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ABSTRACT To understand the organization of fibers in an agarose gel, digitized electron micrographs are used here to
determine the frequency distribution of interfiber distance (2P.) in thin sections of agarose gels. For a preparation of underivatized
agarose, a 1.5% gel has a P, distribution that is indistinguishable from the P, distribution of a computer-generated, random-fiber
gel; the log of the occurrence frequency (F) decreases linearly as a function of P.. As the agarose concentration decreases
below 1.5%, the semilogarithmic F versus P, plot becomes progressively less linear. Two straight lines represent the data; the
plot is steeper at the lower P, values. As the percentage of agarose increases above 1.5%, the semilogarithmic F versus P,
plot becomes steeper at the higher P, values. This change in the shape of semilogarithmic Fversus P, plots is possibly explained
by the existence in agarose gels of two zones, one whose P, distribution is more sensitive to the average agarose concentration
than the other. To compare the structure of agarose gels to their sieving during eiectrophoresis, the root mean square value
of P, (P,) is compared to the sieving-based radius of the effective pore (Pg; Griess et al. (16)) for both underivatized agarose
and a derivatized agarose that has a smaller Pg at any given agarose percentage. For 0.8-2.0% gels of either underivatized
or derivatized agarose, Pg/P. is a constant within experimental error. Deviations from this constant are observed at lower gel
percentages. This relationship of Pg to P, constrains theoretical descriptions of the motion of spheres in fibrous networks.

INTRODUCTION

Gel electrophoresis is used to fractionate particles as small
as a nucleotide (size, about 2 nm; reviewed in Ref. 1) and as
large as a bacterial cell (size, 1000-3000 nm; reviewed in
Ref. 2). Random coils, such as double-stranded DNA mol-
ecules, are also among the particles fractionated. Although
electrophoretic fractionation of DNA can be treated empir-
ically (for example: Ref. 1), the conformation of DNA longer
than 2040 kilobases pairs (kb)! exhibits gel electrophoresis-
induced hysteresis that, for the following reasons, has stim-
ulated interest in the mechanisms by which DNA is retarded
by the hydrodynamic and steric effects of the gel (to be col-
lectively called sieving): (a) By periodically varying either
the direction or the intensity of the electrical field during
agarose gel electrophoresis (pulsed field gel electrophoresis,
or PFGE), the conformational hysteresis of DNA can be used
to improve fractionation of both linear double-stranded DNA
as long as 6,000 kilobase pairs (kb) and open circular DNA
as long as 300 kb (reviewed in Refs. 2—-6). (») Conforma-
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tional hysteresis of both DNA and other biological polymers
is a possible source of short-term biological memory. For the
various models constructed to correlate macroscopic phe-
nomena with microscopic phenomena for both PFGE and the
constant field gel electrophoresis of DNA, the distribution of
fibers in a gel has been a subject of conjecture. Empirical
determination of this distribution was not made (5-8). Even
for modeling the migration of solid spheres in agarose gels,
no dynamic model has been developed and tested by use of
empirical structural information about the gel. For example,
no correlation of the macroscopically observed sieving of
spheres has been made with the dimensions of spaces ob-
served in the network of gel used to obtain sieving.

During attempts to empirically determine the distribution
of fibers in agarose gels, electron microscopy of thin sections
has revealed 4% agarose beads to be networks of fibers; each
fiber consists of laterally aggregated narrower strands of an
agarose polysaccharide chain (9, 10). This observation has
been confirmed by use of specimens prepared by freeze-
etching (11, 12). The lateral aggregation has also been ob-
served during both studies of agarose in solution (13, 14) and
electron microscopy of negatively stained agarose fibers bro-
ken from the network of gel (2). For performing a statistical
analysis of interfiber distances, electron micrographs of thin
sections appear to have the appropriate information. How-
ever, with the exception of a preliminary study (15), thin
sections of agarose gels used for electrophoresis have not
been obtained; statistical analysis of interfiber distances has
not been made.

By use of theory based on either hydrodynamics or sterics,
the electrophoretic sieving of spheres in agarose gels is quan-
titatively described by use of one agarose gel-based char-
acteristic: the radius of the effective pore, Pg (16). Thus, in
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the present communication, values of Pg have been corre-
lated with structural characteristics obtained by statistical
analysis of the interfiber distances in electron micrographs of
thin sections of 0.4-2.5% agarose gels used for electrophore-
sis. Implications for understanding both the sieving and
structure of agarose gels are discussed.

MATERIALS AND METHODS

Casting of agarose gels

Agarose was dissolved in glass distilled water by boiling in a microwave
oven; the weight of water lost during boiling was determined; evaporated
water was replaced. After equilibration of the agarose solution at 60-65°C,
the following electrophoresis buffer was added from a 10 X concentrated
stock solution: 0.025 M sodium phosphate, pH 7.4, 0.001 M MgCl,. Sub-
sequently, agarose gels (running gels) were cast at room temperature (22 *
3°C) within a precast frame of Seakem LE agarose (FMC Bioproducts,
Rockland, ME), by use of framing procedures previously described; the
composite gel formed is called a multigel (17). After equilibration overnight
at room temperature against electrophoresis buffer, the separate running gels
were used for electrophoresis, according to procedures described in the next
section. Underivatized agarose used for running gels was Seakem LE aga-
rose (lot 61569; FMC Bioproducts). Derivatized agarose used for running
gels was hydroxypropyl agarose, prepared by reacting Seakem Gold agarose
(FMC Bioproducts) (18) with propylene oxide, according to procedures
previously described (19). At a concentration of 1%, the strength of hy-
droxypropyl agarose cast in water was 216 g/cm?. At a concentration of
1.5%, gelling temperature was 27.5°C; melting temperature was 67°C.

Quantification of sieving

Sieving was quantified by measuring the dependence on agarose gel per-
centage (A) of the electrophoretic mobility of two particles that are 30.1 *
0.6 nm in radius: bacteriophages T3 and ¢II (20). These bacteriophages had
been both prepared by use of procedures previously described (20) and
dialyzed against Tris-Mg buffer: 0.2 M NaCl, 0.01 M Tris-Cl, pH 7.4. To
prepare T3 and ¢l for electrophoresis, a mixture of these two bacterioph-
ages was added to a4 X volume of 200 pg/ml bromphenol blue, 5% sucrose
that had a 1/50 dilution of 1 mg/ml DNase 1 (Worthington Biochemical
Corp.). Fifty ul of the mixture of T3 and II (0.5-2.0 ug each) was layered
at the origin of each running gel in a multigel. Subsequently, the gel was
subjected to electrophoresis at 1.6 V/cm, 25°C. During electrophoresis,
buffer was circulated (17) and temperature was controlled +£0.3°C by use
of either procedures previously reviewed (17) or a thermoelectric system
more recently developed (21). After electrophoresis, the position of a band
was determined by, first, staining with 1 ug/ml ethidium bromide in elec-
trophoresis buffer and, then, staining overnight with 1 pg/ml ethidium bro-
mide in 0.001 M sodium EDTA, pH 7.4. Expulsion of DNA from bacte-
riophages occurred during the second staining. This expulsion increased the
intensity of staining and, therefore, confirmed that the bands observed were
formed by intact bacteriophages (not, for example, by DNA that had been
expelled from a bacteriophage capsid before staining). Photographs of
ethidium-stained gels were made by use of Kodak Tri-X film and a Tiffen
23A (orange) filter. To measure the distance from the electrophoretic origin
of a band, video images of photographs were digitized by use of procedures
described below. Measuring tools of the program, NIH IMAGE, version
1.40 (22) were used to determine the distance of the center of a band from
the origin of electrophoresis. Values of P as a function of A were determined
from electrophoretic mobility as a function of A, by use of both the radius
of the bacteriophage and procedures, including Eq. 3, described in Ref. 16.
In all experiments presented here, the Pg value found by use of bacterioph-
age T3 did not significantly differ from the Pg value found by use of the
equally large bacteriophage ¢II. Because the solid-support free electro-
phoretic mobility of bacteriophage ¢II is 1.3 X that of bacteriophage T3
(20), this equality indicates that gel concentration-dependence of electroos-
mosis (if any) did not detectably interfere with measurement of Py.
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Thin sectioning and electron microscopy of
agarose gels

An agarose gel cast for electrophoresis was prepared for thin-sectioning by,
first, excising pieces of agarose that had the dimensions of a cylinder ap-
proximately 0.4 cm long and 0.1 cm in diameter. These pieces were rinsed
once with 0.1 M sodium phosphate, pH 7.4, and then treated with 1% os-
mium tetroxide in Zetterquist’s buffer (23) for 1.5 h, at room temperature
(22 = 3°C), with gentle agitation. The agarose pieces were then: (a) rinsed
with three changes of Zetterquist’s buffer, (b) dehydrated in a series of
increasingly more concentrated ethanol solutions (70, 95, 100%), (¢) soaked
in propylene oxide: two fresh changes of 15 min each, (d) infiltrated with
a 1:1 mixture of propylene oxide and epoxy resin (23) at room temperature,
for 1 h, with agitation; the resin was obtained from Polysciences, Inc.,
Warrington, PA (Poly/Bed 812 embedding kit; number 08792), (e) further
infiltrated with 100% Poly/Bed 812 for 1 h, followed by a second portion
of 100% Poly/Bed 812 overnight. The next morning, fresh resin was added
and the resin was polymerized for 3 days at 75°C. Embedded agarose gels
varied in color from light gray to black. The extent of blackening could be
increased by increasing the time of dehydration; the time of each dehy-
dration step was between 25 and 60 min. The fiber distribution obtained in
the Results for a 1.5% underivatized agarose gel was independent of the
extent of blackening.

After embedding of agarose gels, dark gold thin sections (120 + 15 nm
in thickness (24-26)) were cut by use of a Dupont-Sorvall MT 5000
ultramicrotome, fitted with a Diatome diamond knife. The sections were: (a)
collected on a 200-mesh copper grid, (b) stained by the procedure of Estrada
et al. (27), for 20 s with 7% urany! acetate, followed by 20 s with Reynolds
lead citrate (28). Thin sections were observed in a JEOL 100CX electron
microscope. Micrographs of randomly chosen areas were taken at an in-
strumental magnification of approximately 10,000 X. To determine more
precisely the magnification, micrographs of a diffraction grating were taken
at the beginning and end of each series of micrographs of agarose gels.

Digitization and processing of images

Both electron micrographs of sectioned gels and photographs of bands
formed during gel electrophoresis were digitized via a video camera, by use
of procedures previously described (29). Images were processed by use of
the program, NIH IMAGE (22). The digitized images (see Fig. 3) were
photographically reproduced by procedures previously described (29). A
digitized intermediate was not used for Figs. 1 and 2.

Computer simulation of projection of random
fiber gels

To produce a computer-simulated two-dimensional projection of a section
of a three-dimensional random fiber gel, the following operations were
performed by use of a subroutine (available on request) written for NIH
IMAGE: (a) A fiber was randomly placed by using a random number gen-
erator to produce the three Cartesian coordinates of one end of the fiber. (b)
The fiber was randomly oriented by choosing the two angular coordinates
of the other end by use of a random number generator. (c) Sectioning was
mimicked by eliminating all parts of the fiber that had a Z coordinate (per-
pendicular to the eventual plane of projection) outside of the section. (d) The
projection of the (potentially truncated) fiber in the x-y plane was deter-
mined. (e) Steps 1-4 were repeated until a desired total length of all pro-
jected fibers was achieved (this length is indicated under Results). All fibers
had the same length before sectioning. This length was chosen by a pro-
cedure described under Results.

RESULTS

Appearance of agarose gels in electron
micrographs: dependence on gel concentration

To determine the distribution of interfiber distances in aga-
rose gels, thin sections of agarose gels were observed by use
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FIGURE 1
was: 0.4 (a), 1.0 (&), 1.5 (c), 2.5 (d). The length of the bar is 2000 nm.

of electron microscopy. This procedure had previously been
used to observe agarose fibers in 4% commercial agarose
beads (9, 10). In both of these previous studies, no change
in macroscopic dimensions of the beads was observed after
embedding. Likewise, when pieces of 0.4-2.5% underiva-
tized agarose gels were both excised from running gels used
for electrophoresis and embedded by use of the procedure
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Electron micrographs of agarose gels. Electron microscopy was performed by procedures described under Materials and Methods. The A value

described under Materiais and Methods, no change in mac-
roscopic dimensions (+5%) was observed here. Attempts
were also made to embed less concentrated gels (0.2%), but
these attempts failed because of breakage of the gels.
Qualitatively, electron micrographs revealed agarose fi-
bers in thin sections of the embedded agarose gels. As ex-
pected, the apparent total length of fibers increased as the
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concentration of agarose increased from 0.4% (Fig. 1 a) to
1.0% (Fig. 1 b), 1.5% (Fig. 1 c¢), and 2.5% (Fig. 1 d); quan-
tification of this increase is in the next section. The observed
fibers appeared to both laterally aggregate and branch. The
apparent width of these fibers varied from 15 to 30 nm. Thus,
as previously found (Introduction), the fibers of Fig. 1 are
lateral aggregates of the narrower agarose fibers previously
observed by use of both x-ray scattering (30-32) and a neg-
ative staining technique of electron microscopy (2). Because
the smaller details present are difficult to see in Fig. 1, a more
magnified image of a 2.5% agarose gel is shown in Fig. 2.
The image of the 0.4% gel in Fig. 1 a has fiber-associated
comparatively opaque spots of stain that were more numer-
ous than those in the more concentrated gels in Fig. 1, b—d.
This observation has been reproducibly made for three in-
dependently embedded and sectioned gels. As the gel con-
centration increased in Fig. 1, qualitatively, the gel appeared
to become more uniform. However, this type of appearance
can be deceptive in the absence of precise quantification.
Thus, in the next section, quantification of interfiber spacing
is performed.

Quantification of interfiber spacing

To quantify the distribution of interfiber spacing in thin sec-
tions of agarose gels, straight lines have been passed through
electron micrographs of agarose gels. For each straight line,
the length was determined for all line segments (chords) be-
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tween nearest neighboring contacts with this two-
dimensional projection of the network of gel fibers; the
length of a chord is called 2P.. The coefficient, 2, is used
because previous sieving-based quantification of pore di-
mensions was presented as effective radius, not diameter. To
obtain a statistical measure of P, electron micrographs of
gels were initially converted to binary images that were sub-
sequently analyzed.

The production of a binary image began with digitization
of a photographic electron micrograph magnified to 10 nm/
pixel (Fig. 3 a). Subsequently, noise in the image was re-
duced by use of a 3 X 3 median filter (33). To sharpen edges,
a 7-pixel by 7-pixel Laplacian filter kernel was convolved
with the image. This procedure sharpens edges (34, 35),
while (@) causing opposing edges of a fiber to merge, thereby
preventing the formation of spurious empty spaces, and (b)
not causing fibers to change in their apparent width (Fig. 3
b). After sharpening edges, both thresholding and binariza-
tion operations (33, 36) were applied (Fig. 3 c). Thresholding
eliminates background caused by amplification of residual
noise, some of which is produced during digitization. The
threshold was adjusted to produce a level of one to two pixel
spots that was approximately equal to the level of compa-
rably sized spots on the original electron micrograph (10). To
quantify both the total length of agarose fibers per volume
(Ly) and the mean mass of agarose per unit length (My),
fibers in a binarized image of a gel network were converted

FIGURE 2 Electron microscopy at higher magnification. Electron microscopy of a 2.5% underivatized agarose gel was performed by procedures described

under Materials and Methods. The length of the bar is 1000 nm.
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FIGURE 3 Processing of electron micrographs. A single field is shown after the following stages of image processing for a 1.5% underivatized agarose
gel: (a) digitization, (b) reduction of noise and sharpening of edges, (c) thresholding and binarization, and (d) skeletonization. The length of the bar is 2000
nm.
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to one pixel wide lines (Fig. 3 d). The values of Ly and M,
are in Table 1 for each value of A used.

From binary images constructed by use of the procedure
of Fig. 3 (i.e., Fig. 3c), the fraction (F) of chords that had
a length, 2P, was determined as a function of P,. During
determination of F versus P, the chords were produced by
passing neighboring parallel lines through an entire
randomly-oriented image. If the gel is isotropic, this proce-
dure is equivalent to using randomly-oriented lines (33, 37).
The P. values were obtained in pixels (i.e., all values are
members of a discrete set) at a magnification of 10 nm per
pixel. Five independent images of randomly chosen fields
(36 um?) were used. The result for the 0.4% gel of Fig. 1 was
a semilogarithmic F versus P, plot that could be represented
by two straight lines (Fig. 4 a). The line for the lower P,
values (first phase) had a slope (k;) that was 3.9 X the slope
(k2) of the line for the higher P, values (second phase). Be-
cause of sampling error, the deviation from the fitted line
increased as P_ increased.

When A was raised to 1.0 and 1.5, the magnitude of k,
increased, without significant change in k,; the plot became
monophasic for 1.5% agarose (Fig. 4 b; the A value is in-
dicated in the figure). When A was further raised to 2.5 (Fig.
4 b), the magnitude of both &, and &, increased; k, became
0.85 X k,, thereby reversing the curvature of the semi-
logarithmic F versus P, plot (all values of k, and &, are in
Table 1).

TABLE 1 Analysis of electron micrographs*
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Of the procedures used for image processing, thresholding
has the greatest potential for introducing error. Thus, the
analysis of Fig. 4 was repeated by use of thresholds that were
ateither the upper or lower limits consistent with the criterion
for thresholding described above. For a 1.5% gel, these
changes resulted in mean P, values changed by *6%.

Comparison of the observed P, distribution with
that of a random fiber gel

To understand the relationship of agarose gels to random
fiber gels, the F versus P, relationship was also determined
for computer-simulated (see the Materials and Methods sec-
tion) projections of sections of random fiber gels. In so doing,
a value must be chosen for both the thickness of the projected
section and the dimensions of fibers in the random fiber gel.
However, whatever the thickness of sections, the anticipation
is that the F versus P, relationship will be a Poisson distri-
bution. The reasons for this proposal are the following: (a)
For an infinitely thin section, the gel approximates a random
array of circular elements; a Poisson distribution has already
been demonstrated in this case (33). (b) For a section that has
a thickness much greater than the length of a fiber, empirical
analysis of a random fiber gel also yields a Poisson distri-
bution (procedures are described in the next paragraph). A
Poisson distribution is equivalent to a linear plot of log F
versus P, in Fig. 4. Thus, as found for a 1.5% agarose gel in

—ky(nm™") —k,(nm™") P(nm) o(nm) P(nm) Ly(nm2) M, (ng/nm)
A (%) X 10-3 X 1073 X 102+10% X 102+£10% X 102£10% X 10-5£10% X 1019

Underivatized

0.4 4.70 1.20 3.0 33 32 2.1 1.9

0.6 3.32 1.62 2.4 2.5 25 2.7 22

0.8 4.10 1.98 22 2.2 2.2 35 23

1.0 3.53 2.60 1.8 1.8 1.8 3.7 2.7

1.2 3.90 2.88 1.4 15 1.5 4.2 29

1.5 5.82 5.80 1.2 1.2 1.2 7.4 2.0

2.0 6.44 6.82 0.75 0.68 0.71 8.1 25

25 7.18 8.48 0.68 0.62 0.68 9.5 2.6
Derivatized

04 4.56 2.32 1.9 2.1 2.0 3.6 1.1

06 4.72 3.64 12 1.3 1.3 47 1.3

0.8 4.64 3.74 1.1 12 1.2 5.4 1.5

1.0 572 4.18 0.90 0.91 0.91 6.4 1.6

1.2 6.36 4.62 0.84 0.86 0.85 6.5 1.8

1.5 8.00 7.86 0.60 0.55 0.57 9.6 1.6

2.0 9.18 12.0 0.54 047 0.50 10.2 2.0

25 10.9 10.6 0.48 041 0.45 10.2 25
Random fiber

3 §

04 1.68 3.7 3.7 3.7

0.6 2.40 2.6 25 2.5

0.8 3.65 2.0 2.0 2.0

1.0 3.76 1.6 1.6 1.6

1.2 4.42 1.4 1.3 1.4

1.5 5.24 1.1 1.1 1.1

20 6.95 0.84 0.81 0.83

25 9.28 0.69 0.65 0.67

* Quantities were determined from histograms by procedures described in the text.

* Equivalent gel concentration.
# Only k, was observed.

TThe mass per length of an agarose double helix is 1.71 X 10-'2 ng/nm (10).
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FIGURE 4 Semilogarithmic F versus P, plots. Semilogarithmic F versus
P, plots are shown for: (a) an underivatized 0.4% agarose gel; all points are
shown, together with a biphasic, best-fit line, (b) several underivatized aga-
rose gels; the A is indicated in the figure; points are not shown, (c¢) a
computer-simulated projection of an 0.4% random fiber gel; all points are
shown, together with a monophasic, best-fit line, (d) several computer-
simulated projections of random fiber gels; the effective gel percentage is
indicated in the figure; points are not shown, (¢) a computer-simulated
projection of a gel that has randomly oriented fibers connected in pairs at
their centers; the pairs of fibers were randomly placed; all points are shown.

Fig. 4 b, the proposal is that log F versus P, plots will be
linear for random fiber gels.

To further test this proposal, computer-simulated projec-
tions of sections of random fiber gels were constructed by use
of fibers that had the length of the longest uninterrupted fi-
bers of a 1.5% gel, 500 nm; the fiber width was 20 nm.
Projections were made for several values of section thickness
by use of a total fiber length per area that was equal to that
of the electron micrograph of a 1.5% gel. As expected, the
percentage of fibers seen in cross section decreased as the
section thickness/fiber length ratio increased from 0.2 (Fig.
5a)t0 0.5 (Fig. 5 b), 1.0 (Fig. 5 ¢), and 2.0 (Fig. 5 d). When
compared to sections of agarose gels in Figs. 1 and 2, the
random fiber gel is most realistic in either Fig. 5, b or c. A
linear log F versus P, plot was observed not only for the gels
of Fig. 5, b and c, but also for those in Fig. 5, a and d; for
the gel in Fig. 5 c, the plot is shown in Fig. 4 d. Linearity was
maintained when the fiber thickness was either increased or
decreased by a factor of 2 (not shown). Thus, the above
proposal is correct.

After analyzing the computer-generated, random fiber
equivalent of a 1.5% gel, the random fiber equivalents of
other gels were generated by changing the total fiber length
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FIGURE 5 Projections of a section of a random fiber gel as a function of
the thickness of the section. The following ratios of section thickness to fiber
length (500 nm) were used: 0.2 (a), 0.5 (b), 1.0 (¢), 2.0 (d). The length of
the bar is 2000 nm.

per area, in proportion to A. Random fiber gels were pro-
jected (section thickness as in Fig. 5 ¢) with fiber concen-
trations equivalent to those of agarose gels with A values of
0.4% (Fig. 6 a), 1.0% (Fig. 6 b) and 2.5% (Fig. 6 d). The
semilogarithmic F versus P, relationship (shown together
with data in Fig. 4c for A = 0.4) for the 0.4, 1.0, and 2.5%
random fiber gels was linear, i.e., monophasic (Fig. 4d).
When compared to agarose gels (Fig. 4b; Table 1), the most
striking difference was observed for the 0.4% gel (see also,
k, and k; in Table 1).

Values of both Pz and the averaged P, as a
function of A

To determine the relationship of gel structure to the sieving
observed during electrophoresis through an underivatized
agarose gel, (a) both the root mean square value of P, (ﬁc)
and the mean value of P, (P,) were determined as a function
of A, and (b) these averaged P values were compared to Py.
For computer-simulated projections of random fiber gels
(constructed by the procedure of Fig. 6), a log-log plot of P,
versus A was linear for 0.4 < A < 2.5 (Fig. 7 a). However,
the point for A = 0.2 in Fig. 7a fell below the straight line
that fit the data at higher A values. In the region of linearity:
(a) this plot had a slope (x) equal to —0.93, and () the same
plot for P_ was also linear when A > 0.4; the slope was —0.93
(Table 2). The loss of linearity at A = 0.2 appears to be caused
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FIGURE 6 Random fiber gels as a function of A. Generation of gels was
performed by procedures described under Materials and Methods. The sec-
tion thickness was 1.0 X the fiber length. The effective gel percentage was:
0.4 (a), 1.0 (b), 1.5 (¢), 2.5 (d). The length of the bar is 2000 nm.

by the following aspect of the data processing. As the gels
became more dilute, an increasing fraction of initiated chords
were not terminated, because the scan left the electron mi-
crograph; this loss occurred preferentially for chords with the
higher P, values. When the thickness of the fibers was either
doubled or halved in the random fiber gel, the value of x was
unchanged. Thus, within the experimental error for agarose
gels, fiber thickness does not have a detectable effect on x.

When made from data obtained from an underivatized aga-
rose gel, a log-log plot of P_ versus A was, like the plot for
a random fiber gel, linear for A > 0.8 (empty symbols and
solid line in Fig. 7b, underivatized). However, the points for
A = 0.4 and 0.6 appeared to fall below the straight line that
fit the data for higher A values. Because this observation has
been repeated in a second experiment for which a different
lot of underivatized, Seakem LE agarose was used (data not
shown), it will be assumed to be significant. In the region of
linearity, the slope of this plot was —1.1. When P, was plotted
instead of P., the plot was only slightly altered (dashed line
without symbols in Fig. 7b, underivatized).

To compare P, to Pg for underivatized agarose, a log-log
plot of the (sieving-based) Pg versus A relationship (filled
symbols in Fig. 7b, underivatized) was superimposed on the
(electron microscopy-based) P versus A plot (empty sym-
bols in Fig. 7b, underivatized). The vertical ﬁc axis was (ar-
bitrarily) scaled to make the plots equal forA = 1. After curve
fitting, the values of ooth P; at A = 1 (Pg(1)) and B, at
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FIGURE 7 P P, and Pg as a function of A. (a) P, for computer-
generated, random-fiber gels (Fig. 6) as a function of the effective gel per-
centage, (b) P (empty symbols), and Pg ( filled symbols) for both derivatized
and underivatized agarose gels as a function of A; P_ versus A is plotted as
a dashed line. In (a), the error for A values greater than 0.2 is smaller than
the radius of a data point.

A =1 (P.(1)) are in Table 2. Like the P, versus A plot for
A = 0.8, the Pg versus A plot was linear; the slope for the Pg
versus A plot was —1.1, not significantly different from the
slope of the linear segment of the P, versus A plot. Linearity
for the Pg versus A plot extended to A = 0.2, beyond the point
at which the P, versus A plot became nonlinear. Thus, for A
> 0.8, Pg can be determined from either P. or P, by mul-
tiplying by a constant. In Fig. 5b, this constant was 1.5 for
P. and 1.1 for P.. This linear relationship of P to P. leads
to the following question. When (a) thin sections used to
determine P, have invariant thickness and (b) log-log P.
versus A plots are linear, is the Pg/P, ratio a constant inde-
pendent of other characteristics of gels?

Comparison with derivatized agarose

To help answer this question, the analysis of Fig. 7 was per-
formed for a derivatized (hydroxypropyl) agarose that pro-
duced Pg values lower than those of underivatized agarose
at a given A value (Table 2). Unlike other preparations of
agarose that have comparatively small Pg values (16) the
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TABLE 2 Relationship of averaged gel structure to sieving*
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Gel type Pe(1) (nm) £ 5 -x 0.1 P.(1) (nm) = 10 -x = 0.1 P.(1) (nm) + 10 -x =+ 0.1
Underivatized 162 1.1 164 1.1 168 1.1
Derivatized 96 1.1 100 0.90 100 0.98
Random 162 0.93 160 0.93

* Quantities were determined by curve fitting the data for the range 0.8 < A < 2.5 according to the equation P(A) = P(1)A~. Each x belongs with the type

of pore size measurement to its left.

hydroxypropyl agarose could be thin-sectioned (without
breakage during embedding) at concentrations as low as
0.4%. When both the P_ versus A and Pg versus A relation-
ships were examined for the derivatized agarose (Fig. 7b,
derivatized), the following observations were made: (a) For
0.8 <A <2.0, the P_ and P were reduced by the same factor,
within experimental error; the scale of P, for the derivatized
agarose is that of the underivatized agarose in Fig. 7b. (b) A
loss of linearity occurred at the lower A values, 0.4 and 0.6;
significant nonlinearity occurred at A = 2.5. Thus, for both
0.8 £A £2.0, and the two most differing gel preparations that
could be analyzed, Pg/P, was a constant, independent of both
A and the Pg versus A relationship. For A values below this
range, the variation of Pg/P. is further discussed in the next
section. As found for underivatized agarose, only slight
changes were observed when P, was used instead of P,
(dashed line in Fig. 7b, derivatized).

At the level of the semilogarithmic F versus P, plot for the
derivatized agarose, the primary reason for the reduction in
P_ values was that k, was higher for the derivatized agarose
than it was for the underivatized agarose. However, at the
higher A values, k, was also significantly higher for the de-
rivatized agarose (Table 1). As was the case for underivatized
agarose, k; values initially were comparatively constant and
subsequently increased, as the value of A increased (Table 1).

DISCUSSION

Preservation of structure in the images presented here de-
pends on (a) absence of movement of fibers during both
dehydration and other steps in preparation for thin section-
ing, (b) uniformity in the staining of agarose, and (c) visu-
alization of all fibers, independent of either radius or orien-
tation. Based on the absence of detectable alteration in the
size of agarose gels during embedding (Refs. 9 and 10 and
Materials and Methods), the assumption is made here that the
network of agarose does not either expand or contract during
preparation of thin sections for electron microscopy. There-
fore, the agarose fibers are assumed not to have moved. The
extent to which staining was uniform is not known. However,
modeling revealed that both the shape of F versus P, plots
and the slope of P, versus A plots were independent of the
radius of fibers for a four-fold range of radii. Thus, nonuni-
formity of staining is not considered significant in the in-
terpretations presented here. The fraction of fibers imaged is
also not known. As fibers became thinner, this fraction might
have become significantly lower than one. The thinner fibers
most orthogonal to the plane of the section would be the

fibers most likely to be lost in the background grain. The
following qualitative observation made here is explained by
the assumption that the fraction of fibers imaged decreased
as the fibers became more orthogonal to the plane of the
section: To obtain the best visual match between a computer-
generated random fiber gel projection and an electron mi-
crograph, the section thickness/fiber length ratio for the ran-
dom fiber gel projection was 2—4-fold higher than the
estimate of this ratio for an electron micrograph of a com-
parable agarose gel. Assuming that the fraction of agarose
fibers imaged did not vary with either location in a thin sec-
tion or concentration (or type) of agarose, the conclusions
drawn below are not influenced by the fraction of fibers im-
aged. These conclusions are based on comparison of different
values of either P_ or P., all obtained by the same procedure.
However, any conclusions based on noncomparative use of
either P, P, or Pg/P. would be influenced by the fraction
of fibers imaged.

For a 1.5% underivatized agarose gel, the linearity of the
semilogarithmic F versus P, plot of Fig. 4 b indicates that this
network has a Poisson distribution of P, values (33). This
conclusion is confirmed by the equality of P, and the stan-
dard deviation (o) of P. for a 1.5% underivatized agarose gel
(Table 1). A Poisson distribution was also found in Fig. 4d
for the computer-generated 1.5% random fiber gel of Fig. 6¢
(Fig. 4d; Table 1). Thus, the 1.5% gel of underivatized aga-
rose was indistinguishable from a random fiber gel.

Analytical description of random fiber gels has previously
been performed by use of a pore radius defined to be the
radius of the largest randomly placed sphere that doesn’t
intersect a fiber of gel. This definition, different from the
definition used here, yields a radius of the effective pore that
varies as the 0.5 power of A (i.e., x = =0.5, (38)). The use
of P, as defined in the alternative description of the present
study, yields an x for a random fiber gel (-~0.93) that more
closely approximates the x of either P. or Pg measured for
the agarose preparations characterized in the present study
(Table 2). A possible explanation for this observation is that
(a) sieving during gel electrophoresis is determined by non-
equilibrium movement of particles; therefore, sieving would
not (as an equilibrium process such as partitioning would) be
a simple function of excluded volume in three dimensions,
and (b) instead, sieving is a function of either area excluded
in planes of entry or the hydrodynamics of movement in
spaces formed by the gel; values of Pg are compatible with
either of these latter two possibilities (16). The value of x was
not a constant among different preparations of agarose, even
among preparations that had the same electroosmosis. For
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the range of A values used here, preparations of Seakem LE
agarose have had values of x that varied significantly from
—0.84 to 1.1, when measured for Pg by use of the procedures
used for Fig. 7. Values of Pg(1) varied from 147 to 164, this
latter difference is not significant (data not shown). Thus, for
accuracy, the sieving of a gel must always be compared to
the structure of the same preparation of gel.

As A either increased or decreased from 1.5, the data of
Table 1 indicate that the change from a monophasic (random
fiber) to a biphasic (nonrandom fiber) F versus P, plot was
caused by a k, that was more sensitive to A than k,. In agree-
ment, the light scattering from agarose gels has previously
been qualitatively interpreted by the assumption that agarose
gel fibers become less randomly arranged as A decreases
from 1.5 (39). A possible explanation is that the smaller pores
(i.e., those that yield k,) were formed by neighboring fibers
(each fiber a lateral aggregate of narrower fibers) that were
at junction zones at which fibers branch (for a theoretical
discussion, see Ref. 40). An electron micrograph of a neg-
atively stained, branched agarose fiber has previously been
presented (2). By this hypothesis, as A either decreased or
increased from 1.5, the agarose fiber concentration in junc-
tion zones remained comparatively unaltered, while the aga-
rose fiber concentration in interjunction zone regions varied
more rapidly as a function of A. To test this hypothesis,
computer-simulated projections were produced after altering
the procedure used for Fig. 6 in the following way: Instead
of using single, linear fibers as the units for random place-
ment, branched aggregates consisting of two randomly ori-
ented fibers joined at their centers were used as the units for
random placement. The result was the production of simu-
lated two-dimensional gel projections that yielded a biphasic
semilogarithmic F versus P, plot for a 0.4% gel (Fig. 4 ¢).
Qualitatively, these plots had the changes in k; and k, that
were observed for agarose gels in Fig. 4 (data not shown).
Thus, the data are possibly explained by the hypothesis that
branches are the primary source of perturbation in the ran-
dom fiber character of the underivatized agarose gels. An
alternative possible explanation of this perturbation is pre-
gelation inhomogeneity of the agarose solution. Pre-gelation
inhomogeneity has been demonstrated for underivatized aga-
rose solutions gelled at temperatures higher than those used
here (41-43). At the temperature used here to gel agarose,
this inhomogeneity either doesn’t occur or occurs too rapidly
for detection. Thus, the occurrence of junction zones is the
more plausible explanation. These conclusions are based on
statistics. That is, they are not based on criteria for identifying
an isolated junction zone.

To ultimately develop a physical theory that describes the
sieving of spheres by gels, the relationship of structure to
sieving must be determined. The invariant Pg/P. ratio for 0.8
< A £ 2.0 indicates that the concept of microscopic pore
radius is related to the construct (Pg) used to describe the
(macroscopically observed) sieving of agarose gels. This ob-
servation is a constraint on detailed theories that describe the
resistance to motion in fibrous networks.
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Linear correlation of P, and P was lost at the lower A
values because of a decrease in the magnitude of the slope
of the log-log P versus A plot, but not the log-log Pg versus
A plot. At least three explanations for this phenomenon are
possible: 1) Sampling errors occurred during determination
of P. at the lower A values. 2) At the lower A values, some
of the fibers observed in thin sections were not effective in
sieving. 3) At the lower A values, the nonrandom fiber char-
acter of the gel disrupted the linearity of the P_ versus A

l relationship. Although sampling error did not occur for the

0.4-2.5% random fiber gels, it did appear to occur for the
0.2% random fiber gel. Thus, possibly, explanations 1 and 3
both contribute. That is, the nonrandom fiber character of the
gel increases the A value at which sampling errors begin.
However, explanation 2 is also plausible. Candidates for the
nonsieving fibers in explanation 2 are the projecting (dead-
end) agarose fibers that increase in number as A decreases,
when observed in freeze-dried gels (12). These fibers are also
possibly the cause of the atypical sieving observed in 0.2-
1.0% agarose, for open circular DNA (reviewed in Ref. 2).
Evaluating these explanations should be assisted by quan-
titative analysis of both the sieving and structure of gels that
have P, values more variable than the P, values of the gels
investigated here.
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