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Abstract

Hydrodynamic chromatography (HDC) has experienced a resurgence in
recent years for particle and polymer characterization, principally because
of its coupling to a multiplicity of physical detection methods. When coupled
to light scattering (both multiangle static and quasi-elastic), viscometric, and
refractometric detectors, HDC can determine the molar mass, size, shape,
and structure of colloidal analytes continuously and as a function of one
another, all in a single analysis. In so doing, it exposes the analytes to less
shear force (and, hence, less potential for flow-induced degradation) than in,
for instance, size-exclusion chromatography. In this review, we discuss the
fundamental chromatographic underpinnings of this technique in terms of
retention, band broadening, and resolution, and we describe the power of
multidetector HDC with examples from the recent literature.
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1. INTRODUCTION

Numerous processing and end-use properties of colloidal matter, both macromolecular and par-
ticulate, depend on structural properties such as size, shape, and compactness, among others.
Moreover, in all synthetic and many natural colloids, these structural properties have a distribu-
tion that ranges from narrow and monomodal to broad (possibly covering several orders of mag-
nitude) and multimodal. Accurate determination of these distributions is essential in the design
and synthesis of new materials, as well as for optimizing processing conditions and for effectively
tailoring end-use functions. For example, the distributions of particle size and shape affect solid-
state properties such as powder packing, abrasive efficiency, friction, and bulk density of materials.
They also affect solution- and melt-state rheological properties such as drag; mixing; and viscosity
of solutions, suspensions, and melts.

For the purposes of this review, we consider a particle to be an object with some linear di-
mension between 100 Å (10 nm or 0.01 μm) and 100,000 Å (10,000 nm or 10 μm). As shown in
Figure 1a, this description covers a wide range of natural and synthetic materials. Addition-
ally, the term ultrahigh molar mass generally denotes macromolecules with molar mass M ≥
1 × 106 g mol−1, although, as described below, we deal with polymers and particles with M that
greatly exceeds this threshold. As mentioned above, in a given sample the size range of the analyte
of interest may span several orders of magnitude, and across this range, the shape, compactness,
and chemistry of the analyte may also vary. As such, the holy grail of particle sizing may be under-
stood as (a) the accurate and precise determination of the particle-size averages and distribution
of a sample that is polydisperse in size, shape, structure, and chemistry and (b) the determination
of the averages, distributions, and mutual interdependences of all these properties (i.e., How does
shape vary as a function of size? How does structure vary as a function of size and shape?).

As shown in Figure 1b, numerous analytical techniques have been developed to measure
particle size over the range presented in Figure 1a. Although each technique has advantages
and limitations, a discussion of the individual methods is beyond the scope of the present article.
Excellent recent reviews may be found in References 1 and 2. Here, we focus on a particular
method that covers a broad swath of the size range depicted in Figure 1 and that has experienced
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Figure 1
(a) Typical particles with dimensions between 100 Å (0.01 μm) and 100,000 Å (10 μm). (b) Typical particle-sizing methods and
applicable ranges.
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HDC: hydrodynamic
chromatography

HSA: human serum
albumin

SBF: separation by
flow

SEC: size-exclusion
chromatography

a resurgence in recent years, principally because of its coupling to a multiplicity of detection
methods. This technique is hydrodynamic chromatography (HDC).

HDC is a solution-phase separation method that can be performed in an open tube (capillary)
or in a column packed with nonporous, inert particles (as we discuss below, packing particles with
very small pores, vis-à-vis the solution size of the analyte, can also be employed). In HDC, sample
components are segregated in a size-dependent manner on the basis of preferential sampling of
the streamlines of flow in the capillary or in the interstitial medium of the packed column. Such
segregation is the first step in characterizing size averages and distributions. Coupling HDC to
various detection methods further informs our knowledge of analyte shape and structure and of
the dependence of these features on size as a continuous function of the latter.

In this review, we first cover, with broad strokes, the historical development of HDC, then
delve more fully into fundamental aspects of the technique, namely descriptions of the mechanism
of retention and of factors affecting band broadening and resolution. Finally, we show via examples
from the recent literature the power of multidetector HDC for characterizing complex particles
and ultrahigh-M polymers, and we also highlight recent developments in the area of capillary
HDC.

2. HISTORICAL DEVELOPMENT OF HYDRODYNAMIC
CHROMATOGRAPHY

The first reported separation to proceed via an HDC-type mechanism and to have been recog-
nized as such appears to be that described in 1962 by Pedersen (3), who fractionated a mixture
of the proteins Helix hemocyanin and human serum albumin (HSA) on a column packed with
20- to 35-μm impermeable glass spheres. Having ruled out sorptive effects, and even though
chromatographic resolution was quite low, Pedersen showed that separation had indeed occurred
by monitoring two different wavelength-of-absorption ratios and by noting the preferential en-
richment of hemocyanin in one portion of the peak and of HSA in another portion. Because of
the particular experimental setup, the author deduced that separation must have been caused by
flow in the interstitial medium, that is, in between the column packing particles. Pedersen sug-
gested an explanation for this observation that was based on an analogy to the flow of blood cells
through blood vessels; however, because in the latter scenario flow appears to be controlled chiefly
by tubular pinch effects, this explanation was deemed too restrictive with respect to subsequent
observations and calculations by other authors.

In a series of papers beginning in 1969, DiMarzio & Guttman (4–7) laid out the theoretical
foundations of a technique that they termed separation by flow (SBF) and that is now generally
recognized as HDC. These authors explained the means by which separation of particles and
macromolecules may occur in an open tube or in the interstitial medium of a packed column.
They also examined the effects of Fickean versus non-Fickean diffusion and of capillary geometry
(e.g., a circular versus triangular or other cross section); proposed figures of merit, conditions for
optimal separation, and criteria of resolution; examined band-broadening effects; and proposed
how to calculate the effective size of flexible macromolecules by this technique. Except, perhaps,
for trying to employ the SBF mechanism to explain separation in size-exclusion chromatography
(SEC), in which separation is now recognized as occurring by a different mechanism (8), DiMarzio
& Guttman’s research is seminal in the field, and their calculations and conclusions still hold up
quite well. (Note that HDC effects may occur during SEC separations. This point is explored
further in Section 8.1.)

In their first 1970 paper, DiMarzio & Guttman (5) noted that “[t]he question naturally arises as
to whether the separation by flow phenomenon is of any practical use. . . . [T]his can be answered
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PS: polystyrene

THF:
tetrahydrofuran

MMD: molar mass
distribution

VISC: viscometry

DRI: differential
refractometry

MALS: multiangle
static light scattering

SC: slalom
chromatography

QELS: quasi-elastic
light scattering (also
known as dynamic
light scattering or
photon correlation
spectroscopy)

only by construction of a working instrument based on the phenomenon.” They did not have
long to wait for experimental confirmation of their work: In 1974, Small (9) published the first
experimental paper on HDC. The apparatus built by Small employed a series of packed columns
to separate and determine the particle size of various polystyrene (PS) latexes, as well as of styrene-
butadiene latexes, carbon black, and colloidal silica. He proposed a separation mechanism based
on the work of DiMarzio & Guttman; examined experimental aspects such as elution dependence
on column packing type and size and on ionic strength of the eluent; compared latex diameters
obtained by HDC by using a calibration curve to diameters obtained by electron microscopy
and light scattering; employed the method to measure particle growth kinetics during emulsion
polymerization; and noted the deposition (mechanical entrainment) of 0.5-μm PS latexes on the
HDC column bed, a phenomenon still encountered to this day and for which a proper explanation
has not yet been put forth.

In a series of papers published mostly during the 1990s, Tijssen, Kraak, and coworkers explored
many of the chromatographic underpinnings of HDC (10–17). Rather than discuss their findings
at this point, in a historical context, we do so in the context of retention, band broadening,
and resolution in HDC (Sections 3–5). Of particular note, however, is the 1991 publication by
Stegeman et al. (12), who demonstrated HDC separation with an SEC column. A series of narrow
dispersity PS standards dissolved in tetrahydrofuran (THF) at room temperature and ranging in
weight-average molar mass (Mw) from 2.2 × 103 to 4.0 × 106 g mol−1, and also toluene, were
analyzed on an SEC column with an exclusion limit of ∼5.0 × 104 g mol−1 (based on PS in THF
at room temperature). Elution by a strict SEC mechanism should have caused all the analytes
with M > 5.0 × 104 g mol−1 to elute together at the exclusion volume of the column, as these
analytes are too large to penetrate the pores of the column packing material and thus sample only
the interstitial volume of the column. This expected coelution did not happen. Rather, separation
of all analytes with M > 5.0 × 104 g mol−1 occurred by an HDC mechanism that operates in the
interstitial medium of the column.

The above result obtained by Stegeman et al. has two important consequences. First, depending
on the pore size of the column packing material and on the size range of the sample, both SEC
and HDC may occur during a separation with an SEC column (discussed further in Section 8.1).
Second, HDC experiments may be conducted with an SEC column, especially if the size of all
components in the sample is larger than that of the largest pores in the column packing material.
The latter observation allows the large commercial offering of aqueous and organic SEC columns
to potentially be converted into HDC columns.

As with SEC, the true power of HDC is generally best harnessed via a multidetector approach.
The use of dual-detector HDC goes back at least to the mid 1980s, when Langhorst et al. (18)
coupled low-angle static light scattering and UV detection to HDC to determine the molar mass
distribution (MMD) of nonionic and partially hydrolyzed polyacrylamide. Dual-detector studies
conducted over the next two decades included the online coupling of differential viscometry
(VISC) and differential refractometry (DRI) to HDC to study PS latexes (19); dual-angle static
light scattering and DRI in the study of waxy maize starch (20); and multiangle static light scattering
(MALS) and UV detection to study the coil-stretch transition in polymers and the transition from
an HDC mode to a slalom chromatography (SC) mode of elution within a column (21, 22).

More recently, Brewer & Striegel (23–29) ushered in the era of multidetector HDC with
their triple- and quadruple-detector research on characterizing the mutual interdependences of
molar mass, size, shape, and structure of various analytes, including broadly disperse colloids
and ultrahigh-M polysaccharides. Some results from this work, which included the use of on-
line MALS, VISC, DRI, and quasi-elastic light scattering (QELS) detection, are reviewed in
Section 6.
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In tandem with developments in multidetector HDC, numerous recent groundbreaking studies
have signaled the resurgence of microcapillary HDC. This research, which has focused on the
study of DNA and DNA fragments, is certain to generate increasing interest in the bioanalytical
arena; it is reviewed in Section 7.

3. RETENTION IN HYDRODYNAMIC CHROMATOGRAPHY

HDC is a solution-phase liquid chromatographic separation method in which the dissolved sam-
ple is injected into an open tube, a column packed with solid beads, or a column packed with
porous beads of pore size substantially smaller than the size of the analytes in solution. In packed-
column HDC, the beads should be inert, that is, made of a material that minimizes non-HDC
enthalpic interactions between the beads and the dissolved analytes. Such non-HDC effects can be
minimized through the addition of salts and/or surfactants to the solvent/mobile phase to screen
electrostatic and van der Waals interactions, which are especially common in aqueous media
(30).

Separation in HDC arises from the parabolic or Poiseuille-like flow profile that develops, under
laminar flow conditions, in an open tube (Figure 2a) or in the interstitial medium of a packed
column (Figure 2d ), where the fastest streamlines of flow are in the middle of the tube (or the
interstitial medium) and the slowest are near the walls (or the packing particles). The center of mass
of the larger analytes in the sample cannot approach the walls of the tube (or the packing particles)
as closely as the center of mass of the smaller analytes can (Figure 2b). As such, larger analytes
remain near the center of the flow profile, where they preferentially experience faster streamlines
and travel through the tube (packed column) with the average velocity of these streamlines. The
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Figure 2
Mechanism of separation in hydrodynamic chromatography (HDC). Arrows indicate the streamlines of flow. (a) A two-component
sample (large orange component and small green component) is injected into an open tube through which mobile phase flows laminarly with
a parabolic flow profile. (b) The larger analyte remains near the center of the tube, preferentially experiencing the faster streamlines,
whereas the smaller analyte experiences a slower average velocity through the tube because of its ability to sample slower streamlines
near the tube walls. The black dotted circles circumscribing the analytes represent the hydrodynamic volume occupied by each analyte
in solution. (c) Because of its faster average velocity through the tube, the larger analyte elutes from the tube earlier than the smaller
analyte does. (d ) Under laminar flow conditions, the interstitial medium of a packed column may be considered a collection of
capillaries (tubes) in which HDC can be performed.
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Figure 3
Definitions of the capillary radius Rc, the arbitrary position r in the capillary, the effective radius Reff of the
analyte, and the effective diameter 2(Rc − Reff ) of the capillary for the analyte of effective radius Reff .

smaller analytes, in addition to experiencing the faster streamlines, also experience the slower
ones, thereby traveling through the tube (packed column) with a slower average velocity than
that of their larger-sized counterparts. Therefore, larger analytes in the sample elute from the
tube (packed column) earlier than smaller analytes do (Figure 2c). Elution order in HDC is thus
the same as in SEC (8): The larger analytes elute ahead of the smaller ones in both cases. The
mechanisms of retention of these two techniques are different, however: In SEC, retention is
due to preferential sampling of pore volume, whereas in HDC, it is due to preferential sampling
of the streamlines of flow (or to a preferential distribution of analyte between fluid mechanical
phases).

The migration behavior or retention mechanism of analytes in HDC has been described with
various theoretical models. Because packed-column HDC can be considered a collection of in-
tercommunicating capillaries, most of these theories have been derived from the model used to
describe the migration of analytes in open capillaries during laminar flow. In general, migration
behavior in HDC is described on the basis of a dilute solution rather than discrete particles be-
cause one can assume that colloidal forces, tubular pinch effects, and analyte-wall interactions are
absent. For a fluid of density ρ and viscosity η flowing through an open tube (capillary) of radius
Rc with an average velocity ū, laminarity is assumed for Reynolds numbers Re that are less than or
equal to 2,000:

Re = 2Rc ρū
η

. (1)

In a packed column, turbulence (nonlaminarity) manifests itself less suddenly and at lower Re than
in an open tube, beginning gradually when Re is in the range of 1 to 100. The definition of Re in a
packed column depends, however, not on the diameter of the column but on dp, the diameter of
the packing particles:

Re = d pρū
η

. (2)

On the basis of the above discussion, it is assumed that the parabolic flow profile is dominant
and that the local velocity u(r) for a position r in a flow channel of radius Rc (where 0 ≤ r ≤ Rc;
Figure 3) is given by

u(r) = 2ū

[
1 −

(
r
Rc

)2
]

, (3)

where the average velocity ū is

ū = 2
R2

c

∫ Rc

0
u(r)dr (4)

20 Striegel · Brewer
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for point-like solutes (e.g., solvent molecules), which rapidly exchange between all available stream-
lines. The solvent molecules exit the column of length L after time tm, given by

tm = L
ū

. (5)

Conversely, the center of mass of non-point-like analytes of radius Reff (i.e., analytes that are of
actual interest in HDC) cannot sample the slower streamlines of the parabolic flow profile, namely
those streamlines closest to the wall of the tube (Figure 3). For these larger analytes, the average
velocity ūp is

ūp = 2
(Rc − Reff )2

∫ Rc −Reff

0
u(r) rdr, (6)

and the average residence time tp in the column is

tp = L
ūp

. (7)

The ratio of the effective analyte radius to the capillary radius is defined as the dimensionless
parameter λ, which is also known as the aspect ratio of the analyte:

λ ≡ Reff

Rc
. (8)

By combining Equations 3, 6, and 8, one obtains

ūp = ū(1 + 2λ − λ2). (9)

From here, the dimensionless residence time τ of the analyte in the column can be defined as the
ratio of the residence time of the analyte to that of a point-like solute:

τ ≡ tp

tm
= 1

1 + 2λ − λ2
. (10)

At this point, a question arises as to whether the diffusion process is sufficiently fast for the
analyte to sample all available streamlines during a given transport process time t. To a first
approximation, the answer comes in the form of a sufficiently large Fourier number Fo (which
characterizes diffusion in time t over a characteristic length scale, in this case the capillary radius
Rc or the effective capillary radius Rc − Reff ). The criteria are given by Equation 11 for point-like
solutes and by Equation 12 for larger solutes (16):

Fo = Dmt
R2

c
� 1, (11)

Fo = Dmt
(Rc − Reff )2

> 10, (12)

where Dm is the diffusion coefficient of the solute.
Note, however, that even at Fo > 200 analytes may not always sample all streamlines to the

extent predicted by theory (16), mainly because Equation 9 and, hence, Equation 10 are idealized
equations in which the analyte is regarded as a nonrotating, impermeable hard sphere. Actually,
the portion of the analyte in the region closest to the wall of the tube is located in a region of
lower velocity than is the opposite side of the analyte. The resulting coupling of forces causes the
analyte to rotate, thereby influencing its translational velocity. Additionally, analytes may have
nonspherical shapes (e.g., ellipsoid or plate-like), may be permeable (e.g., composed of individual
polymer molecules), or both. To account for these nonidealities, a modified quadratic term is
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200 nm on 20 μm, ε ≈ 0.4 

200 nm on 15 μm, ε ≈ 0.4  
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τ = (1 + 2λ – Cλ2)–1

C = 0

C = 1

C = 2.698
C = 4.03

C = 5.26C = 4.89 = 4.89C = 4.89

Figure 4
Relationship between aspect ratio λ and dimensionless residence time τ for various values of the quadratic
modifier C in Equation 13 (see Figure 6). The light green curve corresponding to C = 2.698 is generally
employed for dilute polymer solutions at thermodynamically good solvent and temperature conditions,
whereas the light blue curve corresponding to C = 4.89 is generally employed for dilute suspensions of hard
spheres. The dotted and dashed lines correspond to values of λ for an analyte with Reff = 200 nm analyzed
in a column of porosity ε = 0.393 and a particle diameter dp = 15 μm (brown dotted line) or dp = 20 μm (red
dashed line).

introduced into Equation 10:

τ = (1 + 2λ − Cλ2)−1. (13)

Various values of C have been proposed in the literature (10), each of which corresponds to a
different model of HDC retention. For example, C = 0 corresponds to a highly idealized linear
exclusion model that does not incorporate hydrodynamic effects, and C = 1 corresponds to a
simple quadratic model, reflecting only the exclusion of the analyte center from the tube wall
while taking into account the velocity profile. Other, more refined quadratic models have also
been postulated to account for the added effects of analyte permeability and rotation. Each of
these models has its own C value. Empirical evidence supports (a) the use of C = 2.698 for dilute
polymer solutions at thermodynamically good solvent and temperature conditions and (b) a value
of C = 4.89 for dilute suspensions of impermeable hard spheres.

Figure 4 plots the aspect ratio λ versus the dimensionless residence time τ for the various values
of C corresponding to the linear and different quadratic models. This figure and the discussion
leading up to it allow for several observations. First, it is possible to calculate, in theory, the size of
the eluting species from the equations given above without resorting to a calibration curve. This
calculation is done first by measuring τ . From the latter value, the aspect ratio λ is calculated.
From this λ and knowledge of the tube radius Rc, the effective radius of the analyte Reff is obtained.
Although the relationship between Reff and macromolecular radii such as the radius of gyration, the
viscometric radius, the hydrodynamic radius, and the thermodynamic radius remains uncertain,
the following approximation between Reff and the radius of gyration RG has often been used in the
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literature (e.g., Reference 10):

Reff ≈
√

π

2
RG. (14)

Second, we observe that for τ values close to one, all the curves in Figure 4 are quite steep;
therefore, as τ→1, the exact value of C is not particularly important. In this same region, however,
the steepness of the curves means that a small error in τ leads to a large error in λ and, consequently,
to a large error in the calculated size of the analyte. Third, as τ decreases, the slopes of the curves
become less steep. In this region, exact knowledge of analyte conformation is needed to determine
which value of C to use. Fourth, in the upper portion of the curves, which generally correspond
to λ > 0.2, the quadratic term of Equation 13 is the leading term. The λ-versus-τ relationships in
this region, however, lack any realistic physical meaning. Additionally, the concept of a particle
with a radius that is approximately 20% that of the tube eluting in undisturbed Poiseuille flow is
highly unlikely.

In the case of packed-column HDC, in calculations of λ and related parameters, the value of
Rc to use is that of the so-called hydraulic radius of the column bed. The hydraulic radius may be
considered the radius of a capillary with the same surface-to-volume ratio as the packed-column
bed; it is defined as

Rc = d p

3
ε

1 − ε
, (15)

where dp is the diameter of the column packing particles and ε is the porosity of the column. For
a column packed with nonporous spheres, the latter value is defined as

ε = V void

V T
= 4Ft0

πd 2 L
, (16)

where Vvoid is the void volume of the column (which can be measured with a small analyte that is
roughly equivalent in size to a solvent molecule) and VT is the total volume of the empty column.
The porosity can be calculated with the flow rate F, the void time t0, the diameter d of the column,
and the length L of the column. Calculation of ε for porous HDC columns is more ambiguous
because the void volume corresponds to the elution volume of the smallest analyte that does not
permeate into the pores of the packing material. As a rule of thumb, however, for most modern,
commercially available, well-packed columns, porous or otherwise, ε ≈ 0.39.

4. BAND BROADENING IN HYDRODYNAMIC CHROMATOGRAPHY

Due to space restrictions, our discussion of band broadening presupposes some knowledge of
separation science and its terminology. As such, we begin with the expanded van Deemter equation
and with the form to which this equation eventually reduces in HDC:

H = A + B
u

+ CM u + CSM u + CSu, (17a)

H = A + B
u

+ CM u, (17b)

where H represents plate height and u represents flow velocity. The A term corresponds to the
contribution to band broadening from eddy dispersion, which arises from the multitude of path-
ways by which a molecule can find its way through a packed column. This term is generally
considered to be either flow-velocity independent or weakly dependent. The B term, longitudinal
diffusion, describes band broadening due to diffusion of analyte molecules through the column
along the axis of the flow path. The contribution from this term increases with decreasing flow
velocity because, all other factors being equal, at lower velocities the analyte spends a longer time
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in the column and thus has more time to diffuse. The contribution from this term decreases with
increasing analyte size and is, essentially, negligible for most macromolecules and particles in the
size range shown in Figure 1, due to the small diffusion coefficient Dm of these analytes. B-term
contributions to band broadening become manifest during the separation of small-sized, large-Dm

analytes.
The C terms in Equation 17a correspond to various resistance to mass-transfer processes

that may be encountered in different forms of column chromatography; the band-broadening
contribution from each term is directly dependent upon flow velocity. The CSM term represents
the resistance to mass transfer provided by the stagnant mobile phase inside the pores of the
column packing material. This term equals zero in both capillary and packed-column HDC (the
contribution from CSM to band broadening in HDC-SEC, that is, the contribution when both
HDC and SEC are performed in the same porous packed column, is only to the peaks of analytes
that elute in SEC mode, not to those that elute by HDC). The CS term arises from resistance
to mass transfer due to conventional liquid chromatographic sorptive processes. These processes,
which are enthalpically dominated, should be (or can usually be made to be, through the addition
of modifiers to the solvent/mobile phase) negligible because retention in ideal HDC is dominated
by the solution translational entropy of the analyte, �Strans (translation is between streamlines of
flow, i.e., between different fluid mechanical phases). Here,

KHDC ≈ exp (�S trans/R), (18)

where KHDC is the solute distribution coefficient and R is the gas constant. As such, CS ≈ 0 as well.
For particulate-type analytes, which do not undergo the type of severe change in size as a function
of temperature that can occur with polymers, the accuracy of this approximation can be checked
by varying the temperature of the experiment and noting whether or not retention is essentially
temperature independent. It should be, if CS ≈ 0.

The remaining resistance to the mass-transfer term in Equation 17a is CM , the resistance to
mass transfer due to mobile-phase effects in the interstitial medium. This is the region in which
separation in packed-column HDC occurs, and as such, because CSM = 0 and CS ≈ 0, CM is
the only mass-transfer term remaining in Equation 17b. Because the contribution to band broad-
ening from CM increases with increasing flow velocity, and on the basis of the above discussion
of the relative contributions of the A and B terms to band broadening in HDC, Equation 17b
predicts a linear increase in plate height with increasing flow velocity in high–flow rate regions,
wherein the overall plate height should be dominated by the CM term. Experimentally, however,
this increase in plate height tapers off at high flow rates (8). This discrepancy is explained as
follows.

The difference between the predicted and experimentally determined linear increases in band
broadening with increasing flow velocity can be explained with the Giddings coupling theory.
In this theory, both eddy diffusion and lateral diffusion effectively move solute molecules from
one flow stream to another. Thus, the combination of both eddy and lateral diffusion provides a
greater opportunity for analytes to experience different flow velocities (8, 13, 31). The result of the
Giddings coupling theory is the harmonic combination of variances due to flow-path inequality
and solute transfer in the mobile phase. The coupled sum results in reduced band broadening,
compared with that from eddy diffusion alone.

The plate-height equation that incorporates the Giddings coupling theory for HDC can be
expressed as

H = B
u

+ 1(
1
A

)
+

(
1

CM u

) . (19)
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A more detailed description of this equation with respect to packing particle size dp and solute-
diffusion coefficient Dm is

H = b
Dm

u
+ 1(

1
ad p

)
+

(
Dm

cM ud 2
p

) , (20)

where a, b, and cM are the coefficients of the respective dispersion terms in the plate-height
equation.

Clearly, band broadening in ideal HDC is determined exclusively by longitudinal diffusion
and extraparticle effects. Because the latter are a result of convective mixing through the type of
coupling mechanism described above, in packed-column HDC, plate height is given by (10, 17, 32)

H = b
Dm

u︸ ︷︷ ︸
Longitudinal

diffusion
effects

+ d p(
Dm

ud p
+ 1

1.4

)
︸ ︷︷ ︸

Convective
mixing
effects

, (21)

where b is a constant with a value of 1.2 to 1.4. The first term in Equation 21 describes the
longitudinal diffusion of the analyte, and the second term depicts the effects of convective mixing
on dispersions. As noted above, in HDC of macromolecules and particles, the longitudinal
diffusion term is typically very small compared with the convective mixing term because of the
small diffusion coefficients of these analytes. Convective mixing, the dominating band-broadening
term, is a result of unsteady diffusion across the analyte-solvent concentration gradients in the
capillary channels (33). Per Equation 21, at higher solvent velocities H ≈ 1.4dp.

For a more universal representation of band broadening and column efficiency, it is convenient
to represent the plate height–versus–flow velocity relationship in terms of dimensionless quantities.
Reduced plate height h, used to compare the efficiency of columns with different particle sizes, is
defined as

h = H
d p

, (22)

and reduced velocity ν is defined as

ν = ud p

Dm
. (23)

In HDC, h is virtually independent of λ and of ν, for νHDC > 5 (13). In terms of the dimensionless
parameters h and ν, band broadening in HDC is described as

h = b
ν

+ 1(
1
ν

+ 1
1.4

) . (24)

In accordance with the conclusions drawn from Equation 21, Equation 24 dictates that at higher
values of ν, h ≈ 1.4. This result is depicted in Figure 5, where the relationship between h and ν

for HDC is plotted as a single, λ-independent plate-height curve (where the intermediate value
of b = 1.3 was chosen) in which hHDC ≈ 1.4 at all but the lowest ν. This result implies that, in
HDC, the highest rate of generating theoretical plates is achieved when the reduced velocity is
as high as possible and that the analysis speed can be increased significantly without influencing
either the number of theoretical plates or chromatographic resolution.

Although Figure 5 indicates that there is no realistic upper limit to the flow velocity at which
HDC separations may be conducted, at least with respect to band-broadening considerations,
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Figure 5
Reduced plate height h versus reduced velocity ν for packed-column hydrodynamic chromatography
(HDC), based on Equation 24, where b = 1.3. Over a broad range of ν values, hHDC ≈ 1.4.

such a limit may be imposed for many different reasons. First is the possibility of on-column,
flow-induced degradation of large analytes, especially ultrahigh-M polymers, which arises from
the high shear rates to which these analytes are exposed in the interstitial medium of a packed
column. This shear rate γ̇ is given by (34, 35)

γ̇ = 4F
εARc

, (25)

where A is the cross-sectional area of the column; F is the volumetric flow rate; and the hydraulic
radius Rc and porosity ε are defined as per Equations 15 and 16, respectively. Second is the
possibility of no longer operating in HDC mode because, with increasing flow rate, the mechanism
of separation has shifted to that of SC. Such HDC-to-SC transitions are discussed more fully in
Section 8.2. The third limitation on flow velocity concerns the back-pressure P limits of the physical
system for separations in columns packed with small-diameter particles. Because P ∝ 1

d2
p
, this

limitation becomes especially important for the type of ultrahigh-pressure HDC separations that
use sub-2-μm-diameter particles, which have recently been reported in the literature (36). (Also,
the aforementioned possibility of on-column, flow-induced degradation is of increased concern in
this situation, as γ̇ ∝ 1

d p
.) The last consideration for HDC flow velocity is the possibility of Taylor

dispersion effects occurring during the separation. Such effects, which are discussed in detail in
Reference 33, may actually result in a slight band narrowing at higher flow rates (24). Because of
the relatively minor impact of these effects, they are not discussed further here.

5. RESOLUTION IN HYDRODYNAMIC CHROMATOGRAPHY

Chromatographic resolution Rs in HDC is given by (11)

Rs = (α − 1) · (1 − Cλ)λτ
√

N (26)

for two solutes with a small difference in τ ; the term α corresponds to the ratio of the Reff of these
solutes (i.e., α = Reff,1/Reff,2), so that �λ/λ = α − 1. N is the plate count of the system, defined
as N = L/H, where L is the column length. The terms H, C, λ, and τ retain the same meanings
as above.
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Figure 6
Plot of retention factor (1 − Cλ)λτ in resolution (Equation 26) versus aspect ratio λ for different values of
the quadratic modifier C from Equation 13 (see Figure 4). Values of λ are shown for an analyte with Reff =
200 nm analyzed with a column of porosity ε = 0.393 and a particle diameter dp = 15 μm (brown dotted line)
or dp = 20 μm (red dashed line).

Equation 26 contains a selectivity term (α − 1), a kinetic term
√

N , and a retention term
(1 − Cλ)λτ . The role of the aspect ratio λ in retention and, consequently, resolution is nontrivial,
as shown in Figure 6, where the retention term of the resolution equation is plotted versus λ

for various values of the quadratic modifier C (Equation 13) (Figure 4). First, the pure exclusion
model of HDC retention, where C = 0, is not realistic and coincides only with the other models
being plotted (which include permeability and/or rotation effects, inter alia) at very small λ, where
Rs is small. Second, Figure 6 shows that, at given α and N, the choice of capillary or packed-
column Rc is crucial to obtaining reasonable values of Rs. For packed-column HDC, as seen from
Equation 15, one can vary Rc discretely by choosing columns that differ from one another in
diameter of packing material dp.

The dependence of Rs on λ and τ (the latter through choice of the quadratic modifier C) is
shown in Figures 4 and 6 for an analyte with Reff = 200 nm analyzed on two individual packed
columns: One has dp = 15 μm (λ = 0.062), the other has dp = 20 nm (λ = 0.046), and both have
porosity ε = 0.393. As λ becomes larger—which, for a given analyte at a given set of experimental
conditions, corresponds to a smaller Rc arising from a smaller dp—the choice of model becomes
more important when trying to derive size information from first principles. However, the slope of
the curves in Figure 6 decreases with increasing λ (up to λ ≈ 0.1 for C = 5.26 and up to λ ≈ 0.18
for C = 2.698, which correspond, respectively, to the hard sphere and dilute polymer solution
models). This decrease signifies that Rs increases with decreasing dp, all other factors being equal
and given the parenthetical upper limits of λ just mentioned. Some caveats regarding the choice
of columns with small dp are given at the end of Section 4.

Packed-column HDC for colloidal and ultrahigh-M polymer separations is not a particularly
high-resolution technique. However, to a limited extent, the multidetector approach described
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in Section 6 overcomes this issue in the analysis of bi-, tri-, and tetramodal blends of PS and
poly(methyl methacrylate) latexes (25). This advantage comes from (a) the ability, conferred by
so-called absolute detectors such as MALS and QELS, to determine the size of each component
in the blend and the change in size across the blend and (b) the dependence of detector response
on the combined M and chemical identity of each blend component.

6. MULTIDETECTOR PACKED-COLUMN
HYDRODYNAMIC CHROMATOGRAPHY

6.1. Particle Characterization

Until recently, most work on particle sizing via HDC employed a single, concentration-sensitive
detector, and the particle sizes and distributions were derived through the application of calibration
curves constructed with standards that bore little, if any, architectural and/or chemical resemblance
to the analytes themselves. The accuracy of this type of approach is suspect at best, and the
information obtained is fairly limited. The recent introduction of triple- and quadruple-detector
HDC approaches involves the following detection methods (23–29): MALS, QELS (also known
as dynamic light scattering), VISC, and DRI. Through various combinations of these detection
methods, the following information can be obtained.

1. The MMD and associated statistical moments, using MALS and DRI.
2. The distributions and associated statistical moments of the following size parameters:

a. The radius of gyration (RG), using MALS-DRI;
b. The hydrodynamic (Stokes) radius (RH ), using QELS-DRI;
c. The viscometric radius (Rη), using MALS-VISC-DRI;
d. The shape and compactness of the sample, through the dimensionless parameter ρ ≡

RG,z/RH ,z, obtained with MALS-QELS (8, 23, 37); and
e. The structure and compactness of the sample, through the dimensionless ratio Rη,w/RG,z,

obtained using MALS-VISC-DRI (8, 28, 38–40).

Because each detector analyzes the eluate in continuous fashion, the multidetector approach
allows one to obtain the mutual interdependence of size, molar mass, shape, structure, and com-
pactness continuously across the elution profile of the sample, in a single analysis.

Figure 7 illustrates how HDC with online MALS, QELS, VISC, and DRI detection was
employed in the analysis of a nanocage drug-delivery vesicle (26). The chromatogram represents
the elution profile as monitored by the 90o photodiode of the MALS detector. As the sample
becomes smaller in size, its molar mass increases, which indicates that the sample becomes more
compact as a function of decreasing size. As the sample becomes more compact, its shape transitions
from that of a prolate ellipsoid (for which ρ ranges from 1.36 to 2.24, depending on the axial ratio
of the ellipsoid) to that of a sphere whose density is intermediate between that of a hard sphere
and that of a soft sphere (for which ρ = 0.778 and 0.977, respectively). Use of a VISC detector
allowed for determination of the viscometric radius Rη of the vesicle, and use of a DRI detector
permitted calculation of the statistical moments associated with M, RG, RH , and Rη (8).

6.2. Ultrahigh-M Polymer Characterization

The use of dual-detector HDC for characterizing ultrahigh-M polymers is described in
Section 2. The triple-detector approach (MALS-QELS-DRI or MALS-VISC-DRI) has recently
been extended to this class of analytes as well. To date, most applications of multidetector HDC
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Figure 7
Characterization of the molar mass, size, shape, and structure of a nanocage drug-delivery vesicle by
hydrodynamic chromatography (HDC), multiangle static light scattering (MALS), quasi-elastic light
scattering, and differential refractometry. The solid gray line corresponds to an HDC chromatogram, as
monitored by a 90o photodiode of the MALS detector. The upside-down blue triangles correspond to the
radius of gyration RG. The open orange squares correspond to molar mass M. The purple triangles
correspond to the dimensionless ratio ρ. See Reference 26 for details and for the distribution of RH .

in the polymeric arena have been to polysaccharides such as alternan (the analysis of which is
described below) and to the starch components amylose and amylopectin (20, 24, 41).

Due to the interstitial and, especially, at- and through-pore stresses that accumulate on poly-
mers during their passage through the packed, porous medium of SEC columns (34, 35, 42), very
low flow rates must be employed to avoid degradation during SEC analysis, which lengthens run
times to several hours. Even under these extreme conditions, large polymers can degrade in SEC,
rendering accurate characterization with this technique impossible (24, 35). Because analytes ex-
perience no pore stresses in HDC (only interstitial stresses, as described by Equation 25), this
gentler method can provide a means by which to analyze polymers that cannot be characterized
accurately by SEC or to characterize ultrahigh-M polymers in a fraction of the time needed to
do so by SEC. Similar information to that obtained for particulate-type analytes, described in the
previous section, can be obtained for polymers through multidetector HDC.

Figure 8a shows the elution profiles of the polysaccharide alternan (Mw ≈ 5 × 107 g mol−1),
when this biopolymer was analyzed by HDC-MALS-VISC-DRI and by SEC-MALS-DRI.
Figure 8b shows the MMDs obtained by each technique (24). Analysis by SEC was conducted at
0.2 ml min−1 [note that flow rates as low as 0.05 ml min−1 did not yield more accurate results (35)]
with columns that had a large particle size and a large pore size. In other words, the analysis was
optimized to minimize on-column, flow-induced degradation based on commercially available
column technology. Even under such mild conditions, degradation of this alternan sample was
evident in SEC, as indicated by the fact that the Mw and RG,z values obtained by SEC-MALS-DRI
were substantially lower than those obtained by off-line MALS, that is, when the photometer was
decoupled from the separation system. Conversely, HDC analysis was accomplished in a fraction
(less than one-fifteenth) of the time needed for SEC analysis; the Mw and RG,z obtained were re-
markably similar to the off-line MALS values; and consequently, as shown in Figure 8b, the MMD
of the polysaccharide extended to higher molar masses when determined by HDC compared with
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Figure 8
Multidetector hydrodynamic chromatography (HDC) and size-exclusion chromatography (SEC) analysis of the ultrahigh-M
polysaccharide alternan. (a) Elution profiles, as monitored by the 90o multiangle light scattering (MALS) photodiode, for HDC
(orange) and SEC (blue) analysis. (b) Differential and cumulative molar mass distributions, as determined by HDC-MALS (orange) and
SEC-MALS (blue). See Reference 24 for details.

LIF: laser-induced
fluorescence

SEC under otherwise identical conditions. Incorporation of the VISC detector into HDC al-
lowed for determination of the intrinsic viscosity [η] and of Rη. Comparison between these values
for alternan and the values both measured and calculated for the linear polysaccharide pullulan
yielded strong evidence for the large amount of long-chain branching in alternan. The long-chain
branching affords alternan a highly compact conformation in solution and, consequently, much
lower values of [η] and Rη compared with the nonbranched pullulan.

In the above cases, very small pore SEC columns are often used; these columns have pores
that are substantially smaller than the solvated size of the polymer or particle. Therefore, from
the point of view of the analyte, the column packing material may be regarded as, essentially,
nonporous. In broadly polydisperse samples, however, the porous packing material may have a
pore size such that the smaller part of the sample separates within the column through a size-
exclusion mechanism, whereas the larger components in the sample separate through an HDC
mechanism. This type of analysis, termed HDC-SEC, has been employed by Rolland-Sabaté et al.
(41) to determine the M and size distribution of native starches and by Uliyanchenko et al. (36) in
ultrahigh-pressure liquid chromatography studies of PSs.

7. MICROCAPILLARY HYDRODYNAMIC CHROMATOGRAPHY

Although single-detector (chiefly UV) capillary HDC commercial instruments have not met with
much acceptance in the particle-sizing arena due to the difficulty of applying the technique to
non-PS latexes, microcapillary HDC has recently experienced success in analyses of DNA and
DNA fragments, where it is sometimes referred to as free-solution HDC. The literature on
microcapillary HDC of polymers and particles through the mid 1990s, which employed capillaries
up to 10 μm in diameter, is reviewed in Reference 16. Recent work on wide-bore HDC, which
employs capillaries up to 400 μm in diameter, is reviewed in Reference 43.

The capillaries used for modern bioanalytical work usually have internal diameters between 1
and 5 μm and lengths between 0.75 and 15 m. The detection method of choice is normally laser-
induced fluorescence (LIF). Application of HDC-LIF to the separation and analysis of DNA
and DNA fragments helps obviate many of the issues with techniques such as capillary and gel
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electrophoresis, which include low mass-detection efficiency and a narrow dynamic range for
DNA sizing (44, 45).

Performing HDC in a 2.5 μm × 445 cm capillary, Wang et al. (44) recently separated DNA
fragments ranging from 75 base pairs to 106,000 base pairs. Liu et al. (45) used microcapillary
HDC to perform single-molecule analysis with only 5 pl of sample and 240 ymol (∼150 molecules)
of DNA.

8. HYDRODYNAMIC, SIZE-EXCLUSION,
AND SLALOM CHROMATOGRAPHY

This section discusses the possibility of HDC effects manifesting themselves during SEC analysis
and of SC effects manifesting themselves during HDC analysis. A more detailed discussion may
be found in sections 2.6.3 and 2.6.4 of Reference 8. Results of recent experiments in this area are
given in Reference 36.

8.1. Hydrodynamic Chromatographic Effects
in Size-Exclusion Chromatography

Under appropriate conditions, HDC effects may manifest themselves during the course of an SEC
separation, even in the case of analytes whose solvated size is smaller than the size of the pores in
the column packing material. Manifestation of these effects depends on flow rate, aspect ratio λ,
and the ratio of pore diameter Rp to particle diameter dp.

Studies have indicated than a ratio of Rp to dp of less than 0.002 leads to negligible HDC effects
in SEC (12). However, in most SEC columns this ratio greatly exceeds 0.002. Once in HDC
mode, however, selectivity depends on λ. On the basis of Equation 13, an analyte with λ = 0.005
has a retention time tp = 0.99tm, where tm is the retention time of the solvent (Equation 5), which
results in the likely coelution of these two species. For HDC effects to become noticeable in SEC,
a useful rule of thumb is that λ should be greater than 0.02.

When dealing with hard spheres and other nondeformable analytes, concerns regarding flow-
induced deformation are nonexistent. This is not so in the case of polymers and deformable
particles. The shape that these types of analytes adopt in solution and, consequently, their size,
is the result of an equilibrium between the randomizing forces of Brownian motion and the
deforming forces imposed by the hydrodynamics of solvent flow. This equilibrium is given by the
Deborah number De:

De = k
ν̄

d p

6.12�η0 R3
G

RT
, (27)

where k is a constant that depends on the structure of the flow channels (usually, k = 6), ν̄

is the superficial solvent velocity, � is Flory’s constant after correction for non-θ solvent and
temperature conditions, η0 is the viscosity of the neat solvent, T is the absolute temperature, and all
the other symbols retain the same meanings as above. At De < 0.1, polymer stretching is essentially
insignificant, and the analyte retains the same shape and size as at equilibrium conditions. At De
= 0.1, the onset of stretching occurs. As such, HDC effects manifest themselves in SEC when 0.1
≤ De < 0.5; these effects become noticeable at λ > 0.02, as described above.

8.2. Slalom-Chromatographic Effects in Hydrodynamic Chromatography

The previous section discussed what occurs when De < 0.5. When De ≥ 0.5, hydrodynamic forces
prevail over Brownian motion, and macromolecules undergo a critical coil-to-stretch transition
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that leads to highly extended, thread-like structures that must turn frequently around the column
packing particles during their passage through the tortuous interstitial channels. Said repetitive,
continuous turning retards elution relative to the HDC elution of macromolecules at equilibrium
conditions. In this so-called SC mode, longer polymers elute later than do shorter ones, and
the elution order is therefore the opposite of that in HDC. For broadly disperse polymers, the
smaller species in the sample may not be large enough to undergo a coil-to-stretch transition
and, consequently, elute in HDC mode, whereas larger polymers elute in SC mode. Online
monitoring of molar mass in conjunction with size [by, e.g., MALS detection (21, 22)] across the
elution profile and as a function of flow rate is the most accurate way to determine whether an
HDC-to-SC transition has occurred. In general, as shown in Equation 27, SC effects in HDC
can usually be avoided by making the proper choice of solvent and temperature conditions (with
respect to both the viscosity of the solvent and the thermodynamic state of the dilute polymer
solution), flow rate, and size of the column packing material (with respect to the solvated size of
the polymer, as given by RG).

9. CONCLUSIONS

Aided by the power of multiple detection, packed-column HDC appears to have finally come of
age. Limitations to the technique certainly exist, most notably relatively low chromatographic
resolution and the possibility for degradation of very large and fragile macromolecules. However,
the ability to determine the mutual interdependence of molar mass, size, shape, and structure of
particulate and polymeric analytes in a single, rapid analysis by use of instrumentation common to
most macromolecular separations laboratories, without necessitating a large capital outlay for ad-
ditional hardware, affords HDC a unique advantage over other particle-sizing and macromolecular
characterization methods. Although obtaining information about analyte size and size distribu-
tion, from first principles, remains a model-dependent approach, this obstacle can be overcome
through online detection methods such as MALS, QELS, and/or VISC in conjunction with a
concentration-sensitive detector (e.g., a differential refractometer). Additionally, the large separa-
tion power and low sample consumption inherent to microcapillary HDC are already establishing
this technique among the large arsenal of bioanalytical methods.
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