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SYNOPSIS

Laser light scattering (LLS) including angular dependence of absolute integrated scattered
intensity (static LLS) and of the spectral distribution {dynamic LLS) has been used suc-
cessfully to characterize gelatin in formamide at room temperature. In static LLS, the use
of formamide as a single solvent instead of an aqueous salt solution avoids the well-known
problem of preferential sorption of salts in the domain of gelatin molecules. Therefore the
true weight-average molecular weight M,,, the z-average radius of gyration, and the second
virial coefficient have been determined. In dynamic LLS, precise measurements of the
intensity—intensity time correlation function permit a Laplace inversion to obtain an es-
timate of the normalized characteristic linewidth distribution which could be reduced to a
translational diffusion coefficient distribution, G(D). This report shows that the calibration
between D and M can be established from M,, and G(D) by using only two broadly distributed
gelatins instead of a set of narrowly distributed gelatin standards. After establishing a
calibration between D and M, we were able to estimate the molecular weight distribution
of gelatin from G(D). © 1994 John Wiley & Sons, Inc.
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INTRODUCTION

As an absolute method, laser light scattering (LLS)
has been used extensively to characterize polymers.
A modern LLS spectrometer can perform both static
and dynamic measurements. In static LLS, the an-
gular and concentration dependence of absolute
scattered intensity are measured; the weight-average
molecular weight (M, ), the z-average radius of gy-
ration ({(RZ)}’?), and the second virial coefficient
(A,) can be determined from the measured absolute
scattered intensities. In dynamic LLS, the intensity—
intensity time correlation function is measured. By
making a Laplace inversion, we can transform the
measured correlation function into a characteristic
linewidth distribution (G(T)) which could be re-
duced further to a translational diffusion coefficient
distribution (G (D)) or even to a molecular weight
distribution {MWD) if we can establish a calibration
between D and M.
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Gelatin forms a class of proteinaceous substances
derived from a naturally occurring parent protein,
collagen, through some procedures which mostly in-
volve the destruction of the secondary structure of
the collagen. Gelatin is well known for its property
of forming elastic gels at room temperature in a rel-
atively low concentration: a few percent of gelatin
in water. During the gelation process, gelatin mol-
ecules renaturalize into a collagen-like structure: a
triple-stranded helix. Gelatin has been used widely
and extensively in food, photographic, and phar-
maceutical industries as an important stabilizer in-
gredient, such as for pulverulent formulations of vi-
tamin A and carotenoids."?

Many experimental works related to both the
practical use of gelatin and the fundamental aspects
implied in the gelation process'™ have been per-
formed. Research interests were in the conforma-
tional changes of gelatin molecules in solution, the
sol-gel transition, and the rheologic properties of
gelatin gels over decades.'”'! In contrast, much less
attention has been given to its molecular charac-
terization. This is due mainly to its polyelectrolyte
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and polydisperse nature. For example, in size exclu-
sion chromatography (SEC or GPC), besides the
calibration problem, it is difficult to find a commer-
cially available ready-to-use column to analyze a
broadly distributed gelatin with enough resolution,
especially when the weight-average molecular weight
is larger than 3 X 10°® g/mol.

At room temperature, there are two kinds of in-
termolecular interactions in aqueous gelatin solu-
tion. One interaction is the electrostatic interaction
because of the presence of electric charges on gelatin
(i.e., on the polypeptide chain). The other is the
formation of a hydrogen bond between the amino
acid units. These interactions have to be eliminated
in order to determine the true molecular parameters
of gelatin. Adding salts, as in solutions of synthetic
polyelectrolytes, is one way to screen the electro-
static interaction and suppress the polyelectrolyte
effect. However, most kinds of salts added in aqueous
gelatin solution at room temperature will not pre-
vent hydrogen bonding, which is reflected in gelation
or in aggregation depending on the gelatin concen-
tration. Only a few salt types (i.e., KSCN and LiBr)
are capable of screening off electrostatic interactions
and preventing the formation of the hydrogen bond
at the same time.

The presence of salts in aqueous gelatin solution
creates a problem of preferential sorption of the salt
in the domain of gelatin molecules,’ just as synthetic
polyelectrolytes in aqueous salt solutions. In prin-
ciple, only the apparent molecular parameters can
be measured if the sorption is strong. Therefore, in
order to obtain the true molecular parameters, the
apparent molecular parameters have to be extrap-
olated to infinitely dilute salt concentration. Even
with this time-consuming procedure, there is still
no guarantee that the extrapolating values will be
the true molecular parameters because the behavior
of gelatin in aqueous solution with and without salts
could be completely different.

Considering this preferential sorption, some re-
searchers have used nonaqueous solvents, such as
formamide, glycerol, and trifluoroethanol, to dissolve
gelatin,’? assuming that those nonaqueous solvents
can suppress the above two types of intermolecular
interactions. Veis and Anesey!® investigated the
gelatin solutions in formic acid and its mixtures with
dimethylformamide at room temperature. Later,
Stejskal et al.'* used formamide as single solvent in
static LLS experiments to show that formamide can
be used as a solvent for dissolving gelatin at room
temperature. It has been suggested that formamide
apparently interacts with gelatin by a rather specific,
chelated solvation because of similarity between

formamide and gelatin peptide linkages and the
known cyclic dimerization of carboxylic acids and
amides.*

We present the characterization results of two
laboratory prepared and one commercial gelatin
samples. We show that the calibration between D
and M can be established by using only two broadly
distributed gelatins instead of a set of narrowly dis-
tributed gelatin standards. Therefore, in our laser
light-scattering characterization of gelatin, not only
M, (R)Y* and A,, but also an estimate of G(D)
and MWD of gelatin, are obtained.

EXPERIMENTAL

Solution Preparation

Two laboratory prepared gelatins are courtesy of Dr.
Klaus Brdaumer and Dr. Wilfried Babel (DGF,
Deutsche Gelatine-Fabriken Stoess AG, Eberbach).
One is A-type (Bloom value 310, Batch #: 50100)
and the other is B-type (Bloom value 200, Batch #:
21020). They are denoted hereafter as gelatin- A and
gelatin-B, respectively. The third gelatin (Bloom
value 200, 176497) is a commercial product of DGF.
Formamide is obtained from BASF AG (Germany,
analytical grade, 99.5%). The gelatins and form-
amide were used without further purification. Gel-
atin solutions of 1-5 mg/mL were prepared by dis-
solving a determined amount of gelatin in formamide
first at 50°C for 1 hour and then maintaining them
at room temperature for at least one day. An esti-
mate of 12% water in gelatin was taken into account
when we calculated the final gelatin concentration.
All solutions were clarified with a 0.22 um Millipore
filter in order to remove dust.

Laser Light Scattering

Intensities of light scattered from the gelatin solu-
tions at different scattering angles (30-90°) were
measured with a commercial LLS spectrometer
(ALV /SP-86, Germany). An Argon ion laser (Co-
herent INNOVA 300, operated at wavelength 488
nm and 300 mw) was used as the light source. The
primary beam is vertically polarized. By placing a
polarizer in front of the detector, we measured only
the vertically polarized scattered light. An ALV-3000
correlator with 240 linear channels was used to
measure the intensity—-intensity time correlation
functions. All LLS measurements were performed
at 25°C.
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Figure 1. Typical Zimm plot of gelatin B in formamide
at 25°C, where the gelatin concentration is 1-5 mg/mL
and the scattering angle is 30-90°.

RESULTS AND DISCUSSION
Light-Scattering Intensity Measurements

The angular dependence of the excess absolute time-
averaged scattered intensity, known as the excess
Rayleigh ratio [ R,,(08)], was measured. For a dilute
polymer solution at concentration C (g/mL) and
scattering angle 6, R,,(#) can be approximately ex-
pressed as'®

Ruu(e) - MW

(14 3(R%).g%) +24,C (1)

2
where K = 4wzn2(g—g (N} with Na, n,and A,

being Avogadro’s number, the solvent refractive in-
dex, and the wavelength of light in vacuo, respec-
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4 0
tively, and q = ;\rn sin(—) . By measuring R,,(9)

2
0
at different C and #, we can determine My,
(R})}?, and A, from the Zimm plot which incor-
porates 8 and C extrapolations on a single grid.
Figure 1 shows a typical Zimm plot of gelatin B
in formamide at 25°C. Based on eq. (1), we can

determine: (R2);’? from the slope of (R (0))
vo C=0

KC
versus g2; A, from the slope of ( R0 ) versus
w =0

C; and M, from the intercept of ( R (0) )C=0’0=0
They are listed in Table 1. The positive values of A,
show that formamide is a good solvent for dissolving
gelatin at room temperature.

Light-Scattering Linewidth Measurements

The measured intensity-intensity time correlation
function G®(nAr, ) in the self-beating mode has
the form!®

G (nar, 8) = A[1 + B8lgM(nAr, 0)1°]  (2)

where A is the measured baseline, § is a parameter
depending on the coherence of the detection, n is
the channel number, A7 is the sample time, and
gV (nAr, #) is the first-order electric field correla-
tion function. In our correlation function measure-
ments, the accumulated photon counts in each
channel were more than 10° so that the statistic
noise is less than 0.1%. In addition, we do not use
A as an adjustable parameter and insist on having

Table I. Static and Dynamic LLS Results of Gelatins in Formamide at 25°C
10°M,, (Re:" 107*4, 107D R, kq

Gelatin mol ' g nm g 2 mol - mL cm® s nm g ' mL f

A 2.92 33 3.7 3.58 18.0 35 0.15

B 3.711 38 6.2 3.11 20.5 63 0.17
176497 3.46 37 4.5 3.24 19.8 50 0.16
The following M,, M,,, and M, were obtained from dynamic LLS where the calibration of D = 5.98 X 107°M %58 was
used:

107°M, 107°M, 107°M,,

Gelatin mollg mol™lg mol™' g M,: M,

A 8.30 3.61 1.57 2.3

B 1.56 3.00 1.65 1.8
176497 3.86 3.48 1.32 2.7
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A and lim,,_.,G'® (nAr, 8) (the calculated baseline )
agree to within 0.1%. For a polydisperse sample,
gV (nAr, ) is related to the normalized character-
istic linewidth distribution G(T'):

g(l’(nAr,0)=f G(T)e ™47 dT (3)

We have used two established methods to analyze
the correlation function profile:

Cumulants Expansion'’

In|gW(nAs, )|
= —TnAr + Sus(nA7)? + tus(nA7) + - -+ (4)

where I' = [ I'G(T') dT and u, = [ (T
—T')™G(I") dT. The variance, u,/I'?, characterizes
the distribution width. The cumulants method is
applicable as long as G(I') is not too broad;

Laplace Inversion of Eq. (3)

We used the analysis program CONTIN'® which was
kindly furnished by S. W. Provencher.

Figure 2 shows a typical intensity-intensity time
correlation function of gelatin A where 6§ = 90° and
C = 1.00 X 1072 g/mL. The same correlation func-
tion was analyzed by using the second-order cu-
mulant fit, the third-order cumulant fit, and CON-
TIN. The calculated values of T are 3.36, 3.80, and
3.95 X 1078 cm™2?/s, respectively. The third-order
cumulant fit and CONTIN give essentially the same

T T
0 0.5 1.0 1.5
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Figure 2. Typical intensity—intensity time correlation
function of gelatin A in formamide at 25°C, where C = 1.00
X 1072 g/mL and ¢ = 90°.
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Figure 3. T'/q? of gelatin B at 25°C as a function of ¢
and C, where C and 0 are the same as in Figure 1. T was
calculated by using a third-order cumulants fit.

average results; the second-order cumulant fit is not
a proper method in this case because gelatin is
broadly distributed. In comparison with CONTIN,
the third-order cumulant fit requires much less
computer time. The relative fitting errors for all
channels are usually less than 5%.

In general, T is a function of both C and 8. As C
increases, the interactions between polymer mole-
cules will affect the diffusion process, which is nor-
mally a linear function of C when solution is dilute.
On the other hand, as # increases, the internal mo-
lecular motions will influence T'. The effects can be
expressed in the form?®

r

2

=D(1+ kC)(1 + F{R>4%) (5)

o

where ky is the diffusion second virial coefficient; f,
a dimensionless number which depends on chain
structure, polydispersity, and solvent quality. The
theoretical values of f for a number of Gaussian
models (linear and branched) are known.?*-?2 For
monodisperse linear chains, f = 13/75 without
preaveraging and f = 2/15 with preaveraging. For
polydisperse linear chains with a Flory’s “most
probable” distribution, the corresponding values rise
to 0.2 and 0.1667, respectively. In general, branching
will lower the value of f.

Figure 3 shows a typical plot of T'/g? versus (g2
+ k- C) of gelatin B in formamide at 25°C. It is very
similar to the Zimm plot in static LIS data analysis.
Based on eq. (5), we can determine f(Rj), from
the slope of (T'/g?)c-o versus g2; ky from the slope
of (T'/q?)4-o versus C; and D from the intercept of



(T'/q%)c=0s=0. f can be further calculated from
f { R}, if we use the value of ( R2), from static LLS.
D can be further related to the hydrodynamic radius
R;, by using the Stokes-Einstein equation:

_ kgT
" 6rnD
with kg, T, and 5 being the Boltzmann constant,
the experimental temperature, and the viscosity of
formamide, respectively. The calculated values of
D, Ry, k4, and f are also listed in Table L. The pos-
itive values of k; confirm that formamide is indeed
a good solvent for dissolving gelatin at room tem-
perature. It is interesting to find that the values of
f are very close to the ones predicted for a random-
coil in good solvent. The ratio of ( RZ)1/?/ Ry, is also
a very important parameter which does not depend
on the bond length and the molecular weight, but
on the polymer architecture, the chain conformation,
and polydispersity. For a monodisperse and poly-
disperse (M, /M, = 2.0) liner polymer coil, the
ratios of (R2);’*/R;, are 1.504 and 1.732, respec-
tively.”"® The values of ( R2)1/?/R,, for gelatin in
formamide is about 1.84, which shows that gelatin
is a broadly distributed linear polymer and the gel-
atin chain in formamide at room temperature be-
haves, more or less, like a random coil.

Transformation of G(D) to MWD

With the calculated k,, (R}, and f, we can easily
transform G(I') at C and § into a translational dif-
fusion coefficient distribution G(D) at C = O and 6
= 0 according to eq. (5).

O LML BLLLE LI LU DL LR A AL T
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Figure 4. Typical translational diffusion coefficient
distribution G(D) of gelatin A in formamide at 25°C.
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Figure 4 shows a typical G(D) of gelatin A in
formamide at 25°C, where CONTIN was used to
obtain G(D) from the correlation function. The
values of D and u,/D? are 3.23 X 10™® cm?/s and
0.5, respectively. In order to transform G(D) to a
molecular weight distribution (MWD), we have to
establish a calibration between D and M, i.e.,

D =FkpM—eP (6)

where kp and «p are two calibration constants. If
knowing kp and ap, we can transform G(D) to
MWD according to the following principles: at C
=0 and # = 0, we have

f G(D) dD = v-fj FAM)dM  (T)

where v is a normalization constant and F,(M)
= MF,(M) = M?F,(M) with the subscripts 2z, w,
and n meaning intensity, weight, and number dis-
tribution of molecular weight, respectively. After
combining eq. (6) and (7), we obtain

fmaD-D~G(D)d{ln(M)]
:‘Y'f M-F.(M) d[In(M)] (8)

By comparing the left side of eq. (8) with the right
side, we have

F.(M) :Lﬁ%@ (9)

In eq. (9) we have taken the integrand as one way
to represent the same polymer distribution. Based
on egs. (6) and (9), we can use G(D) to calculate
F,(M),F,(M),and F,,(M) if kj and «p are known,
where v as a constant is irrelevant to the distribu-
tion. In order to compare the calculated molecular
weight distribution with the results from static LLS,
we should further calculate M, from G(D). Based
on the definition of M,,, we have

f F,(M)M dM
M, ==

- (10)
f F,(M)dM
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It is easy to rewrite eq. (11) as

j:o F.(M)dM

M, (11)

i J:o F.(M)/M dM

By combining egs. (6), (9), and (11), we can cal-
culate M,, from G(D) by using

ki fw G(D)dD

(Mw)calcd = (12)

f G(D)D'*> dD

In the past, several methods have been used to
find kp and «ap, such as measuring D and M, for a
set of narrowly distributed standards?® and esti-
mating the calibrating constant from other experi-
mental results (e.g., from polymer conformation,
solvent quality, and viscosity data).?” Unfortunately,
it is difficult in practice to have a set of narrowly
distributed gelatin standards with different molec-
ular weights. Based on the values of D and M,, of
gelatin A and gelatin B in Table I, we obtain: kp
= (5.09 = 0.50) X 107® and ap = 0.577 + 0.010,
where “-” emphasizes that they are obtained from
D and M,,. However, the calculated M,, from G(D)
for gelatin A (2.41 X 10° g/mol) and gelatin B (2.91
X 10° g/mol) with kp and ap are too small in com-
parison with M, listed in Table 1. This difference is
understandable since D and M,, are respectively dif-
ferent from D and M for a polydisperse sample.

In order to find correct ap and kp without using
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Figuare 5. Typical plot of ERROR versus ap (see text
for the definition of ERROR). The minimum corresponds
to ap = 0.580.
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Figure 6. Normalized weight distributions, f, (M), of
gelatin A (circles) and gelatin B (triangles). The inset
shows the SEC elution curves of these two gelatins.

a set of narrowly distributed standards, we have used
the following principles: for two samples, we have
two measured M, from static LLS and two calcu-
lated G(D) from dynamic LLS, denoted as M,,,,
M, ., Gi (D) and Gz(D). We also have two (M,,)caica
based on eq. (12), denoted as (M,1)eaca and
(Mw,2 )calcd- The ratio of (Mw,l )calcd and (Mw,2 )calcd is

( Mw,l )ca]cd

( Mw,2 )calcd

Uj G,(D) dD][fom G2(D)DY=» dD]
) Um G:(D) dDHJ;w Gi(D)D=» dD] o

Two calculated (M, )caicq should equal the two mea-
sured M,,, which means that the left side of eq. (13)
can be replaced by the ratio of M,,1/M,,». Thus,
there is only one unknown parameter apineq. (13).
In practice, by iterating ap, we will be able to find
a proper ap which minimizes the difference between
both sides of eq. (13). With this, ap, we can further
determine the value of &y from M, and G(D) by
using eq. (12). Now we ask whether ap and kp cal-
culated in this way are well defined.

Figure 5 shows the relative ERROR versus ap,
where ERROR has been defined as

(Mwl)calcd - Mwl 2
ERROR = . :
RR [ T ]
(sz)calcd - Mw2 ?
+ * * 14
[Hetdea =2t aa)



and kp = 5.98 X 107°. It is clear that ERROR in-
creases sharply if ap is deviated from 0.580. After
comparing kp and ap with the previous calculated
kp and ap, we find that ap is essentially the same
as ap and kp is ~ 20% larger than kp. By using the
calculated kp (=5.98 X 107%) and ap (=0.580), we
were able to calculate the molecular weight distri-
butions of gelatin A and gelatin B.

Figure 6 shows the normalized weight distribu-
tions of molecular weight, £, (M), of gelatin A {cir-
cles) and gelatin B (triangles). Based on these two
distributions, we were able to calculate M,, M,,, and
M,,, which are summarized in Table 1.

In practice, size exclusion chromatography (SEC)
is a more established method for the characterization
of molecular weight distribution. For comparison,
the SEC elution curves of gelatin A and gelatin B
are also presented in Figure 6 (inset). It shows that
the molecular weight distributions obtained from our
LLS measurements are similar to the distributions
obtained from SEC measurements: gelatin A is
broader and gelatin B is bimodal. Unfortunately,
direct comparison of the molecular weight distri-
butions obtained from LLS with those from SEC is
not feasible at the present time because it is very
difficult to obtain an absolute calibration of our SEC
columns for gelatin characterization.

Further, by using the known values of k,, f, kp,
and «ap, we are able to determine the molecular
weight distribution of gelatin from only one mea-
sured translational diffusion coefficient distribution
of a dilute gelatin solution at only one scattering
angle.

Figure 7 shows f,( M) of a commercial gelatin (B
200, 176497), which was obtained by measuring one
solution (1.00 g/mL) at one angle (90°). The cal-

1.50

1.25 4
___1.00
= 075
q—; 0.50 4

0.25 4

0

L l|]l"l' U—l_l'llllll LR ALY | L RELLL

10* 10° 108 107 108
M / (g/mol)

Figure 7. Normalized weight distribution f,(M) of a
commercial gelatin (B 200, 176497).
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culated M,, M,,, and M,, of this gelatin are also listed
in Table I. The calculated M, are confirmed by the
measured one from our static light scattering. The
larger value of M,/ M, (=2.7) shows that its distri-
bution is more broad in comparison with the two
laboratory prepared gelatin samples.

Finally, we should state that the profile of £, (M)
calculated from G (D) is only an estimation of mo-
lecular weight distribution since the inversion of eq.
(3) is a well-known ill-conditioned problem. The
relative errors of f,,(M), especially at both the low
and high molecular weight ends, could be as high as
20%. However, the calculated average values of D
and (M, ).acq are quite stable and the typical relative
errors are less than 5%.

CONCLUSIONS

We have accomplished the characterization of gel-
atin in formamide at room temperature by using
laser light scattering. It is confirmed that formamide
is a good solvent for dissolving gelatin at room tem-
perature. Our experimental results suggest that the
gelatin chain in formamide at room temperature is
flexible and has a random coil conformation. After
establishing a calibration between the translational
diffusion coeflicient and the molecular weight by us-
ing only two broadly distributed gelatins, we are able
to determine not only the weight-average molecular
weight, but also an estimate of the molecular weight
distribution. The calibration is independent on our
particular LLS as long as formamide is used as sol-
vent and temperature is 25°C. With this calibration,
dynamic light scattering becomes a good, absolute
method for the characterization of the molecular
weight distribution of gelatin even if it does not have
the same resolution as SEC. The second virial coef-
ficient reported here enables us to characterize gel-
atin with only one concentration in the future. As
a good solvent, formamide can also be used in other
solution methods to characterize gelatin.

The author is indebted to Mr. Kern for performing the
LLS experiments and Mr. Werle for preparing the figures.
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