structure for 
-CH2, and a 10 gauss triplet at the nitrogen. Frac- 
ture at 2 would require a 25 gauss proton, a 10 gauss 
triplet a t  the nitrogen, and a single line for the car- 
bon with a double boridetl oxygen. Should fracture 
occur a t  3,  the proton would split on, with possible 
evidence of a 5 gauss triplet a t  the nitrogeu and a 
-CH, triplet. Fracture a t  4 would requirc a 25 
gauss triplet to account for the ----CHz-R group, as 
well as a 2.5 gauss doublet (carbon) and a A gauss 
triplet (nitrogen), This could occur, for example, in 
the went  of recombination of CH2-R. Finally, 
fracture a t  5 would give a singlet, a 25 gauss doublet, 
a 5 gauss triplet, arid possibly evidcncc for CH2. 

It would appear that the observed spectra are 
characteristic of the 

H 

-C * 
1 
I 

frec radical. Formation of 

H 
I 

--C2-c. 

I 
c1 

would give a doublet of 2.5 gauss, but protons on C, 
and C? might lead to additional structure, il they 
were noncoplanar with the carbons. Forinatiou of 

I€ 
-x~-c. I 1  

I 
C1 

also would give a 25 gauss doublet, and a possible 
triplet, with 5 gauss scparatiori due to the nitrogtn 
The latter splitting could bc broadened by nitrogen 
quadrupolar interactions If 

€I 
I 
1 

: N -  
I c 

formation occurred, a 25 gauss doublet (H) and a 10 
gauss triplet ( N )  splitting would be evident if 
quadrupolar broadening did not occur. Of the 2 
remainin!: possibilities 

I1 
1 

appears to be the less likt,lg since it would involve 
twice the nitrogen sp1ittin.q. It seems reasonable to 
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conclude that formation of the following free radical 
structure: 

Journal of Phavmaceutical Sciences 

electron structure. Thus, retention of high numbers 
of free radicals reflects minimal recombination, 
hence abscnce of crosslinking. 

Since the intrinsic viscosity studies and the 
molecular weights calculated from these data were 
based on experiments with 1% solutions (a), evi- 
dcncc of disproportionate retention of stable free 
radicals in films cannot be extrapolated to interpre- 
tation of changes in molecular weights predicated on 
solution experiments. Nonetheless, it seems permis- 
sible to reason that free radicals are fornied in solu- 
tions (as they are in films), but the differences in 
radiation environment lead to dissimilar results. 
Irradiated films tend to rctain free radicals because 
the compactness of the molecule locks the radicals 
into their created positions. Ultimately, after 
absorption of moisture, the molecular structure be- 
comes loosened, and the radicals arc able to shift. 
Irradiated solutions, on the other hand, do not retain 
free radicals in abundance because the concurrent 
high energy impact on solute and solvent creates, in 
addition to solute free radicals, unpaired electrons in 
the solvent structure. These are, in the case of 
water, OH. and H. .  The formation of stable frce 
radicals and a structurally less compact solute con- 
figuration facilitates ( a )  inactivation by abstraction 
of hydrogen from another molecule and (6)  recom- 
bination and coupling. Assuming that each of these 
reactions occurs to a variablc degree in irradiated 
gelatin solutions, it could be suggested for F-I that 
(6) predominates a t  low radiation levels, causing an 
increase in molecular weight. As the irradiation 
levels become greater in intensity, the ability of the 
free radicals to recombine and couple is progressively 
decreased and ( a )  controls. 

Gelatin in solution answers the description of a 
polyelectrolyte (9), its isoelectric behavior being 
dependent upon which groups, the carboxyl or the 
amine, predominate in the gross structure. Its 
principal amino acid components are glycine, proline, 
and hydroxyproline, with lesser amounts of lysine, 
hydroxylysine, histidine, and arginine. Cystine and 
tryptophan are lacking. 

The acid-base titration curves previously re- 
ported ( I )  tend to confirm the differences in behavior 
between the high and the low molecular weight frac- 
tioils. At 1% concentration, irradiation did not 
appear to affect either the acid or the base functions 
of either fraction until the dosage was increased to 
the 2 and 3 Mrad. levels. At that point the basic 
groups were reduced in number, with a slight in- 
crease in bound carboxyls. The midportions of the 
1% curves were unaffected in F-11, but F-I showed 
a decrcasc in bound imidazole groups at  the low 
radiation level, with a gradual approach to the con- 
trol value as the energy was increased. 

In 5yo concentrations, neither F-I nor F-I1 
itnidazole groups were affected. However, both 
fractions suffered carboxyl and amino depletion with 
the greatest damage imparted to the higher molecu- 
lar weight protein. Apparently as the concentration 
of the protein is increased, radiation effects become 
more pronounced and tend to disrupt drastically the 
charge organization without affecting the isoelectric 
point. Irradiation of F-I and F-I1 in the solid 
state, on the other hand, caused little deviation in 
charge. 

Carbonyl analyses in terms of pm./GIn. follow an 
arithmetic progression in approxirnatc proportion to 

I II 
1-1 0 

is feasible since the data are indicative of spin being 
on an atom which is bonded to  only one hydrogen. 

Proof is not available here for postulating with 
absolute certainty at which of these positions free 
radical formation occurs. However, it is interesting 
to note Gordy's ( 6 )  conclusions, based on more 
extensive experimental data, that the peptide free 
radical resulting from radiation damage to  proteins 
forms at a glycinc residue. 

It should be observed that the spin-proton inter- 
actions did not elicit any qualitative differences in 
resonance between the 2 protein fractions studied, 
despite a 2 : l  ratio in molecular weight values. 
Doublets were conspicuously persistent a t  all irradi- 
ation levels, although one fraction showed a succes- 
sively lesser tendency to increase in molecular weight 
as the dose was increased, and the other increased in 
molecular weight as higher doses were applied. 

CONCLUSIONS 

Low temperature alcohol fractionation of acid- 
treated pigskin gelatin yielded 2 distinct fractions 
having different average molecular weights and 
characteristic acid/base binding properties (I). 
Dilute solution intrinsic viscosity studies on these 
fractions (2) showed higher values for the higher 
molecular weight (173,000) fraction, F-I, than the 
lower (86,000) fraction, F-11, as expected. The 
similarity in acid/base binding capacity in the 2 
fractions may be best explained on the ground 
that F-TI was constituted of shorter fragments of 
chains similar to those prevailing in the larger frag- 
ments. The virtually superimposable acid-base 
titration curves over the entire titration range sup- 
port the proposition that the same N-terminal and 
C-tcrminal groups existed in the high molecular 
weight, F-I, and low molecular weight, F-11, con- 
trols. 

Of additional importance, particularly with re- 
spect to films, is the total absence of water, hence 
the lack of OH- and H. radicals, to cause alterations 
in protein structure through secondary effects. 
Further evidence that more concentrated gelatin is 
less susceptible to radiation damage is provided in 
Table I, which shows lower values for carbonyl pro- 
duction in 5% solutions and films of F-I and F-11, 
than corresponding 19; solutions. 

I t  is riot unreasonablc to suggest that fracture of 
electrovalent bonds in the gelatin structure occurs on 
irradiation and that these breaks are responsiblc for 
molecular weight rcduction. Indeed, evidence that 
frcc radicals were formed in films of F-I and F-I1 
contributes to the validity of this proposal, especially 
when considered in the light of Fig. 3. These data 
indicate that as the radiation dose is increased, the 
rate of free radical formation rises. More impor- 
tantly, a t  least when considered as a film, the 
damaged gelatin appears to retain the unpaired 
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the absorbed dose (Table I). Conversion of these 
data to G (carbonyl) values shows somewhat more 
carbonyl groups in F-I than in F-I1 per 100 ev. 
absorbed dose. By taking averages of the G values 
and drawing comparisons betwccn F-I and F-I1 
within the respective physical states irradiated, it 
will be seen that in the 1% solutions the averaged G 
values diffcred by a factor of 2; in 574 solution the 
difference increased to a factor of 6; but in films the 
difference factor fell to about 1.5. Within each 
group, on the other hand, there appea.red to be 
reasonable consistency in G values and a noticeable 
lack of deviation, irrespective of variation in water 
coutent. 

The anomalies may be due, a t  least in part, to the 
fact that irradiatiou was couducted in the abseuce of 
low temperature controls. Thus, at room tempera- 
ture some free radicals tend to recombine to form 
carboiiyl groups. Others enter into crosslinking 
reactions. The rates of recombination will vary de- 
pending on solute coticetitration, temperature vnri- 
ations, dose imparted, and other factors. In films, 
the conditions are such that the free radicals are lint 
only deprived of free movement due to the relatively 
fixed configuration of the molecule, but also of 
participation in secondary reactions with solvent 
free radicals. 

Notwithstanding this shortcoming, the relative 
pattern of carbonyl production on a weight basis 
assigns the lowest quantity to films and the highest 
to 1% solutions, the 57, solutions beins intermedi- 
ate. The relationship offers a t  least a partial basis 
for concluding that a greater number of free radicals 
are formed in irradiated dilute solutions of proteins 
than in those more concentrated because of solute- 
solvent interaction during the ionization evcnt. 
Although G values in all cases remained below unity, 
there is no reason to minimize the conclusion that 
these data are in substantial agreement with Garr-  
son’s G = 1.2 (3) for carbonyl productiou in gelatin 
solutions influenced by ‘OCo 7-rays. 4 s  esplained in 
detail earlier, the lower values obtained iii our ex- 
periments are attributable to the higher dose rate 
imparted, which fuuctionslly reflects the eficieucy 
of free radical production. 

Decarbosylation and deainiriation occurred in 
irradiated gelatin solutions in proportion to  ab- 
sorbed dose. Dilute solutions of the low molecular 
weight fraction were not severely damaged by low 
energy radiation, but the highcr molecular weight 
fract ion appeared t o  be injured at the imidazole  
portion. Neither the high nor the low molecular 
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weight fraction was altered in charge groups when 
irradiated in the dry state, but free radicals were 
formed in both when irradiation was imparted at 
room temperature. NO alteration in free radical 
structure occurred wheu irradiated gelatin films were 
brought to 77°K. nor when they were subsequently 
returned to room temperature. 

Variations in solvent-solute ratios of gelatin solu- 
tions reflected diffcrcnces in the number of new car- 
bonyl groups formed 011 a weight basis. Higher car- 
bonyl values per unit weight of protein were obtained 
in dilute than in concentrated solutions, confirming 
the secondary effects of water in altering the solute 
structure on irradiation. Relatively lower G (car- 
bonyl) values were obtained in F-I1 than in F-I. 

It seems permissible to conclude that the end 
effects of low level irradiation emanating from an 
elcctron beam upon fractious of gelatin obtained 
from the same source are predictable only to the 
extent that free radical and carbonyl group forma- 
tion occur. The degree of radiation damage is pro- 
portional to the absorbed dose. The presence or 
absencc of water in the system beiug irradiated also 
determines the extent of denaturation as reflected iii 
carbonyl group formation. No direct evidence is 
available that aggregation plays the dominating role 
in molecular weight increase as a result of irradi- 
ation. In view of the extensive free radical forma- 
tion and the strong indications of solvent-solute 
interaction during the irradiation event, it is a fair 
infcrence that increases in molecular weight in irradi- 
ated dilute gelatin solutions can be attributed to 
crosslinking through covaleut and weak hydrogen 
bonds. 
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