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Abstract

The 30 m small angle neutron scattering facility at the National Institutes of Standards and Technology has been used to
examine neutron scattering from agarose gels formed in D,0. Differential scattering cross sections have been acquired over
a continuous range of Q between 0.005 and 0.3 A1, Subtle changes in gel structure are observed when pre-gelation agarose
concentration is varied. Similarly, except when the gelling solution is rapidly cooled to a low temperature, the rate at which
the gels are formed does not seem to have much effect. Clearer evidence of structural rearrangement is observed when the
solvent quality is changed by the addition of dimethyl sulfoxide, or when the temperature of the gel is elevated above 70°C.
These data are consistent with a description of a randomly structured polymer network containing discrete self-similar,
hydrogen-bonded, junctions normally of minimal thickness =~ 35—-40 A
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1. Introduction

Agarose has long been familiar to biochemists
and molecular biologists as a matrix for elec-
trophoretic separation of macromolecules. In parti-
cular, agarose-based pulsed gel electrophoresis is
widely used for the separation and analysis of long
fragments of DNA [1,2]. Yet, despite the great im-
portance of agarose matrices in biotechnological ap-
plications, relatively little is known about their mi-
crostructure. Such information could be quite useful,
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because characteristics such as void size, strand
thickness, gel microheterogeneity, and correlations in
spatial structure — as well as changes that might
occur when electric fields are applied [3,4] — can be
expected to influence the way macromolecules mi-
grate through such gels.

Although many useful separation procedures have
been devised by empirical means, the development
of increasingly complex electrophoretic separation
procedures will be advanced by deeper understand-
ing of the factors that determine how a gel functions
as a separation matrix. However, this subject is
complicated by the fact that a typical bulk gel is
quite amorphous, so statistical methods are needed to
define and characterize relevant structural attributes.
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Furthermore, because gel matrices can be quite la-
bile, care must be taken that the techniques used to
study physical properties be minimally disruptive.
Scattering methods allow non-invasive examination
of gels and, although relatively large amounts of
sample are required, both static and dynamic aspects
of structure can be investigated. Several structural
studies of agarose gels and closely related poly-
saccharide gels already have been carried out, in
which methods of small angle light scattering (SALS)
[5,6], small angle X-ray scattering (SAXS) [7,8], and
small angle neutron scattering (SANS) [8,9] were
utilized. These techniques probe somewhat different
length scales and, to a certain degree, are sensitive to
the presence of different atomic scattering centers.
Studies of polyacrylamide gels have illustrated how
coordinated observations involving all three tech-
niques (SANS, SAXS, SALS) can be combined to
give a continuous picture of structural fluctuations
over a very wide range of length scales [10].

Here we report SANS measurements of the differ-
ential scattering cross-section, I(Q), from a series of
agarose gels. Measured cross-sections span a length
scale from approximately 25 to 1200 A, for which
range the effects of such factors as polymer concen-
tration, cooling rate, and solvent quality have been
examined. Analogous SAXS data exist [7] for some
of these experimental conditions. However, there is
little direct overlap between our data and those ac-
quired by small angle light scattering, as the latter
mostly relate to structural information on a different
length scale. We find, as a result of the present
study, that SANS can probe properties of the junc-
tional domains formed between individual agarose
strands.

2. Methods and materials
2.1. Small angle neutron scattering

Data were acquired using the 30 m SANS instru-
ment [11] located in the Cold Neutron Research
Facility at the National Institute of Standards and
Technology (NIST). The nominal neutron wave-
length was 6.0 A, with a spread of AA/A = 33%.
Various instrument configurations were used, and the
neutron beam in each case was collimated by adjust-

ing the incident flight path, using neutron guide
sections that can be moved into the beam to change
the effective source-to-sample distance. Raw data
were corrected for beam-blocked background counts
and solvent absorbance and scattering according to
the method of Chen and Bendedouch {12]. The data
then were radially averaged to produce differential
scattering cross sections I(Q) as a function of Q,
where @ =4mnA"! sin 6 and 20 is the scattering
angle. By varying the sample-to-detector distance
and taking several overlapping sets of data, cross
sections were measured over a wide range of Q with
good precision (0.005 < Q < 0.3 A~1). Radially av-
eraged cross sections measured at intermediate sam-
ple-to-detector distances were put on an absolute
scale by calibration against the scattering from a
silica-gel standard sample. Cross sections obtained
from the same samples at other sample-to-detector
distances were scaled to these data by matching
amplitudes over appropriate overlapping regions of
Q. Occasionally different, although nominally identi-
cal, samples were used when data were acquired at
differing detector positions. Contributions arising
from incoherent scattering by hydrogen in the agarose
sample were estimated by measuring equivalent solu-
tions of H,0/D,0 (see Section 4).

Samples were contained in 2.0 or 3.0 mm path
length cuvettes and normally were measured at 24 +
1°C (room temperature). However, the sample stage
could be heated and the temperature maintained to
+0.1°, and several measurements were made to
investigate the effects of temperature on network
structure and to discern changes that occur when a
gel melts. In these studies, the sample was allowed
to come to equilibrium at predetermined tempera-
tures, which then were held constant while scattering
data were accumulated.

2.2. Materials

Standard gels were prepared by first heating
D,0-agarose suspensions to 95°C in capped plastic
conical centrifuge tubes. The resulting agarose solu-
tions were kept at that temperature for several min-
utes and then rapidly placed into quartz scattering
cuvettes. When preparing samples for a concentra-
tion series, hot agarose stock solution was diluted
into appropriate amounts of hot D,0.
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Samples generally were allowed to cool in air at
room temperature, during which time gelation oc-
curred. To study the effects of quench rate on result-
ing gel structure, standard 3% (nominal) solutions
also were cooled by rapidly immersing cuvettes filled
with hot solution (a) into a 4°C ice bath and (b) into
a circulating water bath maintained at various preset
temperatures. Also, several samples were prepared in
solvents that contained varying amounts of proto-
nated (i.e. nondeuterated) dimethyl sulfoxide
(DMSO). In such cases agarose powder was sus-
pended in premixed D,0-DMSO solvents and the
suspensions then were heated to 95°C as described
above.

Unless otherwise indicated, the agarose used in
these studies was identical to that used in earlier
dynamic light scattering experiments [13]. This mate-
rial, obtained several years ago from Kallestad Labo-
ratories, Chaska, MN (Lot JO11) but prepared by
Marine Colloids (presently FMC BioProducts), has a
gel strength break force of 977 g/cm? at 1% gel
concentration. To add to our earlier familiarity with
the properties of the gels which it forms, we further
characterized this agarose powder by drying an
aliquot in a 70°C oven and noting its weight change,
from which we inferred that the powder sample
contains approximately 12% water. Hence, all gel
concentrations reported here are nominal values, and
should be multiplied by a factor of 0.9 to obtain the
true polymer weight concentration. Based on pub-
lished product descriptions and differential scanning
calorimetry measurements from which the gel points
were determined to be = 36-38°C (3% gels: 36.8 +
0.5°C; 5% gels: 37.6 + 0.5°C), we believe that this
agarose has a medium electroendosmosis index and
is similar to material that was marketed previously
by Marine Colloids as SeaKem™ standard agarose.

Because agarose is obtained from mixtures of
seawoods, different samples might contain different
amounts of sulfate groups, pyruvate, or methoxyl
content. These residues influence physical properties
— especially residual charge — and consequently
affect electrophoretic separations [14]. Agarose now
is commercially available in several grades and we
show here, as an example, that one such product —
SeaKem™ Gold Agarose (FMC BioProducts, Rock-
land, ME) — has features in its scattering cross
section which are qualitatively similar to those seen

in our other samples. According to the manufacturer,
the chemical and physical specifications of this sam-
ple (Lot No. 719892) are: gelling temperature (1.5%)
36 + 1.5°C, moisture < 10%, sulfate < 0.10%, gel
strength (1%) > 1800 gm /cm?, EEO (—m,) < 0.05.

3. Analysis and results

Scattering cross sections were measured for vari-
ous agarose gels, the latter usually being prepared
from the same material (see above) but under differ-
ent conditions. Our ‘standard’ sample was a 3%
(nominal) agarose gel formed in D,O at room tem-
perature. The major features of the SANS cross
sections measured for this and similar samples are
indicated schematically in Fig. 1. Three regions can
be delineated: in region I, at small values of Q
(0.005 < Q <0.025 A™?, corresponding to a length
scale L =27wQ ™" such that 250 < L < 1200 A), one
observes log I(Q) ~ —a log Q, i.e. I(Q)~ Q™% in
region II, at larger values of Q, one finds for usual
D,O solvent conditions I(Q) ~ Q™ P, where 8> a;
in region III, for Q>0.08 A™' (L <80 A), one
finds that log [(Q) is a slowly varying function of
log Q, appearing more-or-less ‘flat’ when compared
with regions I and II. As discussed later, a significant
portion of the weak scattering noted at high Q might
be due to incoherent scattering from hydrogen which
is introduced into the scattering system by the agarose
itself. However, we shall see, below, that the values

log I(Q)

LOf— = —— = - - =
*|

log Q

Fig. 1. Schematic diagram of the differential scattering cross
section measured for normal agarose gels. The value Q* changes
when a gel is heated close to its melting point or when the solvent
quality is changed.
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of 1{Q) in region III change when a gel is heated or
when certain other sample conditions are varied.
Several schemes have been used to interpret scat-
tering data having the characteristics seen in regions
I and II. Here we analyze our measurements in terms
of a theory, first derived by Martin and Ackerson
[15], and later elaborated upon by Bouchaud et al.
[16]. This treatment is based on a model of uncorre-
lated compact fractal domains which, in the case of
agarose gels, seem to be localized, net-like clusters
(see Section 4). The theory indicates that the ob-
served scattering intensity should behave as [15-17]

I(Q) ~ Q—D(3—T)’
1(Q)~07",

where the terms D, 7 and §, signify the following:
D is the mass fractal dimension of the domains, i.e.
RP ~ M; 7 is the polydispersity index of the mass,
where the mass distribution P(M) is assumed to be
given as P(M)~M~" [18,19]; &, corresponds to
the ‘radius of the smallest cluster’ [8,17] (here as-
sumed to be the minimal size of a junction domain).
For a percolation model of gelation, D = 2.5, 7= 2.2,
and D(3 — 1) = 2 [19,20]. Other models (e.g., diffu-
sion limited aggregation — DL.41) also yield values of
D close to 2.5, but give rise to somewhat different
values of 7. We will see that Eq. (1) allows us to
identify and rationalize the features shown in regions
I and II of Fig. 1. In particular, the changes effected
by variation of experimental conditions (e.g., con-
centration, temperature, and the nature of the sol-
vent) can be readily explained (see Section 4).

it £0<1,

3.1. Variation with gel concentration

In Fig. 2 we show the differential scattering cross
section, 7(Q), for three values of agarose concentra-
tion. These samples, prepared in D,0, were gelled at
room temperature (= 24°C), the latter also being the
temperature at which the scattering was measured.
Several detector positions were employed in order to
obtain data over such a wide range of Q, but the
overlap noted in Fig. 2 was achieved without manip-
ulation of the data other than described above in
Section 2. The cross sections are plotted logarithmi-
cally on an absolute scale, as log I(Q) versus log Q,
over a range 0.005 <0 <03 A~ L.
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Fig. 2. log I(Q) versus log Q for gels of differing agarose
concentration. (0) 1% wt/vol; (0) 3% wt/vol; (&) 5% wt/vol.

We observe in Fig. 2 that, although the intensities
scale with the concentration, all curves have the
general form shown in Fig. 1. Each of the curves
exhibits a slowly varying, but essentially constant,
negative slope at small values of Q (region I), a
clearly different slope at intermediate values (region
II), and a leveling at higher Q values (region III).
The slope in region II seems to be independent of the
gel concentration, and is very close to a value — 3=
—2.5. In contrast, the slope in region I does vary
somewhat with pre-gelation agarose concentration,
being lower at lesser concentrations: For example, if
one fits the slopes to the first 15 data points, i.c.
0.005 < 0 < 0.011, one finds a=1.78 (C = 1%),
a=191 (C=3%), a=197 (C=5%); if one fits
to the range 0.006 < Q < 0.019, one finds « = 1.82
(C=1%), a =195 (C=3%), and a=2.04 (C=
5%). We note that the value 8= 2.5, seen in region
11, is expected for structures whose connectivities are
similar to those of threshold-percolation clusters [21].
The slopes in region I are close to the value o =2
which, according to Eq. (1), is consistent with a
percolation model. The slight, but decreasing, varia-
tion of « with concentration may indicate that the
junctional nets are, in effect, somewhat more swollen
at lower agarose concentrations. Alternatively, such
variation might arise from changes in large-scale
structure of the gel network, particularly the increase
in pore size noted as the concentration is lowered
[22]. It may also be of interest that certain branched
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Fig. 3. log I(Q) versus log Q for 3% agarose gels formed in
D,0-DMSO solvents. (A) 0% DMSO; (0) 10% DMSO; (O0)
20% DMSO.

polymer structures yield values a = 2 for relatively
small @, independent of the degree of branching and
even when polymerizing to a gel [23].

3.2. Effects of solvent quality

If the model leading to Eq. (1) is correct, the
breakpoint at the intersection between regions I and
II, designated as Q* in Fig. 1, might move if the
junctions are modified. In Fig. 3 we show log I1(Q)
versus log Q for agarose gels formed when DMSO
is added to the solvent. DMSO disrupts hydrogen
bonding in polysaccharide gels [24,25], so it is not
surprising to see changes in the scattering cross
section for values of Q where features associated
with intrastrand bonding can be discerned. Note that
the effect of DMSO is to extend the range where the
slope is @ =2 (region D). In fact, although for the
10% DMSO sample some residual of the B=2.5
region remains, in the case of the 20% sample the
region of steeper slope appears to vanish completely.

If it is assumed, in accord with Eq. (1), that the
intersection of the extrapolated power law depen-
dences of I(Q) occur at Q*¢, = 1 (see Fig. 1), then
the fact that £, =(Q*)~! gets smaller as DMSO is
added can be rationalized as indicating a disruption
of hydrogen bonds between strands, leading to a
thinning of the intrastrand junctions. In Fig. 2, where
we show data for gels formed in pure D,0, the break

point Q* occurs at a value of Q* = 0.025-0.028
A~', which would imply junctions of minimal thick-
ness &, =35-40 A. It is quite interesting that this
value is close to the value for typical fiber diameter,
~50 A, inferred many years ago by chromato-
graphic methods [26].

It should be stressed that in this investigation we
have used only protonated DMSO. The cross sec-
tions presented in Fig. 3 have been obtained by
subtracting solvent scattering pertaining to each par-
ticular data set. However, because the contrast be-
tween the agarose strands and the solvent decreases
as the amount of protonated DMSO is increased,
there is a corresponding decrease in the amplitude of
1(Q) (relative to that of the silica-gel standard — see
Section 4). This effect is seen clearly in the low Q
region shown in Fig. 3. Significantly, though, despite
the decrease in contrast occurring in the 20% DMSO
sample, the scattering in the high Q region of that
sample seems to increase by a factor of 2 (the
ordinate in Fig. 3 is a logarithmic scale). (The change
in contrast and small uncertainties in background
corrections make it difficult to ascertain whether the
intensities of the 0% and 10% DMSO samples differ
in region III; the use of deuterated DMSO might
enable one to draw conclusions about structural
changes in this case as well.)

3.3. Effects of heating to the gel—sol transition

Another way to disrupt intrastrand bonding is to
heat an agarose gel to temperatures near that at
which solation occurs. In Fig. 4 we show log I(Q)
versus log Q for a standard 3% gel sample as it is
heated from room temperature (= 24°C) to 95°C.
The cross sections are identical for T'=25°C and
T = 40°C. However, as expected, when the tempera-
ture approaches that of the melting point (which
seems to be = 65-70°C for this sample) the break
point O* moves to larger values and the sharply
decaying portion of the curve (region II) vanishes.
When the temperature reaches T = 95°C the gel is
solated, and the scattering cross section dramatically
changes character. Instead of having the features
seen in Fig. 1, log I1(Q) versus log Q in this instance
is a smoothly varying curve which indicates, per-
haps, a wide distribution of particles (‘microgels’?)
of relatively small size.
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Fig. 4. log I(Q) versus log Q for a standard 3% agarose gel as it
is heated to its melting point. (a) 25°C; (A) 40°C; (0O) 70°C;
(O) 95°C. (Note that the 25° and 40° data essentially superim-
pose.)

A particularly interesting feature of these curves,
when taken as a group, is seen at large values of Q.
As the gel is heated, the slowly varying portion of
the curve (region III) increases in intensity. Although
such changes might indicate the liberation of short
agarose strands as the gel is heated, it is more likely
that one is observing a decrease in steric correlations
between molecular groups located within particular
junctional regions. This indication of enhanced de-
grees of freedom of individual strands occurs con-
comitantly with a decrease in intensity of regions I
and II of I(Q) and, at the highest temperatures, the
total disappearance of a well-defined region II.

Because for any given detector position the sam-
ple was not changed (only the temperature was
varied), changes in the intensity of the flat portion of
I(Q) can not be ascribed to variable background
corrections to the raw data. As already discussed,
similar changes are observed in the data acquired to
assess the effects of solvent quality (see the 20%
DMSO data in Fig. 3). Also, it should be noted that
the effects of heating are reversible. When the gel
sample is allowed to cool after it has been heated to
the point where solation has occutred, the cross
section associated with T = 25°C and T =40°C in
Fig. 4 is recovered (data not shown). In particular,
the latter observation is true for cross-sections mea-
sured at high Q (in region I1D.

3.4. Dependence on quench and cooling rate

It is known that the physical properties of agarose
gels are only weakly dependent on the cooling rate
to which a sol is subjected as it cools [14]. In Fig. 5
we show I(Q) versus Q for several samples of
identical 3% agarose concentration which differ only
in that they were quenched at different rates when
gelation was initiated. That is, after being filled with
the same hot agarose solution, the cuvettes were
either (a) placed in a circulating water bath held at
room temperature, (b) cooled in air, or (c) placed in
an ice bath. We note that the initial slopes of log
I(Q) versus log @ are indistinguishable, but the
location of the break point Q* varies a bit and the
flat regions level off at distinctly different intensities.
Hence it appears that the larger-scale structure may
be relatively unaffected by quench and cooling rates,
but the nature of the intra-junctional strand associa-
tions might be affected slightly. It should be noted
that placing the samples in water baths of differing
temperatures (15 < 7 < 85°C) seems to have even
less effect, as the measured {/(Q)} are virtually
identical in each case (data not shown). As discussed
previously, because separate samples were used,
small variations seen here in the measured cross
sections may be insignificant. However, the changes
noted for the rapidly quenched specimen (ice water)
probably indicate real differences between that sam-
ple and the others. For example, it is known that
under certain circumstances agarose forms isolated
strands of varying thicknesses [27,28], and there may
be differences in the amount of agarose incorporated
into the gel matrix of the rapidly quenched sample.

4. Summary and discussion

The main purpose of this work has been to iden-
tify those features of the differential scattering cross
section that might indicate changes in the junctional
regions of a network held together by self-associa-
tions of primary polymer strands. To do so, we
selectively modified the conditions of preparation of
agarose gels and thereby examined relations between
gel structure and pre-gelation agarose concentration,
the effects of quench and cooling rates, and changes
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brought about by variations in solvent quality. By
monitoring scattering as the sample temperature was
raised and lowered, we also investigated structural
changes related to the sol—gel transition.

Although various schemes have been proposed to
analyze scattering data from amorphous polymer net-
works, we here used an analysis based on a model of
a random distribution of compact self-similar junc-
tions of arbitrary length but differing thicknesses.
This model is suggested by observations that, within
gels, agarose fibers of varying thicknesses form ran-
domly structured clusters of relatively high density,
resulting in the voids through which molecules move
during electrophoresis [22,29]. Electron micrographs
indicate that these clusters have net-like appearances,
which seem to be randomly structured three-dimen-
sional webs whose dimensions vary over a range
from tens of angstroms (the thicknesses of individual
strands) to several thousand angstroms [22]. The
length scales of the structural features of such junc-
tions clearly lie within the region probed by our
SANS measurements. At that level, the random,
reticulate form of the junctions resembles that of
other structures which have been described as having
fractal characteristics.

This treatment differs a bit from other methods
used to analyze SANS and SAXS data from agarose
gels which consider the sample to be composed of a
sparse, discrete population of rod-like aggregates [7]
or a random network of bundles of rod-like molecules
[9]. Indeed, experiments on the sieving of spheres of
known dimensions indicate that a model of gel com-
posed of straight randomly oriented fibers is inappro-
priate [29,30]. We favor the model of a random
assembly of condensed net-like junctions because of
its ability to account for the most prominent feature
of the measured {I/(Q)}, viz., the almost discontinu-
ous change in slope of log I(Q) versus log Q at a
value of 0* = 0.025-0.028 A~". Also, the model is
in qualitative agreement with the changes in cross-
section which are observed as experimental condi-
tions are varied.

We tried to design the protocols of this study to
take into account various intrinsic limitations of the
SANS technique. For example, the wavelength spread
of the SANS spectrometer results in relatively poor
resolution at high values of Q. Also, incoherent
scattering from the hydrogen in the native agarose

molecules contributes to the background so, at higher
values of Q, the ratio of signal to noise is rather low.

The latter point requires further commentary. An
approximate calculation of the amount of hydrogen
in a typical, nominally 3%, wt/vol agarose sample
can be carried out by noting that the standard agaro-
biose repeating unit contains 12 carbon, 9 oxygen,
and 18 hydrogen atoms. Hence, the weight fraction
of hydrogen in the molecule is 18 /309 = 0.059, so a
3% sample contains 0.0018 gm/cc hydrogen. The
presence of bound water, sulfate groups, etc. does
not significantly change this estimate (i.e. = 0.002
gm /cc H*), which also is approximately the amount
of H* present in a 2% H,0 in D,0 sample. We
therefore measured the absolute scattering cross sec-
tion due to a 2% H,0-98% D,0 sample and found
it to be =0.088 cm~! in the high Q region, as
compared with a corresponding value of 0.068 cm !
for a nominally 100% D,0 sample. In this way the
incoherent background arising from H™ in the
agarose is estimated to be approximately 0.02 cm ™!,
which is close to the levels discerned in region I
for our ‘standard’ 3% agarose samples (log,,(0.02)
=—17.

This intrinsic incoherent scattering makes it diffi-
cult to infer details of structure from features of I(Q)
at higher values of Q. Although one might wish to
subtract the incoherent scattering associated with the
agarose, the latter can be determined only impre-
cisely. However, because the amplitude of the back-
ground is several orders of magnitude less than
reported values of I(Q) in regions I and II, any
proper background subtraction would leave those
values essentially unaffected. (The slopes of log
I(Q) versus log O typically change by only a few
percent.) We also note that, because the data follow
power laws in regions I and II, the effects of collima-
tion and wavelength smearing on the resolution in
those regions can be easily tested by simple compu-
tations. These indicate that smearing under our ex-
perimental conditions causes only inconsequential
increases of approximately 1% in the values of «
and .

In region III, where the background level is sig-
nificant, principal interest is in the variations of
cross-section noted as experimental conditions are
changed, if the amount of incoherent scattering is
kept constant. When the temperature was varied, the
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same sample was used throughout the study. Thus,
changes in I(Q) noted at high Q (see Fig. 4) can be
ascribed to changes in the status of the agarose
constituents. In a like manner the data shown in Fig.
5 — on the effects of cooling rate during gel forma-
tion — were obtained for samples produced from the
same hot agarose solution. The samples in that series
therefore contained identical concentrations of hy-
drogen. (The constancy of the incoherent scattering
is borne out by the fact that the measured transmis-
sions of all of the 3% samples were identical, what-
ever the temperature or the quench conditions.) We
note, also, that background scattering by the solvent
was subtracted [12] for each of the DMSO cross-sec-
tions shown in Fig. 3, which mitigates against the
DMSO being a significant source of H*. For these
reasons we believe that the changes noted in the high
Q region of I(Q) almost certainly represent changes
of the agarose matrix.

We find that our inferred model of compact frac-
tal junctional domains is consistent with qualitative
inferences drawn from electron micrographs [22].
However, it is expected that the preparation of sam-
ples for electron microscopy may lead to changes in
the three dimensional structure of the polymer ma-
trix. Fixation artifacts probably limit the use of
electron microscopy for quantitative study of the
various factors that influence network characteristics.

log[U{Q)(cm™Y)]

-2 | 1 1 L L | ¥
-25 -2.0 ~1.5 -1.0 -0.5

loglQ(A™)
Fig. 5. log 1(Q) versus log Q for standard 3% agarose gels
quenched at different rates after gelation was initiated. (a) 4°C
water bath; (©) 25°C water bath; (O) cooled in air at room
temperature.
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Fig. 6. Scattering cross-sections for gels of different concentration
(cf. Fig. 2), here the scattering intensities have been rescaled
according to the discussion in the text. (0) 1.5% SeaKem™ Gold
gel; (A ) 5% standard gel; (01) 3% standard gel; ( A ) 1% standard
gel.

Hence, it may be that relationships between solvent
quality and agarose gel structure are more reliably
determined by non-invasive methods such as those
afforded by SANS and other scattering techniques.
In Fig. 6 we again show the data which previ-
ously were presented in Fig. 2. Here, however, we
have normalized the data to correspond to that of our
standard 3% sample; that is, the scattering intensities
obtained for the C = 1% sample were multiplied by
3 and the scattering intensities for the C = 5% sam-
ple were multiplied by the factor . We see that the
three curves nearly superimpose, differing primarily
in the slopes in region I at smaller Q. For compari-
son, we also show similarly normalized data for a
C =1.5% gel formed from SeaKem™ Gold agarose
(see Section 4). These data have been plotted without
accounting for the fact that this sample probably
contains less bound water than does the ‘standard’
powder sample. Therefore, the factor needed to ob-
tain the true polymer concentration is higher than for
the other samples and the data do not superimpose
with the other curves. When such corrections are
made, the absolute magnitudes of all of the concen-
tration adjusted curves are quite similar. The princi-
pal point is that, although Q% occurs at a slightly
different value for the SeaKem™ Gold sample, the
curves have the same overall shape despite the dif-
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ference in sample identity and preparation. A sharp
break in the slope has been noted, also, in other
SANS studies of agarose [9] and in SAXS studies of
certain k-carrageenate gels [8]. Similar characteris-
tics have been seen in SANS studies of poly (vinyl
alcohol)-borate gels [17] and silica particle aggrega-
tion [31]. In contrast, studies of gels of steroid /hy-
drocarbon organogels, which consist of aggregates of
rigid rods, yield very different features [32].

Other investigators, using SAXS, have inferred
that structural features remain invariant when agarose
concentration is changed [7]; however, because our
SANS studies examine scattering in a range of Q
that extends to a somewhat smaller values than were
accessible in the earlier SAXS studies, we discern
previously unnoticed structural changes, on the order
of 250 A and greater, as the concentration is varied.
Although structural features at smaller distances do
not seem to be affected by changes in concentration,
they are indeed influenced by changes in solvent
quality. Having identified these features, we now
should be able to use SANS to extend, to smaller
length scales than previously probed [3,4], structural
studies of changes in gel microstructure that might
be brought about by the imposition of electric fields.
We also expect to be able to use these methods to
investigate junction formation in other rod-like
biopolymer networks [33].
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