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Entropic Trapping of DNA During Gel Electrophoresis:
Effect of Field Intensity and Gel Concentration
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We present an experimental study of single-stranded DNA electrophoresis in polyacrylamide
We demonstrate the existence of an entropic trapping regime, situated between the Ogston and r
regimes, in which the mobility scales as1yM11g , whereM is the DNA molecular size. The exponen
g . 0 increases for denser gels but decreases for higher fields. Entropic trapping disappears for
fieldsE exceeding a critical size-dependent valueEpsMd. We also present various estimates of the ge
mean pore size. Finally, we propose a phase diagram describing the observed DNA migration re
[S0031-9007(97)04044-1]
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The dynamics of polymers in gel-like media is of
ten described by the Rouse and reptation models [1
The Rouse polymer does not feel strong topological co
straints and its diffusion coefficient is predicted to d
crease asD , 1yM, whereM is the polymer’s molecular
size. The topological constraints force a long molecule
move mostly along its contour, and the reptation mod
then predictsD , 1yM2. A third migration mechanism
was also predicted from computer simulations [3]. Whe
the polymer’s radius of gyrationRgsMd is comparable to
the gel’s mean pore sizea, the molecule selectively hops
between the largest pores which thus act like “entrop
traps” where the chain maximizes its conformational e
tropy. We then getD , 1yM21g (with g . 0) [3,4],
although this “entropic-trapping” (ET) regime does no
necessarily lead to a power law. The effects of ET a
still ill understood and largely underestimated.

DNA gel electrophoresis (GE) is one of the mo
important tools of molecular biology. The physics of G
has been studied using various theoretical, numerical,
experimental approaches [5]. WhenRg , a, the DNA
probably retains a random coil conformation and the g
then acts as a molecular sieve. In this so-called Ogs
regime, the electrophoretic mobility (m) data are often
analyzed using the relationm , exps2fRgyag2d, which
derives from an old calculation of Ogston [6]. In th
oppositeRg ¿ a limit, the Einstein relation betweenm
and D (valid for low fields) predicts that if the DNA
reptates, one must havem , MD , 1yM, which agrees
with experimental results over a fair range of sizesM
[5,7]. Recently, however, three groups have report
data that cannot be explained by these models [7–
In each case, the low-field mobility was observed
vary like m , 1yM11g , with g . 0; the Einstein relation
D , myM then strongly suggests the existence of E
For large molecules, we can thus use the exponentg as a
semiquantitative measure of the “strength” of the entrop
effects, withg  0 giving the reptation limit.
0031-9007y97y79(10)y1945(4)$10.00
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In this article, we report new ET data for single-strande
DNA fragments electrophoresed under typical sequenc
conditions. We studyg as a function of field intensity
sEd and gel concentrations%T d. We show that ET is
eliminated by strong fields, and that denser gels favor
probably because they are more heterogeneous [10].
also show that one can actually use the transitions betw
the Ogston, ET, and reptation regimes to obtain estima
of the gel’s mean pore size. Finally, we propose a fi
schematic phase diagram for this system.

The DNA samples were radioactively labeled 50, 10
or 250 base-pair (BP) ladders (Pharmacia) prepared as
scribed in [9], as well as the products of DNA sequen
ing reactions of single-stranded pBluescript SK1 DNA
(Stratagene) obtained using the T7 primer and T7 S
quencing Kits (Pharmacia). Polyacrylamide (PAA) ge
were obtained by polymerization of acrylamide (AA) an
N , N 0-methylene-bisacrylamide (BA) in (denaturing) 8M
urea and 0.5X trisborate EDTA buffer (TBE) [9]. The
gel concentrationT ; swAA 1 wBBdy100 mL was var-
ied between 3.25% and 12%, and the crosslinker co
centration wasC ; wBAyswAA 1 wBAd  5%. The
52.0 cm long, 0.36 mm thick gels were prerun at the o
erating temperature (40±C or 55±C) and field intensityE
(in Vycm) for a durationtPRERUN  s154yEd h (e.g., for
16.0 h when the field isE  9.62 Vycm) [9]. Because of
the presence of a field gradient in the first few cm of th
gel, the electrophoretic mobilities were measured usi
our differential method [9]. The voltages were measur
with a dc high voltage probe (model HV231; Wavetek).

In order to indentify the regimes, we used the “rep
tation plot” of 3mMym0 vs M. The DNA free-solution
sT  C  0d mobility m0 was measured using a se
of small single-stranded DNA oligomers and the sta
dard Ferguson plot approach [9,11,12]; we obtain
m0  2.9 3 1024 cm2yV s at 40±C, and m0  3.8 3

1024 cm2yV s at 55±C (results not shown), consisten
with the 2%y±C decrease of the viscosity of water. I
© 1997 The American Physical Society 1945
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Ma is the molecular size of an unperturbed DNA mol
cule for whichRgsMad  a, the Ogston regime predict
mym0  exps2fMyMag2d for M , Ma, while the repta-
tion model, which should be valid forM . bMa (with
b ø 1.4 according to [12]), predictsmym0  May3M 1

fsEd, wherefsEd is a field-dependent term due to DNA
orientation [5,9,12]. In the latter case, the reptation p
should give a straight line with slope3fsEd $ 0 and in-
terceptMa; this thus provides a simple way to estima
Ma. Since Ma is a function of a, we will use Ma as
a measure of the mean pore sizea. This mean pore
size, which is more precisely the mean size of the r
tation blobs (or primitive segments [2]) during the migr
tion, corresponds solely to the pores visited by reptat
DNA molecules, which is a subfraction of all gel pore
In the Ogston regime, the reptation plot gives a mon
tonically increasing curve with a negative curvature.
the ET regime, which may exist only between the oth
two regimes, this plot shows adecreasingfunction of M.
Therefore, all three regimes should be clearly distinct
the reptation plot, and the Ogston/ET transition sho
show up as a maximum atM ø Ma. In this last case,Ma

is the size of the largest molecule that can migrate throu
a percolating (connected) pathway made of pores of s
a $ RgsMad. The values ofMa obtained from the rep-
tation intercept and from the Ogston/ET transition shou
differ since they characterize different mechanisms.
avoid confusion, we will denote themMaRP and MaET,
respectively.

Figure 1 shows a typical low-field reptation plot fo
three different gel concentrations. A log[mobility] v
logfMg plot (inset) does not show clear regimes. T
reptation plot, however, demonstrates that we have th
distinct migration regimes identified by three differe
symbols. The maximum between the Ogston and

FIG. 1. A reptation plot for gel concentrationsT  4.0%,
7.0%, and 10.0%. The temperature was 55±C and the field
E  18.3 Vycm. The inset shows a log-log plot ofmym0 vs
M for T  7.0%. The empty circles (o) correspond to Ogston
sieving, the empty trianglessnd to entropic trapping, and the
filled squaressjd to reptation.
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regimes definesMaET for these conditions. As expected
MaET decreases for larger concentrations. We studied
(negative) slope of the ET regime on log-log plots in ord
to find the exponentg defined previously. Figure 2 show
that g increases with gel concentration and vanishes
T ø 2%. This suggests that a low concentration g
contains percolating pathways made of large pores, wh
a high concentration one contains a distribution of po
sizes with some isolated pores large enough to fa
ET where some larger DNAs could hop around witho
deforming too much at low electric fields. Note tha
belowT ø 2%, PAA gels simply do not form [13].

The effect of the field intensityE was also studied.
Figure 3 shows some results forT  7.0% gels at 40±C.
While ET is observed forE # 25.0 Vycm, no region with
a negative slope follows the Ogston regime at high
fields. For E  27.8 Vycm, the intercept of the linear
fit gives MaRP ø 56 bases. In some cases, a reptati
regime coexists with ET (e.g., see Fig. 1 forT  4.0%
and T  7.0%). Therefore, the critical fieldEpsMd
necessary to force the molecules to reptate appear
decrease as the molecular sizeM increases, in qualitative
agreement with recent computer simulations [14]. T
inset of Fig. 2 shows the evolution of1 1 g as E is
increased. ET is predicted to disappear entirely whenE
exceeds about 30 Vycm for these conditions.

Figure 4 shows two reptation plots with a detailed ana
sis of the characteristic sizesMa. At low field inten-
sity, a value ofMa can be defined using the Ogston/E
transition; here, we getMaET ø 265 bases, as indicated
At high field intensity, however, one observes reptati
(a positive slope). The intercept of the linear fit give
MaRP ø 119 bases, while the Ogston/reptation transitio
is found atM ø 171 bases, thus indicating thatb ø 1.44.
All our data show the same three features: (i) For a giv
temperature and gel concentration, the value ofMaET de-
termined at the Ogston/ET transition (low fields) is larg

FIG. 2. Exponent1 1 g vs gel concentration%T for ex-
periments done at 55±C with a field E  18.3 Vycm. Inset:
Exponent1 1 g vs field E for a T  7.0% gel at 40±C.
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FIG. 3. A reptation plot for three different field intensitie
The 7.0%T gels were at a temperature of 40±C. The linear
fit at E  27.8 Vycm is ysxd  0.051x 1 56. See legend of
Fig. 1 for the description of the symbols.

than the one determined by the reptation extrapola
(high fields), i.e.,MaET . MaRP ; (ii) the Ogston/repta-
tion transition is found atM  bMaRP , whereb  1.5 6

0.2; (iii) the values ofMaRP are essentially field indepen
dent (see also Fig. 6). The field dependence ofMaET can-
not easily be studied because, as the field increases
maximum in the curve becomes flatter (see Fig. 3) and
error made in estimatingMaET increases; indeed, one ca
say that the intrinsic uncertainty onMaET diverges when
E ! Ep (see Fig. 6). Figure 5 shows an aggregate

FIG. 4. A reptation plot for two different field intensitie
showing how the critical molecular sizeMa can be determined
in the presence of entropic trapping (lower curve) or repta
(upper curve). The linear fit isy  0.094x 1 119. The gel
concentration wasT  4.0% and the temperature was 55±C.
See the legend of Fig. 1 for the description of the symbols.
n

the
he

of

n

all our results for the characteristic sizesMa vs gel con-
centration%T . Four data sets are shown. The emp
symbols are above the filled ones becauseMaET . MaRP .
The ET data appear to scale likeMaET , T2z , with z 
1.5 6 0.2. The reptation data (filled symbols) are cha
acterized by a larger exponentz  2.0 6 0.3. The in-
set shows the distribution ofMaRP values for 39 different
4%T gels. No clear correlation between the field intensi
E and the value ofMaRP was observed (not shown); there
fore, the width seen here may be related to the fundame
difficulty in preparing gels with the same microscopic he
erogeneity (i.e., pore size distribution).

For a DNA molecule migrating in a gel, we can writ
Ma , ax , wherex  1 for a rigid DNA chain, andx  2
for a random coil. Let us assume thata , T 2y , with
y  1

2 for a random network of linear fibers [6], and
y  3

4 for a semidilute solution of flexible polymers [1]
experimental results actually givey ø 0.60 6 0.05 for
5%C PAA gels [11,15]. Combining these two scalin
laws, we obtain that our exponentz  xy. Our result,
zET  1.5 6 0.2, is consistent withx  2 and y  3

4 ,
indicating that the DNA is flexible on the length scal
of one pore size (required for ET to exist). In fac
our ET results rule out thex  1 case; in other words,
the persistence lengthp of single-stranded DNA must
be smaller than the average pore size of polyacrylam
gels up to approximatelyT  s7 10d% (our last two
concentrations), in agreement with the results of Plu
[16]. The reptation value ofzRP ø 2 is also consistent
with x  2, but implies thaty ø 1. The scatter in the
data, however, does not rule out the possibility thatzET 
zRP . Note, also, that the decouplingz  xy may not be
valid for this problem.

FIG. 5. Log-log plot of the characteristic molecular sizeMa
vs gel concentrations%T . Four sets of data are shown
corresponding to two different temperatures and two values
Ma measured using the Ogston/ET transition or the reptat
intercept, as indicated. Inset: Distribution of the values
MaRP for 4.0%T gels. The most probable value isMaRP 
125, while the average isMaRP  127 6 4.
1947
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FIG. 6. Schematic phase diagram for single-stranded D
electrophoresis in our PAA gels. The Ogston, entropic trapp
(ET) and reptation regimes are shown. The three criti
lines bMaRP , MaET , and EpsMd are discussed in the text
Inset: A schematic phase diagram showing the effect of
concentration.

According to Pluen [16], the persistence length
single-stranded DNA isp ø 5 nm. If we use Rg ø
spLy3d1y2, where L  0.43M nm is the DNA contour
length, andMaET ø 3200yT 1.5 (the fit shown on Fig. 5),
we obtainaET  RgsMaETd ø 48 nmyT 0.75. As an ex-
ample, we obtainaET  17 nm for 4%T gels. The mean
pore size thus becomes smaller than the DNA Kuhn len
2p  10 nm for T . 8%, in fair agreement with [16].
When this happens, a major change in behavior is
pected; for instance, there is no orientation overshoot
served in such high concentration gels [16,17].

Using our results, we propose in Fig. 6 a schema
phase diagram for this problem (a few data points are a
shown). At high fields, the Ogston and reptation regim
are separated by the verticalM  bMaRP line. The low-
field Ogston/ET transition is possibly vertical (as discuss
before, the data do not allow us to confirm this). T
EpsMd line that separates ET from reptation probably ha
weak negative slope. The situation for low fields and lar
sizes is not clear (hence the question mark). Indeed
has proven extremely difficult to demonstrate the existe
of reptation in computer simulations of long polymers
disordered systems [3,18]. For lower gel concentratio
the diagram shifts towards the right (inset). The dynam
of a molecule situated close to the triple point is expec
to be quite sensitive to the gel heterogeneity.

In conclusion, ET is an important phenomenon for t
interpretation of low-field mobility data. However, it mus
be mentioned that it is quite difficult to observe ET witho
using the differential method [9]. The reptation plot allow
us to determine the conditions under which ET exis
the transitions between the regimes, and two estima
of the mean pore size of the gel,MaET and MaRP . Our
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finding thatMaET . MaRP suggests that entropic effect
are more important in the low-fieldsE , Epd regime. In
other words, the DNA molecules select larger pores
the ET regime than in the reptation regime. Therefo
gel heterogeneity appears to be of less consequenc
the reptation regime. We also found that the reptati
regime essentially starts when the molecule is compose
about 1.5 reptation blobs. Our study thus establishes
experimental conditions under which the various regim
including ET, dominate the dynamics. The phase diagr
proposed here is still tentative, but we hope that it w
catalyze further research on this puzzling polymer syste
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