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Abstract

Ultrahigh-pressure liquid chromatography (UHPLC) is a method of liquid
chromatography utilizing sub-2-μm particles packed into capillary columns
25 to 100 cm long. Columns of this length packed with particles this
fine require operation with pressures from 1,000 to 7,000 bar (15,000 to
100,000 psi). The advantages of this technique are high separation powers
(theoretical plate counts from 100,000 to 300,000) and run times from a few
minutes (isocratic) to a few hours (long gradients). This review discusses the
background and theoretical basis of UHPLC, practical aspects of UHPLC
hardware, examples of separations, future areas for research in UHPLC, and
techniques that are both competitive with and complementary to UHPLC.
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1. INTRODUCTION

The history of liquid chromatography (LC) is tied to the development of ever smaller particles for
use as packing materials. Early chromatographic theory was developed in parallel with advances
in gas chromatography (GC) in the 1950s and 1960s. This theory clarified the advantages of small
particles in chromatography, principally reductions in two terms, eddy diffusion (A term) and
resistance to mass transfer (C term), of the van Deemter equation. The theory predicted that the
use of smaller and more uniform particles would result in more effective separations and faster
optimum mobile-phase velocities—the irresistible pull of “better and faster.” The theory made no
distinction between gases and liquids as the mobile phase; both GC and LC benefit from the use
of smaller particles. Due to lower diffusivities in liquids as well as their relative incompressibility,
the advantages of small particles proved to be greater in LC than in GC. The cost of using smaller
particles in LC was a significant increase in operating pressure. Recall that the HP in the acronym
HPLC stood for high pressure before it stood for high performance.

The transition from simple gravity-driven columns packed with large particles to sophisti-
cated HPLC systems represented an entirely new approach to LC. Not only did these systems
become faster and more effective at separation, they were automated; updated components in-
cluded autosamplers, high-pressure/high-precision constant-flow pumps, small-particle columns,
and online detectors with computer-based data acquisition. Following the introduction of HPLC,
LC became an instrumental technique, boasting new levels of automation, accuracy, and preci-
sion and greatly improved detection limits, in addition to expected improvements in speed and
resolution.

The equipment introduced early in the history of HPLC operated within a pressure limit of
approximately 400 bar (6000 psi), a pressure that anticipated the operation of columns 25 cm long
packed with particles as small as 5 μm. The 400-bar pressure limit provided plenty of leeway for
operating these columns, allowing for increasing back pressure as the columns became plugged
with use. This pressure limit was reflected in all components of the equipment—not only the
pumps but also the column hardware, fittings, and valves. A small number of commercial systems
operated at pressures of up to 550 bar, but no significant use was made of this modest increase in
pressure capability.

The 400-bar pressure limit has remained in place for the past 35 years. Its selection was based
on good principles involving heat generation and dissipation (1, 2). Indeed, in 1975 Halász et al.
(1) proposed a 500-bar limit for HPLC on the basis of the following considerations. Due to viscous
dissipation, heat is generated in the process of pumping mobile phase through a chromatography
column. The rate of heat generation (power) is equal to the product of the pressure drop over the
length of the column and the mobile-phase flow rate. Heat thus builds up in the mobile phase as it
flows down the column. Heat is removed from the column in two ways. First, it simply flows along
with the mobile phase and exits from the column outlet. Second, it dissipates through the walls
of the column to the surroundings. These two mechanisms result in two temperature gradients:
a temperature rise along the length of the column, from inlet to outlet, and a radial temperature
gradient that has a warmer region on the column axis and that becomes progressively cooler toward
the column wall. Both temperature gradients are potentially detrimental to column efficiency, but
the radial gradient contributes more toward band spreading. The warmer fluid in the center of
the column is less viscous and thus flows faster, resulting in band dispersion. Analyte distribution
between the mobile and stationary phases is also temperature dependent; there is less retention in
the warmer core region of the column, leading to increased band dispersion. Both of these effects
work in the same direction, leading to faster elution of analytes in the warmer core of the column
than in the cooler regions near the wall. Given this issue of heat generation and dissipation, and
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Table 1 Trends in particle sizes, column dimensions, and performance in high-pressure liquid chromatography

Packing material Column length (cm) Pressure (bar) Void time (min)
Column efficiency

(plates)
10 μm, porous, irregular 25 16 2.5 7,000
5 μm, porous 25 66 2.5 20,000
3 μm, porous 10 122 0.6 13,000
2 μm, porous 5 206 0.2 10,000
1.5 μm, nonporous 3 263 0.1 8,000

given the 4.6-mm-bore column technology, 400 bar was a logical pressure limit. Although there
were a few investigations of the effects of ultrahigh pressure on analyte retention and modifying
selectivity in LC (3–6), there were no experiments on the use of ultrahigh pressures for pumping
mobile phases through long columns packed with small particles.

Historical trends in the use of smaller particles in HPLC are summarized in Table 1. The
development of packings below 5 μm required use of shorter columns in order to avoid approaching
the 400-bar pressure limit. Shorter columns resulted in faster analysis times but also in a decrease
in overall column-separation efficiency. By the year 2000, the highest separation efficiencies in
conventional commercial HPLC columns were obtained with 5-μm particles packed in 25-cm-
long columns; this technology was first introduced in the late 1970s.

In 1994 my laboratory began a research project to investigate the possibilities for sub-2-μm
packing materials packed into long capillary columns and operated at ultrahigh pressures (7). The
use of capillary columns in lieu of conventional column diameters results in significantly increased
efficiency of radial heat dissipation and thus permits operation at pressures far in excess of the 400-
bar limit of HPLC. Table 2 summarizes the effects of column diameter on total heat generation.
In all cases, the 50-cm-long columns are assumed to be packed with 1-μm particles and operated
at a pressure of 7000 bar. In the case of a 4.6-mm-bore column, the rate of heat generation is
24 W (344 calories min−1). Given a mobile-phase flow rate of 2 ml min−1, the heat deposition is
172 calories ml−1 of effluent from the column. Assuming that radial heat dissipation from the
column wall to the surroundings is a minor mode of heat dissipation in a column of this diameter,
there is more than enough heat generated per milliliter of mobile phase to take the solvent from
room temperature to the boiling point prior to elution from the column. This is too great a
thermal load for a conventional-bore column to be operated with this pressure drop and flow rate.

Table 2 Heat generation in ultrahigh-pressure liquid chromatographya

Column inner diameter Flow rate Pressure Power
4.6 mm 2.0 ml min−1 7000 bar 24.0 W
2.0 mm 380 μl min−1 7000 bar 4.5 W
1.0 mm 95 μl min−1 7000 bar 1.1 W
500 μm 24 μl min−1 7000 bar 280 mW
250 μm 5.9 μl min−1 7000 bar 71 mW
100 μm 940 nl min−1 7000 bar 11 mW
50 μm 240 nl min−1 7000 bar 2.9 mW

aPower equals heat divided by time, which equals flow rate times pressure drop. Assume 1.0-μm particles packed in a
50-cm-long column.
b24 W equals 344 calories min−1 or 172 calories ml−1.

www.annualreviews.org • Capillary LC at Ultrahigh Pressures 131

A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
10

.3
:1

29
-1

50
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 F

or
dh

am
 U

ni
ve

rs
ity

 o
n 

12
/1

4/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



AC03CH07-Jorgenson ARI 11 May 2010 12:44

At the opposite extreme, for a 50-μm-bore column, the heat dissipation is approximately 3 mW.
Experience with thermal loads in capillary electrophoresis, where heat dissipations of hundreds
of milliwatts are acceptable for 50-cm-long capillaries, shows that this heat load is negligible and
that no measurable effect of heating would be observed. For this flow rate and pressure drop, a
column diameter of less than 500 μm would probably be required in order to avoid excess band
spreading from thermal causes. Thus, LC at exceptionally high pressures must be performed in
columns of capillary dimensions. We term this format ultrahigh-pressure LC (UHPLC).

2. THEORETICAL BASIS FOR ULTRAHIGH-PRESSURE
LIQUID CHROMATOGRAPHY

Figure 1 shows the van Deemter curves that would be expected for packing materials measuring 5,
3, and 1 μm in diameter. The advantages of 1-μm particles are obvious: The plate-height minimum
is proportional to the particle diameter, and the optimum mobile-phase velocity is proportional
to the inverse of the particle diameter. By decreasing the particle diameter fivefold from 5 to
1 μm while maintaining the column length, one should observe the column efficiency increase
fivefold and the time of analysis decrease fivefold. The cost of these improvements is pressure.
As shown in Table 1, 5-μm particles packed into a 25-cm-long column should produce 20,000
theoretical plates with a column void time of 2.5 min and should require 66 bar of pressure to do
so. From this starting point we can project that 1-μm particles packed into a 25-cm-long column
should produce 100,000 theoretical plates (a fivefold increase) with a column void time of 30 s
(fivefold faster) but that this process would require a 125-fold-greater pressure of 8000 bar. Use of
micrometer-sized particles in long columns to achieve very high separation efficiencies with fast
analysis times requires a huge increase in available pressure.

Consider the following question: If available pressure and available analysis time are limited
(i.e., if we are not willing to consider unlimited pressure or analysis time), then are there an
optimum particle size and column length to use in order to achieve the maximum separation
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Figure 1
Hypothetical van Deemter curves for 5-, 3-, and 1-μm particles (13).
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efficiency? The interstitial mobile-phase velocity (the average velocity of mobile phase flowing
between the particles of packing material), u, is given in Equation 1, where P is the pressure
dropped over the column length, dp is the average particle diameter, ε is the interparticle volume
fraction of the mobile phase (the fraction of total column volume between the particles), η is the
mobile-phase viscosity, and L is the column length. Because ε is approximately 0.4 for a bed of
random-packed spheres, Equation 1 can be simplified to the expression on the right-hand side of
Equation 1:

u = Pd 2
pε

2

180ηL(1 − ε)2
= Pd 2

p

400ηL
. (1)

The void time (or dead time) of the column, tm, is given in Equation 2. This is the time it would
take for an unretained macromolecular marker that is excluded from any pores in the packing
material to elute from the column. Equation 2 shows that if the pressure and void time are fixed at
a maximum allowable value, then the column length and particle diameter of the packing material
are dependent variables:

tm = L
u

= 400ηL2

Pd 2
p

. (2)

Equations 3 and 4 are rearrangements of Equation 2. They show that column length is dictated
by a choice of particle diameter and, conversely, that particle diameter is dictated by a choice of
column length:

L =
[

Ptm
400η

]1/2

d p and (3)

d p =
[

400η

Ptm

]1/2

L. (4)

Equation 5 is an approximate form of the van Deemter equation, one that we empirically find
approximately correct for packed capillary columns. The height equivalent of a theoretical plate,
H, is given by three terms on the right-hand side of the equation: (a) eddy diffusion, (b) longitudinal
diffusion in the mobile phase, and (c) resistance to mass transfer in the mobile phase. Dm is the
diffusion coefficient of the analyte in the mobile phase:

H = d p

2
+ 2Dm

u
+ d 2

p u
5Dm

. (5)

In Equation 6, the mobile-phase velocity given in Equation 5 is substituted with the expression
for mobile-phase velocity from Equation 1:

H = d p

2
+ 800ηDm L

Pd 2
p

+ Pd 4
p

2000ηDm L
. (6)

What we wish to do is maximize the number of theoretical plates, N, which is the quantitative
descriptor of the column’s separation efficiency. Equation 7 gives the number of theoretical plates,
which is the ratio of the column length to the height equivalent of a theoretical plate. By substituting
the expression for H given in Equation 6 into Equation 7, we find the expression for N on the
right-hand side of Equation 7:

N = L
H

= 2000ηDm P L2d 2
p

1000ηDm P Ld 3
p + (1.6 × 106)η2 D2

m L2 + Pd 6
p
. (7)

Now we substitute the expression for column length, L, given in Equation 3 into Equa-
tion 7 to obtain Equation 8, which describes the number of theoretical plates in terms of the
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Figure 2
Hypothetical plots of separation efficiency as a function of particle diameter for columns operated at a series
of pressures.

packing-material particle diameter as well as the few physical parameters of the column, namely
pressure, void time, analyte diffusion coefficient, and mobile-phase viscosity:

N = 5Dm Pd 2
p tm

50η1/2 Dm P1/2d 2
p t1/2

m + 4000ηD2
mtm + Pd 4

p

. (8)

The resulting equation is complex, and its predictions are better appreciated in terms of graphs
of column efficiency as a function of particle diameter, as shown in Figure 2. In this figure there
is a family of curves, each corresponding to a different pressure, describing column efficiency as
a function of particle diameter. For an applied pressure of 100 bar, which is typical for HPLC,
Equation 8 predicts (a) an optimum particle diameter of approximately 2.5 μm, (b) a corresponding
optimum column length of 13 cm, and (c) that such a column could provide as many as 30,000
theoretical plates. As the available pressure in this hypothetical column is increased, the optimum
particle diameter decreases, and the optimum column length increases. At an applied pressure of
3000 bar, the optimum particle diameter is 1 μm, the corresponding optimum column length is
30 cm, and the efficiency is 170,000 plates. The maxima in these curves are a result of the interplay
of longitudinal diffusion and resistance to mass transfer, the two terms in the van Deemter equation
that give rise to the minima in van Deemter curves. For a given pressure and void time, a particle
diameter smaller than the optimum dictates a shorter column length (Equation 3), resulting in
excessive band spreading due to longitudinal diffusion. A particle diameter larger than the optimum
dictates a longer column and thus greater mobile-phase velocity (to maintain the desired void time)
and excessive band spreading from resistance to mass transfer. Therefore, there is an optimum
particle diameter and a corresponding optimum column length that maximize the resulting column
efficiency. For larger analyte molecules with smaller diffusion coefficients, analogous families of
curves exist, wherein smaller particle diameters are the optima.
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3. EARLY STUDIES: ULTRAHIGH-PRESSURE LIQUID
CHROMATOGRAPHY WITH NONPOROUS PACKING MATERIALS

Initial experimental work on UHPLC involved the use of 1.5- and 1.0-μm nonporous silica
microspheres [prepared via the Stöber synthesis (8)] bonded with an octadecyl stationary phase
(7, 9–14). Although the nonporous nature of these particles results in limited sample-loading
capacity, the particles are inherently monodisperse in size, which precludes difficulties associated
with classifying a highly disperse mixture of particles into a narrow size cut useful for packing an
efficient chromatography column. These nonporous silica particles have been a good reference
material with which to study column packing and investigate the feasibility of UHPLC in capillary
columns (9–11, 14, 15). Figure 3a shows an electron micrograph of some of these particles after
they have been extruded from a capillary column with application of modest pressure. Figure 3b

shows an end view of a fractured column with packing material in place. The side view illustrates
the extraordinary consistency in the size of the particles and their tendency to pack into crystalline-
like arrays. Crystal defects, such as vacancies and dislocations, are also visible. The end view shows
that the ordered structure apparently exists only in the outermost regions of the column, where
the particles pack up against the flat surface of the column wall. Away from the column wall, the
packing is disordered.

Figure 4 presents example chromatograms of standard test analytes run on a 10-μm-i.d. (inner
diameter), 43-cm-long column packed with 1.0-μm nonporous particles. The applied pressure in
Figure 4a was 3000 bar, near the optimum velocity for these analytes on this column. The image
in Figure 4b was obtained by increasing the pressure to 7000 bar, resulting in a fast separation
but little increase in peak widths. The latter separation was obtained at the highest pressure ever
reported for a chromatogram (11).

Column efficiency is influenced dramatically by the i.d. of the capillary tubing used to pre-
pare the column. Shown in Figure 5 are van Deemter plots for the test analyte hydroquinone
for columns of different diameters packed with 1.0-μm nonporous reversed-phase particles
(11). There is a regular trend: Performance improves as column diameter decreases. Figure 6

a b

10 µm

aa 50-µm column

Figure 3
(a) Electron micrograph of an extruded section of a 50-μm-i.d. (inner diameter) column packed with 1-μm
nonporous particles. (b) Electron micrograph of the end of a 150-μm-i.d. column packed with 1-μm
nonporous particles. The column wall is at the far right side of the image (12).
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Figure 4
Chromatograms of ascorbic acid (AA), hydroquinone (HA), resorcinol (RES), catechol (CAT), and 4-methylcatechol (4-MCAT) run on
a 43-cm-long, 10-μm-i.d. (inner diameter) column packed with 1-μm, nonporous, reversed-phase packing. (a) Pressure: 3000 bar.
(b) Pressure: 7000 bar (12).

shows plots of the van Deemter A, B, and C terms for hydroquinone and resorcinol as a
function of column diameter. The A term decreases roughly in proportion with the decrease
in column diameter, approaching values near zero at the smallest column diameters. The B
term, as expected, is fairly independent of column diameter. Like the A term, the C term is
strongly dependent on column diameter, decreasing dramatically at the smallest column diam-
eters. Similar trends have been observed in studies of capillary columns packed with larger par-
ticles (16–18). Improvement in the A term as column diameter decreases is a result of analyte
molecules efficiently sampling, and thus averaging, the various possible flow paths by transcolumn
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Figure 5
van Deemter plots for hydroquinone, run on columns with diameters ranging from 10 to 150 μm, packed
with 1-μm nonporous reversed-phase particles. Lines are a nonlinear least-squares best fit to the van
Deemter equation for the data for each column diameter (13).
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Figure 6
(a–c) Reduced-parameter A, B, and C terms of the van Deemter equation for hydroquinone and resorcinol as
a function of column diameter. Data are from the van Deemter curves shown in Figure 5 (13).

diffusion. The cause of the improvement in the C term with decreasing column diameter is not
known.

Pressure effects on retention in HPLC are typically considered relatively insignificant. How-
ever, studies carried out by McGuffin and colleagues (19–22), using pressures typical of HPLC
conditions, showed significant effects of pressure on retention (10% to 25% change in capacity
factor over a pressure range of 100 to 350 bar). These results are of concern for UHPLC con-
ditions, as they extrapolate to greater-than-fivefold changes in capacity factor over the 7000-bar
pressure range in UHPLC. If such large changes in capacity factor were to occur, they might con-
found the analyst. Figure 7 plots the capacity factors, k′, of a series of test analytes as a function
of the column inlet pressure, ranging from atmospheric pressure to more than 4000 bar. In this
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Figure 7
Capacity factors for hydroquinone (HQ), resorcinol (RES), catechol (CAT), and 4-methylcatechol (MCAT)
as a function of column inlet pressure. (a) 35/65 volume to volume (v/v) acetonitrile/water. (b) 10/90 v/v
acetonitrile/water (23).

instance, the capacity factor is defined as

k′ = tr − tm
tm

, (9)

where tr is the retention time of the test analyte and tm is the void time of the column (retention
time of an unretained marker substance). The data in Figure 7a were obtained in 35/65 volume-
to-volume (v/v) acetonitrile/water, and the data in Figure 7b are in 10/90 v/v acetonitrile/water.
There is a modest linear increase in capacity factor with increasing column head pressure, and no
extreme changes were observed in this test system (7, 9, 10, 23).

In general, columns packed with silica-based, nonporous, reversed-phase packings measuring
1.0 and 1.5 μm in diameter demonstrated a performance, as judged by their van Deemter curves,
that accorded well with expectations from chromatographic theory. Minimum plate heights below
two particle diameters were generally obtained.
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4. ULTRAHIGH-PRESSURE LIQUID CHROMATOGRAPHY HARDWARE

4.1. Ultrahigh-Pressure Liquid Chromatography Columns

Capillary columns suitable for use in UHPLC are not commercially available. They must be
prepared via specialized equipment and techniques.

4.1.1. Column tubing and fritting. The tubing material of choice for preparing capillary
UHPLC columns is fused silica, which exhibits ideal properties for a column material. It is flexible,
ultraviolet transparent, and very strong. The tensile strength of fused silica is believed to exceed
48,000 bar (24). Fused silica does suffer from the traditional weakness of glasses and ceramics:
It is brittle and prone to fracture. This drawback requires that the fused silica be coated with a
protective polyimide layer to prevent scratching, which can seriously weaken the tubing.

Before a fused-silica tube can be slurry packed with fine particles, a porous frit must be created
in one end of the column. There are a variety of methods to create such frits. A millimeter length of
2.5-μm silica beads can be sintered in the end of the capillary through use of an electric arc heater
(9, 25). This method produces a reliable frit that can withstand high pressures and flow shears,
but the sintering process removes a short section of polyimide at the capillary end, making this
section fragile. An alternative method of column fritting involves a procedure involving Kasil R©

(potassium silicate) and formamide (26). Such frits are prepared at much lower temperatures and
thus do not remove the polyimide, but they are less robust than sintered frits and therefore are less
likely to survive as an outlet frit during the high-pressure packing process. They are more suitable
for use as inlet frits in UHPLC, where they are subjected to much lower stresses and act to prevent
particles from escaping from the inlet end of the column during column depressurization.

4.1.2. Column-packing procedure. Capillary columns must be slurry packed at ultrahigh pres-
sures. Particles are slurried in a solvent that ideally reduces particle agglomeration to a minimum.
Solvents such as acetone (27), tetrahydrofuran, 30/70 v/v acetone/hexane (9, 10), and even super-
critical carbon dioxide (28, 29) have been effective for packing reversed-phase UHPLC packings.
The particles must initially be packed at modest pressures so as not to rupture the outlet frit of the
capillary column. Packing pressure is usually increased as packing proceeds in order to maintain
a relatively steady rate of packing.

The transparency of the fused-silica capillary is an enormous advantage during the packing
process because packing can be directly observed via an optical microscope. It is not uncommon
for the slurry to cease packing during the process. Blockage of the capillary inlet by an aggregate
of particles is suspected to be the cause. Releasing the packing pressure and then reapplying it
usually restarts the packing process. The time required to complete the slurry-packing process
depends on many variables, including column length, slurry concentration, and solvent viscosity,
but times from a few hours to a day are typical.

Once the column is filled to the desired length with slurry, the column is slowly depressurized
and an inlet frit is prepared. These steps can be accomplished by a variety of procedures. One
procedure is to trim the column to the desired length, then completely dry out the inlet end of
the column by allowing the solvent to evaporate. Larger silica particles are then tamped into the
end of the column and sintered into place via the electric arcing device for preparing outlet frits
(described above) (25). Alternatively, a Kasil/formamide frit can be prepared (26).

4.1.3. Porous packing materials. Nonporous packings are monodisperse in size and are avail-
able in sizes that are useful for UHPLC columns. These packings, however, suffer from a lack
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of surface area and therefore have a significantly reduced sample-loading capacity compared with
porous packing materials. This disadvantage renders nonporous particles impractical for most
applications. Porous packings tend to vary widely in size following synthesis, and they require
size classification prior to use in packing UHPLC columns. Preparative-level size classification is
difficult to perform for particles in the 1-μm range due to their strong tendency to agglomerate.
Small quantities of 1.5- and 1.0-μm porous particles, produced by researchers at Waters Corpo-
ration, permit one to use them to assess column packing and performance. The 1.5-μm particles,
packed using acetone as a slurry solvent, have produced columns that meet the expectations of
chromatographic theory (27, 30). Our results from packing columns with 1.0-μm porous particles,
however, have been highly variable to date. The columns tend to perform marginally better than
do columns packed with 1.5-μm particles. van Deemter analysis of these 1-μm packings shows that
an elevated resistance to mass transfer (C term) is largely responsible for the inferior performance
(31). Wirth (32) has suggested that slow desorption kinetics from the stationary phase may be the
cause of poorer-than-expected performance. The highly variable column-to-column results, ac-
cording to slurry solvent and column i.d., suggest that the actual physical packing process is at fault
and that we have much to learn about the optimum means of packing these 1-μm porous particles.
This conclusion is further supported by our observation (31) that extremely small-bore columns
(10 μm i.d.) packed with such 1-μm porous particles yield outstanding separation performance
with the van Deemter minima of 1.6 particle diameters.

4.2. Mobile-Phase Pumping Systems

Pumps designed for use in UHPLC are not commercially available. They must be adapted from
existing high-pressure pumps, which were designed for applications other than LC.

4.2.1. Isocratic pumping. A pneumatic amplifier pump is an inexpensive and simple device
for isocratic operation at ultrahigh pressures. Such pumps are available with pressure ratings to
10,000 bar. They function by transferring the force applied by gas pressure exerted on a large
cross-section piston directly to a much smaller cross-section piston, which exerts pressure on a
liquid. Typical gas/liquid piston-area ratios are 1000 to 1, so a gas pressure of 5 bar translates to a
liquid pressure of 5000 bar. Such pumps are constant-pressure rather than constant-flow pumps,
but if the column provides a constant flow resistance, a constant flow is achieved. These pumps
are suitable for slurry-packing columns, isocratic performance-testing of columns, and routine
isocratic operation.

4.2.2. Ultrahigh-pressure liquid chromatography gradient-elution pumping system. An
ultrahigh-pressure syringe pump for UHPLC operation has been described (10). This pump was
capable of constant flow at pressures as high as 5000 bar, and the flow rate could be computer
controlled. The principal reason for the development of this pump was to operate a pair of pumps
in tandem to produce binary mobile-phase gradients. This system demonstrated the potential
of gradient UHPLC separations, but it was bulky, inconvenient, and generally not amenable to
autosampling, rendering it unfit for routine use.

An automated gradient system built around conventional HPLC pumps and hydraulic amplifier
pumps was designed and constructed by Keith Fadgen and Geoff Gerhardt of Waters Corporation,
and its operation was described by Eschelbach & Jorgenson (33). A schematic of the system and
its operation is shown in Figure 8. The system generates a mobile-phase gradient at low pressure
via a commercial capillary LC system (the CapLC R©) and stores this gradient in reverse order in a
stainless-steel capillary gradient storage tube. Following loading of the gradient, the autosampler
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storage
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Figure 8
Schematic diagram of gradient pumping system with autosampler. (a) Mobile phase is loaded by the
CapLC R© pump in reverse order (high organic content to low organic content) into the gradient storage
tubing. Sample is then loaded into this tubing. The two pin valves are in the open position, allowing fluid to
flow from the CapLC into the storage tubing and back through the hydraulic amplifier pump to waste. The
very high flow resistance of the capillary column and splitter capillary prevents any significant flow into these
two arms of the injection block. (b) The two pin valves are closed, sealing off the waste port on the hydraulic
amplifier pump and isolating the CapLC. The Waters 1525 LC pumps hydraulic fluid as a working fluid into
the low-pressure side of the hydraulic amplifier pump. Water in the high-pressure side of the hydraulic
amplifier pump pressurizes the fluid filling the gradient storage tubing, forcing sample and mobile phase into
the injection block. The flow of sample and mobile phase is split in the injection block, and the majority goes
to waste through the splitter capillary (43). Abbreviations: ESI Q-TOF MS, electrospray ionization
quadrupole time-of-flight mass spectrometry; LC, liquid chromatography.

on the capillary LC loads sample into the same gradient storage tube. Electronically actuated pin
valves are then used to isolate the CapLC system. The far end of the gradient storage tube is
connected to a hydraulic amplifier pump. This pump works by the same principle as a pneumatic
amplifier pump does, except that force from a pressure exerted by a hydraulic fluid pumped at
hundreds of bar is applied to a smaller cross-section piston that exerts pressure on the mobile
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phase. A conventional HPLC pump is used to apply a constant flow rate on the hydraulic fluid,
which translates into a much lower constant flow rate at a much higher pressure applied to the fluid
in the gradient storage tube. Completely automated operation is thereby achieved at pressures up
to 3000 bar, which is the limit of the pin valves and pumping hardware.

4.3. Sample-Introduction Valves

Loop-injection valves are the standard sample-introduction devices in HPLC. Injection valves
usually employ a rotor sliding within a surrounding stator. The rotor provides vias that align with
the ports on the surrounding stator. High-strength polymers provide a leak-free seal between
the rotor and stator. The difficulty in UHPLC is creating a sample-introduction system that can
function at pressures of 3000 bar and higher. A static split-injection system, shown in Figure 9, was
the first sample-introduction system used in isocratic UHPLC (9). Prior to making an injection,
flow from the pneumatic amplifier pump is shut off. The injection valve and waste valve are opened,
and sample is introduced by hand from a syringe into the central passage of the injection block,
where the capillary column inlet also resides. Once sample has been introduced into the injector
block, the injection valve and waste valve are closed. Reduced pressure from the pump (a few
hundred bar) is then applied, forcing a small amount of sample to flow into the UHPLC capillary
column. After a few seconds, the waste valve is opened and remaining sample is flushed from

Packed
capillary

Waste
valve

From
pump

Shut-off valve

Injection
valve

Plug

Figure 9
Schematic diagram of a static split-sample injector. Sample loading is accomplished by closing the shut-off
valve, opening the injection and waste valves, and loading sample by syringe into the injector. The injection
and waste valves are then closed, the shut-off valve is opened, and modest pressure is applied for a few seconds
to inject sample into the capillary column. The waste valve is then opened, allowing remaining sample to be
flushed from the injector. The waste valve is then closed, and pressure is increased to full run pressure (7).
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the injection block. The waste valve is then closed, and full run pressure is applied, initiating the
chromatographic separation. This device wastes sample, but it can accomplish a sharp injection.
It is useful for column testing and demonstrating the feasibility of UHPLC, but it is not a very
practical system, nor is it easily automated. Wu et al. (28) described the operation of an alternative
sample valve that utilizes a dynamic splitting system at pressures up to 1200 bar.

Both Anspach et al. (34) and Xiang et al. (35) described operation of an injection loop–type
system based upon six pneumatically actuated pin valves. This design eliminates the sliding surfaces
of the rotor/stator pair with their large contact area, as in conventional HPLC loop injectors. The
system is rated to withstand pressures up to 3000 bar and was operated to pressures of nearly
2000 bar. Very sharp injection profiles were demonstrated, and the system also appears amenable
to automation. Its main drawback is that it is a rather bulky and expensive device.

Another sample-introduction system was developed for use with the gradient-elution UHPLC
system described by Eschelbach & Jorgenson (33). This approach, shown in Figure 8, uses a
dynamic split of the sample between the UHPLC capillary column and a splitter capillary, with
a few percent of the sample going to the UHPLC column and the remainder going to waste
through the splitter capillary. This system can also be operated in a splitless mode, where the
splitter capillary is blocked and the entire flow is forced into the analytical column. This splitless
mode is only applicable with gradient elution and retained analytes because the long duration of
the splitless injection process depends on sample being concentrated on the head of the analytical
column and then released by gradient elution. After sample introduction is complete, the splitter
capillary is opened, and mobile-phase gradient flow is split between the analytical column and
splitter. This system is comparatively simple and readily amenable to automation, but it works
best with gradient elution.

5. EXAMPLE SEPARATIONS BY ULTRAHIGH-PRESSURE
LIQUID CHROMATOGRAPHY

UHPLC has been used for the separation of a variety of small-molecule entities (36–40) as well as
enantiomers (41). It has also been used for the separation of peptides and proteins (10, 33, 42–47).
Figures 10 and 11 show examples of separations of complex mixtures made possible by using
UHPLC in a slow gradient-elution mode. Figure 10 shows a separation of fluorescently labeled
peptides from a tryptic digest of hen egg ovalbumin (12). Figure 11 shows a separation with mass
spectrometric detection of the soluble cytosolic proteins from Escherichia coli. In both cases, the
peaks are remarkably sharp and symmetric. Peak capacities in UHPLC are comparable to those
observed in capillary GC and have been demonstrated as high as 1500, permitting the analysis of
exceedingly complex mixtures (48).

6. FUTURE ISSUES

6.1. Alternative Retention Modes and Stationary Phases

The vast majority of capillary UHPLC separations have been carried out in reversed-phase mode.
Although reversed phase is undoubtedly the most useful LC mode, alternative modes such as ion
exchange (49), size exclusion, and normal phase deserve to be studied in a UHPLC setting. All of
these modes would benefit from increased plate counts and resolution. Size exclusion in particular
may be problematic in a UHPLC format. Size-exclusion packing materials tend to have a high
specific pore volume (internal pore volume per gram of packing material) so that they can provide
as much volume as possible for retention of solutes. This property tends to make size-exclusion
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Gradient: 0.28% min–1 (pump A: 15/85 ACN/H2O; pump B: 100% ACN; both with 0.1% TFA) 

Figure 10
Chromatogram of a tryptic digest of ovalbumin labeled with tetramethylrhodamine isothiocyanate. Columns
are 38 cm long and 15 μm i.d. and are packed with 1-μm nonporous reversed-phase particles. Mobile-phase
gradient is 15% to 100% acetonitrile at 0.28% min−1. Average run pressure is 3650 bar. The peak capacity
in this chromatogram was calculated to be 417, more than double the peak capacity that would be observed
in conventional reversed-phase high-pressure liquid chromatography of peptides (12).

packing materials exceptionally fragile, as the volume of solid material is traded away for increased
pore volume. This fragility does not bode well for application at the high stress of operation under
UHPLC conditions.

6.2. Submicrometer Particles and Superficially Porous Particles

Particles smaller than 1 μm are of particular interest for the separation of analytes of higher
molecular weight, such as peptides and proteins. Packing columns with such small particles is
challenging due to (a) the tendency of these particles to agglomerate and (b) the extremely high
flow resistance of the resulting columns. Cintron & Colon (15) have described packing columns
with 0.67-μm nonporous particles. Due to the high optimum mobile-phase velocity and the high
flow resistance of the column, the resulting van Deemter curves were dominated by longitudinal
diffusion, and it was impossible for the authors to explore flow regimes where resistance to mass
transfer dominated column performance.

Superficially porous particles are an alternative to totally porous particles. They are prepared
by growing a porous layer onto monodisperse solid-core particles. Such particles are a hybrid
between nonporous particles and totally porous particles, and they retain to a good degree the
inherently narrow size distribution of the core particles while also maintaining a majority of the
surface area and thus sample capacity of porous particles. Destefano et al. (50) have shown that
the performance of 2.7-μm superficially porous particles is on a par with that of sub-2-μm porous
particles. The authors explain that the 2.7-μm superficially porous particles can be operated at
ordinary HPLC pressures, whereas the sub-2-μm particles require pressures above those of HPLC
systems. Use of yet smaller superficially porous particles operated at UHPLC pressures may offer
additional possibilities. A 1-μm core with a 0.1-μm porous layer would offer a monodisperse
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Figure 11
Chromatogram of soluble cytosolic proteins from Escherichia coli. Column is 42 cm long by 50 μm i.d. and is
packed with 1.5-μm porous reversed-phase particles. Mobile-phase gradient is 25% to 60% acetonitrile at
0.25% min−1. Average run pressure is 1700 bar. All numbered peaks were deconvoluted to yield distinct
molecular weights appropriate for proteins. This separation of proteins is significantly superior to
separations obtained by conventional high-pressure liquid chromatography (HPLC). Average peak width is
15 s; total peak capacity is 470. This peak capacity is far greater than that observed in reversed-phase HPLC
of proteins.

particle measuring 1.2 μm in diameter and would retain almost half of the surface area of a totally
porous particle of identical diameter.

Operation of UHPLC columns at higher temperatures is also an attractive possibility (51–
53). Increased temperatures provide the benefit of reduced solvent viscosity and increased solute
diffusivity, both of which act to permit operation at increased speed.

6.3. Monolith Columns

Monolith columns, which are continuous porous columns synthesized in situ within a surrounding
column tube, are an appealing alternative to traditional packed columns. They are prepared by
polymerizing either organic monomers or silane monomers. Monoliths feature large macropores,
which permit flow through the monolith, and smaller mesopores, which provide surface area for
the stationary phase (54–57). Whereas the interparticle porosity of traditional packed columns is
fixed at approximately 0.4 by the nature of random packing of particles, monoliths can be designed
in a wide range of pore sizes, pore volumes, and overall porosity. The result of this freedom is the
ability to prepare columns with equivalent separation power to traditional packed columns but
with much greater permeability and thus lower pressure requirements. It is possible, for example,
to prepare a monolith column with separating power equivalent to that of 2.5-μm particles but with
flow resistance equivalent to that of 5-μm particles (58). The potential disadvantages of monoliths
are tied to the fact that preparation of each monolith column is a unique synthesis, both in terms
of monolith preparation and in terms of any subsequent bonding of the stationary phase. These
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disadvantages may negatively influence the column-to-column reproducibility of these columns.
Packing materials for traditionally packed columns can be synthesized and bonded in large batch
quantities, thus ensuring a greater likelihood of reproducibility between columns. In the future, it
may be desirable to use monolith columns in conjunction with ultrahigh-pressure operation. In so
doing, it may be possible to make columns whose flow resistance is equivalent to that of a column
packed with 1-μm particles but whose separation power is equivalent that of 0.5-μm particles.
The combination of ultrahigh pressures and monolith format would open exciting new vistas in
separation power.

6.4. Open Tubular Columns

Open tubular columns offer the greatest potential for extremely high separation efficiency in LC
(59–76), but they suffer from a significant disadvantage. The appropriate column diameter in LC is
below 5 μm, which necessitates the use of very sensitive detectors. As mass spectrometers continue
to improve in terms of speed and sensitivity, open tubular columns may become a more realistic
option for LC.

6.5. Physicochemical Data at Ultrahigh Pressure

Although at ordinary HPLC pressures mobile phases may be regarded as relatively incompressible,
this is not true at the pressures encountered in UHPLC. There are scarce basic physicochemical
data on the effects of ultrahigh pressures on such properties as solvent viscosity (77), solvent
compressibility, and solute-diffusion coefficients (78), as well as on the heating effects of solvent
compression and expansion (79). Also, although limited data are available for some pure solvents,
they are rarely available for the mixed aqueous/organic solvents most commonly used in LC. This
is an area in which more fundamental data will be useful.
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