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ABSTRACT: The structures of agarose sols and gels have been investigated by small-angle X-ray scattering
(SAXS). Different concentrations and thermal treatments of the solutions have been explored. For the gels
the angular distribution of the scattered intensity is consistent with a model based on a fibrous structure
containing rodlike fibers of variable thickness. The probability density function for rod diameter has not
been established, but there is evidence that a substantial subpopulation of thin rods is present and that these
have an average diameter of ~30 A. A molecular description of agarose chain association consistent with
the SAXS measurements for the gel and based on the 12-chain hexagonal rod structure (~30-A diameter)
is discussed. Observations from polarimetry and optical microscopy are briefly reported, and possible
interpretations of the results in terms of gelation and gel-melting mechanisms are given.

Introduction

Agarose is the major component of commercial agar, a
polysaccharide extracted from marine red algae (Rhodo-
phyceae). Agarose gels have a number of practical uses:
for example, in laboratory work they act as bacterial
culture supports and as separation media in column
chromatography. They are also employed in medicine and
in pharmacy, and in the food industry agar serves as a
thickening and gelling ingredient. Like gelatin, agarose
forms a thermoreversible gel in aqueous solution, but there
is the significant difference that the range of thermal
stability of the agarose gel is much greater than that of
gelatin. The setting temperature is usually close to 40 °C,
while the melting temperature is considerably higher
(around 90 °C). Note that here both “setting” and
“melting” represent simple observational concepts and are
not rigorously identifiable with the normal scientific
meanings of these terms.

Agarose gels have very high elastic moduli at low con-
centrations (e.g., ~10° dyn cm™ at a few percent w/w
concentration in contrast to, for example, gelatin gels,
which usually require a concentration of around 30% w/w
or more to achieve the same order of rigidity), and they
are brittle and distinctly turbid (grayish appearance). In
the present paper the molecular structure of agarose gels,
i.e., network structure, is of particular concern together
with details of the molecular mechanism of gelation. First,
however, a review is given of what is already known about
agarose as a biopolymer and about the process of gelation
of this material.

Ideally, agarose is a linear copolymer'? composed of
alternating 1,3-linked 8-D-galactopyranose (residue A) and
1,4-linked 3,6 anhydro-a-L-galactopyranose (residue B) as
shown in Figure 1. However, a variable proportion of the
B-D-galactose residues can be found substituted by sulfate
or O-methyl groups at the 6-position, and the anhydride
can be substituted by sulfate, O-methyl, or pyruvate groups
at the 2-position. The amount of such substitution is
known to modify the physical properties of the gels.!? In
addition the chain may also deviate from the ideal form
of Figure 1 by having some of the 3,6-dihydro-a-L-galactose
replaced by galactose or by galactose 6-sulfate,? an effect
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that breaks the natural sequence. It has been widely
suggested that such spurious residues have a role to play
in network formation as they prevent perfect ordering of
chains and consequent crystallization and precipitation.>’

At present there is no universal agreement about the
mechanism of gelation of agarose. Studies have been made
both of the dilute aqueous gels and of fibers prepared from
them by dehydration and stretching. This work was
suggested that an agarose coil-to-double helix transition
is the origin of the gelation process. This picture emerges
particularly from studies of oriented fibers by Arnott et
al.® using X-ray diffraction. The double helix proposed
(Figure 2) is able to accommodate substituents such as
sulfate and pyruvate groups and is a left-handed 3-fold
helix, with a pitch of 19 A. The agarose gel network is
described as arising both by double helix formation and
by subsequent aggregation of these helices into bundles
(see also Figure 2).

Another technique that has provided information about
the gelling process is optical rotation.® This chiroptical
spectroscopic approach is widely used to monitor the
conformational states of biopolymers since it is often
sensitive to changes in the molecular environment of each
and very individual polymer residue, particularly when
such changes are produced by variations in local interre-
sidue angles of torsion.’ There are practical limitations,
however, and here for agarose, on account of turbidity, only
studies of very dilute solutions are possible (e.g., less than
0.2% w/w). Where such work has been done, it turns out
that the sign and magnitudes of the changes in optical
rotation produced as such solutions are cooled are con-
sistent with the geometry proposed for the double helix
by fiber diffraction.3® In addition, the large hysteresis loop
observed when optical rotation is monitored during both
the cooling and heating steps has been interpreted as in-
dicating that a substantial amount of helix aggregation
accompanies the network-building process.’

The structure of agarose gels at longer range is less well
characterized. Only a few papers deal with the supramo-
lecular structure in the gel state. In light scattering®
performed in extremely dilute solutions at room temper-
ature (C < 0.05% w/w) the angular distribution of inten-
sity corresponds to randomly oriented rodlike particles
whose mass per unit length is estimated to be of the order
(1.2-1.7) X 103 g cm™. The presence of a small number
of larger aggregates is also mentioned, but these were not
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Figure 1. Idealized AB repeat unit of the agarose polymer: (A)
1,3-linked $3-D-galactose residue; (B) 1,4-linked 3,6-anhydro-a-L-
galactose residue.

[c]
Figure 2. Structure of the agarose double helix (a and b) as

proposed by Arnott et al.® A schematic representation of their
model for the agarose gel network structure is also shown (c).

characterized. Working on pearl-condensed agarose gels
(C = 2-8% w/w), Laurent!! concluded from a gel chro-
matographic investigation that the gel network was con-
structed from fibers of diameter ~50 A.

A somewhat different description has been reported by
Pines and Prins.!? Light scattering from systems con-
taining agarose at concentrations in the range 0.5-1.0%
w/w and at temperatures of 30-40 °C showed a distinct
maximum (h = 6 X 10 A™! for C = 1% w/w), and the
authors concluded that gel formation was driven by a
spinodal decomposition mechanism. In support of this
interpretation they stated that “closely packed spherical
regions of the order of a few times 10000 A” were ob-
servable in the optical microscope, i.e., a phase-separated
system was involved. In this context it is interesting that
gelation of biopolymers by a spinodal decomposition
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mechanism has also been proposed by Miller and co-
workers and extensively discussed by them,!?

It is the aim of the current investigation of agarose ge-
lation to clarify the mechanism of network formation and
to determine whether different mechanisms and structures
result as gelling conditions are changed. To these ends the
gel network has been characterized at various concentra-
tions and after various thermal treatments, using small-
angle X-ray scattering (SAXS) (Kratky camera) applied
over a range of scattering vectors: 1.5 X 102-3.5 X 107!
A-l. Experimental details are described first, results are
then presented and analyzed, and finally a microscopic
model of the structure of the network is proposed. This
is in agreement with the interpretation of the scattering
curves and incorporates previous ideas about the molecular
structure of junction zones.

Experimental Section

The agarose sample was supplied as a high-quality bacterio-
logical agar. This meant that it was likely to show only small
degrees of imperfection in relation to the ideal repeat formula
of Figure 1. Analytical figures showed that the sulfate content
was of the order of 0.7% and pyruvate 1.90% while calcium (33
ppm) and magnesium (13 ppm) were also detected. It should be
noted that divalent cations can crucially influence the gelation
of polysaccharide polymers (e.g., alginates, carrageenans),
particularly where charged groups (carboxylate, sulfate) are
present. In the case of agarose, however, such effects are expected
to be much less important on account of the essentially neutral
nature of this biopolymer. Chromatographic studies showed that
polydispersity of the present sample was 3.3 and the average
molecular weight M,, = 512000.1

Solutions of agarose in deionized water were made up by heating
mixtures in a pressure vessel to 120 °C for 15-20 min. This
treatment is apparently sufficient to ensure complete dissolution
(see below), and hot solutions were then filtered through Millipore
filters of porosities ranging from 1.2 to 0.22 um to eliminate dust
particles. Other methods of sample preparation explored included
treatment at 100 °C for 20~25 min using a steam bath. However,
this procedure failed to ensure complete dispersal of the agarose
as some of the samples formed apparently clear solutions at high
temperatures (~90-100 °C) but separated on cooling (40-50 °C).
This material would not redissolve on sample agitation and was
ascribed to incomplete dissolution of the agar on treatment at
lower temperatures. This effect did not occur for the autoclaved
samples, and subsequently the autoclaving procedure was adopted
as standard.

Optical rotation measurements were made with a Perkin Elmer
241 MC digital polarimeter operating at wavelength 436 nm. The
cells were thermostated, and the optical path selected was 10 cm.
In the optical rotation work the agarose concentration was fixed
at 0.5% w/w.

Small-angle X-ray scattering measurements were performed
with a Kratky camera equipped with a CGR position-sensitive
proportional X-ray detector coupled to a Canberra multichannel
analyzer. The X-ray source was a Philips 1730 sealed-tube
high-stability X-ray generator operating at the copper Ka
wavelength (\) of 1.54 A. This equipment allowed scattered
intensity to be measured over a range of scattering angles 24
equivalent to values of the reciprocal space variable A running
from h = 1.5 X 1072 to 3.5 X 1071 AL (h = 4« sin 6/\). These
intensity measurements were not corrected for the error intro-
duced by the slit-focused nature of the incident beam. Instead,
theoretical curves were calculated to include the smearing error
and were thus compared with the experimental data in an
equivalent form. No attempt was made to perform absolute
intensity measurements in the current investigation.,

The agarose systems studied by small-angle X-ray scattering
covered a wide range of concentrations (0.1-5% w/w), clear weak
gels being obtained at the lowest polymer concentration and strong
brittle turbid gels at higher concentrations. At 5% w/w, disso-
lution of agarose was difficult, the hot solutions obtained being
highly viscous. This constrained the upper limit of concentration
for such experiments.



182 Djabourov et al.

T=38C

“0:401000000 %0 Ca0gs 00 s 98¢ P9 0080y 00 90 Pe0ae "% sped e

S L - L
0 50 100 150 200 min time

~o-w\

odb S
£
£ ".'.-.’., T=36C .

-0-48 . of‘q.O‘.‘.c.:“... .... o, :'o :
5 U I
g e
o 100 200 300 400 500 600 700 800 900 1000 minfime
g od0h
2
& .

0-44) \,‘

oy Te34C .
048 .\\'- - o

T o e S
. L MY

I i
0 50 100 150 200 min time

Figure 3. Time-dependence of the optical rotation measured at
A = 436 nm for hot agarose solutions initially at T' = 90 °C, rapidly
cooled to T’ = 38, 36, or 34 °C. The agarose concentration is 0.5%
w/w.

Results

Optical Rotation. Polarimetry of 0.5% w/w agarose
solutions was carried out to detect the temperature range
of the conformational transition. This was a necessary
preparation for further small-angle X-ray scattering
measurements over the same temperature interval. Hot
solutichs (~90 °C) were cooled to temperatures T = 38,
36, or 34 °C, and the time dependence of optical rotation
change was monitored. Results appear in Figure 3. No
change occured at 38 °C even after 4 h. At lower tem-
peratures the observed change begins soon after the lower
temperature is reached, but the overall magnitude of the
change is small (-0.4 to —0.5°). The effect is temperature
dependent, the time to equilibration varying from 1 to 3—4
h. Gelation itself inhibits the measurement procedure
since the reduction in transmitted light it produces falls
below 50%. It turns out that optical rotation cannot be
used systematically for samples of higher concentrations
or over the full temperature range. SAXS was seen as a
more versatile approach to the problem.

SAXS Measurements. SAXS can be used to charac-
terize both sol and gel. There are limitations imposed by
the necessity to accumulate data from weakly scattering
samples. An hour was usually required in the present case
and sometimes longer for very dilute samples. As a result,
behavior faster than a scale of hours could not be followed,
and this was particularly limiting during the setting of the
gels. Nevertheless, long-time effects could be determined.

Figure 4 presents scattering data for sol (~90 °C) and
gel (25 °C) for a 2.4% agarose system. Here scattered
intensity is plotted as a function of scattering vector h
between 0.015 and 0.35 A™L. The data have been corrected
by subtracting scattering contributions from the holder and
the aqueous solvent and normalizing the residual for ex-
posure time and polymer concentration. The difference
in scattering between sol and gel is very large and at once
demonstrates that gelation involves the production of
much larger molecular species than were present initially.
Further experiments were performed, some on preset gels
containing different levels of agarose and some involving
the determination of hysteresis loops in a manner analo-
gous to the optical rotation studies. These are now de-
scribed.

Isothermal Gelation. The agarose concentrations
considered were 0.1, 0.3, 0.6, 1.2, 2.4, and 5% w/w where
gels were concerned, while only the 2.4% system was in-
vestigated in the hot sol state. Hot solutions were poured
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Figure 4. Top: angular dependence of the SAXS intensity from
the sol state at T = 90 °C. Bottom: angular dependence of the
SAXS intensity from the gel state at T = 25 °C. In both cases
the agarose concentration is 2.4% w/w. The exposure times were
2 h for the sol and 1 h for the gel. Both data sets have been
normalized with respect to polymer concentration and exposure
time. Fluctuations apparent in the sol scatter curve arise from
low intensity of signal and counter imperfections.

into the X-ray tubes, which were then sealed with grease
and immediately plunged into a temperature-controlled
bath. Four gelation temperatures were considered (34, 25,
15, and 4 °C), and samples were allowed to gel for 1-h
minimum time, after which they were examined by SAXS
at various intervals of time, between hours and 1 month.
The results obtained can be summarized as follows:

(a) For most of the samples no time dependence of the
scattered intensity curves was noticed, provided that 1-2
h were allowed for initial setting: For the most dilute
samples (0.1 and 0.3% w/w) gelled above 4 °C, the first
measurements were done only after ca. 24 h.

(b) For the fully set gels no dependence of the scattered
intensity on thermal history was detected despite the
variations in gelling conditions just described.

(¢) The intensity usually scaled exactly with concen-
tration over the whole range of scattering vectors (h >
0.015 A1) accessed. When differences between scaled
curves were detectable, the shape of the scattering curves
was not altered, only the overall amplitude (maximum
difference in measured amplitude was ~20%). This is
likely to have been a consequence of some drift in main
beam intensity over the experimental period. Curves ob-
tained for the dilute systems were of course much noisier,
i.e., statistics were much poorer at the lower concentrations.

Because of the small effect of temperature, time, and
concentration on the scattered intensity data from agarose
gels under the prevailing conditions, we may consider the
example in Figure 4, bottom, as typical of the gel state.
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Figure 5. Hysteresis loop (O, A) for SAXS (one h value only)
from an agarose solution of concentration 0.6% w/w. Temper-
ature is changed by 5 °C every 0.75 h. Exposure time is 30 min.
Also shown is melting curve (O) for a 1.2% w/w gel formed
originally at room temperature. Here the exposure time was 1
h, and the rate of temperature change was 5 °C every 30 h,

Within the precision of the measurements the results in-
dicate that the structure that develops after 1 or 2 h does
not change further. Over the whole range of concentration
certain features of the structure are evidently identical.
This is a point that will be taken up again in later dis-
cussion.

Hysteresis Loops. SAXS was also used to study hys-
teresis effects during temperature cycles. Two concen-
trations were chosen, 0.6% and 1.2% w/w. The range of
temperature explored was from 90 to 4 °C and was ac-
cessed first by cooling and then by heating. The rate of
temperature change was 5 °C per 0.75 h, which includes
an exposure time for X-rays of 0.5 h. The hysteresis loop
obtained for the 0.6% sample is shown in Figure 5 and
represents the intensity measured at a given value of & (h
= 0.02 A1) normalized to unity at the lowest temperatures
(T <10 °C) and displayed as a function of temperature.
At the end of the cooling curve, the sample was maintained
for 15 h at 4 °C before the heating period (duration 8 h)
commenced. The following conclusions were reached:

(a) There is a distinct temperature gap between setting
and melting. (Corresponding behavior has been observed
in optical rotation vs temperature experiments**® and shear
modulus-temperature traces; see the Discussion.)

(b) Below T = 35 °C, by consideration of the time scale
of the experiments in relation to the temperature scale,
it may be deduced that the apparent temperature depen-
dence of the cooling curve is actually due to the time re-
quired for equilibration (of the order of 2 h at T'< 35 °C).

(c) Melting is still not complete at T = 70 °C, which
shows the extreme stability of the low-temperature
structure.

To check if any kinetic effects are present during the
heating phase, we repeated the melting experiment using
a concentration of 1.2% w/w, the exposure time being 1
h to achieve greater accuracy. The data obtained are also
included in Figure 5. In this experiment the temperature
was raised by 5 °C every 30 h, and the overall melting
process was found to take place over 10 days! The slow-
melting data are virtually identical with the rapid-melting
measurements and hence the “molecular melting” involved
is not under kinetic control. As Figure 5 also shows, the
overall accuracy is significantly improved as the polymer
concentration is increased and the data are accumulated
over a longer period. The gel is apparently still not melted
completely at 85 °C, which gives a melting temperature
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range between 45 and 90-100 °C, i.e., a width of approx-
imately 50 °C. By contrast, the gelation process occurs
quite sharply at 35 £ 1 °C. Overall, there is apparently
no way of narrowing the gap between the gelling and
melting temperatures, and this is in accordance with op-
tical rotation results.

Theoretical Analysis

SAXS from a solution usually arises!® from sources such
as () individual particle scattering and (ii) interference of
the scattering from these particles. The interference effect
increases in importance as the particle concentration in-
creases and, consequently, scattering experiments per-
formed at different particle concentrations are required
if these two effects are to be separated. Concentration
effects, particularly excluded-volume effects, tend to con-
tribute mainly at the lowest scattering vectors, provided
that comparatively dilute solutions are being studied, and
in this case interference effects can be assumed absent in
the higher range of scattering angles: To an approximation
the limit of scattering vector beyond which the interference
effect becomes negligible is given by’

h*>5/D (1)

where D is the maximum dimension of the particle con-
cerned. Beyond this, the internal structure of the indi-
vidual particles can be explored.

In the present case of agarose gels, since the scattered
intensity scales with concentration over the accessible h
vector range and since this scaled intensity is also com-
paratively independent of gel thermal history, it may be
concluded that essentially only a local, i.e., essentially
short-range, structural feature is being explored. In one
sense this is entirely to be expected since the lowest value
of h accessible in the current experiments was 0.015 A2,
and this means that the maximum dimension of elements
of the gel structure directly measureable by the SAXS
approach was only a few hundred angstroms (certainly no
greater than 300 A). What is perhaps less expected is that
the gel structure even at this local level is not to some
extent influenced by the concentration and thermal factors
already mentioned. Changes in supramolecular structure,
for example, not directly measurable by the X-ray tech-
nique might be indirectly detectable through associated
local effects such as changes in network strand thickness
and proximity. For the agarose gels studied here, however,
this does not seem to be the case.

For a further interpretation of the current data it was
necessary to make some assumption about the shape of
the scattering elements in the sol and in the gel network.
In the sol state, the dissolved macromolecules are expected
to be present in so-called coil conformations though the
fact that the estimated characteristic ratio C. for macro-
molecules of the agarose type is around 45!% warns that
even at high temperatures these coils are to an extent
stiffened and persistent. In other words, within a certain
range of scattering vectors the scattering from these
polymers should be consistent with rodlike character.
From the data available, however (2.4% solution only), it
was not possible to estimate the persistence length or to
carry this analysis further. Where the gel network is
concerned, electron micrograph!® evidence already suggests
a structure composed of rodlike fibers much thicker than
would be expected for the coils in solution. It follows that
rod structures of varying thicknesses and of lengths con-
siderably in excess of 300 A (the persistence lengths of
typical multiple-helical polysaccharides, e.g., xanthan,?°
schizophyllan,? lie in the range 1200~1500 A) provide a
good starting point in any attempt to model the network
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Figure 6. Computed SAXS intensities for rods of different cross
sections (diameters as indicated) and same length (2L = 1000 A).
The dotted line indicates the change in scattered intensity as a
30-A rod gets shorter (i.e., when 2L = 300 A and 2R = 30 A). The
smearing effects due to the Kratky camera are included in the
computation.

scattering. This was the procedure adopted in the present
work.

The angular distribution of the intensity scattered by
a cylinder of diameter 2R and length 2L randomly oriented
in relation to the X-ray beam has the form??

I(h) = (p = pg)?V? X
/2 sin? (hL cos &) 4J,2(hR sin ¢)
0 h2L2 cos? ¢ h2R? gin? ¢’

Here (p — py) is the difference in average electron density
between the particles p and the solvent pg, V is the rod
volume, # defines the angular orientation between the rod
axis and the scattering vector, and J; is the first-order
Bessel function. With the above equation the intensity
distributions scattered by rods of different cross sections
and lengths have been calculated, some results being shown
in Figure 6. As mentioned earlier these theoretical curves
contain the “smearing effect” appropriate to the experi-
mental Kratky slit-focus main beam profile, this being
introduced by convoluting the intensity I(h) of eq 2 with
the experimental trapezoidal distribution of main beam
intensity in the registration plane, W(z) 8 W(h), i.e.

I(h)smem‘ed = I:I(hz + 22)1/2 W(Z) dz (3)

sin ¢ d¢’ (2)

In Figure 6 results appear for rods of equal lengths (1000
A) and diameters ranging from 30 to 120 A. The intensity
distributions in Figure 6, it should be noted, have been
scaled according to particle volume so that they are ap-
propriate to the scattering from unit mass of rod material,
i.e., the reduction in numbers of particles which accom-
panies an increase in volume has been accounted for. It
is also demonstrated in Figure 6 that if the rod length is
reduced to, e.g., 2L = 300 A, the slope of the inner part
of the scattering function is modified (h < 0.015 A), but
this part of the function is not accurately determined by
our experiment. It follows that the experiment is much
more sensitive to changes in rod cross section than it is to
length changes. It is evident that increasing rod diameter
shifts the bulk of the scattering to smaller angles and
increases the amplitude of scattering. This effect is par-
ticularly clear in the log-log representation of Figure 6,
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Figure 7. Cross-sectional plot of the scatter curve from the hot
agarose solution. The slope of the fitted straight line corresponds
to R, = 2.6 (£0.8) A.

where horizontal and vertical scalings are realized by sim-
ple translations.

In the limit of longs rods (L >> R) the intensity scattered
per particle can be separated into two components!®
(factors), one corresponding to the length effect and one
to the rod cross section, i.e.

I(h) = (p - p)*(L /MR exp(-h’R;?/2) 4

Here R, is the radius of gyration of the rod cross section,
or the root-mean-square distance of electron mass, from
the rod axis. For a uniform rod of radius R the cross-
sectional radius of gyration R, is given by

R, = R/2\/? 5)

The above approximation is valid for the observable low-
angle parts of the rod scattering curves and suggests that
a plot of log (Ih) (or log (126)) versus h? will contain a linear
(crzoss-sectional Guinier) region whose slope is equal to
R2/2.

In the present work this method of plotting agarose
scattering data was adopted as a means of extracting a
measure of structure. Figure 7 shows what is obtained in
the case of the sol scattering curve. Here it may be seen
that in the h vector range 0.01 < h? < 0.025 A2 a linear
portion appears whose slope can be calculated by linear
regression. The result is R, = 2.6 + 0.8 A, giving a rod
diameter of the order of 2R = 7.42 + 2.0 A. This is com-
parable to the thickness expected for a single poly-
saccharide chain, but the precision of the result is clearly
limited by the weak scattering signal (high noise level) from
the sol, and the smearing effect which shifts the value of
the radius slightly. The result obtained is very similar to
a corresponding value obtained for a lithium derivative of
the structurally rather similar (but ionizable) marine po-
lysaccharide (-carrageenan.? By a similar approach to that
described here we obtained the result R, = 2.5 = 0.8 A.
This finding indicates that in the hot autoclaved solution
the agarose polymer may be (at least at the level of cross
section) considered to be essentially totally disaggregated
from any multistranded helical form. However, as this
implies, we cannot unequivocally establish that all forms
of molecular aggregation are absent in the hot solution.
Evidence from precision light-scattering measurements on
carrageenans suggests that in their case some aggregation
still remains.?

Figure 8 presents the corresponding Guinier plot of the
gel data. At least two linear regions may be seen. This
at once suggests that the distribution of rod thicknesses
in agarose gels is not only polydisperse but almost certainly
multimodal (more than one major population of cross-
sectional thicknesses present). The least-squares fitting
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Figure 8. Cross-sectional plot of the scatter curve from the gel

state. The slope of the innermost part iives R, =29 (£3) A, and
of the outermost part R, = 10.4 (1) A.

procedure applied to the smaller h% range 2.3 X 10™ < h?
< 9.0 X 107 A2 gives a cross-sectional radius of gyration
R, of 29 £ 3.0 A, which corresponds to rods of diameter
(on average) 2R = 82 + 8.0 A. The same procedure for 1.0
X 102 < h?2 < 3.0 X 102 A2 gives R, = 10.4 & 1.0 A, which
is consistent with a rod diameter 2R = 29 + 3.0 A,

For confirmation of the above analysis, the theoretical
scattering functions (smeared) for rods of diameters close
to those suggested by the cross-sectional plots have been
computed and compared with experiment. Thus two
populations of rods have been assumed with average di-
ameters equal to those extracted by Guinier plotting and
the corresponding scattering functions added to reproduce
the experimental observations. Results appear in Figure
9. Figure 9, top, shows the computed intensity curves
assuming 30- and 90-A diameters for the components. In
this modeling exercise the rod lengths assumed were both
1000 A. The relative amplitudes of the two contributions
were adjusted to obtain best agreement with the experi-
mental data (also shown). In Figure 9, bottom, the Guinier
plot is given for the computed data and is again compared
with experiment.

From these results it is clear that in agarose gels there
is a strong dispersion of network strand thickness, and
although the decomposition of the distribution into two
distinct populations proposed above is almost certainly an
over-simplification, the presence of a substantial subpo-
pulation of thinner rods of around 30-A diameter seems
likely. These thinnest network strands determine total
scattering from the gel over the range 0.093 < h < 0.17 A1,
while at smaller h vectors, the larger species dominate.
Here the fit to the two-population model is imperfect,
indicating the limitations of the two-population description
and the probable presence of species much larger in
thickness than 90 A. The two-population fit can be used,
however, to provide a rough estimate of the proportion of
thinnest species present. By weight, this model requires
that there are 42% of the rods of 30-A diameter and 58%
of the 90-A rods. On a number-average basis this means
that there are ca. 7 times as many thin rods as there are
thick ones if we make the reasonable assumption that this
number can be inferred from the relative cross-sectional
areas of the species involved. The prediction is that in
electron micrographs, for example, mainly thin fibers
should be observed, although with some larger ones
present, and this is indeed the case.!®

Turning to measures of agarose network structure
achieved by other workers, it is of interest that for the
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Figure 9. Top: computed intensities (smeared) for two popu-
lations of rods with diameters 2R = 30 A (curve A) and 2R = 90
A (curve B) and equal lengths (2L = 1000 A). The two contri-
butions are added in curve C and compared with the experimental
data (see text). Bottom: cross-sectional plots for the data in Figure
9, top.

thinner rods at least the current estimates of rod thickness
are in reasonable agreement with an average diameter
proposed by Laurent! from gel chromatography work, i.e.,
2R =~ 50 A. They seem also to agree with the light-scat-
tering investigation by Obrink!® on very dilute systems (C
< 0.05% w/w). This author proposed a value for the mass
per unit length of the agarose aggregates present of
(1.2-1.7) x 107 g cm™. An assumption must be made
about the degree of hydration of the fibers to compare
these figures with current findings. For pure agarose their
density should be 1.6 g cm™, but for 50% hydration this
reduces to say 1.3 g cm™. On this basis the 30-A rods are
expected to have a mass per unit length of (1.13-1.0) X
1073 g cm™ and the thick rods 1.0 X 10712-8.2 X 1073 g
cm!, which is an order of magnitude higher. However, in
the light-scattering experiments larger aggregates were
indeed noticed,!! even though these were not accurately
characterized.

In addition to the optical rotation and X-ray work,
during the course of the current multitechnique investi-
gation, agarose gels were also examined with the optical
microscope (cross polars and phase contrast) to see if any
large-scale structure could be observed, e.g., a cholesteric
liquid crystal phase. Such features have been suggested
already by Pines and Prins'? for agarose gels and are of
course also implicit in the Miller!® model for biopolymer
gel formation mentioned earlier. No such feature was
observed for gels prepared at room temperature, however,
and in the next section we return to microscopic consid-
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Figure 10. Projected structure of the agarose double helix (top)
based on atomic coordinates from ref 3. Hexagonal fiber (in cross
section) formed from six double helices is also indicated (bottom).

erations and examine how the results of the current SAXS
work may be related to conventional molecular descriptions
of agarose network formation obtained, e.g., by fiber dif-
fraction.

Although the SAXS technique cannot achieve atomic
resolution and hence cannot comment precisely upon the
conformation and mutual arrangement of polysaccharide
chains in the fibers composing the gel, it is possible to
assemble rodlike structures from the fiber-diffraction
double helix, calculate a smeared scattering function, and
compare this with the current experimental scattering data.
Good agreement is then suggestive of a molecular inter-
pretation, even though because of the nature of the SAXS
experiment it can never prove conclusively that this is the
only possible interpretation. In the present work, this
method of modeling was attempted as a supplement to the
purely homogeneous rod description.

Atomic coordinates for the agarose double helical
structure were taken from the work of Arnott et al.® This
helical arrangement is viewed in projection along the helix
axis in Figure 10. To reduce computation when deter-
mining the X-ray scattering from this model, we idealized
the sugar rings as point scatterers and computed the
“residue” scattering (i.e., structure) factors Fj(h) of such
unit structures from the arrangement of atoms in the
monosaccharide and their individual atomic scattering
factors f;(h) (approximated as atomic numbers over the
relevant h range). The equation used was the standard
form:??

atoms/residue sin (hrij)
Fresiduez(h) = Z flf]_r__ (6)
iJ=1 rij

and the distributions of scattered X-ray intensity appro-
priate to a randomly oriented collection of single helices,
double helices, etc., were computed by using the analogous
result:
residues/helix sin (hRH)
Ith) = 2 F.FF————— 7

) k=1 s hRy @
In eq 6 and 7 the quantities r;; and Ry, are respectively
distances between real atoms in individual sugar residues
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Figure 11, Calculated SAXS intensity (smeared) versus k curves
for (a) the agarose single chain, and (b) the double helical con-
formation are compared with the experimental sol and gel
scattering data. As the maximum measured intensity for the gel
(Figure 4b) is ~4.0, formation of aggregates much thicker than
the double helix is indicated.

and distances between these residues (center-to-center) as
they oceur in the helical (or chain) structures. It should
be noted that this approximation neglects any orientational
property of the individual sugar residue scattering and
approximates certain phase differences to zero. It is felt
that the very similar nature of the residues concerned and
their spherical character provide justification for these
assumptions, especially when scattering at low angles only
is to be considered.

The dependence of scattering on angle for the double
helix calculated in the manner just described was, as an-
ticipated, wholly unable to fit the experimental data for
the gel (Figure 11b). This dependence was in fact more
closely related to that obtained experimentally for the sol,
a function that in turn could be modeled reasonably well
(see Figure 11a) in terms of scattering calculable for a
single agarose chain. In relation to this last calculation,
however, it should be added that a single extended chain
conformation alone was considered. This provided an
approximation to the sol scattering. A rigorous treatment
would of course require averaging of such a result over the
full range of energetically allowed single-chain conforma-
tions (with proper Boltzmann weighting). Since even this
treatment would not include proper account of concen-
tration effects (sol concentration was ~2.4% w/w) the
single-chain conformation estimate was considered ade-
quate for present purposes.

So that the experimental agarose gel scattering could be
modeled, it was in fact found necessary to assemble six
double helices into the hexagonal rod form also shown in
Figure 10 and to compute X-ray scattering appropriate to
this structure over the angular range of relevance. This
rod had a diameter of approximately 30 A and, as Figure
12 makes clear, had a predicted SAXS curve closely similar
to that already computed for a homogenous 30-A diameter
rod. Figure 12 shows how the calculated scattering from
the hexagonal fiber model approaches the limiting value
for the long 30-A rod as the number of disaccharide res-
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Figure 12. Calculated SAXS intensity (smeared) versus h curves
for the hexagonal fiber structure as a function of increasing
numbers of sugar residues per component polysaccharide chain.
Previous scattering for the 30 X 1000 A rod is included for com-
parison. The hexagonal fiber scattering approaches the rod
scattering as the fiber length increases.

idues per component chain increases and the hexagonal
fiber length increases. So that the experimental data could
be modeled completely, however, i.e., to include scattering
at the smallest available angles, scattering functions com-
puted for higher aggregates based on the hexagonal fiber
(equivalent to the earlier 90-A rod component) would have
to be added.

As has been noted previously, the modeling exercise just
described does not conclusively determine the molecular
structure of the fibers making up the agarose network, but
it does provide an interesting and plausible suggestion as
to how such aggregates could arise from the fiber dif-
fraction helix. Accurate X-ray scattering data at somewhat
larger h values would be required (i.e., between the current
upper limit and those values corresponding to atomic
resolution) to establish the model more securely. Then the
hexagonal structure, if precise, might well be expected to
give rise to subsidiary maxima in this h region (much as
certain multisubunit proteins do'®). Unfortunately, in the
present case, the high-angle data carried much too high
a noise level to be relied upon in this respect. Future
experiments to pursue this point might employ a syn-
chrotron source to measure the gel scattering as has been
described recently in studies of scattering from an 118 soya
globulin.?

Finally, it should be added that the current computation
did not allow for any hydration of the fiber (internal to
the helices or external), and this could make a contribution
to the scattering from the real system. Even without this,
however, the mass per unit length calculable for the un-
hydrated rod of Figure 10 (~1.0 X 1073 g cm™) is in good
agreement with the low end of the range of experimental
values ((1.2-1.0) X 10713 g cm™) quoted earlier.

Discussion

The present work has confirmed two previously held
views about the phenomenon of agarose thermoreversible
gelation:

(1) The network is composed of substantial bundles of
individual agarose chains, and there is a polydispersity of
bundle thickness.

(2) The network strand assembly and disassembly pro-
cesses follow different molecular pathways, i.e., there is a

SAXS of Agarose Sols and Gels 187

definite and irreducible hysteresis. This hysteresis has
been shown to correspond to the requirement that con-
formational ordering of individual chains into helices must
precede the formation of higher aggregates during the
cooling cycle. However, the two steps that consist in the
growth followed by the aggregation of helices cannot be
separated experimentally. There is evidence arising from
different agarose samples®’ that the aggregation process
is always present. In other words, this implies that the
double helix arrangement alone is not the stable configu-
ration in solution at low temperatures. A lateral associa-
tion of the dimers is also necessary, and this association,
it appears, could involve a minimum of six double helices
forming a basic cooperative unit, with larger aggregates of
this unit also occurring. It should be added that despite
this aggregation tendency, in the range of temperatures
and concentrations and for the range of agarose samples
investigated, no macroscopic precipitation is observed. It
is also noteworthy that “melting out” of agarose gel net-
work strands is a gradual process that can extend over a
much greater temperature range and is not complete below
90 °C. Indeed, in connection with the setting-up and
melting properties of agarose gels it is worth adding that
recent work by Watase et al.?® using rheological and dif-
ferential scanning calorimetric (DSC) techniques provides
a closely similar description of the agarose hysteresis
property to that arrived at from the present studies.
Young’s modulus versus temperature curves and DSC
endotherms provide a clear demonstration of the gradual
melting out of gel network structure above 45 °C, and the
DSC approach also confirms the much lower temperature
of the more sharply defined gel-setting event. The current
SAXS work also confirms that agarose in the hot solution
state (particularly when autoclaved) is molecularly dis-
persed to the extent that it is reduced to single stranded
coils, while in the gel the chains order and associate to
produce at least two populations of bundle thickness.
These populations are roughly equal in mass, but in num-
ber terms the thin bundles are much more abundant. A
plausible model for the thin bundles can be constructed
by using existing fiber diffraction data. This fits the
current X-ray results and agrees well with other evidence
such as previous estimates of fiber thickness and mass per
unit length. The present description does also imply that
melting of the network requires dissolution of strands of
varying lengths and thicknesses as well as the additional
breakdown of double helical entities, and this represents
a broad spectrum of events and one which may be related
to the observed spread of the “melting temperature”. In
any case heterogeneity at greater distance scales must be
implied by the turbidity of agarose gels (see below).

As far as the network structure over a greater length
scale is concerned, the present work has much less to
contribute. The comparative independence of the form
of gel scatter curves on agarose concentration and thermal
history is at first surprising since the distribution of strand
thicknesses ought to be sensitive to these factors and to
produce different amounts of SAXS. However, the or-
dered thin strand may provide an explanation. Since most
of the angular dependence of the experimental scattering
arises from this source, it is perhaps less surprising that
there is such a remarkable constancy. Changes in scat-
tering corresponding to the formation of higher aggregates
would be visible only at the smallest and least accessible
angles. The relative masses of thick and thin species would
be expected to vary significantly, however, so this cannot
be the entire explanation. Perhaps it is more likely that
there is a tendency for agarose gels to be phase separated
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on a much larger scale than is measurable by the X-ray
technique and for these phases to maintain a constancy
of local network structure and local agarose concentration.
The Pines and Prins work cited earlier appears to support
this type of situation, though it must be said that little
extra substantiation comes from such electron micrographs
as are available or from our own optical microscopy.

Finally, the caveat must be issued that the results ob-
tained here relate to one particular agarose sample, i.e.,
to one containing a particular degree of structural im-
perfection in relation to Figure 1 and one having a specific
molecular weight distribution. Such factors can cause the
extent of hysteresis behavior and other gel properties to
vary from sample to sample, but in no way has the present
work been able to systematically explore the scope of these
variations.
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ABSTRACT: Resonance Raman and Fourier transform infrared absorption spectra of poly[1,6-di(N-car-
bazolyl)-2,4-hexadiyne] single crystals have been measured under tensile stress ¢ at various temperatures 7T,
and the ¢ and T dependences of the vibrational frequencies have been measured for the skeletal modes. The
peak positions of these bands were found to shift toward the lower frequency side as the stress increased:
Ap/Ae = -40 cm™ /GPa for the C=C stretching mode »(C==C), -31 cm™!/GPa for »(C—C), -5 cm™/GPa for
»(C==C), and -9 cm™'/GPa for the /C—C=C bending mode §(C—C=C) at room temperature. Such a tendency
became more remarkable at higher temperature: A#/Ac = -56 cm™/GPa for »(C=C) and -20 cm™/GPa for
H(C—C=C) at 210 °C, respectively. By the normal coordinates calculation, variation of the intramolecular
foree constants with increasing applied stress has been estimated, and then Young’s modulus E; along the
chain axis was calculated as a function of ¢ and T by the lattice dynamical theory. The E, value calculated
for o = 0 GPa and T = 300 K is 41.1 GPa, in good agreement with the observed value 43.2 GPa. E; was predicted
by theory to exhibit about a 2% decrease per 1 GPa tensile stress at room temperature, while the observed
decrement in E, was about 4.6% /GPa. The calculated E; was found to decrease by about 0.5% as the
temperature increases from 27 to 210 °C, which is too small to reproduce the observed value of about 23.3%.
The calculation of the atomic displacements and the potential energy distribution in the mechanically deformed
polyDCHD chain showed that such a large discrepancy between the observed and calculated ¢—7 dependence
of E, was ascribed to the neglect of a significant contribution of such a vibrational mode as skeletal torsional
motion, the band corresponding to this mode being hardly detected by the present FTIR and resonance Raman
spectroscopy. The vibrational coupling between the resonant skeletal and off-resonant side-group modes was
observed for some Raman bands, which was analyzed on the basis of the perturbation theory.

Introduction
In order to understand the mechanical properties of
crystalline polymers from the molecular theoretical point
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of view, it is necessary to detect directly the changes in
structure and intra- and intermolecular interactions in-
duced by the externally applied stress and strain.
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