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ABSTRACT: In this paper flow field-flow fractionation (flow FFF), an elution separation method, is utilized 
to separate and to measure the translational diffusion coefficients D of a variety of linear and both single- 
and double-stranded circular DNA chains in the molecular weight range M = (0.4-4.8) X 106 De. Equations 
for component retention times, band broadening, and resolution are given and compared with experimental 
results. The tradeoff between resolution and separation speed is discussed and experimentally realized. 
Overloading studies show that - 1 fig of individual DNAs can be isolated per 10-20-min run; the procedure 
can be readily automated for repetitive runs. Values of D obtained from retention time measurements are 
tabulated, and these as well as literature D values (for M = (0.058-38) X 106 Da) are compared with expressions 
of Kirkwood-Riseman (KR), Mandelkern-Flory (MF), Tirado-Garcia de la Torre (TG), and Yamakawa- 
Fujii (YF). The predicted Ds of MF agree well with data over the high M range ((0.4-38) X 106 Da), while 
the rigid-rod equation of TG fits data quite well up to M = 2 X lo6 Da, an M for which the DNA chains 
is -70 times longer than that displaying rigid-rod behavior. We find also that D is reasonably described by 
the simple form D = AMd over the 3-decade M range examined. Factors involved in the application of FFF 
to DNAs with M > 107 Da are discussed including shear degradation, transition to a steric mechanism of FFF, 
and use of condensed DNA. Severe overloading effects induced by chain entanglement rendered preliminary 
attempts unsuccessful, but future prospects for applying FFF to high-M DNA are found favorable. 

Introduction 
The separation and purification of DNA chains of 

various lengths and configurations are important in 
attaining numerous analytical and preparative goals in 
DNA research and  application^.'-^ Electrophoresis, ul- 
tracentrifugation, and chromatography, in multiple forms, 
have been widely used for this purpose.P11 By contrast, 
field-flow fractionation (FFF), which is an extended family 
of separation techniques applicable to macromolecular and 
colloidal materials,12-16 has been applied to DNA sepa- 
rations in only a few instances (see below). This relative 
inactivity is understandable in that FFF techniques, 
although broad in scope, are less fully developed and widely 
applied than chromatography and electrophoresis, having 
been first conceptualized in the 1 9 6 0 ~ ~ ~  rather than early 
in the century. The dearth of FFF results is unfortunate 
because FFF has advantages that could make it a valuable 
laboratory resource complementary to conventional tech- 
niques in separating and purifying DNA fragments. In 
addition, FFF has unique capabilities in the measurement 
of macromolecular properties such as translational dif- 
fusion coefficients, hydrodynamic diameters, molecular 
masses, densities, and so on.16J8 Not only are these 
measurements rapid but they are carried out simulta- 
neously with the separation of the component requiring 
measurement so that the measurement is not perturbed 
by contamination. 

The FFF techniques are flow-based elution methods 
like chromatography, but they employ an external field 
as do sedimentation (centrifugation) and electrophoretic 
techniques. However, unlike sedimentation and electro- 
phoresis, the external field is applied in a direction 
perpendicular to the separation axis, which is the axis of 
flow. Thus the external field does not directly drive the 
separation, but rather it induces differential retention 
within the flow ~tream.lg*~O By this action the field takes 
the place of the stationary phase in chromatographic 
systems. Thus FFF can be thought of as one-phase 
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chromatography, although technically FFF is in a category 
distinct from chromatography.20 

Since differential retention in FFF is governed by an 
external field rather than by the affinity of a stationary 
phase, FFF acquires a great deal of flexibility. To begin 
with, retention can be readily increased or decreased over 
wide limits by adjustments in the field strength. The 
carrier liquid (or buffer) has only a secondary effect on 
retention and can thus be adjusted to virtually any desired 
composition. The flow conditions can be altered to 
optimize the separation, providing either increased sep- 
aration speed or improved resolution depending upon 
needs. It is a simple matter to collect pure fractions from 
the outlet stream. In addition, the system can be readily 
automated for repetitive runs. Finally, the separation 
process takes place in a thin uniform channel whose 
theoretical tractability yields a rigorous relationship 
between retention and the properties of the macromolecule 
that govern its interaction with the applied field.12-20Thus 
these properties (mass, size, diffusion coefficient, etc.) can 
be measured in the course of, or independently of, the 
separation process. 

The application of different fields gives rise to different 
FFF techniques.l”l6 These fields or gradients include 
sedimentation fields (sedimentation FFF), crossflow (flow 
FFF), temperature gradients (thermal FFF), and electrical 
fields (electrical FFF). In this study we utilize flow FFF, 
the most universal of the FFF techniques. Flow FFF has 
been applied to molecules (e.g., humic acids) as small as 
a few nanometers up to particles of 50-pm diameter.21g22 
The principles and theory of flow FFF will be explained 
below. 

Only a few scattered applications of FFF to DNA have 
been reported. Kirkland et al. used sedimentation FFF 
for the separation of several DNAs in the 106-107 Da 
molecular weight range,23-26 including the separation of 
single-stranded 4x174 virion from the double-stranded 
4x174 RF I DNA.24 They also separated pBR322 and 
pDM24D from cell lysates25 and subsequently, using flow 
FFF, separated two plasmids from one another.26 Wahl- 
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at different times. Essential details on this separation 
mechanism are given below with further elaboration 
available in prior publications.21~22~* 

Retention. Because the components being displaced 
through an FFF channel are driven close to one wall (the 
accumulation wall) by the crossflow stream, they end up 
in flow laminae whose velocity is relatively retarded by 
wall friction compared to that of the average flow lamina. 
Thus these components are retained relative to an inert 
marker that samples all flow laminae because of their 
preferred occupancy of the semistagnant laminaenear the 
wall. The retardation in a component's velocity is 
represented by the retention ratio R, the mean velocity of 
the component relative to the mean velocity of an inert 
tracer. Since velocity is inversely proportional to elution 
(or retention) time t,, then R = to/& where to is the void 
time (equal to the elution time of an inert marker). 
According to the standard theory of FFF, R is given 

FIELD 
(cross flow) 
r-l Channel flow 

Figure 1. Schematic diagram of the flow FFF channel and 
separation process. 

und and Li tdn have separated a number of circular and 
linear DNAs, some as short as 200 base pairs (bp), using 
asymmetrical flow FFF.n.B More recently, our group 
demonstrated" the flow FFF separation of single-stranded 
(6x174 virion) and double-stranded (6x174 RF I) DNA; 
the separation (shown in Figure 9 of ref 29) was achieved 
3 times faster-16 versus 48 min-and with twice the 
resolution obtained in the sedimentation FFF work cited 
above." 

The above investigations, while useful in demonstrating 
the applicability of FFF to DNA, have paid only cursory 
attention to the fundamental behavior of DNA in FFF 
systems, thus providing very little perspective on the 
potential range of applicability of FFF, the limitations, 
and the acquisition of physicochemical constants. 

The objectives of the present study are multiple. First, 
we have expanded the range of applicability of FFF to 
more diverse forms of DNA. Second, we have extracted 
alarge number of translational diffusion coefficients from 
the flow FFF retention measurements and correlatedthese 
with theoretical diffusion equations. Third, we have 
investigated overloading phenomena which determine the 
capacity of FFF for preparative separation. Fourth, we 
have made a detailed comparison between DNA behavior 
in flow FFF systems and theoretical expectations, thus 
providing insights regarding the opportunities and lim- 
itations in applying FFF to various types of DNA. Finally, 
we have examined the opportunities and barriers relating 
to the possible applications of FFF to very long (>lo7 
molecular weight) DNA chains. 

Theory of Flow FFF 
The principles of flow FFF are illustrated in Figure 1. 

As the figure shows, flow FFF operates through the 
superposition of two flow streams, one being the channel 
flow stream that displaces entrained species along the 
channel axis toward eventual elution and the other being 
the crossflow stream that permeates into and through the 
channel by means of permeable walls. The crossflow 
streamisdirededatrightanglestothechannelflowstream 
and has the purpose of driving various components into 
different transverse distributions in the channel. These 
distributions occupy different sets of streamlines in the 
parabolic flow profile of the channel stream. Thus the 
components are displaced at different velocities and elute 

to R = - tr = GX(c0th 1- 2x 2X) 

in which X is the retention parameter, a term that can be 
obtained from14 

X = kT/Fw (2) 
where k is Boltzmann's constant, T is the absolute 
temperature, w is the channel thickness, and F is the force 
exerted by the field on a single particle or macromolecule 
of the component of interest. For flow FFF this force is 
given by Stokes' law 

F = fU = 3mdU (3) 
where d is the hydrodynamic (or Stokes) diameter of the 
particle, v is the viscosity of the carrier liquid, and U is 
the velocity of the crossflow stream. The quantity U is 
related to the flow rate V, of the crossflow stream by30 

U = VJbL (4) 
where b is the breadth and L is the length of the channel. 
The substitution of eqs 3 and 4 into eq 2 shows that is 
inversely proportional to d 

(5) 

When this expression is substituted into eq 1, a direct 
relationship is established between the retention time t. 
of the component and its hydrodynamic diameter d. 

Flow FFF provides the best resolution and speed when 
A << 1, a condition induced by a high V,. When X << 1, 
eq 1 can be approximated by the asymptotic forml4.* 

R = to/t, = 6X (6) 
When eq 5 is substituted into eq 6, the retention time tr 
is found to be directly proportional to d 

rt)tOVcwd 
2kTbL (7) 

However, the void time t" is simply equal to the void (or 
channel) volume VJ = bLw divided by the channel flow 
rate V,  which leads to 

t ,  = 

This expression relates t, +own parameters (t), w, and 
Z'), to the flow rate ratio VJV, and to the hydrodynamic 
diameter d. Thus a measured value oft, yields immedi- 
ately a value ford. The separation of components, which 
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requires that each has a different t ,  is clearly shown by 
this equation to require different hydrodynamic diameters 
d.  

Alternate expressions can be obtained relating tr to the 
friction coefficient f (obtained by using the center term 
rather than the final term of eq 3) or to the translational 
diffusion coefficient D through use of the Einstein equation 
D = kT/f.  The two relationships are 
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t,=-- w2 v c  

6kT V f  
and 

w2 vc t ,  = -7 

6D V (10) 

The latter can be rearranged into an explicit equation for 
D 

The theoretical relationship between D and t, was rec- 
ognized as providing an effective method for measuring 
D values in some of the earliest work on flow FFF and was 
applied to proteins, viruses, and latex beads.30-33 

Equations 7-1 1 are all simplified expressions based on 
the asymptotic form of eq 6, which is accurate within 3.5 % 
for R I 0.1 or 2% for R I 0.06. However, for numerical 
calculations we routinely use eq 1 with X provided by eq 
2 and F provided by eq 3, or the equivalent form related 
to D. 

The above equations are applicable when the two flow 
rates are held constant throughout the run. In some cases 
i', is varied during the run to expand the range of 
applicability.2s134 This programmed field technique is not 
utilized here because the results obtained under variable 
crossflow conditions are more difficult to interpret in 
relationship to fundamental parameters. Other alternate 
forms of FFF operation include the use of asymmetrical 
~hannels28-28*~5-3~ and hollow fibers,38 which are subject to 
somewhat different (and more complicated) theoretical 
treatments. 

Resolution and Plate Height. As noted above, 
separation requires that a difference At, in retention time 
t r  be generated by the unequal hydrodynamic diameters 
or diffusion coefficients of the components subjected to 
fractionation. However, separation also requires that peak 
broadening be contained so that peaks with a finite At, do 
not overlap. In FFF, theoretical guidelines can be de- 
veloped to reach band broadening and resolution objectives 
by adjustments in the two flow rates '? and Vc. 

As in chromatography and related techniques, the 
resolution R, between two components can be defined by20 

(12) 

where 72 and 71 are the standard deviations (in time units) 
of the two eluting peaks. For flow FFF the T values tend 
to be relatively constant from one component to the next30 
and are represented simply by 7. In elution methods such 
as FFF and chromatography, T is related to the plate height 
H by20 

H = L T 2 / t r 2  (13) 

The combination of eqs 12 and 13 gives 

The nonequilibrium contribution to the plate height in 
flow FFF, which is the irreducible minimum value of H, 
is closely approximated by30 

where the final approximation is applicable for R (or A) 
<< 1. When this latter approximation is substituted into 
eq 14, we get 

(16) 

The first part of eq 1 shows that the product trR is a 
constant equal to to. Using this and employing eq 7 to get 
Atr, we arrive at the resolution expression 

where Ad is the difference in hydrodynamic diameters 
between the two species being separated. Equation 17 
shows that resolution can be enhanced by increasing the 
crossflow rate vc or decreasing the channel flow rate V. 
However, the resulting gain in resolution comes at the 
expense of longer run times. This is confirmed by eq 8 
which shows that tr has a similar dependence upon Vc and 
V as does R,. 

Diffusion Equations for DNA 
Since flow FFF is capable of measuring the translational 

diffusion coefficient D, the friction coefficient f ,  and the 
hydrodynamic diameter d of DNA in solution as shown 
by eqs 8-11 and the more rigorous eq 1, values of these 
transport parameters can be readily obtained by flow FFF. 
These measurements can be compared to the predictions 
of transport equations. Below we give equations repre- 
senting four different theoretical and semiempirical treat- 
ments of linear DNA diffusivity and one for circular DNA. 
We also present a simple empirical equation for DNA 
diffusion coefficients. The theoretical treatment of DNA 
diffusion is complicated by the high charge and the 
relatively high stiffness of the double helix chains, which 
exhibit a persistence length of -50 nm (147 base pairs, 
97 OOO Da) at an ionic strength of 0.1 M.39-41 Until molar 
masses reach well into the millions, where flexible-chain 
theory can be used, DNA diffusion is complicated by 
wormlike b e h a ~ i o r . ~ , ? ~ ~  Some of the treatments described 
below allow for rodlike and wormlike behavior, and others 
apply only to the high-M limit of random coils. 

We note that the mean-square radius of gyration for a 
wormlike chain is provided to a reasonable approximation 
by the Kratky-Porod t h e o r 9  

2 3  
( R ; )  = 2 p L [ i - &  + $-- $(l - eLfp)] (18) 

where p is the persistence length and L is the contour 
length of the DNA chain. For very long chains (Rg2) 
approaches p l f  3; it also approaches one-sixth the mean- 
square end-to-end length of the chain, which is a general 
property of random-coil polymers.45 

Kirkwood-Riseman Approximation. The Kirkwood- 
Riseman equation for the friction coefficient of a flexible 
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nondraining chain based on the bead-spring model is& 
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n{ 
1 + (8/3)A,y1'/~ f =  

where n is the number of beads in the chain, {is the friction 
coefficient of a single bead, and XO is given by (6/~) ' /~a/bo 
in whicha is the bead radius and bo is the distance between 
adjacent bead centers. A further treatment by Flory 
provides a relationship between hydrodynamic radius d/2 
and the root-mean-square radius of gyration R, (assuming 
(Ra)  = b 0 ~ n / 6 ) . ~  

d/2 = O.665Rg (20) 
The D based on the substitution of thisd/2 into the Stokes- 
Einstein equation is 

kT 
6aq(0.665Rg) 

D =  

This expression, with R, obtained from eq 18 (using p = 
50 nm), has been used to generate a diffusion coefficient 
plot to be shown later (Figures 11 and 12) in comparison 
with experimental data. We note that although the 
wormlike chain model used to obtain eq 18 is quite unlike 
the bead-spring model leading to eq 20, the above 
combination of approaches has been reported several times 
in the literature.4749 

Mandelkern-Flory Approach. For a random-coil 
polymer the friction coefficient can be approximated by60 

f = q ~ ~ - 1 / 3 ( ~ [ q ~ ) 1 / 3  (22) 
where P = 5.1, @ = 2.1 X 1023, and [ q ]  is the intrinsic 
viscosity of the polymer. There are several empirical 
equations for the [ql of DNA that yield similar 
We use the expression of Crother and Zimm (applicable 
to the M range -3 X 106 to 108 Da).61 

[ q ]  = 1.3709 X 103AP*ss6 - 5.0 (23) 
When this expression and the numerical values given above 
for P and 0 are substituted into eq 22 and thereafter into 
the Einstein equation, the diffusion coefficient becomes 

(24) 
(1.1655 X 107)kT 

q(1.3709 X 103M'.ss6 - 5.0M)'/3 
D =  

Tirado-Garcia de la Torre Theory. This theory 
applies in the low-M range where DNA can be treated as 
a rigid rod. In this case D isM 

D = -[ kT ln(f) + 0.312 + 0.565(2) 6 - O . l ( i )  6 2  ] (25) 
37rq-c 

where the parameters were defined earlier. Our calculation 
use 6 = 2.5 nm. 

Yamakawa-Fujii Theory. This theory utilizes the 
wormlike cylinder model (without excluded-volume ef- 
fects) to evaluate D." The Oseen-Burgers procedure was 
used to account for hydrodynamic interactions. The 
distribution function and friction coefficient were obtained 
using the second Daniels' approximationss and the cubic 
approximation of Hearst and Stockmayer.67 Their equa- 
tion is 

D = skTI3~q.C (26) 
where the dimensionless parameter s is a complicated 
function of I, p, and 6. Our calculations based on eq 26 
are made using p = 50 nm and 6 = 2.5 nm. 

Fujii-Yamakawa Theory of Circular Chains. The 
Yamakawa-Fujii theory of wormlike chains cited above 
was extended to wormlike rings.68 The theoretical D can 

be expressed in the same form as eq 26 with s assuming 
a different dependence on chain parameters to account 
for ring behavior. 

Experimental Section 
Flow FFF. The details of the flow FFF system were described 

in a previous paper.Sg The flow FFF channel has approximately 
the same geometry and is constructed of the same material as 
that utilized in the Model F-1000 flow FFF system from 
FFFractionation, Inc. (Salt Lake City, UT). This channel has 
avolume-basedlengthL = P / b w  = 30.0cm. Thechannelbreadth 
b is 2.1 cm, and the thickness w is 254 pm. The geometric 
(calculated from dimensions) void volume is 1.60 mL, whereas 
the P measured by the breakthrough procedurem was 1.43 mL, 
giving an experimental channel thickness of 227 pm. (The latter 
two values varied a few percent each time the channel was 
reassembled after cleaning, but the newly measured values were 
used in all calculations.) The experimental and nominal di- 
mensions differ because of the compression of the membrane 
used at the accumulation wall.m This membrane is a Dido 
ultrafiltration YM-30 membrane from Amicon (Amicon Division, 
W. R. Grace Co., Beverly, MA). Outlet flow constrictorsconsisting 
of lengths of 250-pm4.d. capillary tubing were used to control 
both channel flow and crossflow rates. The flow rates were 
measured by a buret and a stopwatch. The sample injection 
valve, Model 7010, was from Rheodyne (Cotati, CA). The sample 
loop volume was 35 pL and had a relatively large (787 pm) inside 
diameter to prevent shear degradation. The DNA samples were 
injected into the loop by a single-use 1-mL syringe (Becton 
Dickson & Co., Rutherford, NJ) without a needle. The sample 
was carried into the channel by a 0.091-mL flow displacement, 
after which the flow was stopped for an interval (the stopflow 
time td) for relaxation in the ongoing crossflow. A Model 757 
UV detector from Applied Biosystems (Ramsey, NJ) was used 
for detection at 260-nm wavelength. The signal was registered 
by an Esterline Angus (Indianapolis, IN) SS 250F recorder. The 
pump used for the channel flow was a Kontron Model 414 LC 
pump (Kontron Electrolab, London, U.K.). The flow source for 
crossflow was a type CMP Cheminert metering pump (Chro- 
matronica, Berkeley, CA). All experiments were run at laboratory 
temperatures (23 f 1 "C) with acquired diffusion coefficients 
corrected to water at 20 "C using a viscosity correction factor of 
0.964. 

Chemicals and Samples. Doubly-distilled water, boiled for 
10 min before preparing the carrier solution to avoid contami- 
nation by DNase, was used throughout. The carrier solution 
was a Tris-HNOS buffer of ionic strength 0.1 M and with pH 8.0 
at 25 "C with 1.0 mM EDTA. The Tris base was obtained from 
Sigma Chemical Co. (St. Louis, MO) and the EDTA from Fisher 
Scientific (Fair Lawn, NJ). 
DNA Samples. The plasmid pBR322 was purchased both 

from Bethesda Research Laboratory (Gaithersburg, MD) and 
Boehringer Mannheim Biochemicals (Indianapolis, IN). The 
latter was also the source of M13mp18 RF I, pUC18, and M13mp9 
(a single strand). The restriction enzymes, 4x174 RF I and 4x174 
virion (a single strand), came from New England Biolaboratories 
(Beverly, MA). The concentration of the injected DNA varied 
from 1.0 to 5.0 pg/100 pL (10-50 ppm). DNA digestion and 
recovery were carried out according to Maniatis et al.B1 

Plasmids and viral circular DNAs were cut at specific sites by 
enzymes to produce the linear DNA fragments studied here. The 
experimental steps are shown in Figure 2. Table I lists all of the 
linear DNA fragmenta used in this study. The sizes range from 
657 to 4961 bp with Ms from 4.3 X 106 to 3.3 X 108 Da. 

Separation of DNA 
Separation of Single- from Double-Stranded Cir- 

cular DNA. Because of the greater flexibility of single 
DNA strands (p - 18 nms2), they fold into more compact 
structures than double strands (p - 50 nm) of equivalent 
contour length. The resulting difference in size, friction 
coefficient, and diffusion coefficient makes single and 
double strands separable by flow FFF. (As noted earlier, 
single and double strands can also be separated by 
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Eel 
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4 
electrophoresis I 
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Figure 2. Experimental scheme for the preparation and 
utilization of DNA molecules. 

Table I. Linear DNA Fragments Prom Enzyme Digestion 
Used for Flow FFF Studies 

--- - 

linear fragments 

DNA enzyme Ma bPb 
M13mp18 XmnI 3 274 260 4961 
RF I 1 510 740 2289 

NdeI 2 063 820 3127 
2 008 380 3043 

712 800 1080 
pBR322 EcoRV 2 878 260 4361 

DraI 2 409 OOO 3650 
456 720 692 

NarI 2 355 540 3569 
433 620 657 

HincII 2 147 640 3254 
730 620 1107 

pUC18 ScaI 1 772 760 2686 
DraI 1 303 500 1975 

456 720 692 
a M = molecular weight in Da. * bp = base pairs. 

sedimentation FFF but in this case the separation is based 
on the different masses of the two DNAs.) This separa- 
bility is illustrated by Figure 3b, with the single-stranded 
DNA M13mp9 (7599 b) separated cleanly from the double- 
stranded analog M13mp18 RF I (7250 bp). The separation 
is completed in about 22 min, but because the resolution 
is higher than required, the excess resolution could be 
traded for increased speed. This strategy will be dem- 
onstrated later. 

In order to verify that the two successive peaks corre- 
spond to the single and double strands, respectively, these 
can be injected individually to verify the match of their 

P iiL I 
M13mp9 ss DNA 

(7,599 b, M = 2,510,000) M13mpl8 
RF I ds DNA 1 (7.250 bp, M,= 4,785,000) 

A 

0 4 8 12 16 20 24 
TIME (min) 

Figure 3. Separation of single- and double-stranded circular 
DNAs by flow FFF. The number of bases (b), base pairs (bp), 
and molecular weights (M) are shown. Experimental conditions 
are 't = 3.16 mL/min, 'tc = 1.04 mL/min, and td  = 2.0 min. 
Amount injected = 0.194 pg each. 

pUC18 D S A  
M13mp18 
R F  I DNA 

(7,250 bp, (2.686 bp. M = I .771,000)  
M = 4,785,000) 

I \ 

r r r 7 - i  - r  T - r T  1- . - r  
0 4 8 I ?  16 20 24 

TIME (min)  

Figure 4. Separation of two double-stranded circular DNAs of 
different sizes (as indicated in the f i e )  by flow FFF. Conditions 
are = 3.13 mL/min, vc = 1.08 mL/min, and td = 2.0 min. 
Amount injected = 0.091 pg each. 

retention time with that of the peaks. Thus in Figure 3a 
the single-stranded DNA is run alone and shown to produce 
a single peak equivalent to the first peak produced from 
the mixture (Figure 3b). Since t, is roughly proportional 
to d (see eqs 5 and 6), the relative peak positions reflect 
the smaller size of the single-stranded circular DNA. The 
use of such retention data to produce experimental values 
of d, D, and f will be described below. 

Separation of Circular DNAs. Double-stranded 
circular DNAs of different size can similarly be separated 
by flow FFF by virtue of differences in D or d. This is 
illustrated in Figure 4 which shows the separation of 
plasmid pUC18 and M13mp18 RF I DNA. These two 
DNAs differ by a factor of 2.70 in it4 (7250 versus 2686 bp); 
the ratio of t,s and thus the ratio of d values is shown by 
Figure 4 to be 1.85. As in Figure 3, the resolution is beyond 
that needed for purification. 

Separation of Linear DNA Fragments. The linear 
double-stranded fragments listed in Table I have been 
subjected to flow FFF analysis both to obtain diffusion 
coefficients and to examine the separability of linear 
chains. Figure 5 shows the separation of 1107 and 3254 
bp fragments at  two different channel flow rates. In Figure 
5a the resolution exceeds that required for purification, 
suggesting, in accordance with the discussion of eq 17, 
that the excess resolution can be traded for speed. This 
tradeoff is.most easily achieved by increasing the channel 
flow rate V. Thus holding V, constant at  1.05 mL/min, 
V is changed from 3.15 mL/min in run a to 6.7 mL/min 
in run b. This 2.1-fold increase in I/ leads to a 2.1-fold 
decrease in the run time (from 20 to just under 10 min) 
as predicted by eq 8. According to eq 17, the resolution 
loss from run a to run b should be from R. = 3.61 to R, 
= 2.48, a factor of 1.46. The experimentally measured R, 
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19.701 

3.94( 

I '  r! I ' k I Z  16 zn 2b 
TIME (mi") 

Figure 5. Separation of linear DNA fragments of 1107 and 3254 
bp. The tradeoff of speed for excess resolution is attained by 
increasing v from 3.15 to 6.7 mL/min with V. held at 1.05 mL/ 
min in both cases. The identity and integrity of the fragments 
collected from theelutingstreamareriirmed byelectrophoresis 
as shown. The sample was obtained by the Hind1 digestion of 
0.35 fig of pBR322. 

in the two cases is 2.2 and 1.53, values somewhat lower 
than thosepredided. The ratioofthe observedresolutions 
is 1.4-1.5, comparable to the 1.46-fold resolution loss 
predicted. 

The identification of the two peaks in Figure 5 with 
corresponding DNA fragments is well assured by the fact 
that t, is proportional to d (eq 8), requiring that the second 
peak contain the larger (3254 bp) fragment. For further 
proof, fractions were collected and subjected to gel 
electrophoresis. The results, also presented in Figure 5, 
confirm the expected peak identities and the lack of DNA 
degradation during the run. 

We find that the relative area of peak 2 to peak 1 in 
Figure 5 is 2.9. This ratio is verified in our subsequent 
overloading work (Figure 9); altogether seven measure- 
ments yield the ratio 2.89 * 0.03. The 2.9/1 ratio 
corresponds closely to the expected contents of the two 
peaks, which should follow the base-pair ratio 3254/1107 
= 2.94. Thissuggests thatflowFFFyieldsaproportionate 
recovery of different-sized DNA fragments. The absolute 
recovery of DNA is also quite high as verified by the fact 
that the electrophoretic bands of DNA recovered between 
the cut positions shown for fractogram a of Figure 5 are 
70 and 85% (for 1107 and 3254 bp, respectively) as wide 
as those from the original sample even though the DNA 
fractions from flow FFF do not incorporate the entire DNA 
peak content and they require several additional steps 
including fraction collection, ethanol precipitation, and 
resuspension. However, 85% of the original band width 
does not represent 85% absolute recovery because the 
relationship is not linear.20 

A quite different example of resolution and speed 
manipulation is shown in Figure 6, which involves smaller 
DNA fragments of 692 and 1975 bp, respectively. For 
both runs fr = 3.15 mL/min. However, when V, = 0.42 
mL/min (fractogram a), the first peak is not very well 
retained ( t ,  does not much exceed to) and the resolution, 
as typical in such cases, is poor. For such poorly retained 
peaks, the resolution is best augmented by increasing V, 
although this will lead to a proportionate increase in the 
run time as shown by eq 8. A second run (fractogram b) 
with V, increased to 1.05 mL/min confirms the predicted 
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Figure 6. Separation of 692 and 1975 bp linear DNA fragments 
by flow FFF. The increase in resolution at the expense of speed 
in going from fractagram a to b is generated by increasing Vc 
fromO.42to1.05mLhnin. Thesample wasobtained bytbeDro1 
digestion of 0.33 Irg of pUC18. 

trends, with the run t i e  increasing -2.5-fold (in prc- 
portion to v> and the resolution increasing to 1.8. This 
resolution compares reasonably well with R8 = 2.49 
predicted from eq 17 with the two d values obtained from 
eq 8. 

As described above, the fractograms in Figures 5 and 6 
display a resolution inferior to that predicted by eq 17. 
This discrepancy is caused by imperfections in the system 
leading to peak broadening in excess of the theoretical 
minimum. Suchdiscrepancies, common in flow FFF, have 
been largely eliminated in sedimentation FFF.63 The 
elimination of this discrepancy by ongoing work in flow 
FFF will further enhance the resolution and speed of flow 
FFF separation. 

Preparative Capacity. Purified components can be 
readily collected as they elute from an FFF channel using 
a fraction collector. It is important to determine the 
amount of material that can be separated in a single run. 
The preparativecapacity of the system is then the amount 
separated per run multiplied by the number of runs 
employed. The number of runs can be large because FFF 
systems can be readily automated. 

It is well known that, as sample amounts are increased, 
the eluting peaks shift in position, broaden, and become 
distorted relative to the ideal Gaussian elution profile."*@ 
These changes in peak shape and position, which ulti- 
mately lead to peak overlap and a loss of purity, result 
mainly from various types of interactions (both attractive 
and repulsive) between individual macromolecules. For 
long-chain polymers such "overloading" effects increase 
withhfbecawe of increasing chain entanglement. Factors 
affecting the overloading of random-coil polymers have 
been discussed in the literature.@ 

For the runs shown in Figures 3 4  the single-eomponent 
quantities injected ranged from 0.085 to 0.261 pg. These 
quantities are ideal for analytical purposes, large enough 
to be readily detectable but small enough to avoid 
overloading effects such as shifts in retention times that 
would perturb the measurement of diffusion coefficients 
and compromise peak identification. Below we examine 
the consequences of increasing the sample load in pursuit 
of preparative objectives. 

Figure 7 shows the fractograms obtained by injecting 
equal amounts of the two circular DNAs, single-stranded 
$X174 virion and double-stranded $X174 RF I. The 
amount varies between runs as shown in the figure from 

TIME (mi") 
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is 2.94 times higher than that of the shorter chain DNA. 
It is interesting that in both Figures 7 and 8 (but more so 
in Figure 8) the second peak shifts toward lower retention 
times as the sample load increases. This behavior is more 
typical of charge-bearing colloidal particles65 than of 
neutral polymersa and probably originates in the mutual 
repulsion of the negatively charged DNA molecules. 

High Molecular Weight DNA. As one proceeds to 
longer DNA chains ( M  > lo7 Da), the behavior of DNA 
in FFF systems significantly changes. First, increasing 
chain entanglement amplifies overloading, requiring re- 
duced sample loads and increased detector sensitivity. 
Longer DNA chains are also more susceptible to shear 
degradation. Additionally, the increasing physical size of 
the DNA coil brings a new mechanism of FFF (the steric 
mechanism) into play. The steric mechanism at first 
perturbs the retention described in our theoretical treat- 
ment but eventually controls retention, alters its theo- 
retical basis, and leads to an inversion of elution order 
(long chains preceding short chains). Finally, the shear- 
induced elongation of polymers appears to lead to addi- 
tional transverse forces (called lift forces) that further 
perturb retention and contribute to the retention inversion 
noted above. 

In principle, these changes should not interfere with 
the successful separation of DNA. As long as the transverse 
forces (including lift forces) are sensitive to M and remain 
strong enough to drive DNA chains of different lengths 
into different localized stream laminae, and as long as 
dilutions are high enough to avert chain interactions, the 
differential migration and separation of DNA bands should 
be observed. We must also assume that the relaxation 
time for conformational changes is a small fraction 
(preferably of the elution time since different 
conformations of a given DNA chain will have different 
properties. 

In an attempt to adapt to the above changes, we have 
used three different flow FFF channels. Channel I was 
constructed with a split inlet, which reduces shear during 
sample introduction and bypasses the need for stopflow 
relaxation.@ Channel I1 was made with both a frit inlet 
and a frit outlet.66 The frit inlet provides the same 
advantages as the split inlet but can be used with thinner 
channels (in this case 254 versus 330 pm nominal thick- 
ness). The frit inlet was further modified by drilling a 
hole through the upper frit to introduce sample beyond 
the channel tip where the shear stress is greatest. The frit 
outlet of channel I1 permits enrichment of the sample (up 
to 16-fold) at  the outlet to improve detectability. Channel 
I11 is a conventional flow FFF channel as described earlier. 
Gel electrophoresis (0.4% agarose) was used to examine 
shear degradation. The samples examined in this study 
included T2, T7, A, and Micrococcus leteus DNAs with 
Ms of 110, 26.4, 32.0, and 64.0 X lo6 Da, respectively. 

The above efforts to separate high-A4 DNA were 
thwarted by overloading. At  the highest detector sensi- 
tivity, even when amplified by the 1611 enrichment of the 
frit outlet, the elution time of the DNA peaks depended 
strongly upon sample load, a classical symptom of over- 
10ading.6~ The peaks were very broad, a result consistent 
with overloading but not likely attributable to normal 
conformational changes since the relaxation time even for 
T2 DNA is only -0.5 s.~'@ 

The susceptibility of long DNA chains to shear degra- 
dation has been recognized since 1959.69 Shear degra- 
dation in channel I was studied using electrophoresis and 
less direct FFF evidence. The shear degradation of T2 
DNA was observed over the flow rate range V = 0.2-6.9 

OX174 virion 
(5.346 h,  
F\1 = 1.~77.000, 

/ .  , , . , I .-, ,-,,-;: . , , 
0 10 20 30 

TIME (mrn) 
Figure 7. Effect of sample load on the resolution of single- 
stranded and double-stranded circular DNAs. The amount (in 
micrograms) of each component injected is shown in the figure. 
Conditions are v = 3.16 mL/min, vc = 0.86 mL/min, and t,f = 
2.3 min. 

1,107 bp 
,(11 - - : I  l l i l f l  3,254 bp 
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Figure 8. Effect of sample load on the resolution of linear DNA 
chains. The injected amounts shown are those for the longer 
DNA fragment (second peak); the first peak has an equal number 
of molecules but 2.94 times less mgss for each injection. Run 
conditions are 0 = 3.25 mL/min, V, = 0.84 mL/min, and t,f = 
2.0 min. 

0.041 to 2.45 pg. The figure shows a gradual broadening 
of the double-stranded DNA peak over this range. How- 
ever, because we start with an excess of resolution, the 
resolution remains satisfactory over this sample load range 
despite the gradual increase in peak breadth. 

A similar outcome is found by increasing the sample 
load of linear DNA chains as shown in Figure 8. These 
results, obtained for 1107 and 3254 bp DNA, again show 
a significant broadening of the high-M peak as the load 
increases. The effect appears to be more severe with the 
linear than the circular chains despite their similar 
hydrodynamic diameters. 

The more rapid broadening of the second peak compared 
to the first peak in both Figures 7 and 8 is the result of 
the higher compression (and thus concentration) of the 
higher M material against the accumulation wall of the 
channel. This broadening is augmented by the longer 
chain length of DNA in the second peak and the increased 
tendency for chain interaction and entanglement. In 
addition, for Figure 8 the injected mass of the larger DNA 
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mL/min, but T7 is degraded only at  the upper extreme of 
this range. The observation70 that T2 DNAremains intact 
at  a shear rate of SO = 5 s-l implies that channel I could 
be operated at  0.2 mL/min where SO = 5.3 s-l. The 
observation of degradation at  this flow rate is probably 
attributable to high SO values ( N 102 8-1) in the delivery 
tubing and a t  the channel tips. (Extensional shear also 
occurs in the tip regions.) These problems could be 
rectified by using larger tubing and channels that are 
thicker near the tip. Also the DNA can be introduced 
well back from the tip as described for channel 11. Thus, 
while the shear degradation problem is likely solvable for 
M - 108 Da, the 1 / W  dependence of the "critical" shear 
rate71172 may limit further gains in the applicable M range. 

As noted above, steric effects become significant when 
the physical dimensions of the DNA coil become a 
significant fraction of the Brownian displacement distance 
Xw. Retention (as described by eq 6) must then be 
modified by the addition of a steric term73 

R = 6X + 3yd,Jw (27) 
where y is the steric correction factor (y = 1) and d,t is 
the steric diameter of the coil, which can be taken as the 
maximum extension of the polymer chain along the 
crossflow axis. By combining eqs 6 and 7 and VO = bLw, 
eq 27 becomes 

For a random-coil polymer dSt can be obtained from74 

d,,/2 = 1.69R, (29) 
which is analogous to eq 20. Since R, can be assumed 
proportional to lW'.6, eqs 20 and 29 give d = and 
dSt = BE@ 6, where B h  and BEt are constants. Thus eq 28 
becomes 

At sufficiently large M the second term on the right 
dominates, giving steric FFF. This form of FFF has been 
widely used for rigid particles over Nl-pm diameter73>75 
but not for polymers. For steric FFF, R increases with M 
whereas R normally decreases with M in accordance with 
the first term on the right-hand side. The transition (or 
inversion) point occurs at  M = Mi for which dR/dM = 0. 
Differentiation gives 

If we assume VO/vc = 600 s, T = 293 K, 7 = P, w = 
254 pm, and y = 1 and if B h  and BEt are taken as 3.37 and 
8.56 X 10-9 cm/Da0.6 (based on eqs 20 and 29) and a 
literature expression for Rg,76 we get Mi = 23.6 X 106 Da. 
While overloading for M N Mi has made it impossible to 
observe the transition phenomenon, higher detector sen- 
sitivity should make this transition observable. 

We note that evidence exists for the generation of 
substantial shear-based lift forces on high M polymers at  
high shear rates (- 10%') in F F F ~ h a n n e l s . ~ ~  These forces 
would effectively increase y in the foregoing equations. 
However, the phenomenon requires more documentation 
before its effects can be evaluated. 

Since the application of FFF to high-MDNA is hindered 
by chain entanglements and eventually by shear degra- 
dation, another potential approach is to condense DNA 
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into small compact particles prior to separation. This 
approach is attractive not only for avoiding entanglement 
(thus greatly increasing sample capacity) and degradation 
problems but also because FFF has proven highly effective 
in the separation of colloidal particles. Using sedimen- 
tation FFF, particles differing in diameter by only 10% 
(and thus in mass by about 30% ) are re~olvable .~~ In one 
case a mass difference of 10% has been resolved.79 

The condensation of DNA, first demonstrated by 
Lerman in 1971,80 is promoted by various salts (especially 
those with multivalent cations) and by water-soluble 
polymers such as poly(ethy1ene oxide) (PEO). The 
mechanism of condensation, the shape of the particles 
(which may not be spherical), and the formation of 
aggregates have been discussed by anumber of 
Sizes may range from 35 to 125 nm. 

Two condensed DNAs were prepared starting with 1.25- 
6.25 pg/mL of T2 or T7 DNA in a 50 mM sodium phosphate 
buffer (pH = 7.0) with 0.6 M NaC1,l mM EDTA, and 100 
mg/mL of M = 8000Da PEO. Electron microscopy showed 
both ellipsoidal particles and aggregates. The T2 particles 
were about 100 nm, as in the literature.a Unfortunately, 
the concentrations were too low to yield a detectable signal 
in most cases. Using the highest T2 DNA concentration 
(6.25 pg/mL), a broad peak emerged with d - 163 nm. 
The broad peak and the large d may be attributed to 
aggregation, which naturally accompanies condensation 
at  higher DNA concentrations. However, aggregates 
should be separable by FFF. More work is needed to clarify 
this anomaly and to implement separation. 

While none of the above approaches led to the successful 
separation of high-M DNA, we believe that our results 
and conclusions establish a basis for further progress in 
this field. Below we offer a brief summary of our 
conclusions. 

First, combining the fact that ultralong DNA chains are 
sensitive to shear with the fact that FFF is based on a 
flow-shear mechanism suggests that FFF will be difficult 
to apply to random coils over about lo8 molecular weight. 
(This constraint applies to all flow systems; it is more 
restrictive for chromatography than FFF because of 
extensional shear in column packing.) However, DNA 
condensation may provide a means for applying FFF to 
DNA with M > lo8 Da. Lacking condensation, the FFF 
mechanism is expected to undergo a transition to steric 
or hyperlayer FFF at M > lo7 Da. While these mechanisms 
are poorly understood for random coils, the inherent 
physical nature of FFF makes these mechanisms promising 
for separation. As long as transverse forces acting to drive 
DNA into localized stream laminae are strongly dependent 
upon M, the final positions within the stream laminae, 
and thus the velocity of displacement and the resulting 
elution time, should be quite sensitive to M as well. Thus 
if the concentration of DNA can be reduced by using a 
more sensitive detector, the effective separation of long 
DNA chains by FFF is a reasonable prospect. This 
possibility merits further study. 

Measurement and Correlation of DNA Diffusivity 
The basis for obtaining the translational diffusion 

coefficient D for DNA in solution by the measurement of 
retention times and the use of eq 11 (or a somewhat more 
exact form based on eq 1) was described above. Based on 
this treatment, Ds were measured for all DNA molecules 
employed in this study, both circular and linear. For 
tabulation, these D values have been viscosity-corrected 
to pure water at  20 "C. (Such a correction does not account 
for electrostatic-based chain expansion in the absence of 
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Table 11. Translational Diffusion Coefficients and 
Hydrodynamic Diameters of DNA Measured by Flow FFF 

DNA mol wt  (Da) D Z ~ , ~  X 108 (cm2/s) d (nm) 
Circular DNA 

M13mp9 2 507 670 5.01 87 
6x174 virion (8s) 1 776 380 6.76 64 
M13mp18 RF I (ds)b 4 785 OOO 2.44 178 
6x174 RF I (ds) 3 554 760 3.22 135 
pUCl8 (ds) 1 772 760 4.43 98 

Linear DNA 
1 3 274 260 2.30 f 0.09 189 
2 2 878 260 2.37 f 0.12 183 
3 2 409 000 2.54 f 0.20 171 
4 2 355 540 2.92 f 0.13 149 
5 2 147 640 3.04 f 0.18 143 
6 2 036 477 3.11 f 0.10 139 
1 1772 760 3.43 f 0.10 126 
8 1 510 740 3.77 f 0.11 115 
9 1 303 500 4.06 i 0.17 107 
10 730 620 6.50 f 0.13 67 
11 712 800 6.47 f 0.15 67 
12 456 720 8.98 f 0.31 48 
13 433 620 9.42 f 0.41 46 

dard deviation based on 3-7 measurements. 
a ss = single-stranded DNA. ds = double-stranded DNA. Stan- 
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electrolyte; rather the chain conformation is assumed 
unchanged by transfer to 20 “C water.) 

Our measurements are summarized in Table 11. With 
each tabulated D value we show the corresponding 
hydrodynamic diameter d calculated from the Stokes- 
Einstein equation. Unfortunately, a paucity of literature 
data makes the direct comparison of Ds obtained by flow 
FFF and other methods difficult. (An exception is pUC8 
(2717 bp) for which D = 4.90 X 10-8 cm2/s has been 
reported.%) However, Table I1 shows reasonable precision 
in the D values from flow FFF; the average standard 
deviation is 4.1 ?6. 

Because diffusivity data are scarce for individual DNAs, 
the correlation of D with chain length (or molecular weight) 
using a combination of flow FFF data, literature data, and 
appropriate equations appears to be the best approach for 
converging upon meaningful diffusion coefficients for 
specific DNAs lacking experimental data. Further I3 
measurements will, of course, help refine the correlation. 
(A strict correlation between D and chain length will of 
course not exist for double-stranded circular DNA with a 
variable number of superhelical turns.) Once a good 
correlation is established, flow FFF retention measure- 
ments can be converted directly to molecular weight values, 
thus helping identify isolated DNA peaks. 

While no rigorous theory is available to calculate the 
diffusivities of circular DNAs, estimates can be obtained 
from the theory of Fujii and Y a m a k a ~ a . ~ ~  Figure 9 shows 
plots of D versus M (using Logarithmic scales) for circular 
DNAs based on the Fujii-Yamakawa treatment. The 
chain diameters for single and double strands are assumed 
to be 1.3 and 2.5 nm, respectively. Plots are made for a 
persistence length of p = 50 nm for double strands and 
different assumed persistence lengths for single strands. 
Experimental data, both from flow FFF (Table 11) and 
from the literature47p49,62*8”97 (Table 111), are shown for 
comparison. Consistent trends are found except for the 
literature values (solid circles) for single strands, which 
are unduly scattered. The correlation between theory and 
experiment (open squares and circles) is observed to be 
quite good for double strands. The limited FFF data (two 
solid squares) for single strands agree best with the plot 
based on p = 25 nm. By comparison, a recent p value 
from the literature is 18 nm.@ 

10hl I 1 single strands 

double 
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Figure 9. Diffusion coefficient plota for single- and double- 
stranded circular DNA. The upper four plots are from Fujii- 
Yamakawa theory based on different persistence lengths p ranging 
from 25 to 10 nm as shown. The plot at the bottom is based on 
Fujii-Yamakawa theory applied to double strands. Flow FFF 
data are shown by squares and literature values by circles. The 
solid symbols refer to single strands, and the open symbols pertain 
to double strands. 

As outlined earlier, a more extensive theoretical frame- 
work is available for examining trends in the diffusivity 
of linear double-stranded DNA. Figure 10 shows the 
experimental D data from flow FFF alongside the plots 
generated from the four theoretical and semiempirical 
treatments described earlier. The data agree quite well 
(average deviation = 2.6 96 ) with the Mandelkern-Flory 
expression (eq 24) but also fit reasonably well to the other 
plots which define a fairly narrow band (even with rigid- 
rod theory included) up to a few million molecular weight. 
Somewhat surprisingly, rigid-rod theory (described by the 
Terado-Garcia de la Torre plot from eq 25) appears to 
work well up to and beyond lo6 Da molecular weight, 
equivalent to a contour length of about lop (500 nm), 
whereas a rigid rod is not a realistic model of DNA beyond 
-0.3~.~~ 

A literature search was undertaken to expand the 
empirical base of D values and further clarify trends. A 
compilation of these diffusivities (and the method of 
acquisition) is provided in Table I11.47*49>62t%97 Since data 
from the literature set apply to both longer and shorter 
chains than measured by flow FFF, a new plot covering 
an expanded range showing all of the experimental results 
(both from flow FFF and from other methods) in com- 
parison to the theoretical expressions is shown in Figure 
11. These plots extend down across the transition region 
from random-coil behavior to that of wormlike chains; the 
shortest pieces of DNA approach rigid rods. Unfortu- 
nately, the high-M data are quite widely scattered, making 
it difficult to examine trends for M > lo7 Da. The 
Mandelkern-Flory expression (eq 24) provides a good fit 
to the experimental data down to M = 4 X lo5 Da but then 
diverges sharply upward. This divergence can be traced 
to eq 23 for intrinsic viscosity, for which [SI - 0 at  M = 
227 000 Da. An equation for [a] applicable at  low M might 
further extend the range of this approach. We note, as 
before, that rigid-rod theory provides a good fit up to an 
M of 2-3 million, corresponding to chains for which all 
vestiges of rodlike behavior have presumably disappeared. 
The Kirkwood-Riseman approach, by contrast, provides 
a D plot lying well beneath the bulk of the data set except 
at high M .  The Yamakawa-Fujii theory provides a good 
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Table 111. Literature Data 
~~ ~ 

DNA mol wt (Da) Dma x 108 (cm2/s) d (nm) method ref 
Circular DNA 

fd ( s s ) ~  1 870 OOO 7.07 61 DLSc 86 
M13 (sa) 2 114 310 9.34 46 zonal diffusion 87 
M13m19 (8s) 2 392 500 3.75 115 
pUC8 (ds)b 1793 220 4.90 88 

1 1 793 220 3.4 126 
2 58 740 (89) 42.7 10 
3 68 640 (104) 38.8 11 
4 81 840 (124) 34.1 13 
5 247 500 (375) 14 31 
6 110 OOO (150) 30 14 
7 26.30 M 0.90 477 
8 14.10 M 1.1 390 
9 8.86 M 1.42 302 
10 6.88 M 1.69 254 
11 5.69 M 1.86 231 
12 1.95 M 3.61 119 
13 0.95 M 6.23 69 
14 1.5 M 5.1 84 
15 12.0 M 1.67 257 
16 4.37 M 2.12 203 
17 4.30 M 1.98 217 
18 1.53 M 4.42 97 
19 666 600 (1010) 7.15 60 
20 502 920 (762) 9.05 47 
21 242 220 (367) 15.8 27 
22 24.0 M 0.573 749 
23 38.3 M 0.342 1255 
24 4.30 M 1.95 220 
25 31.60 M 0.649 662 

Linear DNA 

0 ss = single-stranded DNA. b ss = double-stranded DNA. DLS = dynamic light scattering. 
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fit of the data down to M = 400 000 Da; a more complicated 
form of this theory applicable below M = 200 OOO Da has 
not been tested. 

Interestingly, the experimental data plotted in Figure 
11 show only a slight tendency to change slope as M 
increases. Consequently, we have investigated a linear 
representation of the log D versus log M data, or equiv- 
alently D = AM-b. The straight line shown in Figure 11 
shows that this type of plot provides a good fit of the data 
over the experimental range, which is almost 3 decades. 

The parameters found (using units of Da and cm2/s) are 
A = 6.452 X lW and b = 0.6762. A fit to the FFF data 
alone yields A = 9.603 X 10-4 and b = 0.7121. The average 
deviation of the FFF data from its least-squares plot is 
2.4%. (Circular DNA in the limited range of Figure 9 can 
also be described by eq 33 with b values, based in this case 
on the theoretical plots, equal to 0.66 for double strands 
and 0.62-0.58 for single strands with p decreasing from 25 
to 10 nm, respectively.) 

While the relationship D = AM-b is well established for 
random coils of large Mla2p45 it would not initially appear 
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likely t,o work for smaller M values where DNA chains are 
governed by wormlike and rodlike behavior. Thus for rigid 
rods, the slope of a log D versus log M plot is often assumed 
to he ahout -0,8,42*9E a value inconsistent with the high-M 
limit of -0.55 to -0.60. However, the slope for rigid rods 
depends on the aspect ratio m = LI6, as shown by the 
following expression obtained using eq 25: 
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capable of producing microgram quantities of purified 
DNA. 

I t  is instructive to compare the potential of different 
FFF techniques for DNA separation and measurement. 
Most significant is the fact that different FFF methods 
separate on the basis of different physicochemical con- 
stants. Accordingly, the various FFF techniques taken 
together are capable of providing measurements of a 
variety of relevant constants of the separated species. Flow 
FFF, as noted above, achieves separation on the basis of 
differences in translational diffusion coefficients, accord- 
ingly it is capable of measuring D values. Sedimentation 
FFF, by contrast, achieves separation based on mass 
differences, and it has the associated capability of mea- 
suring mass or molecular weight. (Electrical FFF, which 
separates on the basis of charge differences, is not yet well 
enough developed to be considered as a practical tool for 
DNA separation.) The separation of linear DNA chains 
by sedimentation FFF is, in principle, somewhat more 
selective than that achieved by flow FFF, but it has the 
disadvantage that the apparatus is more complicated and 
expensive and that the lower M limit is -106-107 Da 
(compared to -lo3 for flow FFF) depending upon the 
upper limit of the rotor speed. 

It is interesting to note some special cases subject to one 
FFF technique but not another. Thus given two double- 
stranded DNAs of equal chain length, one circular and 
one linear, sedimentation FFF would be incapable of 
separation because of their equal mass. These two species 
could be separated by flow FFF by virture of their 
differences in hydrodynamic diameters and thus D values. 
Similarly, circular DNAs with different numbers of 
superhelical turns should be separable by flow FFF but 
not by sedimentation FFF. Conversely, two DNA mol- 
ecules having different masses but equal hydrodynamic 
diameters could be separated by sedimentation FFF but 
not flow FFF. Thus these techniques tend to be com- 
plementary in their fractionating capability. They are 
also complementary in their measurement capability, with 
sedimentation FFF, as noted above, providing molecular 
mass measurements and with flow FFF providing diffusion 
coefficients. 

The extension of FFF techniques to longer strands of 
DNA is a particular challenge. I t  is likely that applicability 
can be extended significantly beyond lo7 Da providing 
detector sensitivity is enhanced to avoid overloading. 
However, it is probable that new retention time equations 
will need to be developed because of the onset of shear- 
related hydrodynamic forces. With still greater chain 
lengths it becomes very difficult, as has long been 
recognized,99-101 to manipulate DNA in shear flow without 
risk of chain rupture. Thus these extremely long chains 
may not be compatible with FFF operation because of its 
flow and shear basis. However, if simple means can be 
found to condense DNA into relatively compact particles 
less subject to shear disruption, as is possible by the 
application of water-soluble polymers and salts, then FFF 
would regain ita applicability based on the proven capa- 
bilities of FFF for the separation of colloidal  particle^.^*^^^ 

A major objective of this work has been the acquisition 
of diffusivity data using flow FFF. Flow FFF appears to 
have several advantages for such measurements including 
its speed and experimental convenience, its capability of 
ridding the desired product of impurities, and the fact 
that submicrogram quantities are sufficient for measure- 
ment. However, the accuracy of flow FFFD measurements 
has not yet been well documented. Recent results with 
proteins suggest that diffusion coefficients can be measured 

-1 (32) 1 
2.303 log m I =  

The approximation on the right applies when m >> 1. If 
we assume 6 = 2.5 nm and M I L  = 1941 Dalnm, then m 
= 2.06 X IO4 M. A slope of -0.8 applies only at  m 2 lo2, 
for which M = 485 000 Da and the chain is about 250 nm. 
However, this length exceeds the persistence length QJ z 
50 nm) by a factor of 5, and it exceeds the length of a DNA 
chain that can be considered rodlike by a factor of over 
15. The latter is based on the Cantor and S ~ h i m m e l ~ ~  
estimate that the contour length below which DNA is 
rodlike in solution is about 0.3~1, which is - 15 nm, a length 
for which the aspect ratio is only 6. At this critical length 
eq 83 gives a slope of only-0.415. While the slope changes 
rapidly to -0.646 for m = 10 and -0.709 for m = 20, such 
m values no longer correspond to rigid rods. Thus there 
is little justification for basing slope values on rigid-rod 
theory for data sets (such as ours) based on M 2 30 000 
Da ( m  L 6). 

Since limiting theories offer little guidance on the 
effectiveness of D = AM-b over a broad molecular weight 
range, we turn again to empirical evidence. While this 
equation agrees well with the experimental data, the least- 
squares b of 0.676 is clearly too large (by about 0.1) to 
describe long randomly coiled DNA molecules. Some of 
the fault may reside with the high-Mdata, which introduces 
the worst scatter. However, even with the three smallest 
D values eliminated from the data set, b is only reduced 
to 0.663. Thus it appears that the overall data set is 
influenced by factors leading to a larger b value than 
expected in the high-M limit. Therefore D = AM-b, while 
B useful interim expression, is unlikely to provide high 
accuracy when judged against expanded and improved 
data sets (or more accurate theoretical expressions) 
resulting from future work. A nonconstant slope may 
better be t,aken care of by an expression of the form 

(33) 

where A, B,  and b are adjustable parameters. As long as 
b > 0.6, this expression will approach the appropriate limit 
of an .M-O*6 dependency at  high M. It is clearly important 
to acquire a larger quantity of better data to fully evaluate 
these possibilities. 

Conclusions 

It is clear from this and preceding studies that field- 
flow fractionation techniques are effective tools for the 
separation and characterization of DNA chains up to at  
least lo7 Da. If overloading problems are bypassed, this 
capability will probably extend to much longer chains as 
well. The separation process itself is relatively rapid and 
simple in execution. The collection of purified fractions 
is straightforward because of the flow-elution nature of 
FFF. As a preparative tool, FFF is shown here to be 
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to within about 4.4% of literature values. (Some of the 
discrepancy might arise from literature errors.) The D 
values obtained from flow FFF in this paper are shown by 
Figure 11 to be consistent with the trend of other measured 
values. While in principle flow FFF measurements should 
be quite accurate, the dependence of D on w2 as shown by 
eq 11 means that great care must be taken in determining 
the true thickness w of the flow FFF channel. This 
determination is not always trivial when compressible 
membranes are used for the accumulation wall of the 
channel, but new methods for measuring the channel void 
volume should produce more accurate w values.@ Also, 
calibration against standards of known D (such as poly- 
styrene latex beads) can be used. More study is needed 
to evaluate and further improve the accuracy and speed 
of D by flow FFF. 
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