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Per spec ti v e s
in Mo dern HPLC

Ultrahigh-Pressure Liquid Chromatography,
Part III: Potential Issues
This installment on ultrahigh-pressure liquid chromatography (UHPLC) reviews the potential problems that may be
encountered using UHPLC systems and methods, and proposes strategies for their mitigation.
Michael W. Dong

he use of low-dispersion ultrahighpressure liquid chromatography
(UHPLC) instruments under high operating pressures can present potential
issues to the users, particularly for analyses in a regulatory environment. This final
entry in the three-part series on UHPLC
describes these problems and the strategies for their mitigation.
The potential issues are placed into six
groups and are described below:
• Safety issues
• Viscous heating
• System and operating nuances
(equipment cost and system
compatibility with existing high
performance liquid chromatography [HPLC] methods)
• Injection precision
• Ultraviolet (UV) detection sensitivity
• Method translation (conversion)
Note that issues such as injection
imprecision and UV baseline perturbation that had been reported in earlygeneration UHPLC equipment (1,2) are
less likely to be seen with newer UHPLC
systems. Finally, guidelines for purchasing UHPLC instruments and options for
the desired applications are described.

Safety Issues
Operating at pressures exceeding
10,000 psi may sound risky to some operators. Potential safety concerns for operation of UHPLC systems were addressed

in a study by Lee and colleagues (3).
The conclusion was that analytical-scale
UHPLC poses little inherent danger to
users under normal operation because of
low flow rates (<1 mL/min) and the low
compressibility of liquids.

Viscous Heating
Viscous heating by friction within the
UHPLC column has been a popular
research topic and has resulted in numerous published papers (3–7). The generation of heat within the column packed
with small particles and its dissipation
are complex phenomena, dependent on
factors such as viscosity, thermal conductivity and flow rate of the mobile phase,
particle size, length and inner diameter
of the column, and the type of column
oven used. Viscous heating can cause
two types of thermal gradients within the
column—a radial thermal gradient and a
longitudinal thermal gradient. Let’s look
closer at those two gradients.
Radial Thermal Gradient
A radial thermal gradient is caused by
the center of the column having higher
temperatures, since the generated heat
dissipates mostly by thermal conduction at the column wall. Radial gradients
cause extra band dispersion and a more
pronounced parabolic flow profile. Viscous heating is deleterious to column
efficiency, particularly for columns with

larger internal diameters (for example,
4.6 mm) (4,8). Early UHPLC columns were
only packed in small internal diameter
formats (such as ≤ 2.1 mm) to minimize
this effect (9). Subsequent studies indicated that the adverse effects of radial
thermal gradients may not be of practical concern in still-air ovens because of
poor heat dissipation from the stainless
steel column wall (5,10). However, it can
be significant in an isothermal environment (for example, a constant temperature water bath) or in a forced-air column
oven (10,11).
Longitudinal Thermal Gradient
The heat generated inside the column
is cumulative along the length of the
UHPLC column, giving rise to a longitudinal thermal gradient. According to
a study by Gritti and Guiochon (6), the
temperatures at the respective column
outlets can be 10 to 20 °C higher than
those at the column inlets. Therefore,
the average column temperature can be
substantially higher than the set-point
temperature, especially when high operating pressures are reached (for example,
1000 bar; summary data shown in Figure 1). Although a longitudinal thermal
gradient does not have an effect on
column efficiency, there may be potential method transfer issues for chromatographic critical pairs, whose selectivity
is temperature dependent, as shown
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Figure 1: Slide illustrating the experimental procedure and summary data of studies
on the effect of longitudinal heating effects of UHPLC columns packed with 1.7-µm
particles operating at 10,000 psi. Diagram reprinted with permission from reference 6.
Copyright 2008 American Chemical Society.

by Guillarme and colleagues (5,12). This
issue can be partially mitigated by deliberately setting the UHPLC methods to
lower column temperature values (such
as 5 °C).
For fast gradient analysis, it may take
up to five injections to achieve thermal equilibration because of viscosity
changes in the mobile phase during
gradient analyses (13). For most UHPLC
applications, it is important to acknowledge the existence of viscous heating.
However, viscous heating may not be a
serious issue, with the following exceptions: columns packed with very small
particles (<2 µm) operating at high pressures (>1000 bar) with samples having
critical pairs sensitive to temperature
selectivity effects.

Operating Nuances and
Backward Compatibility to
Existing HPLC Methods
Although UHPLC has improved method
performance (speed, resolution, precision, and efficiency) (9,10,14), many new
users of UHPLC who are accustomed to
HPLC operation are likely to experience
some unexpected surprises and operating nuances. First, there could be a substantial cost premium of 10–50% compared to conventional HPLC equipment.

Second, the use of smaller internal diameter columns packed with sub-2-µm particles using a low-dispersion instrument
will require a better understanding of
fundamental concepts, such as column
void volume, peak volume, dwell volume,
instrumental dispersion, and peak capacity—particularly during method development, method conversion, and troubleshooting (9,15). Some operational and
fundamental training would be helpful
for laboratory staff to ease the transition
to UHPLC systems. Installing UHPLC column fittings correctly to minimize dead
volume is also particularly important. A
few manufacturers offer products to
ensure tight column connections, such
as the Agilent A-Line Quick Connect,
Thermo Vipers, and IDEX MarvelX fittings.
There may be issues regarding the
compatibility of UHPLC systems in running conventional HPLC methods. These
issues include limitations in flow rate
(for example, <2 mL/min), injector sample loop size (<20 µL), and the column
capacity of the column oven (<150 mm
column length). Newer UHPLC equipment appears to be more backward
compatible (for example, some new
UHPLC column ovens introduced in 2016
are now able to accommodate columns
up to 30-cm long). Most incompatibility

issues can be readily resolved by installing optional accessories (that is, a larger
sampling loop or syringe).
Historically, other issues of significant concern were column lifetime performance and the limited number of
bonded phases available for UHPLC
columns packed with sub-2-µm particles.
Small-particle columns with smaller frit
sizes are easily plugged from particulates (from both the mobile phase and
the sample); therefore, higher levels of
“chromatographic hygiene” and sample
cleanup should be practiced (11). The
availability of UHPLC columns was an initial limitation (only C18 and C8 bonded
phases with column internal diameters ≤
2.1 mm were available) during the debut
of the first commercial UHPLC system in
2004. Since then, many UHPLC columns
packed with sub-2-µm and sub-3-µm
particles (both totally porous and superficially porous) have been introduced,
including phases for different LC modes
(ion exchange, chiral, hydrophilic interaction, and size exclusion) for the separation of both small molecules and biomolecules. Presently, both column lifetimes
and the availability of columns and
phases no longer appear to be issues of
concern.
One trend, necessitated by the more
sophisticated engineering of the UHPLC
pumps and autosamplers, is in servicing
key maintenance parts. As an example,
the servicing of pump seals is now often
handled by replacing the entire pump
head with factory-refurbished parts
rather than just replacing the pump seals
on site by users or service personnel.

Injector Precision
Marginally acceptable peak area precision from early UHPLC X-Y-Z type autosamplers under partial-loop injection
mode were reported (16,17). However,
with continued improvements to UHPLC
technology and the increased use of
integrated-loop autosamplers, the precision of peak areas has improved significantly, even for small injection volumes
(for example, <0.1–0.2% relative standard deviation [RSD] down to ~1 µL).
An example of peak area and retention
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Table I: Peak area precision summary data for a UHPLC system
Injection
Volume (µL)

0.1

0.2

0.5

1

2

5

10

1

20.4

51.7

142.9

295.0

601.0

1515.6

3009.3

2

20.6

51.8

143.7

296.2

603.6

1520.9

3012.9

3

20.6

52.0

144.1

296.5

604.5

1521.2

3013.8

4

21.1

51.4

144.2

296.3

604.0

1520.8

3013.1

5

20.5

51.7

143.7

296.1

603.4

1521.0

3014.9

Average

20.64

51.72

143.72

296.02

603.3

1519.9

3012.8

RSD (%)

1.31

0.42

0.36

0.20

0.22

0.16

0.07

Precision of 20 μL injection was 0.06%. UHPLC conditions: Column: Acquity BEH C18 (1.7 μm, 50 mm x 2.1
mm); mobile phase: 10% acetonitrile in 0.1% formic acid in water; flow rate: 0.4 mL/min at 30 °C; system:
Agilent 1290 binary system; detection: photodiode array at 273 nm, 20 pt/s; sample: caffeine at 0.05 mg/mL.

Table II: UHPLC systems from four major manufacturers and their associated data and
MS systems
Manufacturer
and UHPLC
System

Data System

MS

Max Flow
(mL/min)

Pressure (psi)
(Under Flow
Rate)

Agilent 1290
Infinity (1260)

ChemStation
Mass Hunter

Agilent SQ,
TOF, TripleQ

5

19,000 (<2)
9000 (<5)

Thermo
Ultimate and
Vanquish, Flex

Xcaliber
Chromeleon

Thermo SQ,
TripleQ, IT,
OrbiTrap

8

22,500 (<5)

Shimadzu Nexera

LabSolutions

LCMS-2020

8

19,000 (<3)
11,500 (<5)

Empower

Waters SQ,
QDa, TOF,
TripleQ

2

18,000 (<1)
9000 (<2)

Waters Acquity
UPLC, Arc

time precision data with different injection volumes is shown in Table I. These
data demonstrate the excellent precision
of <0.1% RSD at injection volumes of
10–20 µL, ~0.2% RSD at injection volume
1–5 µL, and ~0.5% RSD down to 0.2–
0.5 µL. It should be noted that excellent
peak area and retention time precision
(<0.1% RSD) under high-resolution gradient analysis conditions at pressures of
>12,000 psi have also been reported (18).
These data show that compliance with
the United States Pharmacopeia (USP)
precision requirements for chromatographic methods (see USP <621>) can
easily be achieved.

UV Detector Sensitivity
Issue from Pump Blending
The reduction of system dwell volumes

is critical for high-throughput screening applications, and is usually achieved
using high-pressure mixing binary
pumps (1,10,14). However, if sufficient
blending efficiency is not achieved, the
low dwell volume may be problematic
for high-sensitivity UV detection (1).
For example, Figure 2 shows a UHPLC
chromatogram of an analgesic drug
product extract obtained using an early
UHPLC system equipped with a binary
pump and an external 100-µL mixer. The
mobile phase of 11% acetonitrile in 0.1%
acetic acid in water was pump-blended
and the UV detector was set at 227 nm.
Note that a periodic baseline perturbation is clearly visible. This perturbation
was attributed to inadequate blending of mobile phase, considering that
0.1% acetic acid in water has significant

absorbance at low UV wavelengths. The
baseline perturbation, synchronous with
piston strokes of pump B, can be eliminated by using premixed mobile phases
or by adding larger mixing volumes to
the system (for example, by using a 425µL mixer) (1).
The severity of this UV baseline problem is a function of pump design, the
piston (stroke) volume, the mixer volume,
and the relative UV absorbance of the
two solvents. This potential issue can
be minimized using larger-volume mixers (which will increase dwell volumes)
or by selecting pumps with micropistons,
variable stroke volume capability, or a
dual-piston in parallel pump design (10).
Note that quaternary pumps have inherently larger dwell volumes (0.4–0.8 mL)
and may not need external mixers (10).
Readers are encouraged to consult with
instrument manufacturers regarding the
selection of appropriate mixers for highsensitivity applications using UV detectors without adding excessive dwell volumes.

Method Translation:
Conversion from HPLC to
UHPLC Methods and Vice Versa
The pharmaceutical industry prefers
“portable” HPLC methods that are usable
by most laboratories to facilitate global
manufacturing. Since UHPLC systems
are not yet standard equipment in most
laboratories, many newly developed
UHPLC methods for regulatory assays
are “converted” back to HPLC methods,
using longer 3-µm or sub-3-µm columns.
Theoretically, this conversion should be
straightforward, by using geometric scaling of flow rates, gradient time (tG), and
injection volumes, while keeping the
same length to particle size (dp) ratio (19).
In practice, fine-tuning the HPLC method
is often needed for the International
Conference on Harmonization (ICH)compliant stability-indicating methods
(1,2).
This process of method translation is
often referred to as “method transfer” in
the literature. This reference may be technically incorrect, because method transfer is the formal process of demonstrat-
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for early eluted peaks where UHPLC systems often yield a slightly higher signal
because of lower system dispersion.
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Figure 2: HPLC chromatogram illustrating the potential issue of UV baseline perturbation from insufficient blending efficiency from a binary UHPLC pump. Column: 50 mm
x 3.0 mm, 3.5-µm d p XBridge C18; mobile-phase A: 0.1% acetic acid in water; mobilephase B: acetonitrile; flow rate: 1.5 mL/min; temperature: 30 °C; pressure: 2700 psi;
detection: 227 nm, 20 pt/s; sample: 1 µL of an analgesic tablet extract (Excedrin). This
issue was resolved by replacing the standard 100-µL mixer with a peptide mapping
mixer of 425 µL. See reference 1 for more details.

ing that a validated analytical method
developed in an originating laboratory
can be properly executed by another
laboratory operating in a good manufacturing practice (GMP) environment. The
method transfer process is executed as
directed in a written protocol, with preestablished acceptance criteria to ensure
that accurate data can routinely be generated in the new laboratory (11,15). On
the other hand, method translation is the
process of method conversion between
HPLC and UHPLC conditions to produce
equivalent separations.
There are three scenarios for method
translation between HPLC and UHPLC (11):
• Same HPLC methods implemented
on different types of equipment
(HPLC versus UHPLC)
• Newly developed UHPLC methods
“back translated” to HPLC method
conditions
• Existing HPLC methods translated to
UHPLC methods for faster analysis
Running the Same HPLC
Method on HPLC and UHPLC Systems
For laboratories with both HPLC and
UHPLC equipment, it would be ideal if

equivalent results could be obtained
on both types of equipment. As shown
in Figure 3, when executing an HPLC
method using an identical column and
mobile phase, results can be equivalent
with the exception of retention time shifts
because of the smaller dwell volumes
(VD) of UHPLC systems (~0.1–0.7 mL by
UHPLC versus ~1.0 mL by conventional
HPLC) (15). In general, the earlier retention times by UHPLC will not impact resolution and, if needed, can be remedied
by several means (11):
• Increasing the dwell volume of
the UHPLC system, by using
a larger external mixer
• Building an initial isocratic segment
into the HPLC method and allowing
the user to adjust the duration of this
segment in the method (preferred)
• Using simulation software available
on some chromatography data systems to simulate the performance
of different instrument models by
automatic method adjustments (21),
or by purchasing a dual-path system
that converts a UHPLC system into
an HPLC system with a switching
valve to select a larger flow path (21)

Back-Conversion of UHPLC
Methods to HPLC Method Conditions
Many laboratories use UHPLC for rapid
method development including column
and mobile-phase screening and method
optimization (19). The optimized UHPLC
methods are “back translated” to HPLC
conditions using longer columns via geometric scaling. Only the back-converted
HPLC method needs to be validated and
serves as the primary regulatory method
to support global manufacturing operations while the faster UHPLC method can
be used to support any non-GMP process development projects. Case studies
for such method conversion processes
have been previously reported (1).
Conversion of Existing HPLC
Methods to Faster UHPLC Methods
The primary driver for purchasing UHPLC
equipment is the ability to perform faster
analysis with “good” resolution (20). To
duplicate the separation with similar column efficiency and selectivity, this can
be accomplished by geometric scaling
using the following ground rules:
• Column length (L) is scaled to particle
size (dp) keeping the L/dp ratios the
same. The bonded phase chemistry must be identical. For example,
Acquity (1.7 µm, 50 mm x 2.1 mm)–
XBridge (3.5 µm, 100 mm x 3.0 mm)
• Flow rate (F) is scaled to the crosssectional area of the column. For
example, 2.1 mm i.d. (0.5 mL/min),
3.0 mm i.d. (1 mL/min), 4.6 mm i.d.
(2 mL/min)
• Gradient time (tG) is scaled to column
length at a geometrically identical
flow rate
• Sample injection volume is scaled to
column void volume. For example,
2 µL (1.7 µm, 50 mm x 2.1 mm) to
10 µL (3.5 µm, 100 mm x 3.0 mm)
One requirement is that both HPLC
and UHPLC columns must contain the
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Figure 3: Comparative HPLC chromatograms of the retention marker solution of a
stability-indicating method for a multichiral drug substance on (a) HPLC (Agilent 1200
quaternary system) and (b) UHPLC systems (Agilent 1290 binary system) under identical column and mobile-phase conditions. Column: ACE C18, (3 µm, 150 mm x 4.6 mm);
mobile-phase A: 20 mM ammonium formate at pH 3.7; mobile-phase B: acetonitrile with
0.05% formic acid; gradient: 5–15% B in 5 min, 15–40% B in 25 min, 40–90% B in 3 min; flow
rate: 1.0 mL/min at 300 °C and 200 bar; detection: UV at 280 nm, 40 pt/s; sample: 10 µL of
a 0.5-mg/mL solution of an active pharmaceutical ingredient (API) spiked with expected
impurities. Note that UV detector baseline noise is comparable at ~0.02 mAU while the
retention time shifted earlier by 0.8 to 1.4 min on the UHPLC system because of the smaller dwell volume (0.28 mL versus 1 mL on the HPLC system). Structure of the multichiral
API is shown in the inset. Chromatograms reproduced with permission from reference 11.

identical bonded phase materials, to
eliminate any selectivity differences.
Also, the mobile phases used should be
identical (type of buffer, strength, pH,
organic modifier, and so forth). An example of this method conversion is shown
in Figure 1 of the second installment of
this series (18). Calculator programs for
method translation are available at various vendors’ websites (Waters, Agilent,
and Thermo) and other sources (11).
In practice, the ground rules of geometric scaling may not be strictly followed if equivalent or better resolution
can be achieved with UHPLC columns.
Figure 4 shows a case study for the
conversion of a 42-min regulatory HPLC
method of a multichiral drug to UHPLC

methods of equal or higher resolution.
Here, geometric scaling was not followed since the flow rate of 1 mL/min
of the original HPLC method is not optimum to begin with. The faster 17-min
method with equivalent resolution was
used to support Phase 2 drug product
development (18).
Most of the reported method translation case studies have been for
reversed-phase separations for smallmolecule drugs, for which the retention mechanism is highly predictable
and substantial cumulative manufacturing experience with small-particle
bonded phases is available. Successes
with method translation case studies in
other chromatographic modes such as

For validated HPLC methods, there has
been a lot of discussion and considerable
confusion regarding what constitutes
a method adjustment versus a method
change and whether revalidation of the
converted UHPLC method is needed (26).
The current consensus, including viewpoints from a United States Food and
Drug Administration (FDA) reviewer, is
that a partial method validation (including specificity, intermediate precision,
linearity, and robustness) is needed. The
validation should include supporting
data on method equivalency between
the original and the converted methods.
For USP methods, the Chromatograph
Chapter <621> in USP 37-NF32 (including supplement 1) of 2014 offers guidelines on permissible method adjustments
to pass system suitability testing. In
general, injection volume, column temperature (±10%), and mobile-phase pH
(±10%) can be adjusted without revalidation. For isocratic methods, wide adjustment ranges of column particle size,
column length, flow rate, and column
internal diameter are allowed. In contrast,
no such changes are allowed for gradient
methods.

How to Transition from HPLC
to UHPLC: Instrumental
Considerations
This final section discusses how to get
started in UHPLC by selecting the appropriate UHPLC instrument vendor and
model. The decision may be a complex
one, since there are many UHPLC models available from numerous manufacturers with diverse features, pricing, and
control software (22–25,27). Table II lists
UHPLC systems from several major manufacturers with their associated data and
mass spectrometry (MS) systems as well
as the maximum flow rate and pressure
limit.
The purchase decision should be
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Figure 4: Comparative chromatograms of a retention marker solution containing an
API (0.5 mg/mL) and spiked impurities analyzed using identical mobile phases on an
Agilent 1290 binary UHPLC system by various methods: (a) Regulatory HPLC, (b) fast
HPLC, (c) UHPLC. Run time, operating pressure, column, plate count, and resolution
values of the diastereomers are shown in the figure. HPLC conditions: (a) regulatory
HPLC method: same as in Figure 3. (b) Fast HPLC method: column: ACE C18, (2 µm, 100
mm x 3.0 mm); flow rate: 0.8 mL/min at 40 °C; gradient: 5–15% B in 2 min, 15–40% B in 10
min, 40–90% B in 1 min, 90% B in 2 min, 90–5% B in 0.1 min; injection volume = 3 µL.(c).
UHPLC method: column: ACE C18, (2 µm, 150 mm x 3.0 mm); flow rate: 0.8 mL/min at 40
°C; gradient: 5–15% B in 2 min, 15–40% B in 18 min, 40–90% B in 3 min, 90% B in 2 min,
90–5% B in 0.1 min; injection volume = 5 µL. Structure of the multichiral API is shown in
the inset. Chromatograms reproduced with permission from reference 18.

driven by the intended application—
whether it is for method development,
routine testing, research, quality control,
high-throughput screening, or LC–MS
analysis—and should be dictated by the
most appropriate features available in a
specific vendor or model. The second
consideration should be whether the
instrument is compatible with your existing chromatography data system (CDS)
(likely a client-server CDS in most laboratories). With respect to CDS compatibility, the best UHPLC system is often the
one supplied by the same CDS manufacturer. This is particularly important for
UHPLC–MS systems, in which HPLC con-

which typically requires high-salt mobile
phases. Quaternary pumps, with built-in
switching valves and column ovens, are
typical with method development systems. For binary systems used for highsensitivity purity assays (including peptide mapping), larger external mixers
should be selected.
In this mature UHPLC market, most
manufacturers offer reliable and competitive products, whose actual specifications (for example, upper pressure limits,
autosampler precision, and system dispersion) may have little practical significance in daily operation.
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trol is embedded in the MS data system.
For laboratories wishing to run existing
HPLC methods, specific vendors may
offer UHPLC systems with better backward compatibility.
After selecting the manufacturer, the
next consideration is the choice of the
specific model and the optional accessories. Pricing is highly variable for UHPLC
systems (>15,000 psi) and lower-cost
intermediate-pressure HPLC systems or
dual-path systems (~10,000 psi) (22–25).
The cost for binary pumps is usually
higher than for quaternary pumps. Biocompatible titanium-based systems are
preferred for bioanalysis of proteins,

The final entry of this three-part series
on UHPLC provided an overview of the
potential issues and concerns of running
UHPLC methods and the means for their
mitigation. Purchasing considerations for
UHPLC systems were also discussed.
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