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Ultrahigh-pressure liquid chromatography (UHPLC) is a technique that
is experiencing continued growth due to the benefits in separation
power and speed of analysis over traditional HPLC. We attempt here to
give an overview of some of the advances that have occurred in UHPLC
since 2003, from the standpoint of both fundamental research and the
introduction of commercially-available technology.

ince the time of our previous

LCGC article, entitled “The

Use of Micrometer-Sized Parti-
cles in Ultrahigh Pressure Liquid Chro-
matography”(1), ultrahigh-pressure lig-
uid chromatography (UHPLC) as a
technique has received increased atten-
tion in the separations literature. LC
using pressures above the standard 5000
psi (340 bar) was limited to just a few
academic labs before 2003, but through
several important developments, it is
starting to become a useful tool for chro-
matographers around the world. Two
particular advancements have made
UHPLC more practical for widespread
use: the first of these was the develop-
ment of high-quality sub-2 pm porous
packing materials, and the second was
the commercialization of LC systems
with pressure capabilities elevated to ~
15,000 psi (1000 bar). The purpose of
this update is to discuss some of the
advancements in UHPLC since 2003.
For a detailed explanation of the advan-
tages of higher pressures and the theoret-
ical and practical benefits of UHPLC, we
refer readers to our earlier article and ref-
erences therein (1).

In brief, the most straightforward way to
decrease both plate height and analysis time
is to decrease the particle size of the column
packing material. The efficiency of a chro-
matographic column as a function of
mobile phase flow velocity (#) can be
described by the van Deemter equation for

height equivalent to a theoretical plate (H):

H=a+24a (1)
u

where A, B, and C are the coefficients for
eddy diffusion, longitudinal diffusion, and
mass transfer, respectively. Decreasing the
particle size (dp) affects both the A- and C-
terms of the van Deemter equation; 4 is
proportional to ¢, and C'is proportional to
d,2. Consequently, decreasing d,, causes a
linear improvement in separation efficiency
per unit column length, and a linear
increase in the optimum mobile phase
velocity. An often-cited motivation for
UHPLC is that if a chromatographer were
to exchange a 25-cm column packed with
5-pm particles with a 25-cm column
packed with 1-pwm particles, the result
would be fivefold higher separation effi-
ciency in fivefold less time. The catch, of
course, is that the pressure required to per-
form such an exchange is proportional to
the particle diameter cubed, requiring a
125-fold increase in pressure for the previ-
ous example. Considerable effort from
research labs and instrument manufacturers
over the last several years has been invested
to develop new particles and chromato-
graphic hardware suitable for UHPLC.

Before 2003, the standard particles used
in UHPLC were based upon 1.0- and 1.5-
pm nonporous silica. These particles, by
the nature of their synthesis, are very
monodisperse and make for very efficient
chromatographic columns, thus, they
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Figure 1: Chromatograms obtained on a
49-cm, 30-pm i.d. capillary column packed
with 1.5 um BEH porous particles. (a) Chro-
matogram obtained at 23,000 psi; average
plate count is 196,000. (b) Chromatogram
obtained at 62,000 psi; average plate count
is 150,000. Peaks: 1 = ascorbic acid, 2 =
hydroquinone, 3 = resorcinol, 4 = catechol,
5 = 4-methyl catechol.

found widespread use in the labs of
researchers performing UHPLC. The main
disadvantage of these particles is the low
phase ratio (~9 m2/mL mobile phase),
which limits the amount of analyte that
can be loaded on the column before band
broadening occurs due to overloading.
Phase ratio is described as the surface area
of a packing material per unit volume of
mobile phase in a column. Because porous
particles have much higher surface area,
they typically have phase ratios on the
order of 200 m?/mL packed bed or higher
(2). A problem frequently encountered in
our laboratory when performing
UHPLC-mass spectrometry (MS) experi-
ments was that the best chromatographic
performance for columns packed with 1.0-
pwm nonporous silica occurred with low
injection amounts, near the limit of detec-
tion of the mass spectrometer. When more
analyte was injected to increase the signal-
to-noise ratio, the chromatographic per-
formance suffered (3). Porous particles in
the 1-pum size-range were therefore viewed
as a way to significantly increase the
dynamic range of UHPLC-MS.

In the development of porous stationary
phase particles for UHPLC, several param-
eters must be considered. As mentioned
previously, sufficient particle surface area to
give higher loading capacity is paramount.
The pores within the particles must be the
proper size for the target analyte, the parti-
cles themselves should have a narrow size
distribution to provide efficiently packed
columns,(2) and the particle material must
have high mechanical strength to prevent
crushing under high mobile phase shear. In

Figure 2: Plate height versus linear velocity
comparison for hyrdroquinone run on 30-pm
i.d. capillary columns packed with (a) 1.5-um
porous BEH C18 particles with 50:50 (v/v)
acetonitrile-water mobile phase, and (b) 1.5-
pwm nonporous silica C18 particles with 10:90
(v/v) acetonitrile-water mobile phase.

2003, our lab received 1.5-pm C18-
bonded bridged-ethyl hybrid (BEH) parti-
cles from Waters Corporation (Milford,
Massachusetts) (4). Figure 1 shows two
chromatograms from a 49-cm capillary
column that was slurry-packed with these
particles (5). Using isocratic elution in
50:50 (v/v) acetonitrile—water with 0.1%
trifluoroacetic acid and with electrochemi-
cal detection, this column gave roughly
200,000 plates at its optimum linear veloc-
ity (Figure la). A plate height of 2.5 pm
was obtained at a 23,000-psi run pressure,
excellent performance for 1.5-pm parti-
cles. At 62,000 psi, an average of 150,000
plates was obtained from this column (Fig-
ure 2b) indicating that the performance
only decreased by 25% at three times the
optimum linear velocity.

A performance comparison of porous
and nonporous particles of the same size
can be made easily using a van Deemter
plot (plate height versus linear velocity) as
shown in Figure 2. Excellent performance
was displayed by 30-pm i.d. capillary
columns packed with either 1.5-pm BEH
or 1.5-wm nonporous silica, with mini-
mum plate heights falling well below
twice the particle diameter for both parti-
cle types. The column packed with non-
porous silica performed slightly better,
which was expected from chromato-
graphic theory, due to the extra mass-
transfer broadening that occurs within a
porous phase. This manifests itself in a
slightly higher C-term, decreasing the
optimum linear velocity and increasing
the plate height for the porous particles.

Another aspect of using porous particles
at ultrahigh pressures that raised concern
was whether the phase support had the

Figure 3: Mobile phase linear velocity ver-
sus run pressure for a 15 cm X 30 wm column
packed with 1.5-um BEH particles. The meas-
ured linear velocities from the initial runs
are represented by circles. The red square
represents a run performed several days
after the initial set of runs. The dashed line
represents the expected curve if the viscosity
of the mobile phase did not increase with
pressure. (Reprinted with permission from
reference 5.)

mechanical stability to withstand the
extremes of pressure generated in UHPLC.
To investigate this concern, a relatively
short column (~15 cm) was packed with
1.5-wm BEH particles and used to per-
form chromatographic runs at pressures in
excess of 60,000 psi (4100 bar), which was
approximately 10 times the optimum lin-
ear velocity (5). Figure 3 is a plot of mobile
phase velocity as a function of pressure for
this experiment. Bed collapse due to
mobile phase pressure and shear should
cause an increase in pressure required to
achieve a certain linear velocity. As shown
in Figure 3 by the red square, when this
column was returned to low pressures, the
mobile phase velocity was the same as pre-
viously observed, and therefore no bed col-
lapse was indicated. High mechanical sta-
bility of the BEH material lends itself well
to use in UHPLC.

Loading capacity of the 1.5-um BEH
particles was shown to far exceed 1.0-pum
nonporous silica particles (5). Figure 4
shows the width of a chromatographic
peak (4-methylcatechol) as a function of
peak area. The peak area corresponds to
picograms of analyte loaded with an
injection of fixed volume. The red and
blue arrows indicate where the correspon-
ding column experienced a peak width
increase of 20% due to mass overload. It
can be seen that for a 30-pm i.d. column,
the width of the peak increased by 20%
after only ~10 pg injected for the non-
porous silica-packed column, whereas
with the porous BEH-packed column it
took ~350 pg to cause the same increase
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Table I: Benefit in separation time for a desired theoretical plate count (80,000) that is

available with elevated pressure

5000 50 3
15,000 28 1.7
45,000 17 1.0

* For this calculation, 1 = 1.0 cP, D, = 8e-6 cm? sec’!, linear velocity was set to twice the
optimum linear velocity, and the separation time is based on a retention factor of 1.

80,000 10.8
80,000 3.6
80,000 1.2
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Approximate amount injected (pg)
10 100

Table II: Benefit in separation efficiency available for a fixed separation time, using

elevated pressures

5000 10 1.5
15,000 " 1.0
45,000 15 0.75

* For this calculation, = 1.0 cP, D, = 8e-6 cm? sec’, linear velocity was set equal to the
optimum linear velocity, and the separation time is based on a retention factor of 1.

33,000 1.6
55,000 1.6
100,000 1.6

in peak width. This approximately 35-
fold increase in loading capacity should
translate directly to improved dynamic
range and sensitivity of LC-MS methods.
Shen and coworkers (6) have indicated
that improved peak capacity can be
expected in gradient UHPLC-MS runs of
complex mixtures by using porous particles
over nonporous. Impressive peak capacities
in the range of 1000-1500 for complex
mixtures of peptides were obtained by using
a home-built automated UHPLC system
capable of 20 kpsi and either long columns
packed with 3-wm porous material, or
shorter columns packed with 1.4-pm
porous material (6). These results were lim-
ited to long analysis times (as long as 24 h)
Clearly, higher pressure capability would
improve the speed of analysis. In other
work, Shen and coworkers (7,8) have used
sub-micron porous C18 material in short
columns (~10-20 cm) to perform fast
reversed-phase LC-MS-MS experiments of
peptides and were capable of identifying
~250 proteins for an 8-min analysis and
~1000 proteins from a 50-min analysis.
The need for sub-2 pum reversed-phase
porous packing materials has been
answered recently by commercial suppli-
ers. Whereas, before 2003, there were vir-
tually no suppliers of sub-2 wm porous
material, six vendors introduced new sub-
2 pm porous packing materials at Pittcon
2006 (9). This highlights the continued
trend toward smaller packing materials
that will no doubt become mainstream in

the near future. To take advantage of
smaller packing materials, advancements
in pump, valve and fitting technology
have been required to achieve pressures
above the industry standard of 5000 psi.
The pressure capability of a chromato-
graphic system can be viewed as “capital”
which can be spent in several different ways,
depending on the goals of the chromatogra-
pher. It is interesting to compare separation
capability using a typical HPLC system
(~5000 psi limit) to that of the newly com-
mercialized UPLC (Waters) and XLC
(Jasco) systems (~15,000 psi limit) as well
as to a UHPLC system (~45,000 psi).
Tables I and II highlight the benefits of hav-
ing higher pressures available, in terms of
separation time for the same desired effi-
ciency (Table I) and separation efficiency
obtainable in a fixed time (Table II). Table I
shows that using a threefold pressure
increase and the appropriate chromatogra-
phy column, the separation time required
to generate a fixed number of theoretical
plates decreases by one-third. A threefold
increase in separation efficiency in a fixed
time is more difficult to obtain; Table II
shows that in order achieve a threefold
improvement in separation efficiency in a
1.6-min separation, a ninefold increase in
pressure is required. Clearly, the most
immediate gain from a commercial system
capable of 15,000 psi is in separation speed.
Tables I and II indicate that considerable
additional gains are available by moving
from 15,000 psi to 45,000 psi, a pressure

Figure 4: Overloading of 4-methylcatechol
on nonporous silica and porous BEH
columns. Overloading is indicated by an
increase in the peak width versus area.
Traces through the markers are exponential
fit functions used to calculate the peak areas
at which the peak widths increased by 20%
over their initial values. Arrows indicate spot
where 20% increase in peak width occurred.
(Adapted and reprinted with permission
from reference 5.)

which we believe is attainable for commer-
cial capillary UHPLC systems in the future.

An important step in the scientific life-
cycle of UHPLC has occurred in the past
two years, with the first major increase in
commercial HPLC pump pressure capabil-
ity in three decades. Several companies
have introduced commercial gradient
HPLC systems capable of 15,000 psi.
Waters' UPLC system has gained a reputa-
tion for reducing analysis times and sensi-
tivity of established chromatographic
methods. Journal articles have been pub-
lished enumerating the benefits of the
Waters UPLC system in areas including,
but not limited to, pharmaceutical meth-
ods development and detection of pesti-
cides and designer steroids(10-13).

There are several practical limitations to
increasing the pressure above 15,000 psi for
standard-bore stainless steel columns (2.1
mm i.d.), aside from pump engineering.
The power generated by fluid flow through
a chromatographic column is the product
of the flow rate and the pressure drop (1).
This power is dissipated as heat, which can
cause band broadening due to uneven tem-
perature profiles within the column. Colon
and coworkers (14) have shown that using
1.5-wm particles in a 1-mm i.d. stainless
steel column is not particularly problematic
at pressures as high as 20 kpsi. However, the
higher flow rate and pressure associated
with using even smaller particles requires
further decrease in column diameter to
keep heating at an acceptable level. Another
practical limitation for using stainless steel
columns for applications requiring MS
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Figure 5: Percent recovery for ribonuclease
A, bovine serum albumin, and ovalbumin, for
UHPLC (23,000 psi) versus conventional HPLC
(2,300 psi). The x-axis shows the sample con-
centration before split injection. (Reprinted
with permission from reference 17.)

detection is the high volumetric flow rate,
which makes coupling to MS via electro-
spray ionization more difficult.

Capillary columns (10-150 pm i.d.)
are especially suitable for UHPLC because
of the much lower heat generation and
better heat dissipation properties of capil-
laries. UHPLC in capillary columns with
inner diameters as large as 150-pm has
not shown any negative effects due to
heating, even with pressures as high as
80,000 psi (15). Capillary UHPLC also
also suited especially for coupling to MS,
citing the improved sensitivity of electro-
spray ionization at low flow rates (16). For
these reasons, parallel improvements in
pressure capability of commercial capil-
lary LC instrumentation is desirable. This
need has begun to be addressed with the
Waters nanoAcquity system, which is now
offered with 10,000 psi capability, but
there are no reports yet in the literature
using this new high-pressure system.

In addition to the aforementioned
improvements in resolution and analysis
time, there can be other unanticipated
benefits from operating at ultrahigh pres-
sures. Reversed-phase separation of whole
proteins historically has been problematic,
due to protein carryover (or “ghosting”)
from run to run. Our lab recently has

shown that a 10-fold increase in run pres-
sure (from 2300 to 23,000 psi) increased
protein recovery significantly for model
proteins in reversed-phase capillary LC
(17). Figure 5 shows the recovery compar-
ison for ultrahigh-pressure and high-pres-
sure injections of ribonuclease A, ovalbu-
min, and bovine serum albumin (BSA) on
a C18 reversed-phase column. Recovery
for RNase A and ovalbumin approached
100% with ultrahigh-pressure injection,
versus approximately 50-60% under
HPLC conditions. Recovery improve-
ments for BSA were more marginal, indi-
cating that UHPLC might not provide
quantitative recovery for all proteins.

Interestingly, an increase from 2300 to
12,000 psi in this study did not seem to
eliminate carryover (17). The mechanism
for improved recovery has not been deter-
mined, but protein deaggregation at ultra-
high pressure could possibly play a role.
This work has important implications for
the possible utility of reversed-phase cap-
illary UHPLC-MS in quantitative pro-
teomics, and underscores the need for a
commercial capillary UHPLC system
with ~20,000 psi capability.

What is the pressure limit for a com-
mercial UHPLC system? We believe a tar-
get of 45,000-50,000 psi is realistic, given
the constraints of currently available mate-
rials. Automated loop-style injectors capa-
ble of delivering very small injection vol-
umes at pressures of 30,000-40,000 psi
have been described independently by
Colon and Lee (18,19). We have described
a preloaded-gradient UHPLC system,
made largely with commercial parts, that is
capable of automated injections and can
perform routinely at 40,000 psi (17). A
commercial UHPLC system capable of
45,000 psi would give an additional three-
fold improvement in analysis time over the
new 15,000-psi systems, or a ninefold
improvement over standard HPLC equip-
ment. For complex biological separations
where peak capacity is more important
than time of analysis, an improvement
from a 5000 psi to a 45,000-psi capillary
LC-MS system would allow a threefold
improvement in resolution and peak
capacity. Citing the advances in UHPLC
over the past few years, we believe this
kind of advance for a commercial system is
feasible in the future.
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