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Field-Flow Fractionation: Analysis 
of Macromolecular, Colloidal, and 

Particulate Materials 
J. Calvin Giddings 

Field-flow fractionation (FFF) is a family of flexible elution techniques capable of simul- 
taneous separation and measurement. Its sample domain extends across a broad mac- 
romolecular-colloidal-particulate continuum from about 1 nanometer to more than 100 
micrometers and incorporates both simple and complex macromaterials of biological, 
biomedical, industrial, and environmental relevance. Complex materials are separated into 
components to simplify measurement. Component properties measurable by FFF include 
mass, size, density, charge, diffusivity, and thickness of adsorbed layers. When charac- 
terization by these properties is inadequate, other measurement tools can be readily 
coupled to FFF, either off-line or on-line, by virtue of its flow-elution operation. This article 
describes the principles and major subtechniques of the FFF family along with application 
of its measurement and separative capabilities. 

Field-flow fractionation is a relatively new 
family of techniques designed to disentan- 
gle and probe the physical and composi- 
tional structure of complex macromolecu- 
lar, colloidal, and particulate materials (1- 
10). These tasks are approached 'through 
broad capabilities for both separation and 
measurement. Species can be separated in 
the lo5-fold size range from - to lo2 u 

Fm. The separation occurs by differential 
retention in a stream of liquid flowing 
through a thin channel. The separated 
components are eluted one at a time into a 
detector. The observed retention time t is 
related (often rigorously) to various physi- 
cochemical properties of the retained spe- 
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cies; the measurement of t, values can 
therefore yield these properties for each 
fractionated component. If this character- 
ization is not sufficient, fractions can be 
readily collected and further examined by 
microscopy, light scattering, elemental 
analysis, subsequent FFF steps, and so on. 
The additional characterization can fre- 
quently be made on-line by directly cou- 
pling FFF and other measurement devices. 

Separation has long been a key step in 
characterizing complex polydisperse macro- 
materials. Through separation, complex 
samples are simplified by division into di- 
gestible units for measurement and analysis. 
The recent explosive growth in the study 
and manipulation of macromaterials in 
many disciplines of science and technology 
demands improved separation tools with 

greater range, resolution, and versatility. 
The FFF process fulfills many of these needs 
by providing high selectivity and speed, 
simultaneous measurement, simalified cou- , 

pling to other measurement devices, auto- 
mation, ready fraction collection, applica- 
bility to diverse samples over a broad mass- 
size range, gentleness in separating delicate 
species, and flexibility in targeting specific 
problem areas. In addition, FFF is intrinsi- 
callv simale and theoreticallv tractable. As 

1 L 

a result, theory provides ?a& useful guide- 
lines for exaeriment and it underlies a broad 
capability for measurement (see below). 

The FFF process was first conceptualized 
in the 1960s (1 1)  ; accounts of the inven- 
tion and subsequent work have been pub- 
lished (6, 12, 1 3). A couple of decades were 
required to gain a working base of FFF 
subtechniques (13) and to adapt instrumen- 
tation and procedures to experimental 
needs. Three recent international symposia 
on FFF (14) have highlighted the many 
important applications that are rapidly 
emerging (see below). 

Although FFF is still at an early stage of 
development, the ensemble of techniques 
and applications are already remarkably di- 
verse. Inherent diversity is a long-term 
strength of FFF. Unfortunately, diversity 
has so diluted focus that FFF is not now 
utilized for many promising applications 
because experimental precedence and pro- 
tocols are lacking. Examples given below 
are suggestive of new possibilities. 

Mechanism of FFF 

The FFF mechanism combines elements of 
chromatography and field-driven. tech- 
niques such as electrophoresis-and ultracen- 
trifugation (1-1 0, 15). 'Like chromatogra- 
~ h y ,  FFF is an elution technique with un- 
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derlying roots in differential flow displace- 
ment; like field-driven techniques, FFF 
requires a field or gradient. 

The field in FFF acts unconventionallv: , r 
it does not directly drive separation. In- 
stead, the field is applied at right angles to 
flow and serves to drive components into 
different stream laminae in a thin (50- to 
300-pm) channel. The unequal velocities 
of the laminae then cause the se~aration. 
which unfolds along the flow skis.  he 
perpendicular orientation of field and sepa- 
ration axes clearly distinguishes FFF from 
traditional field-driven methods. 

The FFF mechanism is illustrated in Fig. 
1. Here the component bands X and Y are 
separated by flow in a thin ribbonlike chan- 
nel, the preferred channel geometry for 
FFF. The flow profile in the channel (ex- 
cept near the edges) is parabolic, like that 
between infinite ~arallel dates. The chan- 
nel flow propels X and Y toward the outlet. 
However. the dis~lacement velocities of X 
and Y depend on the mean positions of the 
bands in the parabolic profile. These posi- 
tions are controlled by the right-angle field. 

The field used in FFF must be strong - 
enough to drive the components of interest 
into localized laminae (preferably < 10 pm 
thick) within the parabolic profile. Usually 
the components are driven into equilibrium 
distributions close to one wall. termed the 
accumulation wall. Those components 
(such as Y) formine. distributions closest to " 

the accumulation wall are entrained in the 
slowest flow laminae and are thus displaced 
downstream most sluggishly. They gradual- 
ly separate from more highly elevated com- 
ponents (such as X) positioned in faster 
laminae. 

From within the general mechanistic 
framework described above, several specific 
(and often quite divergent) separation 
mechanisms arise. These mechanisms differ 
depending on factors controlling particle 
distributions: Diffusion, steric effects, hy- 
drodynamic lift forces, density and pH gra- 
dients, wall interactions, secondary parti- 
tioning, and cyclical-field transport (6, 10, 
16). Most polymers and submicrometer par- 
ticles are separated by the normal mecha- 
nism described below ("normal" because it 
is the oldest and most widely used mecha- 
nism). Use of this mechanism is termed 
normal mode operation. 

Consider two polymer or particle (here- 
after particle) populations (such as X and 
Y) in an FFF channel. The field drives the 
two particle clouds toward the accumula- 
tion wall. The concentration gradient set 
up by field-driven motion is opposed by 
diffusion. When these two transport pro- 
cesses balance, particle concentration c (rel- 
ative to wall concentration co) approaches 
an exponential function of elevation x above 
the accumulation wall (10, 16, 17): 
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Fig. 1. Elements of FFF separation. (A) The ribbonlike FFF channel is usually constructed by cutting 
the channel volume from a thin spacer and sandwiching between appropriate walls. The thickness 
of the channel is usually 75 to 260 km. Channel breadth is a few centimeters and length is some tens 
of centimeters. Any sensitive detector can be used at exit, including ultraviolet spectroscopy, light 
scattering, and so on. (B) The exploded view shows the different distributions of two arbitrary 
components X and Y across the parabolic flow profile and the unequal flow displacement velocities 
that result. For normal mode operation, the X and Y clouds are distributed exponentially above the 
accumulation wall with characteristic (mean) elevations ex and eye,. Two important FFF techniques: 
(C) flow FFF and (D) thermal FFF. Separation in flow FFF is driven by a "crossflow" field and in 
thermal FFF by a temperature gradient. 

where e is the characteristic elevation of 
the particle cloud. Separation occurs if the 
els differ. The e for each component is the 
ratio of diffusion coefficient D and field- 
induced velocity U: 

More insightful is the relation of e to the 
force F exerted by the field on a single 
particle (10, 18): 

ma1 mode retention assumes that all par- 
ticles are noninteracting point masses. 
The velocitv 'T of a cloud of such oar- 
ticles is sikply the average veloci6 of 
an ex~onential distribution embedded in 
a parabolic flow profile. Retention time t ,  
= LIT, where L is channel length; thus 
(10): 

When e is written in terms of F using Eq. 3, 

e = ~ T I I F ~  (3) 
then: 

where k is Boltzmann's constant and T is coth- - - (5) 
absolute temperature. This equation shows 
that F controls e and thus gdverns separa- where to is the void time (the emergence 
tion. Values of e can be controlled to time of a nonretained tracer) and w is 
achieve optimal levels (usually 1 to 10 pm) channel thickness. When w > > e, as it 
by varying the field strength, which changes should be for efficient operation, the term 
F proportionally. in brackets approaches unity and t,/t" is 

The so-called standard model for nor- approximated by: 
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Thus t, is roughly proportional to F. The 
separation of particle bands X and Y (Fig. 
I), represented by the finite increment At, 
in their retention times, is achieved only if 
the force increment AF between them is 
sufficient; only -10-l6 N is required. 

Force (and t,) usually increase with par- 
ticle diameter d (or molecular weight M). 
Most often F a d" with n = 1 to 3. A large 
n implies high selectivity: a rapid change in 
t, with d. Specifically, size selectivity (1 9) is 
defined as Sd = Id log tjd log dl; thus Sd = n. 

The magnitude of F and AF depend on 
particle properties, field strength, and type 
of field (8, 10). Prominent FFF fields are 
based on sedimentation (giving sedimenta- 
tion FFF), crossflow (flow FFF), tempera- 
ture gradients (thermal FFF), and electrical 
fields (electrical FFF) . 

elutes over a t, range of -125-fold, making 
t, excessively long for larger ds. The long 
separation time is unacceptable. It is reme- 
died by programming the field strength 
downward so that late-eluting particles are 
hastened out of the channel (22) (Fig. 2D). 
Resolution is most uniform when G is 
reduced with time according to a special 
power program (23). (When programming 
is used, Eqs. 4 to 6 are no longer valid.) 

Sedimentation FFF and ultracentrifuga- 
tion differ in many respects other than 
mechanism. The dis~lacement rate of oar- 
ticle bands depends bn different factor:: F 
alone in sedimentation FFF and Flf (where 
f = friction coefficient) in ultracentrifuga- 
tion. (Particle shape as well as mass governs 
Flf, which can complicate interpretation.) 
FFF is more flexible in operation than ul- 
tracentrifugation; field strength and flow 
rate can be manipulated to attain speed and 

resolution targets. Although FFF, as an 
elution technique, provides direct fraction 
collection and on-line coupling with other 
measuring instruments, elution requires ro- 
tating seals to continuously transfer carrier 
liquid to and from the FFF channels. These 
seals are troublesome at high spin rates, 
although Kirkland et d. have demonstrated 
feasibility up to - 105g (24). Because of seal 
and other limitations, sedimentation FFF is 
difficult to apply to particles smaller than 10 
to 30 nm in size (depending on density and 
maximum field strength) and polymers 
< lo6 to lo7 daltons. Other FFF techniques 
are advantageous for separating smaller spe- 
cies. 

Flow FFF. Flow FFF is more universally 
applicable than sedimentation FFF. It is 
capable of separating almost all particles 
and polymers down to - 1 nm in size (25). 
In flow FFF, two right-angle flow streams 

The FFF Family 

The above fields (and others) can be com- 
bined in many ways with the different FFF 
mechanisms to spawn a suable family of FFF 
techniques (6, 10, 16). A simplified core of 
techniques is described below. 

Sedimentation FFF. Here the channel 
encircles the centrifuge axis like a belt (20) 
(Fig. 2). The spinning of the channel gen- 
erates differential acceleration forces at 
right angles to flow. These forces are highly 
selective in separating colloidal and larger 
particles. 

The single-particle force in sedimenta- 
tion FFF can be written in several forms: 

which shows the proportionality of F to 
effective mass (true mass less buoyant mass) 
m', particle volume V,, the cube of diam- 
eter (or, for nonspheres, effective spherical 
diameter) d, the difference Ap in density 
between the particle and carrier liquid (2 I), 
and, of course, field strength or acceleration 
G. Thus colloidal particles can be separated 
(see Eq. 5) based on differences in m', V,, 
d, or Ap, with the separation modulated by 
the spin rate used to control G. 

A sedimentation FFF apparatus designed 
at the Field-Flow Fractionation Research 
Center (FFFRC) is shown in Fig. 2A. The 
separation of several sizes of polystyrene 
(PS) latex beads at two different spin rates 
in this device is shown in Fig. 2C. As 
predicted (Eqs. 6 and 7), t, increases with 
both d and G. 

The rough proportionality of t, to d3 
explains why particles differing only slightly 
(down to 5 to 10%) in size can be separat- 
ed. In some respects, the sue selectivity (S, 
E 3) is too great. A fivefold size difference 

' c 
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Fig. 2. Sedimentation FFF. (A) Apparatus used 
in the FFFRC laboratories. (6) Schematic of 
channel. Note that components that "float" 
(such as band Z) accumulate at the inner wall. 
opposite the bands (X and Y) of denser parti- 
cles. Because retention depends only upon 
IAp(, "floating" and "sinking" particles are 
equally well fractionated. (C) Fractograms 
showing separation of different sizes (as indi- 
cated) of PS latex beads at two different spin 
rates; the ability to shift retention by changing field strength is shown. [FFF runs by Y. Xu, FFFRC. 
Flow rate = 2.5 mllmin and w = 127 pm.] (D) Programmed field run showing how a wider diameter 
range can be condensed into a reasonable elution span by reducing the rotation rate (as shown). 
Here the field strength is decayed according to power programmed operation. [Conditions, except 
for rotation rate, are the same as for (C).] 
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are superimposed (Fig. IC). The channel 
stream sweeDs comoonents toward the out- 
let. The crossflow stream, entering and 
exiting through permeable walls (26), 
drives components toward the accumula- 
tion wall-a membrane layered over a frit. 
The pore size of the membrane determines 
the lower size limit for separation. 

The driving force in flow FFF is the 
viscous force exerted on a particle by the 
crossflow stream. Stokes law gives (25): 

where the final term arises from the 
Stokes-Einstein relation. D = kTlf. Here d 
is the Stokes (or hydrodynamic) diameter 
of the particle, is viscosity, and U is 
the crossflow velocity. Combination with 
Eq. 6 shows that t ,  is proportional to f, d, 
and D-'. 

The  apparatus for flow FFF, which does 
not require a centrifuge, is simpler than 
that for sedimentation FFF (27). It not 
onlv reaches to smaller  article sizes but it 
separates all particles, even neutrally 
buoyant ones, independently of density. 
Interpretation is simple because separation 
is based on size alone, with t ,  approximate- 
ly proportional to diameter. This first- 
power dependence (Sd = 1) means that t ,  

is less sensitive to diameter than in  sedi- 
mentation FFF (Sd = 3). Nonetheless, 
selectivitv is still relativelv high. well , - ,  

exceedin; that of size exclusion chroma- 
tography or SEC (Sd = 0.2). Because Sd is 
lower for flow FFF than sedimentation 
FFF, the t, range is more condensed and 

programmed field operation is usually un- 
necessary. 

Flow FFF is flexible in channel design. A 
hollow fiber can serve as the channel (28). 
A n  asymmetrical channel having one non- 
permeable wall is a highly successful variant 
(29-3 1) .  

Thermal FFF. Thermal FFF evolved as a 
technique for separating synthetic polymers 
in organic solvents (32). More recently, 
both aqueous and nonaqueous particle sus- 
pensions, along with mixtures of polymers 
and particles, have been shown to be sepa- 
rable (33). 

Thermal FFF is driven by a temperature 
gradient (Fig. ID). The ribbonlike channel 
is sandwiched between high heat-conduc- 
tivity (metal) blocks that can supply and 
remove sufficient heat to maintain gradients 
(dT1dx) of -lo4 K per centimeter (for 
example, a temperature drop AT = 102 K 
over a distance w = 10-' cm). Polvmers 
and particles are generally driven toward 
the cold wall by thermal diffusion (34, 35). 
The effective driving force per polymer 
molecule is: 

where D, is the coefficient of thermal dif- 
fusion. For polymers with D = AMpb (b = 
0.6), the dependence of tr on molecular 
weight M is found by combining Eqs. 9 and 
6 (36): tr 

- = ( D ~ I A ) A T M ~  
to - 

(10) 

in which AT has replaced wdTldx. The 

b - I ' I ' I  
1 2 3 

(min) 

Fig. 3. Separation of unlike macromaterials by different FFF techniques. (A) Separation of high 
molecular weight linear PS polymers in tetrahydrofuran (THF) by power programmed thermal FFF. 
[From P Chen, FFFRC. Flow rate = 0.2 mlimin, and w = 76 km.] (B) High-speed separation of PS 
latex spheres of seven different diameters by sedimentation FFF operating in steric mode. [ M .  Moon, 
FFFRC. Rotat~on rate held constant at 1325 rpm, flow rate = 6 rnlirnin, and w = 127 km.1 

prediction that t ,  increases with M is borne 
out by experiment (see Fig. 3A). 

Unlike the predictable retention of sed- 
imentation and flow FFF, retention in ther- 
mal FFF is made uncertain by DT, which 
cannot be calculated. This difficulty is par- 
tially remedied by thermal FFF itself, which 
has provided abundant DT measurements 
(see below). 

Electrzcal FFF. In principle, the high 
intensity and manipulability (such as 
through pH changes) of electrical forces 
should have carved a major niche for elec- 
trical FFF (37, 38). Instead, problems in 
handling electrolysis gases have made elec- 
trical FFF an orphan in the FFF family. 
Only recently has this status begun to 
change, particularly with the work of Cald- 
well and Gao (39). 

Electrical driving forces are proportional 
to net charge q. Separation is thus based on 
charge differences Aq. In the more familiar 
case of electrophoresis, separation is based 
on differences in electrophoretic mobility, 
which is proportional to A(q1f) (38). 

Steric FFF. Unlike the preceding catego- 
ries of FFF, steric FFF invokes a new mech- 
anism, not a new field. It is a mechanism 
applicable to larger particles (-0.5 to 200 
pm). Here forces are larger and diffusion, 
which is strongly suppressed, no longer 
plays a major role in retention (40, 41). 

Consider a sphere of diameter d (for 
example, 10 pm) driven toward the accu- 
mulation wall by field forces. Motion is 
halted by the physical (steric) barrier of the 
wall when the particle center approaches 
distance x = dl2 above the wall. Thus the 
equilibrium elevation of the particle de- 
pends upon its size. Larger particles, more 
highly elevated than their smaller counter- 
parts, are swept downstream more rapidly. 
Thus large particles elute before small par- 
ticles, a trend opposite to that found for the 
normal mode of FFF. 

The mechanism of steric FFF is compli- 
cated by hydrodynamic phenomena (41). 
Foremost are hydrodynamic lift forces that 
tend to drive partic!es away from the wall 
( 4244 ) .  Two choices exist. The driving 
forces can either be increased sufficiently to 
offset lift forces and confine the particles 
close to the wall, or they can be adjusted to 
allow the particles to gain a significant 
elevation above the wall, where they form 
hyperlayen. The former corresponds to the 
steric mechanism and the latter to a related 
FFF mechanism, that of lift-hyperlayer FFF 
(see below). 

Steric FFF has been most successfully 
implemented (with Sd = 0.8) by using 
sedimentation forces (sedimentation-steric 
FFF) . Whereas gravitational forces were 
first used to separate micrometer-sized par- 
ticles (do), high-speed separation requires 
the use of a centrifuge to offset lift forces. 
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Such a separation (Fig. 3B) cleanly revolves 
seven latex diameters in <3  min. 

Lnft-hyperlayer FFF. In this mode, selec- 
tivitv is meatest when F has the weakest , L. 

dependence upon d; thus crossflow forces 
are c referable to sedimentation forces (45). , . 
The resulting subtechnique, flow-hyper- 
layer FFF, displays high selectivity (Sd - 
1.2 to 1.5), flexibility, and speed in the 
separation of micrometer-sized particles. 
The particles are held well away from the 
wall during separation and thus beyond the 
reach of particle-wall disturbances. 

FFF as a Measurement Technique 

Retention in FFF is governed by field- 
induced forces. Retention measurements 
can be converted into numerical values of 
forces by using established retention rela- 
tions. Extremely delicate forces can be mea- 
sured (see below). Also, because many 
types of forces are involved in FFF, a variety 
of forces can be measured (6). 

Measuring forces on particles can serve 
two purposes. One is to measure particle 
properties. For fields (such as sedimenta- 
tion and crossflow) with well-understood 
force laws. forces d e ~ e n d  in a calculable 
way on particle mass, size, density, charge, 
diffusivity, thickness of adsorbed layers, 
shell structures, and, indirectly, composi- 
tion. These and other properties can be 
obtained through FFF retention measure- 
ments (Eqs. 5 and 6). The value of this 
measurement capability is enhanced by 
the fractionating power of FFF: species can 
be subjected to measurement even as they 
are isolated from complex matrices. Thus 
the properties of multiple intermixed com- 
ponents can be measured in a single run. 
For populations with a continuum of prop- 
erties, the property distribution can be 
measured, yielding mass distribution, size 
distribution. and so on. 

The measurement of forces serves a 
second purpose: contributing to the under- 
standing of physicochemical phenomena. 
For example, for ill-defined force laws (lift 
forces) or transport phenomena (thermal 
diffusion), the measurement of forces ex- 
erted on particles having known properties 
can help clarify the governing laws. 

For colloids and macromolecules sub- 
ject to normal-mode FFF, retention is 
induced by minute forces-from 10-l6 to 
10-l4 N per particle (6). Thus forces as 
small as 10-l6 N can be determined by 
measuring t,. Increments in forces as low 
as lo-'' N can be detected as measurable 
shifts in t, of 0.1 to 1 min (46). These 
forces are eight to nine orders of magni- 
tude less than the force [0.8 x N 
(47)l required to rupture one C-C bond. 
The small magnitude of observable forces 
is a result of their being balanced against 

Fig. 4. Separation of com- 
ponents of partially aggre- 
gated PMMA latex by sedi- 
mentation FFF (51). Singlets 
are isolated from doublet 
and triplet clusters and ex- 
amined by EM, giving the h = -- 
results shown in the micro- 1 ~m 

graphs. The surprising ob- 
servation of two doublet mfd a- 

peaks, the first occupied by do 
tightly fused doublets of I 

lesser mass, is consistent 
with a two-stage latex 
growth and aggregation 
process (see text). A low 
flow rate (0.38 mllmin) and 
long retention times were 
utilized in order to maximize 
resolution of the doublets. 
[Adapted from (51) with per- 
mission @ ~merican  hem- ,- 
ical Society] o I 

the weak entropy-based forces driving the 
expansion of the Brownian particle cloud. 
For micrometer-sized particles subject to 
steric or lift-hyperlayer FFF, driving fort- 
es, balanced against lift forces, tend to be 
higher, 10-l4 to N per particle. 

Sedimentation FFF. Sedimentation forces 
are given by Eq. 7. Retention (force) 
measurements are seen to give effective 
mass m' directly. If particle density is 
known, particle mass m, volume V,, and 
effective spherical diameter d can be cal- 
culated (48, 49). Because of separation, 
m', m, V , and d distribution curves can be 
measure&' (50). 

The measurement of mass and mass 
distribution can help dissect many colloi- 
dal phenomena, including aggregation 
(5 1). The fractogram for a partially aggre- 
gated polyrnethylmethacrylate (PMMA) 
latex is shown in Fig. 4. Singlet, doublet, 
and t r i~ le t   article clusters are cleanlv . . 
resolved. For singlet (single-sphere) reten- 
tion, the calculated value of d is 0.54 pm, 
in agreement with electron microscopy 
(EM). Remarkably, there are two doublet 
peaks that differ by -10% in t,. This 
implies two doublet populations differing 
10% in mass. The two peaks suggest a 
two-stage latex growth process, the lighter 
doublets forming after first-stage growth 
and the heavier doublets after the second 
stage. Back calculations yield a first-stage 
do =' 0.30 pm, with thickness h = 
0.12 pm added in the second stage (see 
Fig. 4). The lighter doublets should thus 
be shortened from 1.08 pm to 2 (0.30 + 
0.12) pm = 0.84 pm. They should be 
highly fused. These observations are con- 
firmed by EM (see Fig. 4), an invaluable 
adjunct tool. 

For most colloids, particle density p, is 
known. If p, is not known, the measured 

I I 1 I I I 
2 3 4 5 6 7 

Time (hours) 

force is associated with two unknowns: d 
and Ap or equivalently m and p,. This 
uncertainty is resolved by measuring re- 
tention at two or more carrier liquid den- 
sities p (52). A plot of p versus m' yields a 
straight line whose intercept on the p axis 
is p, and on the m' axis is m. All of the 
above particle parameters are then speci- 
fied. Measurements made close to the 
point of neutral buoyancy yield p, to 
four-fieure accuracv. Carrier densities far - 
removed from neutral buoyancy provide p, 
by extrapolation. This approach, used for 
viruses (53, 54), yields p without exposing 
fragile particles to highfy modified dense 
media. 

Various strategies can be used to char- 
acterize complex particles. For example, 
for multiphase particles m' = Em:, where 
m: is the effective mass of phase i (55). 
Such particles include core-shell latexes 
and liposomes. For these two-phase 
shelled structures, m' = ml(shell) + 
ml(core). If the carrier density is adjusted 
to make the core neutrally buoyant, 
m' (shell) (and its distribution) is obtained 
from retention measurements. For lipo- 
somes, where the shell is a uniform phos- 
pholipid bilayer, ml(shell) gives a measure 
of shell area A. For unilammelar vesicles, 
A a d2. Conversely, if ml(shell) is negli- 
gible because of shell thinness or near 
neutral buoyancy, ml(core) is measured. 
Depending on circumstances, ml(core) 
may specify core volume or, for liposomes, 
drug loading (55). 

Related measurements provide the mass 
or thickness of adsorbed layers on particles 
(56, 57). Before adsorption, m' = ml(par- 
ticle). After adsorption, the measured gain 
Am' = ml(layer). Equations 6 and 7 give: 

Am' = (6kTIGw)At,lt0 (1 1) 
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We calculate that -lo-'' g of adsorbed 
mass (density 1.4 g/cm3) can be discerned 
by a retention time shift At, = 0.3t0 at a 
modest G (103g) when w = 250 pm. This 
mass corresponds to a layer -0.6 A thick 
on a 0.2-pm sphere (57). 

The above approach has been used to 
measure protein adsorbed on latex surfaces 
(57-59), which is relevant to immunodiag- 
nostic assays and biomedical implants. 
Complete adsorption isotherms can be mea- 
sured (57) and antigen-antibody binding 
ratios determined (58). Whereas sedimen- 
tation FFF provides a direct measure of 
adsorbed mass increments, competing tech- 
niques are indirect or suffer other uncertain- 
ties (58). ~, 

Flow FFF. The measurement of reten- 
tion in flow FFF directlv vields Stokes di- , , 
ameter d, friction coefficient f, and diffusion 
coefficient D, as seen by combining Eq. 8 
with Eqs. 5 or 6. There is no interference by 
(or opportunity to measure) density, which 
does not affect retention. 

The diffusion coefficients of proteins and 
latex beads were measured in early studies 
on flow FFF and found in good agreement 
with previously reported values (60). More 
exhaustive measurements were recently 
made on double- and single-stranded DNA 
(61) and on proteins (62). Accuracy ap- 
pears better than 5% and is comparable to 
other techniques. The measurement is rap- 
id (usually 1 to 10 min) and simple. Diffu- 
sivities can be directly measured for minor 
constituents (like protein aggregates) that 
cannot be sufficiently isolated for tradition- 
al measurements. 

Retention can be used to measure the 
size of monodisperse colloids or the size 
spectrum or distribution of polydisperse col- 
loids (25). Because size selectivity is high 
(Sd = I) ,  shifts in size of only a few percent 
can be discerned. Ratanathanawongs in 
this laboratorv has been able to track the 
pH-sensitive ihickness of an acrylate shell 
on a core-shell latex (63). 

Thewnal FFF. The measurement of tr and 
F directly yields the Soret coefficient DT/D 
(see Eq. 10). If D is known, DT can be 
obtained. However, few scientists care to 
know D, for their polymers or particles. If 
D, were related to mass or composition, its 
measurement would be valuable. Unfortu- 
nately, no valid relation is known (64). In 
this regard, the measurement of D, creates 
a bank of D, data to guide theoretical 
modeling and generates empirical relation- 
ships to convert retention measurements 
into polymer (or particle) molecular weight 
and comoosition. 

Thermal FFF is a convenient technique 
for measuring thermal diffusion parameters 
(65), and a large database has accrued. For 
polymers, DT is found virtually indepen- 
dent of chain length and chain branching. 

It is strongly dependent on polymer and 
solvent composition (64). For random co- 
polymers, D, varies linearly with monomer 
percentage; block copolymers display more 
complex behavior (66). For particles, D, 
appears to be both composition and size 
dependent (33). 

The two factors (D and D,) controlling 
L ,  - 

polymer retention are opposites: D de- 
pends only on physical polymer dimen- 
sions, and D, depends solely on chemical 
composition. Thermal FFF has been used 
mainly to discriminate between chain 
length differences (reflected in D) within 
polymer families, yielding molecular 
weight distributions (MWDs) (67, 68). 
The oromise of comvositional differentia- 
tion and measurement based on DT has 
been little exploited. 

Steric FFF. Steric and lift-hyperlayer FFF 
provide powerful means for mapping out 
hydrodynamic lift forces (41 ) . Retention 
times are measured for well-characterized 
particles such as latex spheres under widely 
varying conditions. Each t, value specifies 
particle velocity and thus position (after 
correcting for slip) in the parabolic profile. 
The calculable driving force is equal and 
opposite to the lift force F,; thus F, is 
known. F, is examined as a function of 

L 

particle diameter d, shear rate at the wall so, 
and elevation above the wall 6. Our results 
verify inertial lift force theories (42-44) but 
suggest the existence of an additional near- 
wall lift force: F, o: ~ , d ~ ~ / 6 .  The origin of 
this incremental force is unclear but may 
relate to lubrication phenomena. 

Steric FFF, when used as described 
above, is a prolific source of high-precision 
force data for the study of particle hydrody- 
namics near walls. (The data are obtained 
from measured peak positions in high-speed 
fractograms like that in Fig. 3B.) With 
calibration, particle diameters and densities 
can also be measured (69). ~, 

Other measurement strategies. Many other 
possibilities exist for measurement by FFF. 
The use of other fields (electrical, dielectri- 
cal, magnetic, and so forth) will yield ad- 
ditional parameters. Band broadening mea- 
surements can complement retention data 
(12, 49). Coupling FFF and other tech- 
niques can enhance measurement capabili- 
ties; the use of photon correlation spectros- 
copy, for example, to determine the size of 
spheres eluted at time t, from sedimentation 
FFF yields both size and density (70). The 
coupling of one FFF instrument to another 
opens the possibility of obtaining two-di- 
mensional distributions to better define 
complex materials: Sedimentation and flow 
FFF should provide the size-density distri- 
bution of complex colloids, whereas ther- 
mal and flow FFF would yield the composi- 
tion-molecular weight distribution of co- 
polymers. 

Biological and Biomedical 
Applications 

Although FFF is not well known in most - 
fields related to biology, enough applica- 
tions have emerged in a few kev areas to 
suggest its broad& potential. ~ h e s e  appli- 
cations man a billionfold mass range from - 
small proteins to cells and 70-pm starch 
granules. Between these extremes. FFF has - 
been applied to protein aggregates and con- 
jugates, protein particles, lipoproteins, vi- 
ruses, DNA, subcellular particles, milk col- 
loids, cell lysates, polysaccharides, lipo- 
somes, pharmaceutical emulsions, chromo- 
somes, bacterial cells, and pollen grains, 
among others. 

'2 

Biopolymers. Proteins have long been 
recognized as separable based on charge 
differences by electrical FFF (37) or on size 
differences bv flow FFF (71). While the ~, 

early electrical FFF work was not followed 
up, flow FFF now separates proteins that 
differ by 15 to 30% in Stokes diameter in 3 
to 10 min. Resolution falls short of theory, 
suggesting that further gains are possible. 

A more difficult problem that can be 
tackled with flow FFF is the separation of 
protein complexes. Protein dimers (Fig. 
5A) elute as satellite peaks at - 1.4tr(mono- 
mer) . Wahlund's group has found up to four 
satellite peaks for increasing sizes of mono- 
clonal antibody aggregates (72) (Fig. 5B). 
My group has probed the distribution of 
Stokes diameters for conjugates of proteins 
and synthetic polymers. Detailed size distri- 
butions are readily obtained in all cases. 

DNA has been separated by both sedi- 
mentation FFF (73) and flow FFF (29, 30, 
61) (Fig. 5). Microgram quantities can be 
separated and purified in 5 to 15 min (6 1 ). 
Proteoglycans have been fractionated by 
sedimentation FFF, (74). Dextrans, Ficolls, 
pullulans, and the starch polymers amylose 
and amylopectin have been separated by 
thermal FFF (75). 

Bioparticles. Viruses are among the first 
bioparticles studied by FFF (48, 76-78). 
Viruses can be seuarated from other viral 
types or from macromolecular and particu- 
late contaminants by both sedimentation 
FFF and flow FFF. Viral aggregates (sin- 
glets, doublets, and so forth) of the gypsy 
moth nuclear polyhedrosis virus were readi- 
ly separated by sedimentation FFF (77). 
The molecular weights. sizes. and densities - ,  

of viral particles have been measured (48, 
54, 76-78). Collected fractions retain in- 
fectivity, demonstrating the gentleness of 
the process (77, 78). 

Mozersky, Caldwell, and co-workers 
have used sedimentation FFF (coupled to 
subseauent assavs) to analvze subcellular , , 
particies including mitochokdria and mi- 
crosomes (79). Sediinentation FFF has also 
been used to characterize protein particles 
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including those responsible for optical 
clouding in cataractous human lens (80). It " ~, 
has been coupled to gas chromatography- 
mass spectrometry (GC-MS) to character- 
ize cell wall particles (81) and used for the 
size determination of the Creutzfeldt-Jakob 
disease agent (82). High, low, and very low 
density lipoproteins (which differ in  size as 
well as density) are separable by flow FFF 
(Fig. 5C). Metaphase chromosomes (up to 
8 p m  long) have been partially fractionated 
by steric FFF. 

Libosomes and emulsions. Pharmaceutical 
colloids, including liposomes and emul- 
sions. are subiect to fractionation bv FFF. 
Size distributions and densities (wheri nec- 
essary) can be determined. The first (83, 
84) and most subsequent studies (70, 85, 
86) were done by sedimentation FFF. How- 
ever, size distribution measurements are 
more straightforward by flow FFF (55). 

Cells. Steric FFF is a promising technique 
to separate cells > 2 p m  in diameter because 
of its high speed and convenient operation 
(87). Applicability to mammalian cells 
(HeLa + various erythrocytes) was shown in 
1984 (88). Recently, a suite of new capabil- 
ities emerged. Cardot. Martin. and co-work- " 

ers have shown that abnormal blood cells 
(from anemia or transfusions) can be distin- 
guished from healthy erythrdcytes in  a sim- 
ple lg FFF channel (89, 90). Also, a preva- 
lent parasite (microfilariae) can be isolated 
from blood, suggesting rapid diagnosis (91 ) . 
Bigelow et al. have se~arated B and T lvm- 

u 

phocytes, although physically indistinguish- 
able. using FFF channels with selective wall , " 

adhesion (92). Barman and co-workers have 
used flow FFF (in the lift-hyperlayer mode) 
for the high-speed (2 to 3 min) fractionation 
of normal and abnormal erythrocytes from 
various species (87, 93) (see Fig. 6A). Bio- 
technology relevance was shown by Hoff- 
stetter-Kuhn and co-workers who deter- 
mined the growth and cell cycle distribution 
of yeast cells in  cultivation broths by sedi- 
mentation-steric FFF (94). 

Alternate FFF mechanisms are applica- 
ble to some cells. Normal-mode FFF readily 
fractionates small unicellular organisms " 

(next section). Escherichia coli can be sepa- 
rated based on  motility differences because 
high motility is equivalent to a large diffu- 
sivity (D) in Eq. 2 (see Fig. 68). 

Industrial and Environmental 
Applications 

A n  enormous variety of large and small 
particles and polymers are major compo- 
nents of industrial products or are used in 
synthesizing and processing these products. 
Product quality is profoundly affected by 
size. mass. and com~ositional distributions 
of these macromaterials. With increasing 
industrial emphasis on  quality control, FFF 

is gaining relevance as a useful tool to 
dissect materials and measure constituent 
properties. 

Industrial colloids and particles. Sedimen- 
tation FFF has been used to fractionate and 
determine the size distribution of numerous 
industrial colloids, including carbon black, 
silica particles, pigments, metal and ceram- 
ic particles, clay, and a host of latexes (95). 

Flow FFF has been applied to similar col- 
loids with some emphasis on  nanoparticles 
(such as colloidal silica and seed latex) 
down to 2 nm in size (25). 

Larger industrial particles (>0.3 to 1 
pm) are rapidly fractionated and character- 
ized by sedimentation-steric FFF. Gold, pal- 
ladium, silver, and copper particles in the 
size range from 0.3 to 15 k m  were separated 

Time (min) 

Fig. 5. Separation of biopolymers and bioparticles by flow FFF. (A) Separation of two proteins 
(bovine serum albumln and thyroglobulin) and their aggregates (solid line). Separation of slngle- 
and doubie-stranded DNA of equal contour length (5386 bases or base pairs). [FFF of protelns by 
P. Li, FFFRC, and FFF of DNA by M.-K. Liu, FFFRC.] (B) Separation of monoclonal antibody from its 
aggregates, showing separable peaks up to aggregation number 5 (pentamers). [Results, from 
asymmetrical flow FFF, courtesy of K.-G. Wahlund, University of Lund, Sweden (72).]. (C) 
Fractionation of very Low, low, and high denslty lipoprotein components (VLDL, LDL, and HDL,  
respectively) from blood plasma. High denslty lipoprotein particles are in the same size range as 
larger plasma proteins (such as  y-globulin), causing an overlap of the two; smaller protelns have 
been eluted through the membrane. [Work done by P. Li, FFFRC.] 

B 

Motile 

I 
I ' I ' I ' I  I I I I 1 

0 1 2 3 4 0  5 10 15 20 25 
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Fig. 6. Appiication of FFF to biological cells. (A) Rapid fractionation of different mammalian red 
blood cells by flow-hyperlayer FFF (87). [Reprinted from (87) with permission O American 
Chemical Society] Relative sizes are established by the fractogram of PS latex beads of known 
diameters shown at the bottom. The cell peaks are relatively wide because of size polydispersity. 
(B) Separation of Escherich~a coli cells by sedimentation FFF. Separation is based on motility 
differences. The fully motile ("turnbly") cells emerge first because of their high effective diffusivity D 
(see Eqs. 2 and 6) Nonmotile cells (lacking flagella) elute later. Their t ,  1s virtually identical to that 
observed for motile cells whose flagella have been sheared off. [Work done by Y-Jiang FFFRC; E. 
colistrains courtesy of J. S. Parkinson, Blology Department, University of Utah. Conditions spin rate 
= 200 rpm, flow rate = 2 8 mllmin, and w = 254 p,m ] 

SCIENCE VOL. 260 4 JUNE 1993 



and their size distributions determined in 
less than 12 min (96). Larger particles are 
processed faster; 3- to 15-pm copper parti- 
cles required only 60 s. In other studies, 2- 
to 70-pm starch granules, 7- to 65-pm 
polyvinylchloride latex (93, 3- to 70-pm 
alumina (93, and 2- to 12-pm chromato- 
graphic silica (69) have been fractionated 
in times from 1.5 to 5 min. Flow-hyperlayer 
FFF, usually faster, has been used to size- 
fractionate ground minerals and chromato- 
graphic silica (25). 

For particle populations with aggregates 
or other shape variants, characterization 
can be extended by EM. One of the gold 
samples exhibited a bimodal distribution; 

the EM of collected fractions demonstrated 
that the larger mode (at -0.6 pm) consist- 
ed almost entirely of aggregates, mainly 
quadruplets and quintuplets, of 0.3-pm 
gold spheres (96) (see Fig. 7). 

Synthetic polymers. Thermal FFF has 
been found applicable to virtually every 
type of lipophilic polymer examined: poly- 
styrene, polyisoprene, polyethylene, several 
acrylates, and perhaps a dozen others. Cal- 
ibration, which is required to obtain an 
MWD, is based on straight-line plots of log 
(D&) versus log M (67). 

Linear polymers in the range M = lo4 
to lo7 are well suited for thermal FFF 
analysis using ATs - 10 to 100 K. Poly- 

Fraction 8 Fraction 10 

Time (min) Diameter (pm) 

Fig. 7. Fractionation of gold particles by sedimentation-steric FFF. The size distribution (right) is 
derived from the fractogram at the left based on an empirical calibration plot (96). By coupling EM 
and FFF, micrographs are obtained which show that the larger size mode consists entirely of 
aggregates of elementary 0.3-brn gold spheres. [Reprinted from (96) with permission O American 
Chemical Society] 

Fig. 8. Separation of com- 
ponents of complex poly- 
meric materials by thermal 
FFF. (A) Isolation of micro- 
gel from filtered (1-km pore 
size) and unfiltered industri- 
al styrene-butadiene copol- 
ymer dissolved in THF. [FFF q 
run by X. Li, FFFRC. Flow 
rate = 0.36 mllmin. AT = 20 % 
K, and w = 51 pm.] (B) a 
Separation of polybutadiene 
particles from matrix poly- 
mer in ABS rubber (99). 
(Power programmed run 
with initial AT = 90 K, flow 
rate = 0.185 mllmin, and w 
= 76 km.) I I I I 

0  2  4 6 8 1 0  0  1 0 2 0 3 0 4 0 5 0 6 0  
Time (mh) 
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mers of lower M (-lo3) need an inconve- 
niently high AT (-150 K) for retention. 
Linear chains with M > lo7 require re- 
duced flow -rates, ATs, and sample loads. 
More compact structures-branched, 
cross-linked, or condensed (particulate)- 
can be fractionated at much higher M 
levels, opening up new opportunities. For 
example, microgels (which tend to clog 
SEC columns) can be separated from back- 
ground polymer (see Fig. 8A), promising 
to simplify a laborious industrial analysis. 
Although sizable particles (up to 10 pm) 
are now known to be separable by thermal 
FFF (33), we have recently developed the 
capability of simultaneously fractionating 
polymers and particles so that the major 
constituents of composites such as acryl- 
onitrile-butadiene-styrene (ABS) rubber 
can be separated (99) (Fig. 8B). 

Flow FFF performs much like thermal 
FFF, except that retention is not sensitive 
to polymer composition. Flow FFF is most 
attractive for water-soluble polymer analysis 
(100). Stokes diameter or dihsivity distri- 
butions emerge directly; MWDs require a 
relation (such as D = AM-b) between M 
and D. 

Environmental materials. Environmental 
quality is influenced by a myriad of fine 
particles that occupy water, soil, and air. 
The environmental effects of these entities 
are indirect as well as direct: they often act 
as vehicles that govern the transport and 
fate of adsorbed pollutants and nutrients 
(101). FFF is helping to untangle this 
particulate-chemical "soup." In particu- 
lar, FFF capabilities for separation and 
mass-size measurements are encouraging 
the on-line and off-line coupling of FFF 
and element- and chemical-specific ana- 
lyzers to determine the chemical nature of 
physically differentiated and characterized 
fractions (1 02). This work, spearheaded 
by Beckett, is beginning to reveal sig- 
nificant correlations between the physical 
and chemical properties of environmental 
materials. 

The fractionation of natural colloids in 
river water by sedimentation FFF was re- 
ported in the 1980s (103, 104). These 
studies show that different river sources 
exhibit different size and mineralogy distri- 
bution patterns, which could serve as col- 
loidal "fingerprints." The components 
within fractions were differentiated accord- 
ing to morphology by EM, elemental con- 
tent by energy-dispersive x-ray analysis, and 
mineralogy by x-ray diffraction. In more 
recent work, the on-line coupling of FFF 
and inductively coupled plasma MS has 
simplified and improved the sensitivity of 
measuring element profiles for different par- 
ticle sizes (1 05). 

To further correlate physical and chem- 
ical properties, Beckett et al. have devel- 

B 
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oped a technique using sedimentation FFF 
to measure the amount and surface density 
of adsorbed materials across the particle size 
range of colloids (106). The aim is to 
understand pollutant transport in rivers and 
soils. Colloids from soils, for example, are 
thought to play a major role in the transport 
of pollutants through soil profiles and 
ground waters (107). 

Various FFF methods have shown a dis
tinct advantage over other methods for 
separating and characterizing soil colloids. 
By using sedimentation FFF, 20 or more 
fractions in the size range from 0.1 to 2 |mm 
are generated in 60 to 100 min whereas 
traditional centrifugation or ultrafiltration 
procedures take days. Flow FFF has poten
tial for the isolation of organo-mineral com
plexes (which are found to transport phos
phate) in the nanometer size range. There 
is minimal physical and chemical disruption 
of the sample, in marked contrast to the 
chemical and physical extraction methods 
usually used to remove soil organic compo
nents. Again, a major advantage of both 
flow and sedimentation FFF is that fractions 
can be collected for both mineralogical 
identification and chemical analysis (108). 

Flow FFF is capable of probing into the 
size niche occupied by humic substances 
present in natural waters and soils. Al
though humics play a critical role in many 
aquatic processes, reliable information on 
their physical and structural properties has 
been difficult to obtain. Flow FFF has been 
used to determine MWDs of humic sub
stances from various environments down to 
500 daltons (109, 110). This work has been 
extended to evaluate the effects of various 
wastewater treatment processes for the re
moval of organic matter from pulp and 
paper manufacturing effluents (111). 

Finally, sedimentation FFF (normal 
mode) has been used to determine the size, 
density, and mass of bacterial cells in nat
ural waters. A direct method for estimating 
bacterial biomass was developed that offers 
distinct advantages over existing methods 
used in microbial ecology studies (112). 

REFERENCES AND NOTES 

1. J. C. Giddings, J. Chromatogr. 125,3 (1976). 
2. PureAppl. Chem. 51, 1459 (1979). 
3. J. Janca, Trends Anal. Chem. 2, 278 (1983). 
4. R. Beckett, Environ. Tech. Lett. 8, 339 (1987). 
5. M. Martin, in Particle Size Analysis 1985, P. J. 

Lloyd, Ed. (Wiley, New York, 1987), pp. 65-85. 
6. J. C. Giddings, Chem. Eng. News66 (no. 41), 34 

(1988). 
7. K. D. Caldwell, Anal. Chem. 60, 959A (1988). 
8. J. C. Giddings and K. D. Caldwell, in Physical 

Methods of Chemistry, B. W. Rossiter and J. F. 
Hamilton, Eds. (Wiley, New York, 1989), vol. 3B, 
pp. 867-938. 

9. S. Levin, Biomed. Chromatogr. 5, 133 (1991). 
10. J. C. Giddings, Unified Separation Science (Wi

ley, New York, 1991). 
11. , Sep. Sci. 1, 123 (1966). 
12. , Anal. Chem. 53, 1170A (1981). 

13. , M. N. Myers, K. D. Caldwell, Sep. Sci. 
Technol. 16,549 (1981). 

14. Reports on the third symposium proceedings 
have been made by M. Martin [Anal. Chem. 65, 
315A (1993)], M. E. Schimpf [LC-GC 11, 46 
(1993)], and V. T. Remcho [Am. Lab. (Shelton) 
1993, 21 (February 1993)]. 

15. J. C. Giddings, J. Chromatogr. 395, 19 (1987). 
16. M. Martin and P. S. Williams, in Theoretical 

Advancement in Chromatography and Related 
Separation Techniques, vol. 383 of the NATO 
ASI Series C: Mathematical and Physical Sci
ences, F. Dondi and G. Guiochon, Eds. (Kluwer, 
Dordrecht, 1992), pp. 513-580. 

17. E. Grushka, K. D. Caldwell, M. N. Myers, J. C. 
Giddings, Sep. Purif. Methods 2, 127 (1973). 

18. With the sign convention that +x is the distance 
from the accumulation wall, U and Fare nega
tive. To avoid unnecessary involvement with sign 
interpretation, - F a n d -U are replaced by |F| 
and \U\, respectively. 

19. M. N. Myers and J. C. Giddings, Anal. Chem. 54, 
2284 (1982). 

20. J. C. Giddings, F. J. F. Yang, M. N. Myers, ibid. 
46, 1917(1974). 

21. Particle density is assumed equal to the recip
rocal of partial specific volume. 

22. F. J. F. Yang, M. N. Myers, J. C. Giddings, Anal. 
Chem. 46, 1924 (1974). 

23. P. S. Williams and J. C. Giddings, ibid. 59, 2038 
(1987). 

24. J. J. Kirkland, C. H. Dilks, Jr., W. W. Yau, J. 
Chromatogr. 255, 255 (1983). 

25. S. K. Ratanathanawongs and J. C. Giddings, 
ACSSymp. Ser. 521, 13 (1993). 

26. The crossflow negligibly disturbs parabolic flow; 
see J. M. Davis, Anal. Chim. Acta 246, 161 
(1991). 

27. S. K. Ratanathanawongs, I. Lee, J. C. Giddings, 
ACS Symp. Ser. 472, 229 (1991). 

28. J. A. Jonsson and A. Carlshaf, Anal. Chem. 61, 
11 (1989). 

29. K.-G. Wahlund and A. Litzen, J. Chromatogr. 
461,73(1989). 

30. A. Litzen and K.-G. Wahlund, ibid. 476, 413 
(1989). 

31. J. J. Kirkland, C. H. Dilks, Jr., S. W. Rementer, W. 
W. Yau, ibid. 593, 339 (1992). 

32. M. N. Myers, K. D. Caldwell, J. C. Giddings, Sep. 
Sci. 9, 47 (1974). 

33. G. Liu and J. C. Giddings, ChromatographiaZA, 
485 (1992). 

34. J. C. Giddings, M. Martin, M. N. Myers, Sep. Sci. 
Technol. 14,611 (1979). 

35. M. Martin and P. Reynaud, Anal. Chem. 52, 2293 
(1980). 

36. For exact work, Eqs. 5 and 6 must be corrected 
for the viscosity gradient accompanying dT/dx, 
which disturbs parabolic flow; see J. J. Gunder-
son, K. D. Caldwell, J. C. Giddings, Sep. Sci. 
Technol. 19, 667 (1984). 

37. K. D. Caldwell, L F. Kesner, M. N. Myers, J. C. 
Giddings, Science 176, 296 (1972). 

38. J. C. Giddings, J. Chromatogr. 480, 21 (1989). 
39. K. D. Caldwell and Y. S. Gao, Anal. Chem., in 

press. 
40. J. C. Giddings and M. N. Myers, Sep. Sci. 

Technol. 13, 637(1978). 
41. P. S. Williams, T. Koch, J. C. Giddings, Chem. 

Eng. Commun. 111, 121 (1992). 
42. R. G. Cox and H. Brenner, Chem. Eng. Sci. 23, 

147(1968). 
43. B. P. Ho and L G. Leal, J. Fluid Mech. 65, 365 

(1974). 
44. R. G. Cox and S. K. Hsu, Int. J. Multiphase Flow 

3,201 (1977). 
45. S. K. Ratanathanawongs and J. C. Giddings, 

Anal. Chem. 64, 6 (1992). 
46. From Eq. 6, (Atr/t°) = wAF/6kT; a change AF in 

Fof 10- 1 7Nat 7" = 300 K with w = 250 |xm thus 
shifts the retention time by Atr = 0.106f°. Typi
cally /° « 1 to 10 min, giving A/r « 0.1 to 1 min. 

47. M. W. Chase, Jr., etal, J. Phys. Chem. Ref. Data 
14(suppl. 1), 1 (1985). 

48. J. C. Giddings, F. J. F. Yang, M. N. Myers, Sep. 
Sci. 10, 133 (1975). 

49. J. C. Giddings, G. Karaiskakis, K. D. Caldwell, 
M. N. Myers, J. Colloid Interface Sci. 92, 66 
(1983). 

50. Particle-wall interactions affect retention for par
ticles driven too close to the accumulation wall. 
Corrections must be applied or accuracy is 
compromised. 

51. B. N. Barman and J. C. Giddings, LangmuirQ, 51 
(1992). 

52. J. C. Giddings, G. Karaiskakis, K. D. Caldwell, 
Sep. Sci. Technol. 16, 607 (1981). 

53. K. D. Caldwell, G. Karaiskakis, M. N. Myers, J. C. 
Giddings, J. Pharm. Sci. 70, 1350 (1981). 

54. C. R. Yonker, K. D. Caldwell, J. C. Giddings, J. L 
van Etten, J. Virol. Methods 11, 145 (1985). 

55. M. H. Moon and J. C. Giddings, J. Pharm. 
Biomed. Anal., in press. 

56. J. T. Li and K. D. Caldwell, Langmuir 7, 2034 
(1991). 

57. R. Beckett, J. Ho, Y. Jiang, J. C. Giddings, ibid., 
p. 2040. 

58. B. Langwost and K. D. Caldwell, Chromato-
graphia 34, 317 (1992). 

59. K. D. Caldwell, J. Li, J.-T. Li, J. Chromatogr. 604, 
63 (1992). 

60. J. C. Giddings, F. J. Yang, M. N. Myers, Science 
193, 1244 (1976). 

61. M.-K. Liu and J. C. Giddings, Macromolecules, 
in press. 

62. M.-K. Liu, P. Li, J. C. Giddings, unpublished 
results. 

63. S. K. Ratanathanawongs, unpublished results. 
64. M. E. Schimpf and J. C. Giddings, J. Polym. Sci. 

Polym. Phys. Ed. 27, 1317 (1989). 
65. J. C. Giddings, M. E. Hovingh, G. H. Thompson, 

J. Phys. Chem. 74, 4291 (1970). 
66. M. E. Schimpf and J. C. Giddings, J. Polym. Sci. 

Part B Polym. Phys. 28, 2673 (1990); M. E. 
Schimpf, L. M. Wheeler, P. F. Romeo, ACS 
Symp. Ser. 521, 63 (1993). 

67. M. N. Myers, P. Chen, J. C. Giddings, ibid., p. 
47. 

68. J. J. Kirkland, S. W. Rementer, W. W. Yau, Anal. 
Chem. 60, 610 (1988). 

69. J. C. Giddings and M. H. Moon, ibid. 63, 2869 
(1991). 

70. K. D. Caldwell and J. Li, J. Colloid Interface Sci. 
132, 256 (1989). 

71. J. C. Giddings, F. J. Yang, M. N. Myers, Anal. 
Biochem.8J\, 395 (1977). 

72. A. Litzen, J. K. Walter, H. Krischollek, K.-G. 
Wahlund, unpublished results. 

73. L. E. Schallinger, W. W. Yau, J. J. Kirkland, 
Science 225, 434 (1984). 

74. E. C. Arner and J. J. Kirkland, Biochim. Biophys. 
Acta 993, 100 (1989). 

75. J. Lou, M. N. Myers, J. C. Giddings, unpublished 
results. 

76. J. C. Giddings, F. J. Yang, M. N. Myers, J. Virol. 
21, 131 (1977). 

77. K. D. Caldwell, T. T. Nguyen, J. C. Giddings, H. 
M. Mazzone, J. Virol. Methods "I, 241 (1980). 

78. K. D. Caldwell, G. Karaiskakis, J. C. Giddings, J. 
Chromatogr. 215, 323 (1981). 

79. S. M. Mozersky, K. D. Caldwell, S. B. Jones, B. E. 
Maleeff, R. A. Barford, Anal. Biochem. 172, 113 
(1988). 

80. K. D. Caldwell, B. J. Compton, J. C. Giddings, R. 
J. Olson, Invest. Ophthalmol. Visual Sci. 25, 153 
(1984). 

81. J. Gilbart, A. F. Wells, M. H. Hoe, A. Fox, J. 
Chromatogr. 387, 428 (1987). 

82. T. Sklaviadis, R. Dreyer, L. Manuelidis, Virus 
Res. 26, 241 (1992). 

83. K. D. Caldwell, G. Karaiskakis, J. C. Giddings, 
Colloids Surf. 3, 233 (1981). 

84. F.-S. Yang, K. D. Caldwell, M. N. Myers, J. C. 
Giddings, J. Colloid Interface Sci. 93, 115 
(1983). 

85. R. A. Arlauskas, D. R. Burtner, D. H. Klein, ACS 
Symp. Ser. 521, 2 (1993). 

86. F.-S. Yang, K. D. Caldwell, J. C. Giddings, L 
Astle, Anal. Biochem. 138, 488 (1984). 

87. J. C. Giddings, B N.' Barman, M.-K. Liu, ACS 
Symp. Ser. 464, 128 (1991). 

1464 SCIENCE • VOL. 260 • 4 JUNE 1993 



ESsEESEIl 
88. K. D. Caldwell, Z.-Q. Cheng, P. Hradecky, J. C. 

Giddings, Cell Biophys. 6, 233 (1984). 
89. P. J. P. Cardot, J. Gerota, M. Martin, J. Chro-

matogr. 568, 93 (1991). 
90. A. Merino-Dugay, P. J. P. Cardot, M. Czok, M. 

Guernet, A. P. Andreux, ibid. 579, 73 (1992). 
91. A. Merino, C. Bories, J.-C. Gantier, P. J. P. 

Cardot, ibid. 572, 291 (1991). 
92. J. C. Bigelow, Y. Nabeshima, K. Kataoka, J. C. 

Giddings, ACS Symp. Ser. 464, 146 (1991). 
93. B. N. Barman, E. R. Ashwood, J. C. Giddings, 

Anal. Biochem., in press. 
94. S. Hoffstetter-Kuhn, T. Rosier, M. Ehrat, H. M. 

Widmer, ibid. 206, 300 (1992). 
95. J. C. Giddings, M. N. Myers, M. H. Moon, B. N. 

Barman, ACS Symp. Ser. 472, 198 (1991). 
96. M. H. Moon and J. C. Giddings, Anal. Chem. 64, 

3029 (1992). 
97. J. C. Giddings, S. K. Ratanathanawongs, M. H. 

1 ransmission electron microscopy (TEM) 
has long been an important experimental 
technology in materials science, solid-state 
physics, and solid-state chemistry. Most 
processes of interest in these fields have 
analogs in the geological sciences, although 
the terminology used to describe them may 
differ. For example, materials scientists re
fer to degradation of metals as corrosion, 
whereas geochemists refer to mineral degra
dation occurring at Earth's surface as weath
ering. Annealing of metals is similar in 

D. R. Veblen and K. J. T. Livi are in the Department of 
Earth and Planetary Sciences, Johns Hopkins Univer
sity, Baltimore, MD 21218. J. F. Banfield is in the 
Department of Geology and Geophysics, University of 
Wisconsin, Madison, Wl 53706. G. D. Guthrie, Jr., is in 
the Earth and Environmental Sciences Division, Los 
Alamos National Laboratory, Los Alamos, NM 87545. 
P. J. Heaney and E. A. Smelik are in the Department of 
Geological and Geophysical Sciences, Princeton Uni
versity, Princeton, NJ 08544. E. S. Ilton is in the 
Department of Geological and Environmental Scienc
es, Lehigh University, Bethlehem, PA 18015. 

Moon, KONA: Powder Particle 9, 200 (1991). 
98. B. N. Barman, M. N. Myers, J. C. Giddings, 

Powder Technol. 59, 53 (1989). 
99. P. M. Shiundu, E. E. Remsen, J. C. Giddings, 

unpublished results. 
100. M. A. Benincasa and J. C. Giddings, Anal. 

Chem. 64, 790 (1992). 
101. P. Sinclair, R. Beckett, B. T. Hart, Hydrobiologia 

176/177,239 (1989). 
102. R. Beckett and B. T. Hart, in Environmental 

Particles, J. Buffle and H. P. Van Leeuwen, Eds. 
(CRC Press, Boca Raton, FL, 1993), vol. 2, pp. 
157—195 

103. G. Karaiskakis, K. A. Graff, K. D. Caldwell, J. C. 
Giddings, Int. J. Environ. Anal. Chem. 12, 1 
(1982). 

104. R. Beckett, G. Nicholson, B. T. Hart, M. Hansen, 
J. C. Giddings, Water Res. 22, 1535 (1988). 

105. H. E. Taylor, J. R. Garbarino, D. M. Murphy, R. 

many ways to contact metamorphism, and 
deformation of materials and rocks proceeds 
by the same mechanisms, although com
monly at much different spatial and time 
scales. Indeed, much has been learned 
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logs for materials processed for long periods. 
Among the thousands of mineral species are 
found the archetypes for many of our tech
nologically vital materials. For example, the 
uncommon mineral perovskite (CaTi03) 
lends its name to the silicate perovskite struc
tures such as high-pressure MgSi03, which 
are probably the most abundant minerals in 
the Earth's interior, as well as to numerous 
catalysts and ferroelectric materials, such as 
BaTi03. The perovskite structure is also the 
basis for many of the high-temperature super
conductor structures, and the interest in struc
tural variants, defects, and reactions in per-
ovskite-based materials (], 2) spans the earth 
and materials science communities. 

Just as TEM has revolutionized our un
derstanding of the behavior of synthetic 
materials, these experimental tools are also 
being applied to the chemically complicated 
materials important in the earth sciences. 
Since the development of the quantitative 
analysis of fault displacements in the 1950s 
(3), conventional amplitude-contrast elec
tron microscopy has made many fundamen
tal contributions in the understanding of 
deformation mechanisms, in determining 
the textural relations between phase distri
butions, and in understanding processing 
conditions in metals and ceramics. By the 
mid-1970s geologists were routinely applying 
electron diffraction and conventional elec
tron microscopy to similar problems in min
erals (4)- Indeed, amplitude-contrast imag
ing remains the primary method for examin
ing both dislocations produced by deforma
tion (5) and domain structures formed 
during phase transitions in minerals (6). 

Great strides have been made during the 
past two decades in the development of 
TEM methods, including high-resolution 
TEM (HRTEM) and allied techniques, such 
as x-ray emission analytical transmission elec
tron microscopy (AEM) (7) and convergent 
beam electron diffraction (CBED) (8). Fur
thermore, theoretical advances now make 
quantitative interpretation of results possible 
(9). Because these techniques are combined 
in many modern transmission electron micro-
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Crystal defects and chemical reactions occurring at scales beyond the resolution of light 
microscopes have major effects on the chemical and physical properties of rocks and 
minerals. High-resolution imaging, diffraction, and chemical analysis in the transmission 
electron microscope have become important methods for exploring mineral defect struc
tures and reaction mechanisms and for studying the distribution of phases resulting from 
reactions. These techniques have shown that structural disorder is common in some 
rock-forming minerals but rare in others. They have also established mechanisms by which 
many reactions occur at the atomic cluster scale. These data thus provide an atomistic 
basis for understanding the kinetics of geological reactions. Furthermore, apparent major-
element, minor-element, and trace-element chemistry of minerals can be influenced by 
submicroscopic inclusions or intergrowths, which commonly form as products of solid-state 
reactions. 
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