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Mono and disaccharides are of increasing importance 
in the growing industrialized food industry. With 
the rise of diabetes and other metabolic diseases, 
nutritional content has found itself at the forefront of 
consumer concern. Investigation of the constituents 
found on the packaging is now commonplace. 
Consumer concern, coupled with the increase in 
FDA regulation on consumer products, has brought 
about a change in individual ingredients reported on 
labels. Identification of the five most common mono 
and disaccharides found in packaged foods, lactose, 
maltose, sucrose, fructose, and glucose, is easily 
resolved on any of the RCX-30 family of columns 
offered by Hamilton Company.

Ultraviolet absorption, normally the detection method 
of  choice for most chromatography separations, 
is unsuitable for carbohydrates. This means other 
analyte detection methods must be utilized, such 
as Refractive Index (RI), Conductivity, and Pulsed 
Amperometric Detection (PAD). Both RI and 
Conductivity are excellent choices for detection if  
only isocratic methods are needed. PAD, however, 
offers the advantage of detection from either gradient 
or isocratic elution. An additional consideration when 
choosing a detector is sensitivity. RI and Conductivity 
provide nanomolar detection levels while the detection 
limit for PAD is an order of magnitude lower. 

The RCX-30 columns, powered by a propyl 
trimethylamine functionality, utilize a strong anion 
exchange mechanism to aid carbohydrate separation. 
Increasing saccharide retention is easily achieved by 
increasing pH or decreasing hydroxide concentration. 
Similarly, initiating the opposite operations facilitate  
a decrease in retention and allow a fine-tuning of the 
individual analytes. The PS-DVB particles featured in 
all Hamilton polymeric columns provide exceptional 
column lifetime and reduced back-pressure. Polymeric 
columns always provide excellent pH stability in 
alkaline mobile phase conditions because there 
are no silanols to degrade, which offers consistent 
performance injection after injection. 

Column Information
Packing Material RCX-30, 7 µm

P/N 79877

Chromatographic Conditions
Gradient Isocratic

Temperature Ambient

Injection Volume 3 µL

Detection PAD

Dimensions 250 x 4.6 mm

Eluent A 200 mM NaOH

Flow Rate 2.0 mL/min

Time (minutes)

0 2 4 6 8 10 12 14 18 2016

Compounds:
1: Glucose  
2: Fructose  
3: Lactose  
4: Sucrose 
5: Maltose1

2

3

4

5

PAD Sequence:

E1:  0.1 V td: 440 ms ts: 220 ms E2: 0.65 V

t2: 300 ms E3: -1.5 V t3: 250 ms

PAD

Sugar, Sugar, Everywhere
Saccharide Identification in Packaged Foods by Anion Exchange

©2020 Hamilton Company. All rights reserved. 
All other trademarks are owned and/or registered by Hamilton Company in the U.S. and/or other countries. 

Lit. No. L80112 — 10/2020

For more information on Hamilton HPLC columns  
and accessories or to order a product, please visit 
www.hamiltoncompany.com or call (800) 648-5950 
in the US or +40-356-635-055 in Europe.

Author: Adam L. Moore, PhD, Hamilton Company
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Troubleshooting for  
Two-Dimensional Liquid Chromatography: 
Breakthrough in the Second Dimension 
Two-dimensional liquid chromatography (2D-LC) separations can pose troubleshooting challenges not normally 
encountered in conventional high-performance liquid chromatography (HPLC) separations. A common problem 
encountered in the development of 2D-LC methods is that the first dimension mobile phase properties can 
negatively affect the quality of subsequent second dimension separations. In this installment we review the 
origin of this problem and discuss potential solutions.

Dwight R. Stoll

For more than three decades, this “LC 
Troubleshooting” column has focused 

on solving problems encountered in liquid 
chromatography methods involving a single 
column. Since the late 1970s, researchers 
have been working to develop two-dimen-
sional liquid chromatography (2D-LC), which 
typically involves two different columns (1). 
For decades, 2D-LC has been used exten-
sively and successfully in several specific 
application areas, including proteomics and 
polymer separations. Most recently, how-
ever, the number of commercially available 
options for off-the-shelf instrumentation 
for 2D-LC has increased. Because of this, 
users in a broad array of application areas 
have begun deploying 2D separations 
more widely (2). Given the steady increase 
of active users deploying 2D-LC, it is now 
time to dedicate some installments of “LC 
Troubleshooting” to problems encountered 
in 2D-LC. Although it is true that many of 
the troubleshooting topics in the context of 
conventional HPLC separations also apply 
to 2D-LC (for example, best practices for 
mobile-phase preparation are nominally 
the same for 1D- and 2D-LC), it is also true 
that there are challenges that are unique 
to 2D-LC and deserve focused attention. 
Readers interested in learning much more 

about state-of-the-art 2D-LC separations 
are referred to several recent review articles 
(1–3). In the following paragraphs, I provide 
a brief review of the concept of 2D separa-
tion, and then discuss one of the common 
problems encountered by users developing 
2D-LC methods: breakthrough peaks in the 
second dimension.

Two-Dimensional Separations:  
The Basic Idea
People are interested in 2D-LC separations 
because the 2D format provides a chance to 
resolve analytes that otherwise would not be 
resolved by a single column in conventional 
1D-LC. This can be useful for separating very 
complex mixtures, such as tryptic digests of 
proteins where the analyst tries to extract as 
much information from the sample as possi-
ble. However, 2D separations are also useful 
for samples that are not so inherently com-
plex, but contain several analytes that are 
difficult to separate. For example, samples 
of several different enantiomer pairs may be 
difficult to separate using a single chiral col-
umn, but may be relatively easy to separate 
in a 2D format using a combination of achiral 
and chiral columns (4).

There are several different modes or ways 
of executing 2D-LC separations. Among 

these, the single heartcut mode—denoted 
LC-LC—is the simplest in terms of the instru-
mentation, methods, and data analysis 
involved. The goal of such a separation is 
illustrated in Figure 1. A first dimension (1D) 
separation results in three clusters of unre-
solved peaks. The first cluster contains a 
peak corresponding to the analyte of interest 
(blue peak). Current commercial instrumen-
tation and software make it straightforward 
to target this peak and instruct the instru-
ment to transfer a portion of effluent from 
the 1D column containing the peak (along 
with the overlapping pink and green peaks) 
to a second dimension (2D) column for fur-
ther separation. Then, provided a 2D column 
and separation conditions are chosen that 
are complementary to the 1D conditions, the 
analyte of interest can be separated from the 
compounds it overlapped with in the 1D sep-
aration, enabling accurate quantitation and a 
qualitative analysis free from interferents.

There are a number ways that instrumen-
tation can be configured to support such a 
separation, but one example of the inter-
face between the 1D and 2D separations is 
shown in Figure 2. The interface valve has 
two positions, and the valve is toggled to 
either have the 1D column effluent flow to 
waste in regions of the separation that don’t 
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require additional 2D separation (position B), 
or to collect the 1D effluent in the sample 
loop (position A). At the end of this sampling 
period, the contents of the loop are effec-
tively injected into the 2D column for fur-
ther separation by switching the valve from  
position A to B.

Mobile-Phase Mismatch Can 
Lead to Breakthrough Peaks
As indicated in the preceding section, an 
important determinant of successful 2D-LC 
separations is the degree of complemen-
tarity of separation conditions (that is, the 
separation selectivities should be different) 
used in the first and second dimensions. 
Sometimes, this can be realized without the 
conditions used in the 1D separation nega-
tively impacting the quality of the 2D sepa-
ration as measured by chromatographic effi-
ciency or detection sensitivity. For example, 
many applications of 2D-LC in the field of 

proteomics involve a 1D separation based 
on a cation-exchange mechanism and a 2D 
separation that relies on a reversed-phase 
mechanism. In the case of 2D-LC, peptides 
are eluted from the 1D column in effluent 
composed mainly of a buffered aqueous 
solution. This is highly favorable for the 2D 
separation in the sense that relatively large 
volumes of this effluent can be injected into 
the 2D column without negatively impacting 
the widths or shapes of 2D peaks. However, 
a favorable relationship between the operat-
ing conditions used in the two dimensions 
is not inevitable. In other cases, the proper-
ties of the effluent from the 1D column can 
have a dramatic and negative effect on the 
quality of the 2D separation. We refer to 
problems of this type as originating from 
mismatch between the mobile phases used 
in the two dimensions. An example of this 
is where we use a hydrophilic-interaction 
liquid chromatography (HILIC) separation 

in the first dimension and a reversed-phase 
liquid chromatography (RPLC) separation 
in the second dimension. In general, HILIC 
separations tend to involve mobile phases 
containing much more than 50% acetonitrile, 
whereas RPLC separations of compounds 
that can be reasonably retained under HILIC 
conditions tend to involve mobile phases 
containing much less than 50% acetonitrile. 
If HILIC separation is used in the first dimen-
sion and RPLC separation is used in the sec-
ond dimension, this then sets up a situation 
where a large volume of 1D effluent contain-
ing analytes of interest and more than 50% 
acetonitrile is injected into the RPLC column 
running with a mobile phase containing less 
than 50% acetonitrile. 

Figure 3 shows an illustration of the local 
environment inside the 2D column during the 
injection of 1D effluent into the 2D column. In 
principle, this injection step is not different 
from what happens in conventional 1D-LC. 
However, problems can arise in 2D-LC when 
the volume of effluent from the 1D column is 
not very small (less than 1%) relative to the 
volume of the 2D column itself (which is com-
mon in 2D-LC). I like to emphasize the impact 
of this difference by saying that in 2D-LC the 
1D column effluent becomes the 2D mobile 
phase during the injection step. If analytes 
are weakly retained by the 2D column in the 
1D effluent, then it hardly matters what the 
analyte retention is in the 2D column in the 

2D mobile phase—retention during the injec-
tion step will be determined primarily by the 
properties of the 1D effluent. Therefore, such 
conditions can very easily lead to terrible 
chromatographic outcomes in the second 
dimension. Figure 4 shows the experimen-
tal results from recent work by my research 
group that was aimed at developing 2D-LC 
separations of monoclonal antibodies 
(mAbs) using HILIC and RPLC separations 
in the first and second dimensions, respec-
tively. In this instance, the influence of the 1D 
effluent on the 2D separation is so severe that 
most of the analyte mass injected into the 2D 
column breaks through in the dead volume 
of the column, and only a small fraction of 
the mass is retained and eluted with normal 
looking peaks. This type of outcome is, of 
course, highly undesirable from the point of 
view of both quantitative and qualitative uses 
of 2D-LC.

1D Separation

2D Separation

Peak of interest

FIGURE 1: Illustration of the concept of a single heartcut 2D-LC separation (LC-LC). 
A fraction of effluent from the 1D column containing the analyte of interest (dark blue 
peak) is transferred to the 2D column where the target analyte is separated from other 
compounds that have been co-eluted with it from the 1D column.

1D column

2D column

2D Pump

Waste

Loop
1D column

2D column

2D Pump

Waste

Loop

(a) Loading (b) Injection

FIGURE 2: Illustration of flow paths through a valve typically used to connect the 1D and 
2D columns used in a 2D-LC separation. In position (a), the 1D column effluent is col-
lected in a loop that is switched into the flow path (that is, the contents of the loop are 
injected) of the 2D column when the valve is switched to position (b).
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A Variety of Solutions to Help
While the mobile-phase mismatch problem 
described above is certainly not new to the 
2D-LC community, its significance in practi-
cal 2D-LC method development and the 
importance of developing solutions for the 
problem to the continued growth of the 
technique have garnered a lot of attention 
in recent years. A broad perspective on the 
significance of the problem in different appli-
cation areas and for possible combinations 
of different separations modes has been 
discussed in detail by Pirok and co-workers 
(6). The good news is that currently there are 
commercially available technologies that can 
be used to address the problem, and other 
potential solutions are being explored by 
various research groups across the globe (7). 
Currently, two of the most effective commer-
cially available solutions rely on interventions 
that disrupt the situation illustrated in Figure 
3 that can lead to poor outcomes like that 
shown in Figure 4b, by adjusting the com-
position of the 1D effluent prior to injection 
of that material into the 2D column for further 

separation. In an approach known as at-col-
umn dilution (ACD), a pump is used to add 
diluent to the 1D column effluent as it exits 
the column, thereby adjusting the proper-
ties of the effluent prior to loading into the 
2D column (8). In a different approach known 
as active solvent modulation (ASM), valve 
technology is used to enable temporary 
adjustment of the properties of the 1D efflu-

ent prior to injection into the 2D column (9). 
Figure 4 shows a representative result from 
our own work aimed at demonstrating the 
positive impact of an intervention like this on 
the quality of the 2D separation in a situation 
where the impact of the mobile-phase mis-
match is severe if left unchecked. A 1D HILIC 
separation of the fragments of the monoclo-
nal antibody atezolizumab after treatment 

1D Effluent
(that is, the sample) 2D Column

Flow

2D Mobile phase

FIGURE 3: Illustration of the injection of a fraction of 1D effluent into the 2D column, 
emphasizing the point that sometimes the volume of the fraction is large enough rela-
tive to the volume of the 2D column that the 1D effluent effectively acts as the 2D mobile 
phase during the injection step.

http://www.silcotek.com
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with the IdeS enzyme and reduction with 
dithiothreitol is shown in panel (a). Add-
ing a 2D RPLC separation either without 
or with ASM produces the 2D chromato-
grams shown in panels (b) and (c), respec-
tively. Separating these protein fragments 
by HILIC requires a 1D mobile phase with 
about 70% acetonitrile, and a 2D mobile 
phase with about 30% acetonitrile for 
RPLC separation. When there is no miti-
gation of the effects of this mobile-phase 
mismatch, the 70% acetonitrile in the 1D 
effluent causes severe breakthrough of 
protein peaks in the dead volume of the 
2D column due to very low RPLC retention 
in a high acetonitrile environment. These 
breakthrough peaks are highlighted by the 
red rectangle in Figure 4b. On the other 
hand, ASM enables a reduction in the ace-
tonitrile level to below 30% in the sample 
that is injected into the 2D column, thereby 

completely eliminating the breakthrough, 
as shown in Figure 4c.

Summary
Currently, it is most important that 2D-LC 
users recognize that breakthrough in the sec-
ond dimension of 2D-LC separations can be 
a severe problem, particularly in cases where 
the degree of mismatch between the mobile 
phases used in the two dimensions is large. 
Currently, ACD and ASM are two popular 
and commercially available solutions that 
address many, but not all, of these challenges. 
There are many other potential “homemade” 
solutions, and several research groups are 
exploring other potential solutions involving 
membrane and sorbent-based approaches, 
to name a few (7,10). Given the importance 
of this problem it seems likely that we will 
see other commercial solutions emerge in 
the not-too-distant future.
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FIGURE 4: 2D-LC separations of the fragments of the monoclonal antibody atezoli-
zumab after reduction with the IdeS enzyme and reduction with dithiothreitol. The 1D 
chromatogram from a HILIC separation of these fragments is shown in panel (a). Panels 
(b) and (c) show the 2D chromatograms obtained either without (b) or with (c) the use of 
active solvent modulation (ASM) to mitigate the effect of the high acetonitrile level in 
the 1D effluent on the 2D reversed-phase separation. The severe breakthrough peaks in 
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the use of ASM in (c) these breakthrough peaks are completely eliminated. Adapted 
from reference (5).
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GC  
CONNECTIONS

Control or Chaos: How Can We Run a  
Gas Chromatograph from Anywhere?
This installment of “GC Connections” is a follow up to September’s column “From Detector to Decision: How Does the 
GC Instrument Generate Your Data?” This time, we explore the other side of the instrument-data system relationship—
how the data system controls the functions of the instrument. Drawing on classical electronics and instrument designs, 
we see the evolution of instrument controls from knobs and gauges on the front panel of the instrument to computer 
control and finally to today’s web-based systems that allow instrument control and monitoring from anywhere. We see 
that the same fundamental electronic principles used to manually control gas chromatographs in the 1970s are still at 
the center of today’s modern electronically controlled systems. 

Nicholas H. Snow

In our previous column, we explained 
that the controls for today’s gas chro-

matographs include an on-board com-
puter that provides the low voltage 
signals that actuate and direct analog 
devices that control functions such as 
starting, stopping, and data collecting (1). 
Taking this idea one step further, we see 
that this computer controls all aspects of 
instrument operation, including tempera-
ture and flow control and valve or switch 
actuation. As seen in the September 
column, the basic controls (valves open-
ing and closing, heaters heating, and 
switches moving) for data collection and 
analysis are still analog operations that 
are performed by mechanical devices 
even though these devices have been 
miniaturized. Digital control of these ana-
log devices is what allows a gas chromato-
graph (GC) instrument to be operated 
from an external data system or even from 
off-site as long as the requisite software 
and networking are available. 

Figure 1 shows the flow of data or 
instructions between an external control 
system and an electronic component on 
a GC instrument, such as the inlet heater. 
As the user, you want to instruct the instru-
ment to heat the inlet to 250 oC. First, you 

enter the value into the data system (or on 
the front panel of the instrument if it has 
a keypad or touch screen). Second, the 
data system transfers the request to the 
instrument using one of the communica-
tion protocols (typically USB or ethernet) 
where the microprocessor on the instru-
ment receives the signal and through its 
on-board software sends a low-voltage 
signal to a relay, which closes a mechani-
cal switch to activate the heater. A second 
circuit within the inlet block includes a 
temperature sensor (usually a temper-
ature-sensitive resistor) that provides a 
signal back to the on-board software 
when the desired temperature is reached 
so that the heater circuit can be opened  
(in other words, turned off). 

With digital electronics and software 
providing the interface between the oper-
ator and the device (in this case the inlet 
heater), we can see that, if the software 
can be operated through a data system 
separated from the GC instrument over 
a company intranet or over the internet, 
then the instrument can as well. 

Even though software provides the user 
with convenient and powerful controls, 
the instrument itself still relies on mechan-
ical devices to operate. Although these 

devices have been miniaturized, they still 
fundamentally perform the same tasks 
that the first GC instruments did. In our 
previous installment, we discussed the 
basic principles of digital and analog 
electronics in gas chromatographs. We 
saw that, although instrument control 
and data collection are now digital, the 
underlying chemistry that occurs at the 
detector to generate signals and the 
underlying mechanics that allow control 
of temperatures, gas flows, and instru-
ment functions, are analog. We noted 
that analog and digital signals can be 
interconverted and that digital signals 
also provide the capability for instru-
ments to have friendly and easy-to-use 
controls and user interfaces.

In this installment, we look more 
closely at the processes by which mod-
ern GC instruments are controlled on the 
front end, with functions such as starting 
and stopping, actuating valves, such as 
the split purge vent, controlling tempera-
ture zones, and gas flows. As we did in 
September, we see how these operations 
work in a modern GC instrument by look-
ing back at some older systems in which 
these operations were performed manu-
ally or with mechanical controls. 
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All of the control functions on early GC 
instruments were manually operated, as 
seen in many pictures of early systems 
available on the Internet, such as a pho-
tograph of an F&M Scientific Model 700 
dual column gas chromatograph of the 
early 1960s, available from the Science 
History Institute website (2). Several knobs 
and switches and gas outlet ports can be 
seen. Needle valves and manual regula-
tors controlled the gas flows. The column 
oven was accessed from the top. Clearly, 
this instrument required the operator to 
be present to perform every function, 
including injecting the sample; there was 
no auto-sampler. 

The several knobs on the front of this 
and other early and simple gas chromato-
graphs provided the familiar temperature 
controls for the column oven, detec-

tor, and injector port. Additional knobs 
provided control functions for a thermal 
conductivity detector, including filament 
current, with coarse and fine adjustments 
and signal attenuation. A chart recorder 
(not shown) would have plotted the ana-
log detector signal versus time on a roll of 
paper. Compared to today’s instruments, 
this system was also very bulky, had high 
power consumption, and required the 
user to be present for every analysis. Fol-
lowing the analysis, data processing was 
done by hand, with the chromatogram 
being printed out on a paper roll. Instru-
mental conditions were entered by hand 
directly on the paper or entered into a 
lab notebook. 

The knobs for the temperature control-
lers are called potentiometers, which pro-
vide a convenient means for regulating 

the voltage by changing the resistance 
with constant current and applying Ohm’s 
Law, which states:

V = IR                      [1]

where V represents the voltage (V), I the 
current (A) and R the resistance (Ohms). A 
simplified circuit diagram of a potentiom-
eter is shown in Figure 2. You can think of 
a potentiometer as performing the same 
function as the knobs on your electric 
stove or oven, providing variable resis-
tance to the heating coils. At the point 
where the arrow connects to the resistor, 
the resistance changes and therefore the 
voltage. Dials, like those seen on the front 
of old GC instruments, are simply circu-
lar resistors that allow for changes in the 
resistance and therefore the voltage, as 
the knob is turned. In Figure 2, the arrow 
represents the dial, showing the variabil-
ity of the resistance. One disadvantage 
of this kind of variable resistor is that the 
excess current must be dissipated as heat, 
so this function today is often performed 
using semiconductor-based devices that 
have much less heat dissipation and can 
be much smaller than knobs designed to 
be turned by hand. 

Even in today’s fully digital GC instru-
ments, the digital controls, which are 
convenient for users to operate, are still 
operating analog devices. As examples, 
we will examine three of the important 
control functions on any gas chromato-
graph: the remote start–stop and valve 
actuators, the inlet (and detector) heaters, 
and the split vent (purge) valve. Although 
we now control these through the keypad, 
software, or an app, and even though 
the some of the devices themselves have 
been miniaturized, they still perform the 
same functions as on past instruments. 

In September, we examined the 
remote-control port on a 1990s-era GC 
instrument and saw several control func-
tions. Each of these functions works using 
a simple relay called a contact closure, 
essentially an electrically operated switch 
that can leave the circuit open (no current 
is flowing) or closed (current flows). The 
flowing current in a closed contact clo-
sure can direct the actuation of a switch 

User/
Hands/
App

Data/
Control
System

USB/
Ethernet/
TTL

GC w/
Micro-
processor

Switch or
ValveTTL

Low V

FIGURE 1: Block diagram of the relationship between the user and a switch or valve on 
a modern GC instrument. Inside the blue box are the functions that are now on-board 
many GC instruments. Classical digital and analog electronics allow these functions to 
happen in the background.  

V, I

R

- +

FIGURE 2: Simplified circuit diagram showing a potentiometer. The power supply  
(V, I) is at the bottom. The variable resistor (R) is at the top, with the position of the arrow 
indicating the dial or slide that makes the resistance variable.
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or valve or perform other tasks. The con-
tact closure is directed to open or close 
by the application of a small voltage to 
the switch. 

Figure 3 shows a simplified circuit dia-
gram including a contact closure relay. A 
common relay for a single switch includes 
four contacts: Two are for the circuit being 
opened or closed, and the other two are 
for controlling the relay itself, as seen by 
the four leads shown in Figure 3. In the 
case of the start–stop function, when the 
GC instrument is not performing a run, 
the circuit is open (the switch is off). A low-
voltage signal from a data system is sent 
to the relay, which mechanically closes the 
circuit, causing current to flow and start-
ing the GC instrument. The relay is much 
like turning on the switch for a light bulb. 
When the instrument starts, the relay usu-
ally switches “on,” then resets quickly 

to the “off” position, generating a start 
“pulse” that instructs the instrument to 
begin the run. A similar relay instruction 
is then used at the end of the run for the 
GC instrument to signal to the data sys-
tem and other devices that the run is over. 

The zone heaters are a second set of 
analog devices that are now controlled 
digitally. All gas chromatographs have 
three heated zones: the inlet, the column 
oven, and the detector. The inlet is heated 
to assist in vaporizing the injected sample, 
the column oven is heated to control the 
separation, and the detector is heated 
to keep it clean. Each of these heaters 
is a direct current device that operates 
according to Ohm’s Law and Joule heat-
ing, often called ohmic or resistive heat-
ing. The relationships between voltage (V), 
current (I), resistance (R), and heat (J) are 
given by:

V = IR and P αI2R, where P (watts) = J/s [2]

In short, heat is generated in a resis-
tor proportionally to the square of the 
input current and proportionally to the 
resistance. The heaters in the oven, inlet, 
and detector are simple resistors to 
which current is applied to produce heat, 
much in the same way as the oven in your 
kitchen. On older GC instruments, these 
heaters were controlled using the poten-
tiometers on the front of the instrument. 
On newer, digitally controlled GC instru-
ments, the heaters are turned on and off 
by low voltage signals sent to relays, as 
described above and the temperature 
is monitored by a second circuit using a 
temperature-sensitive resistor. 

Gas flow control valves are a third 
necessary control in a GC instrument. A 
typical solenoid valve classically used in 
split–splitless inlets to switch between 
split and splitless mode is shown in 
Figure 4. The fundamentals of split and 
splitless injection modes were discussed 
in a recent “GC Connections” install-
ment (2). In short, the solenoid valve is 
used to redirect most of the carrier gas 
flow from the glass sleeve to the split 
purge vent during splitless operation, 
without changing the overall flow into 
the column. 

The valve is actuated by a simple con-
tact closure that directs the valve to be 
either “open” in split mode or “closed” 
in splitless mode. When the valve is open 
in a split injection, flow enters through 
both the septum purge and split vent 
lines and exits to the septum purge vent 
and to the total flow controller and back 
pressure regulator ultimately to the split 
vent. When the valve is closed for a split-
less injection, the split vent inlet line from 
the inlet is closed, forcing all of the flow 
to enter the valve through the septum 
purge line and still exit through both exit 
lines. With the inlet still pressurized this 
has the effect in the inlet of reducing the 
flow through the inlet liner for the split-
less injection. With these older valves, an 
audible “click” could be heard whenever 
the valve was opened or closed. For many 
old-school chromatographers, this sound 
was routine and comforting. 

- +

FIGURE 3: Circuit diagram for a simple relay with a contact closure. When the circuit 
is closed, the current flows. The closure is controlled by the relay in the middle, which 
receives a low-voltage signal from the controller.
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FIGURE 4: Photograph of the electronic solenoid valve that controls the split vent purge 
on a 1990s-era GC instrument. Today’s solid-state units perform the same functions.
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Figure 4 shows several additional gas 
lines and wires seen in and around those 
for the split–spitless inlet, which serves 
as a second inlet in the pictured system. 
Today’s gas chromatographs include all of 
the pneumatic components and the asso-
ciated electronics for operating the inlets in 
single pneumatic packs that can be easily 
inserted or removed from the main instru-
ment. Although this provides easy installa-
tion and “plug and play” convenience, it 
comes at the cost that none of the com-
ponents are user serviceable. In the 1990s, 
if the solenoid valve wore out (because it 
is mechanical; it eventually would), it was 
a simple and inexpensive matter to order 
a new one and replace it. If the solenoid 
valve equivalent or another single com-
ponent in the pneumatic pack has to be 
replaced, the entire unit usually has to be 
replaced, often at a significant cost. 

Within the GC instrument, all of these 
electronic components are controlled 
through the main board, which is shown 
in Figure 5. Most interesting to note is 
the Z-80 microprocessor for a 1990s vin-
tage GC instrument, which was discussed 
in detail in our previous article (1). This 
simple 8-bit microprocessor developed in 
the 1970s still finds its use today in a vari-
ety of devices in the “Internet of things.” 
The chip with the white label is the instru-
ment’s own firmware; the actual pro-
gramming that runs the GC instrument. 
Between them is a static memory chip. 
Also note the accumulated dust from 30 
years of service with never removing the 
panel covering the electronics. Like the 
interface boxes we discussed in Septem-
ber, the GC instrument is a computer in 
and of itself. The main board also includes 
connections for separate boards that con-
trol detectors (to the left in the picture), 
inlets (to the right) and network interfaces 
(to the far right). The keypad on the front 
panel of the instrument is connected by 
a ribbon cable to the far left of the moth-
erboard, and the communications cables, 
which connect to the rear panel of the 
instrument, are on the far right. 

Having seen how the various mechani-
cal devices that are needed to operate 
a gas chromatograph work, we can now 
put these together with the possibilities 

for remote operation and data collection. 
External control of an instrument requires 
a system modern enough to allow a digital 
data system to control the functions of the 
instrument, either internally or externally, 
an interface to the Internet and control 
software that can operate over the Internet. 

All of the devices we have discussed so 
far—potentiometers, relays, valve actua-
tors, flow controllers, and regulators—have 
been miniaturized and placed on chips or 
in solid-state cartridges in most modern 
gas chromatographs. They can be eas-
ily actuated using the same low-voltage 
pulses (binary, on and off) involved with 
the transistor–transistor logic (TTL) and 
digital communications we discussed  
in September. 

The development of solid-state elec-
tronic controls and devices for the various 
valves, switches, and controllers needed on 
a modern GC instrument have revolution-
ized instrument design and control. Min-
iaturized GC instruments designed from 
the “ground up” for capillary GC and ease 
of operation are now commonplace and 
have progressed greatly from the large, 
fully manual systems used in the 1970s. 
Connecting these microprocessor-con-
trolled instruments directly to the Internet 
or through a company intranet provides 
the possibility of operating the instrument 
and analyzing the data remotely. Even as 
the instruments have become smaller and 
the once bulky control devices are now 
contained in solid-state electronic or pneu-
matic packs, the same basic electronic and 

mechanical controls still underlie instru-
ment operation. By looking back at these 
more bulky components and how they 
operate, we can better understand what 
these automated devices are doing and 
how they are doing it. 
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PERSPECTIVES  
IN MODERN HPLC

Validation of Stability-Indicating HPLC 
Methods for Pharmaceuticals: Overview, 
Methodologies, and Case Studies
This installment is the third in a series of three articles on stability testing of small-molecule pharmaceuticals. This article 
provides a comprehensive and updated overview of the validation of stability-indicating methods for drug substances 
and drug products, and addresses regulatory requirements, validation parameters, methodologies, acceptance criteria, 
trends, and software tools. Examples of generic protocols, reporting templates, and data summaries are included as 
supplemental reference resources. 

Michael W. Dong, Kim Huynh-Ba, and Anissa W. Wong

The validation of analytical procedures 
used in regulated stability testing of 

drug substances (DS) and drug products 
(DP) is required by law and regulatory 
guidelines. For instance:

“The accuracy, sensitivity, specificity, and 

reproducibility of test methods employed 

by the firm shall be established and docu-

mented. Such validation and documenta-

tion may be accomplished in accordance 

with 211.194(a)” (1).

“The objective of validation of an analytical 

procedure is to demonstrate that it is suit-

able for its intended purpose” (2).

Method validation is the process of 
ensuring that a test procedure is accu-
rate, reproducible, and sensitive within the 
specified analysis range for the intended 
application. Although regulatory authorities 
require method validation for the analytical 
procedures used in the quality assessments 
of DS and DP, the actual implementation 
is open to interpretation and may differ 
widely among organizations and in different 
phases of drug development. The reader is 
referred to regulations (1), guidelines (2–5), 
books (6–9), journal references (10, 11), and 

other resources (12) for further descriptions 
or discussions of associated regulations, 
methodologies, and common practices. 
This article focuses on methodologies for 
small-molecule DS and DP (such as tab-
lets and capsules). Analytical procedures 
for biologics, gene and cell therapies, and 
genotoxic impurities are not discussed (6).

The purpose of method validation is to 
confirm that a method can execute reliably 
and reproducibly as well as ensure accurate 
data are generated to monitor the quality 
of DS and DP. It is essential to understand 
the intended use of the method to design 
an appropriate validation plan. The require-
ments of the plan also must be suitable 
for the phase of development, because 
method validation is an ongoing process 
through the life cycle of the product.

The method validation process can 
be broken down into three main steps: 
method design, method validation, and 
method maintenance (continued verifica-
tion). Thus, the method itself continues to 
evolve throughout the product develop-
ment life cycle. A method is typically “fully” 
validated at a late phase prior to testing of 
the biobatches (validation batches). Based 
on the International Council for Harmoniza-
tion (ICH) Q6 guideline (13), analytical pro-

cedures are also part of the specifications 
that are submitted to and approved by a 
regulatory agency. Therefore, changes in 
a method must be monitored closely (13). 
After product launch, changes may need 
to be managed through a formal change 
control program, depending upon the 
changes, because prior approval from the 
regulatory agency, based on ICH Q10, may 
be required (14).

This section describes data elements 
required for method validation (see Figure 
1) extracted from ICH Q2 (R1) and United 
States Pharmacopeia (USP) general chap-
ter <1225> (3). Table I lists definitions of 
the required method validation parameters, 
extracted from ICH Q2 R1. Discussions of 
each parameter follow in the next section. 

Table II lists the data requirements of 
different types of analytical procedures. as 
listed in USP <1225> (3). As described in 
the previous article in this series (15), the 
analytical procedures used today are pre-
dominantly “composite” reversed-phase 
liquid chromatography (RPLC) gradient 
methods with UV detection for the simul-
taneous determinations of both potency 
(active pharmaceutical ingredient, or API) 
and impurities and degradation products. 
These high performance liquid chromatog-



http://www.antecscientific.com


608  LCGC NORTH AMERICA  VOLUME 38 NUMBER 11  NOVEMBER 2020 WWW.CHROMATOGRAPHYONLINE.COM

raphy (HPLC) methods often do double 
duty as a secondary identification test to 
supplement the spectroscopic identifica-
tion (such as infrared or UV) of the API in 
DS or DP samples. For these reasons, the 
validation data elements required include 
those for USP Assay Category I (assay), 
Category II (quantitative), and Category IV 
(identification), as shown in Table II.

The stability-indicating assay for potency 
and impurities should physically separate 
(baseline-resolve) the API, process impuri-

ties, and degradation products above the 
reporting thresholds (RT) (15–16). HPLC 
method development is not considered a 
good manufacturing practices (GMP) activ-
ity and typically is performed by an expe-
rienced separation scientist (6). In contrast, 
validation of late-stage methods (such as 
in Phase 3) is considered a GMP activity (1) 
and is conducted according to a written 
protocol with predetermined acceptance 
criteria. A team typically performs method 
validation, for faster execution.

For new drug development, regulatory 
agencies have been advocating the use of 
science-based and risk-based approaches, 
phase-appropriate method development 
and validation, and application of quality by 
design (QbD) principles (7,12,17–18). Phase-
appropriate method validation means that 
early-phase (Phase 1) methods require cur-
sory validation efforts to verify the “scientific 
soundness” of the method (18–19) (such as 
the verification of method performance and 
accuracy with laboratory notebook docu-
mentation only). Late-phase methods, how-
ever, require full validation in compliance 
with ICH guidelines (2) with an approved vali-
dation protocol and predetermined method 
performance acceptance criteria. 

Also, details of the analytical proce-
dures used in critical quality assessments 
of clinical trial materials (CTM), including 
method validation data, must be submit-
ted in regulatory filings, such as Inves-
tigational New Drug (IND) applications 
and New Drug Applications (NDAs). A 
section on method development can 
be included in the method validation 
report. This method development sec-
tion should also include justifications of 
the choice of the analytical methods and 
mode of separation. A complete method 
development report is also helpful in 
establishing control strategies for the 
analytical procedure (6,15). 

Method Validation 
Parameters: Methodologies 
and Acceptance Criteria
In this section, the method validation param-
eters listed in Table I are discussed in detail 
regarding methodologies and includes 
examples of acceptance criteria adopted by 
specific laboratories.

Specificity
Specificity is the ability of a method to dis-
criminate between the critical analytes and 
other interfering components in the sample. 
UV detectors are predominantly used in 
stability-indicating analytical procedures 
and detect any chromophoric compounds 
with absorbance at the specified monitoring 
wavelength. Thus, any coeluted peaks will 
lead to inaccurate results for these analytes. 
The specificity of the HPLC method is dem-

Method
Validation

Precision

Accuracy

Detection Limit

Quantitation Limit

Speci�city

Linearity

Range

Robustness

System Suitability, Stability of Solutions
Filtration Studies

Repeatability
Intermediate Precision
Reproducibility

FIGURE 1: A diagram listing of validation requirements of analytical procedures ex-
tracted from USP <1225> and ICH Q2 (R1). 
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onstrated by the physical separation of the 
APIs from other components such as process 
impurities, degradants, or excipients (6). Dur-
ing initial method development, forced deg-
radation studies are used to investigate the 
main degradative pathways and to provide 
samples with sufficient degradation products 
to evaluate the ability of the initial analyti-
cal procedure to separate the degradation 
products formed (for example, to demon-
strate method specificity) (2, 13). Forced deg-
radation or stress studies may be repeated 
during late-phase validation.

A typical specificity validation study dem-
onstrates that contaminants or reagents 
cause no interference; this is done by run-
ning a procedural blank and a placebo 
extract for a drug product method. A pla-
cebo is a mock drug product that contains 
similar amounts of excipients in the for-
mulation without the API. A mixture of API 
spiked with impurities or degradation prod-
ucts available as reference materials can be 
used as a “cocktail” or a retention marker 
solution. This marker solution is useful for 
further method optimization and can serve 

as a system suitability test (SST) solution in 
sample analysis (6,10). 

Furthermore, specificity is assessed by a 
peak purity determination using a photo-
diode array detector (PDA) or a mass spec-
trometry (MS) instrument (example shown 
Figure 2) (6). In practice, the best secondary 

“orthogonal” technique generally does not 
use a totally different separation mechanism, 
but rather uses another RPLC method with 
different selectivity (6,7,12). It is beneficial to 
have an MS-compatible method in early-
phase development for peak tracking and 
rapid identification of unknown peaks (15). 

All components of interest should be 
identified by the observed retention time. 
Most non-specified impurities are “identi-
fied” by their relative retention time (RRT) 
relative to the API peak (6) for early-phase 
methods. For complex separations, a reten-
tion time marker solution should be included 
in the SST procedure to reduce the risk of 
peak misidentifications resulting from reten-
tion time shifts (6). If reference materials 
of impurities are not yet available in early 
development, a mixed forced-degradation 
or aged accelerated stability sample (such 
as one aged for three-months at 40 oC and 
75% RH), should be included as an interim 
substitute in SST to aid in the identification 
of key analytes.

Accuracy
The accuracy of an analytical procedure is 
the closeness of the test results obtained by 
that procedure to the true values. Accuracy 
studies are usually evaluated by determin-
ing the recovery of spiked analytes to the 
matrix of the sample (such as the diluent for 

TABLE II: Data elements required for validation of various compendial procedures

Analytical 
Performance
Characteristics

Assay 
Category I

(API, potency)

Assay Category II 
(Quantitative;  

Impurities)

Assay Category II 
(Limit test;  

cleaning verification)

Performance Assay 
Category III
(Dissolution)

Category IV 
(Identification)

Accuracy Yes Yes * * No

Precision Yes Yes No Yes No

Specificity Yes Yes Yes * Yes

Detection Limit No No Yes * No

Quantitation Limit No Yes No * No

Linearity Yes Yes No * No

Range Yes Yes * * No

Source: Table II adapted from USP <1225>, *Validation of Compendial Procedures.* May be required. Note that most laboratories develop “Composite” 
stability-indicating methods (Cat. I + II Quantitative) for API (potency) and impurities, which often serve as identification testing for the API (Cat. IV).

TABLE I: Method validation parameters (definitions)

Parameter Definition

Specificity
Unequivocal determination of the target analyte in the presence of compo-
nents that may be expected to be present (impurities, degradants, matrix)

Accuracy
The closeness of agreement between the true value, the accepted  
value, and the value found

Precision

Agreement (degree of scattering) between a series of measurements from 
multiple sampling of a homogenous sample. Aspects include: repeatability 
(same test), intermediate precision (different days, instruments, or analysts), 
reproducibility (different laboratories in collaborative studies)

Sensitivity

Lowest levels (amounts or concentrations) at which target analytes are  
detected or reliably quantitated. Aspects include detection limit (DL),  
or limit of detection (LOD), quantitation limit (QL) or limit of quantitation (LOQ). 
LOD = Lowest amount detected but not always quantitatively determined
LOQ = Lowest amount quantitatively determined (with suitable accuracy)
LOQ of the method must be lower than the ICH reporting thresholds for  
impurities (16). This level typically means 0.05% for DS and 0.10% (DP),   
respectively, for most cases.

Linearity
Direct proportionality of test results to the concentration or amount of 
analytes

Range
The interval between the highest and lowest concentration amount  
of analyte that can reliably be determined with a suitable level of precision, 
accuracy, and linearity

Robustness
Capacity to remain unaffected by small, deliberate variations in method  
parameters

Source: Extracted from ICH Q2 (R1), Validation of Analytical Procedures, 2005 (2).
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DS and placebo for DP). If a placebo is not 
available, the technique of standard addition 
or sample spiking is used. Accuracy must be 
evaluated at both assay and impurities levels 
to ensure that the method has acceptable 
recoveries from nominal placebo concentra-
tion that are free from interference.

Method validation for accuracy is typi-
cally assessed using a minimum of nine 
determinations over a minimum of three 
concentration levels covering the specified 
analysis range (from independent prepa-
rations). The typical range is 80–120% for 
assay of the API and from the reporting 
thresholds to at least 120% of the pro-

posed specification limits for impurities and  
degradation products. 

Table III shows a summary of data from a 
nine-sample study protocol for the simulta-
neous validation of accuracy, precision, and 
range of a DP assay methods.

Many organizations have recommenda-
tions for acceptance criteria in the compa-
ny’s standard operating procedures (SOPs). 
Table IV shows typical acceptance criteria 
for the validation of accuracy and precision 
(analytical precision) used by an analytical 
laboratory for late-phase methods. It uses 
a sliding scale to allow for higher allowable 
recovery ranges for low-level impurities (12). 

For new chemical entities (NCEs), the 
impurities may not be identified or specified 
during early-phase development; thus, they 
may be monitored using area percent and 
identified using RRT. Once the project pro-
ceeds to the later phases, impurities should 
be calculated as a weight/weight percent of 
the active. Accuracy should be studied for 
impurities that have authentic substances 
available, and relative response factors (RRF) 
should be established. For any unspecified 
impurities, a surrogate reference material 
with a closely related structure or absor-
bance can be used for quantitation. 

Precision:  
Repeatability and Reproducibility
Method precision is a measure of the abil-
ity of a method to generate reproducible 
results. The precision of a method is evalu-
ated for repeatability, intermediate precision, 
and reproducibility. Precision must be evalu-
ated at the assay and impurities levels. 

Repeatability is a measure of the ability 
of a method to generate similar results for a 
single preparation or multiple preparations 
of the same sample by one analyst using the 
same instrument on the same day. There are 
two types of repeatability, known as system 
repeatability and analysis repeatability.

System repeatability is determined by 
multiple injections of the same reference 
solution (at least five replicate injections). An 
acceptable level of system repeatability in 
terms of peak area precision is a mandatory 
requirement for any quantitative HPLC analy-
sis that will be included in a regulatory sub-

TABLE III: Data summary of a nine-sample protocol for accuracy, precision, and range of a DP assay method

Nominal Level (Range) Preparation No. % Recovered Average % Recovered %RSD

70%

1 100.9

100.9 0.12 100.9

3 101.0

100%

1 101.0

101.2 0.22 101.2

3 101.4

130%

1 100.6

100.9 0.32 101.1

3 101.0

Overall 100.4 0.4

Source: Table III data from L. Wigman, PBSS Quality Control Workshop, Foster City, Nov. 2012.
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mission. Repeatability must be verified by a 
SST before any regulatory testing can be per-
formed. Traditionally, most laboratories would 
set a relative standard deviation (RSD) value 
of <2.0% for peak area precision as a default 
acceptance criterion. This value is too broad 
for modern HPLC and ultrahigh-pressure liq-
uid chromatography (UHPLC) autosamplers, 
which are routinely capable of a precision 
level of 0.1–0.2%. A more realistic and useful 
acceptance limit is an RSD of ≤0.73% for n = 5 
injections, according to USP <621>.

For late-phase methods, system repeat-
ability must be studied at the quantitation 
limit (QL) level to ensure reliable precision 
at this level in the validation study. This pre-
cision is accomplished by injecting the QL 
solution six times and calculating the %RSD. 
Typical acceptance criteria are peak area 
RSD ≤10% for six injections with a signal-to-

noise ratio (S/N) of ≥10. Tighter acceptance 
criteria can be set for impurities present at 
higher concentrations (as shown in Table IV). 
An injection of a QL concentration is used 
to verify method sensitivity as part of system 
suitability testing for an impurity method (6).

 Analysis repeatability is assessed for the 
entire analytical procedure, including sample 
preparation. It can be evaluated using a mini-
mum of nine preparations, as shown in Table 
III, or six determinations at 100% of the test 
concentration. Analysis repeatability is per-
formed by one analyst on one instrument 
using multiple sample preparations. 

The acceptance criterion for analysis 
repeatability should be set at an RSD of ≤1.0% 
for the API in DS because of the tight specifi-
cation, typically 98–102%. Similarly, the accep-
tance criterion of ≤2.0% RSD of the API in DP 
is recommended. The acceptance criteria for 

analysis repeatability for impurities is typically 
set at ≤5.0% RSD for known impurities and 
degradation products at 10 times the report-
ing thresholds (RT), such as those shown in 
Table IV. The study can be performed using 
an authentic substance or a surrogate. 

Intermediate precision, synonymous 
with the term ruggedness, is a measure 
of the variability of method results where 
samples are tested and compared to those 
obtained by different analysts, using differ-
ent equipment and on different days. This 
study is a measure of intralaboratory vari-
ability—the precision that can be expected 
within a laboratory. Intermediate precision 
is strongly affected by the design of the 
protocol (such as how many sources of vari-
ance are included) (7). It should be noted 
that because the method is intended for 
assay and impurities, intermediate preci-

TABLE V: Typical linearity and range acceptance criteria for pharmaceutical testing 

Test
Linearity

Levels and Ranges Acceptance Criteria

Potency assay and
Content uniformity (CU)

5 levels, 80% to 120%
70–130% (CU)

Correlation coefficient, r
r ≥ 0.999

(% y-intercept ≤2.0%)

Impurities
5 levels

50% to 120% of specification
r ≥ 0.98

Dissolution
5 to 8 levels

10% to 120% or ±20% of the specified range
r ≥ 0.99

(% y-intercept ≤5.0%)

Cleaning validation
5 levels

LOQ to 20 times LOQ
r ≥ 0.98

Note: Examples of Linearity and range criteria of other method types are included for comparative purposes.

TABLE IV: An example of acceptance criteria for accuracy and precision validation for an API and known impurities or degradation 
products in late-phase methods

Concentration Range for Process Impurities 
and Degradation Products and API

Accuracy 
% Recovery

Precision 
Analysis Repeatability

APIs Mean (per concentration level) Individual %RSD

RT ≤ y < 2 x RT
for example, 0.05 ≤ y < 0.10%

70.0 –130.0 NA 15.0

2 x RT ≤ y < 5 x RT
for example, 0.10 ≤ y < 0.25%

80.0 –120.0 NA 10.0

5 x RT ≤ y < 20 x RT
for example, 0.25 ≤ y < 1.0%

90.0 –110.0 NA 5.0

20 x RT ≤ y < 100 x RT 
for example, 1.0 ≤y < 5.0%

95.0 –105.0 NA 3.0

For API in DS
80.0 % ≤ y ≤ 120.0

99.0 –101.0 98.0–102.0 1.0

For API in DP
80.0 % ≤ y ≤ 120.0 

98.0 –102.0 97.0–103.0 2.0

Note: RT= Reporting threshold, according to ICH Q3A (R2).  Data from reference 12.
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sion should be studied at both assay and 
impurity levels.

Reproducibility is the precision obtained 
when samples are prepared and compared 
between different testing sites. Method 
reproducibility is often assessed during col-
laborative studies at the time of technology 
or method transfer (such as from a research 
facility to a quality control laboratory of a 
manufacturing plant or contract manufactur-
ing organization) (7–8). 

Sensitivity: Detection Limit 
and Quantitation Limit
The method detection limit (DL), also known 
as the limit of detection (LOD) is the small-
est amount or concentration of analyte that 
can be detected. There are several ways to 
calculate LOD, as discussed in ICH Q2 (R1) 
(2). The simplest way to calculate LOD is to 
determine the amount (or concentration) of 
an analyte that yields a peak height with a 
S/N of three (6). This can be performed for 
the materials of specified identified impuri-
ties that are available or a surrogate. During 
validation, the LOD should be verified with at 
least three injections of the diluted solution 
to meet at least three times the S/N.

The quantitation limit (QL), also known as 
the limit of quantitation (LOQ), is the lowest 
level of an analyte that can be quantitated 
with some degree of certainty (with a preci-
sion of 5–10%) (6). The simplest way to cal-

culate LOQ is to determine the amount (or 
concentration) of an analyte that yields a 
peak with a S/N >10. Thus, LOQ is roughly 
equal to three times LOD. As noted in Table 
II, the validation of LOQ is required only for 
stability-indicating methods for the determi-
nation of impurities and must be verified by 
SSTs for each sample sequence. The LOQ 
must be less than or equal to the reporting 
threshold (16). It is customary to include a 
blank, sensitivity solution (by spiking the API 
at 0.05% or 0.1% level into the sample dilu-
ent), and a retention marker solution in the 
SST sequence to verify method sensitivity 
and specificity performance (6). 

Linearity and Range
The linearity of a method is its ability to obtain 
test results that are directly proportional to 
the sample concentration or amount over a 
given range. For quantitative HPLC methods, 
the relationship between detector response 
(peak area) and sample concentration (or 
amount) is used to make this determination 
using the external standardization method. 
Linearity is essential for HPLC methods with 
UV detection, which uses a single-point cali-
bration with a reference standard solution at 
100%. For late-phase methods, a low-level 
standard (1%) that has a concentration closer 
to the concentration of the impurities should 
be used as part of system suitability testing 
to quantitate the impurities in the samples. 

Table V summarizes the typical linearity levels 
and ranges for late-phase methods, as well 
as the acceptance criteria for various phar-
maceutical method types for comparative 
purposes (6). For composite stability-indicat-
ing assays, linearity validation is conducted 
at five concentration levels for both API and 
impurities, and the coefficients of linear cor-
relations are reported. During late-phase vali-
dation, the correlation coefficient, y-intercept, 
slope of the regression line, and residual sum 
of squares should be determined according 
to ICH Q2 (R1) (2).

The range of an analytical method is 
the interval between the upper and lower 
concentration of a sample that has been 
demonstrated to show acceptable levels 
of accuracy, precision, and linearity. For 
early-phase HPLC-UV methods that use 
the normalized area percentage (%area), 
the maximum absorbance of the API 
peak should be kept <2 absorbance units 
(AU) to prevent detector signal saturation, 
which may lead to a failure in method lin-
earity validation (6,15). The range should 
be determined for assay and impurities 
before the biobatches (validation batches) 
are tested. 

Robustness
Robustness is a measure of the perfor-
mance of a method when small, deliberate 
changes are made to the specified method 
parameters. Robustness evaluation is used 
to identify critical parameters for the suc-
cessful implementation of the method. For 
early-phase methods, robustness is partially 
evaluated during method development 
when conditions are optimized to improve 
resolution and other method performance 
criteria (such as specificity, peak shape, sensi-
tivity, solution stability). Robustness must be 
verified during full method validation before 
registration; an example is shown in Table VI 
(6). These factors can be evaluated one factor 
at a time, or preferably systematically using 
design of experiments (DoE) (5, 7, 16–17) or 
other software packages. 

Stability of Solutions  
and Filtration Validation
The stability of solutions should be evaluated 
during method development to ensure the 
soundness of the analytical procedure; this 

TABLE VI: Typical parameters and range for method robustness evaluations

Parameters and Descriptions

Column consistency
• Three columns packed by bonded phases from three different silica lots

Mobile phase
• pH (±0.1–0.2 units)
• Buffer concentration (±5–10 mM)
• Percentage of organic modifier (±2–4% mobile phase B)

Sample
• Injection volume or sample concentration
• Solvent strength for the final solution

Column temperature (±5 °C)

Detector wavelength (±3 nm)

Solution stability: All sample and reference solutions should have solution stability  
determined up to seven days, if possible.

Gradient
• Dwell volume
• Gradient time (tG, ± 2–5 min)

Note: Information in this table is adapted from reference 6 as a reference guide.
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evaluation should be conducted system-
atically as part of the full method validation 
study before drug product registration. 

All sample and reference solutions 
used in the analysis should have solution 
stability determined for up to seven days, 
if possible. This evaluation is essential 
because solution stability problems can 
cause inaccuracy when prepared samples 
cannot be analyzed on the same day or 
within expiry. Stability and storage condi-
tions should be described in the analyti-
cal method. A more extended validation 
period for a stable API solution is helpful 
for laboratory productivity because ref-
erence solutions may be reused without 
preparing fresh solutions. 

A filtration study for a DP test method 
should be conducted on at least one 
globally available filter (such as a dispos-
able 22-mm 0.45 µm syringe filter) (12) if a 
filter is used. Filtrates collected sequen-
tially from a sample solution spiked with 
impurities (a mixture solution), and a 
solvent blank should be analyzed and 
compared with centrifuged or unfiltered 
samples of the same solutions to evaluate 
the recovery of all analytes and to dem-
onstrate that there is no interference from 
filter contaminants (12). Recommended 
acceptance criteria for such validation 
studies from a specific pharmaceutical 
company are shown in Table VII (12).

Method Validation Approaches 
and Software Platforms
In this section, current method validation 
approaches recommended by regula-
tory authorities are briefly described. Two 
validation software platforms are also  
briefly described. 

Science- and Risk-Based Approaches 
in New Drug Development
In recent years, regulatory authorities have 
endorsed the use of science- and risk-
based approaches and the application of 
QbD with a more systematic exploration of 
process parameters with DoE and statisti-
cal tools (7,12,15). These method validation 
approaches are described in ICH Q8, Q9, 
and Q10 (17,18,10) and forms the preamble 
for ICH Q14 (5). 

A Phase-Appropriate Approach to 
Method Development and Validation
The phase-appropriate approach to 
method development and validation is 
described in the second article in this 
series (15) and elsewhere (7,20–21). The 
approach applies to method validation 
studies where more vigorous verification 
efforts with increasing quality oversight 
are performed as the new drug candi-
date progresses to later clinical phases, 
as shown in Table VIII (7,12). The term 
method qualification often refers to the 
process to verify that the performance 
of early-phase methods is adequate for 
scientific investigation (this is less ardu-
ous than late-stage validation). The term 
qualification is often used in the context 
of equipment qualification (19). Note 
that the U.S. Food and Drug Admin-
istration (FDA) considers both terms, 
method validation and method qualifi-
cation to be synonymous, because the 
process of method validation should be  
phase-appropriate. 

Note that the stringent acceptance cri-
teria for method validation according to 
ICH guidelines recommended for com-
mercial or late-stage drug products may 

not be appropriate for early-phase meth-
ods (7,15,20–21). For early-phase meth-
ods, the criteria suggested by the Inter-
national Consortium for Innovation and 
Quality in Pharmaceutical Development 
(the IQ Consortium), which are shown in 
Table IX, in the supplementary informa-
tion online, may be considered (10).

Strategies to Expedite the 
Method Validation Process 
The actual validation process (timing, pro-
tocol, and reporting) can vary widely from 
one company to another and the process is 
often dictated by internal SOPs. There are 
no regulatory requirements to use validation 
protocols for early-phase methods. Never-
theless, many companies have adopted the 
use of generic method validation plans and 
reporting templates to ensure better pro-
ductivity and consistency within the organi-
zation. Examples of generic method valida-
tion protocols and reporting templates for 
early-phase clinical trial materials are shown 
in Tables X to XIII, in the supplementary infor-
mation online, as reference guides. 

Commercial Software Packages
The application of the principles of QbD in 
process development with more systematic 
DoE approaches and statistical analysis can 
be implemented using off-the-shelf software 
packages such as Design Expert, JMP, or other 
software packages (22–23). Two common soft-
ware tools customized explicitly for the method 
validation process are mentioned here. 

Method Validation Manager (MVM), an 
optional software package for the Waters 
Empower 3 Chromatography Data System 
(CDS) can be used to perform chromato-
graphic method validation, from protocol 

TABLE VII: Acceptance criteria for the stability of solutions and filtration studies

Validation Parameter Stability Solution Filtration Study

New degradation products or contaminants ≤ 0.05% ≤ 0.05%

API ≤ 2.0% ≤ 2.0%

Impurities

RT ≤ y < 2 < RT ≤ 50.0% ≤ 50.0%

2 x RT ≤ y < 10 x RT ≤ 30.0% ≤ 30.0%

10 x RT ≤ y < 20 x RT ≤ 20.0% ≤ 20.0%

20 x RT ≤ y < 100 x RT ≤ 10.0% ≤ 10.0%

Notes: RT = reporting threshold. Data extracted from reference 12.
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learn how to leverage Empower™ SystemsQT™ 
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LCGC: Can you explain why you would need to qualify your  
LC systems? 

HALFPENNY: Companies would need to qualify their LC systems 
when working in regulated environments to show they comply with 
their local regulations for data quality. At the foundation of data 
quality is system and software qualification, which is testing the 
system or software at a specific moment in time and verifying, with 
documented evidence, that it meets predefined specifications.

LCGC: What are some of the industry trends you are seeing around 
instrument qualification? 

HALFPENNY: We are seeing a shift toward a more holistic approach 
to instrument qualification as highlighted in a recent United States 
Pharmacopeia (USP) stimuli paper. The paper describes how to embed 
analytical instrument qualification (AIQ) into a lifecycle approach 
as described in the Technical and Regulatory Considerations for 
Pharmaceutical Product Lifecycle Management guidelines within the 
International Council for Harmonization of Technical Requirements 
for Pharmaceuticals for Human Use (ICH Q12). Qualification testing 
on a system level is becoming an industry best practice. The system 
gets tested in the way it is used, which more closely aligns with the 
quality attributes needed.  System-level testing can reduce the need for 
metrology-based testing and is simpler to automate, saving time and 
reducing errors.  

There have also been many FDA warning letters related to electronic 
records and signatures controls not being applied to AIQ data. There 
is a requirement to have the complete data derived from all tests 
available as laboratory records. That means any paper results must 
have the electronic meta-data to back them up. 

LCGC: What options do you have to qualify systems  
and software? 

HALFPENNY: Waters offers Empower™ SystemsQT™ (SQT) for 
Empower Software and for systems running on Empower Software.

LCGC: What are the benefits of using SQT product to qualify your 
system and software?

Minimizing Qualification Risks HALFPENNY: There are several benefits to using 
SQT. The first one is it’s built into our Empower 
Software and uses Empower Software to collect, 
process, and report the qualification results.  That 
means there is complete data security, traceability, 
trending, and tracking capabilities.  Qualification 
results can be printed or signed-off electronically 
and stored in Empower.  

With other vendors’ qualification tools, while they 
collect the data in Empower, they export the data 
into external applications to process the qualification 
results, which can be a data-integrity risk. SQT utilizes 
an automated whole-system testing approach for 
a more accurate indication of overall system-level 
compliance. It tests the system in the way it will be 
used and eliminates most manual tests.

Another benefit of SQT is its ability to increase your 
lab’s productivity by allowing multiple systems to 
be qualified at the same time, quickly getting them 
back online in several hours versus days.

LCGC: Can other vendors’ instrumentation be 
qualified using SQT?

MICHAUD: Yes, other vendors’ instruments can be 
qualified using SQT. Waters offers cost-efficient, 
high-quality services for Agilent LC and GC systems. 
These services ensure that you have access to faster, 
more robust instrument qualification, automated 
qualification of Empower Software, best-in-class 
expert technical knowledge for quick resolution of 
system issues, and remote and proactive support  
to maximize instrument availability and  
minimize downtime. 

The full suite of Waters' services offered allows 
customers to consolidate compliance and repair 
services for Waters and Agilent systems with a 
single service provider. Customers benefit from the 
fixed cost of ownership for their business-critical 
instruments and minimize the administrative burden.

LCGC: What about companies who utilize in-house 
metrology teams—can they use SQT?

MICHAUD: Yes, companies that leverage their own 
in-house service or metrology teams have the 
option of using the Self-Directed Empower SQT. 
Organizations using Self-Directed Empower SQT can 
lower compliance-related costs by partnering with 
Waters in training their in-house metrology group 
to utilize SQT for their instruments and software. 
This allows maximizing system uptime by enabling 
in-house service resources to immediately perform 

the re-qualification required after major repairs and 
upgrades. Using Self-Directed Empower SQT also 
lowers system downtime by scheduling system 
qualification during regular metrology/in-house 
service maintenance. Productivity is increased, as 
simultaneous qualification of multiple systems can 
be completed. Additional benefits include optimizing 
the productivity of your systems and in-house 
service resources, and increasing the robustness of 
your compliance activities, as Empower Software 
manages the entire data process.

LCGC: Finally, is there anything else you’d like our 
readers to know about?

MICHAUD: Yes, we would like readers to know 
about the level of Waters experience in the 
industry and collaboration with our customers. 
Organizations have come to rely on Waters for our 
keen understanding of regulatory expectations and 
our proven track record of helping to navigate the 
regulatory landscape and its complexities. 

Waters compliance experts frequently contribute 
and provide training and guidance document 
reviews to national regulatory authorities around 
the world. When choosing a compliance service 
provider, it is important to select a partner with 
knowledge of regulations, systems, and technology. 
Of equal importance is considering the level of 
expertise and quality of the services provided by 
your partner and the ability to save time and money 
by streamlining the qualification process to increase 
laboratory uptime. 

By choosing Waters, you have a dedicated partner 
that can address these needs and who is truly 
focused on your success.

http://www.waters.com
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planning through final reporting. MVM can 
be used to manage the method validation 
workflow by designing the studies and docu-
menting results with statistical calculations in 
Empower 3. MVM is also capable of gener-
ating reports using standardized templates 
and archiving data in a database (24).

The Method Validation Experiment Suite 
offered by S-Matrix automates method 
validation through a collection of method 
validation studies (specificity, filter validation, 
solution stability, accuracy, linearity, range, 
precision, and robustness) required by ICH 
and USP guidance. It performs workflow 
management by creating standardized 
workflow templates for executing the studies 
and facilitating documentation, review, and 
reporting processes (25). 

Method Validation Summary Data 
from Two Case Studies 
Below, we provide two summary validation 
data tables from an early- and late-phase 
stability-indicating method to illustrate 
results from actual validation studies.

Case Study 1: An Early-Phase 
(Phase 0) DS Method for an NCE
The first case study comes from the colum-
nist’s own method development project 
during the early phase of his pharmaceu-
tical career. It illustrates an entire method 
development and validation case study 
within two weeks for a pre-IND (phase 0) 
stability-indicating method for an NCE. The 
method development process is described 
in more detail elsewhere (26), and the final 
method conditions and the chromatogram 
are shown in Figure 3. The key analytes of 
this assay are the API, an impurity eluting 
at ~6.4 min (an isomer of the API), and 
the immediate synthetic precursor eluted  
at ~7.6 min.

Table XIV (in the supplementary 
information online) provides a sum-
mary of validation results for this 
stability-indicating composite assay 
and impurity method. This data set is 
included to illustrate a real-life valida-
tion summary to document the scien-
tific soundness of the method (20, 26). 
However, the data collected exceeded 
the typical requirements expected for  
early development.

Method specificity was demon-
strated by resolving all impurities from 
each other and the API with a focus on 
two impurities (isomer and the precur-
sor). The evaluation of the peak purity 
of the API by photodiode array (PDA) 
peak purity and MS indicated that the 
API peak is spectrally pure. The MS 
spectra of the up-slope, apex, and 
down-slope of the API peak showed no 
new m/z ion >1% was observed.

Method linearity, accuracy, and precision 
data collected show acceptable performance 
for the API and the precursor. A robustness 
study using DoE software (Design Expert) 
toward perturbations of variables (column 
temperature (T), detector wavelength (λ) flow 
rate (F), gradient time (tG), % trifluoroacetic 
acid in mobile phase A) showed that the 
method is robust to these variations. Three 
columns from different bonding lots were 
used to demonstrate the robustness of the 
separation toward lot-to-lot inconsistency.

Case Study #2: A Late-Phase Method 
for a Complex DP with 4 APIs
Table XV, in the supplementary information 
online, shows the method validation sum-
mary data of a late-phase stability-indicating 
UHPLC method for an antiviral oral com-
bination DP with four APIs, described in  
detail elsewhere (15, 27). 

Summary and Conclusions
This paper provides an updated overview 
of the validation of stability-indicating 
HPLC analytical procedures for the deter-
mination of the API, impurities, and degra-
dation products in DS and DP. The article 
describes regulatory requirements, vali-
dation parameters, methodologies, and 
example acceptance criteria for early- and 
late-phase methods as well as validation 
trends and software tools. Examples of 
generic protocols, report templates, and 
validation data summaries are used to 
illustrate the typical practices and data 
collected from these case studies. This 
installment completes the three-part series 
devoted to providing the reader with a 
concise overview of stability studies and 
the method development and validation 
of stability-indicating analytical procedures.

Disclaimer
A challenge in writing this overview of 
method validation lies in the interpreta-
tion of the evolving regulatory guidelines 
and their acceptance criteria, which are 
highly dependent on the development 
phase. In addition, the case studies, generic 
method templates, and data examples in 
this paper are drawn from published data 
or company-specific SOPs, which may vary 
from those used by organizations with a dif-
ferent interpretation of the regulations. The 
information presented provides an updated 
overview of common practices to be used 
as supplemental references. The views pre-
sented represent the collective opinions 
of the authors formed from reviewing the 
literature and published guidelines and 
from our own working experience in the 
pharmaceutical industry. These views bears 
no relationship to those of LCGC or any  
other organization.

TABLE VIII: Recommendations of phase-appropriate method validation requirements 

Product Development Stage Validation Requirements

Pre-clinical (before human studies) Specificity, linearity, sensitivity

Phase 1 to 2A clinical studies Specificity, accuracy, LOD, LOQ, precision-repeatability, solution stability

Phase 2B to phase 3 clinical studies Linearity, range, intermediate precision—repeat the validation if the method is changed 

Initiation of registration batches, 
NDA submission

Complete the full validation as per ICH Q2 (R1), including solution stability and robustness  
(preferably performed at Phase 3).
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Ion Mobility Spectrometry (IMS): 
How It Works and Its Use in Biotechnology
Why has IMS and IMS-MS become so prevalent and popular to use within the past decade or two for proteins, 
biopolymers, biopharmaceuticals, antibody–drug complexes, and related materials?

I.S. Krull, J. Auclair, and A. Rathore

Ion mobility spectrometry (IMS) is 
not a new technique, and has been 

described in the scientific literature for 
more than 50 years (1,2). Because it is 
a separations technique, IMS can stand 
alone without being connected to mass 
spectrometry (MS), but it requires some 
sort of detector, which is fed newly 
resolved ions from the original sample, 
often separated via a drift tube (DT), 
which can be seen in Figure 1a (1). 
There are two commonly used formats 
for doing IMS, the first being drift tube 
ion mobility spectrometry (DTIMS), and 
the second being a traveling wave ion 
mobility spectrometer (TWIMS), as 
seen in Figure 1b (1). TWIMS is usu-
ally the higher resolving or separations 
module. DTIMS has been termed as 
high-field, asymmetric waveform ion 
mobility spectrometry (FAIMS). 

In these configurations, there is a 
need for a carrier gas to sweep the 
ions coming from the ion source. This is 
almost always an electrospray ionization 
(ESI) system. In either of these instru-
mental configurations, modern interfac-
ing almost always relies on some MS 
instrumentation. MS detection provides 
a direct ability to determine parent ion 
structures, as well as fragmentation 
mechanisms, coming from the original 
molecular ion after the IMS. IMS is a sep-
arations instrument, and depending on 
what is used, as seen in Figures 1a and 

1b, it provides low and high ion reso-
lutions. Figure 1a shows the resolution 
via the drift tube of the parent ion and 
moving, inert gas, as well as the single 
quadruple. Figure 1b, on the other 
hand, shows how the parent ion frag-
ments via the single quadruple before 
each of these fragments is resolved via 
the IM analyzer’s traveling wave. Finally, 
each remaining fragment is resolved 
by time-of-flight mass spectrometry 
(TOF-MS). However, the literature does 
not appear to cover resolution differ-
ences between these two instrumental 
configurations. It has been difficult to 
locate a study that makes a direct com-
parison between DTIMS and FAIMS, 
though we believe that FAIMS has the 
higher resolving power. 

Considering the separation of the two 
components first introduced, Figure 1a 
shows that, as a function of distance, 
these components become better 
resolved based on differences in their 
collisional cross sections (CCS). When 
IMS is used without a MS, the only use-
ful information provided is CCS. Indeed, 
there is extensive literature, especially 
coming from around the year 2000, 
that did not use MS but instead used a 
refractive index (RI), ultraviolet (UV), or 
electron capture detector (ECD). There 
were numerous applications for such 
instrumentation, especially as sniffers for 
drugs of abuse, explosives at airports, 

check-in counters, and other, simpler 
applications. Almost all of the literature 
discusses using cationic fragmentation, 
and most also discus electrospray ion-
ization (ESI), but some have used matrix 
assisted laser desorption ionization 
(MALDI) as well. 

Figure 2 illustrates in diagrammatic 
format a conceptual IM-MS analytical 
workflow that incorporates various front-
end separation techniques, then com-
bining a conventional drift cell, showing 
separation of the sample ions and struc-
ture separations arising from differences 
in drift time (2). Finally, each individual 
sample component is separately intro-
duced into the MS analyzer. On the far 
right of Figure 2, the resolution of sam-
ple components comprising glycans, 
peptides, lipids, and their metabolites 
is indicated. Each of these species has 
a different drift time and m/z ratio, but 
only some of them represent the origi-
nal, parent species first introduced with 
the same molecular weights and molec-
ular ions. The other ions represent frag-
mentations that occurred along the way 
through the IM-MS system. 

The resulting IM-MS analysis thus 
yields drift time compared to the m/z 
spectra, which can then be interpreted 
for relative, size-to-mass information, 
intrinsic to different biochemical classes. 
There are very few, alternative analytical 
techniques that can provide both IMS 
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relative mobilities and sizes, resolution 
of different groups of organic analytes, 
and identification by high-resolution 
mass spectroscopy (HRMS) of individual, 
original sample components, most fully 
resolved from one another (2). 

Before leaving this section, we must 
emphasize the importance of deter-
mining CCS information about the ions 
going into the MS instrument. Because 
this is a drift gas separation, the lightest 
ions will emit from the drift tube before 
the higher molecular weight (MW) spe-

cies. Multiply charged ions may be emit-
ted, depending on the efficiency of the 
ESI steps. The larger the starting mol-
ecules, the more multiply charged ions 
that may be observed. It is, of course, 
essential or desirable to have the length 
of the drift tube sufficient so that these 
differently charged ions can be sepa-
rated before the MS steps. Thus, lon-
ger drift tubes and times usually result 
in an improved resolution of multiply 
charged ions before the MS steps, mak-
ing it much simpler to interpret each 

MS spectrum. Cyclic-IMS (cIMS) accom-
plishes this very desirable feat, and with 
greatly improved resolution of most or 
all initial species. 

There are various lengths of fixed-
length drift tubes that can be utilized 
for any given analyte mixture, usu-
ally depending on its complexity and 
number of analytes needing resolution 
before the MS step. We should also 
mention that IMS can be used for direct 
sample introduction or it can readily 
be interfaced with almost any previ-
ously described separations method 
known today. Most often, these would 
include ultrahigh performance liquid 
chromatography (UHPLC), high perfor-
mance capillary electrophoresis (HPCE), 

“high performance gas chromatography 
(HPGC) or high resolution gas chroma-
tography (HRGC). IMS is not (other than 
cIMS) a high resolution technique; it is 
an interface between such steps and the 
final mass spectrometry and is all online 
and automated, with direct sample 
introduction and data collection. The 
total resolution comes from the UHPLC, 
IMS, and MS systems. What IMS adds 
are the additional separations steps (in 
the case of cIMS, these can be almost 
any length or times), and the ability to 
study individual, multiply charged ions 
from the original analyte. This becomes 
very useful and interesting with higher 
MWs of biochemical and organic struc-
tures. The ability to study higher charge 
states of highly complex organic or bio-
organic analytes is only possible using 
this combination of UHPLC-IMS-HRMS. 
This point leads us to a discussion of 
more hyphenated techniques in IMS 
and a plethora of acronyms. 

Comparing IMS techniques for 
Resolution of Complex Mixtures 
of Proteins and Peptides
IMS originally was a single separation 
step (FAIMS or TWIMS), whose sepa-
ration potential was dependent on the 
length of the FAIMS drift tube or the 
dimensions of a TWIMS dimension sys-
tem. This was drastically changed by the 
introduction of cyclic IMS, aka cIMS, in 
the mid-1990s, which has only recently 

Temporally-Dispersive Ion Mobility Techniques
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FIGURE 1: Two conceptual schematic diagrams of commercially available time-dispersive 
IM-MS instrumentation. (a) An electrostatic drift tube ion mobility spectrometer (DTIMS) 
coupled to a quadrupole time-of-flight (QTOF) mass spectrometer, and (b) an electro-
dynamic traveling wave ion mobility spectrometer (TWIMS) coupled with a quadrupole 
mass filter and a QTOF instrument. Conceptual experimental sequences are shown in the 
insets of each panel and illustrate the mechanism giving rise to the temporal separation 
of smaller and larger collision cross section ions experimentally observed in each tech-
nique (Reprinted with permission from American Chemical Society). 
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FIGURE 2: A conceptual IM-MS analytical workflow incorporating various front-end 
separation techniques (SPE–solid-phase extraction; SFC–supercritical fluidic chroma-
tography; LC–liquid chromatography; CE–capillary electrophoresis GC–gas chroma-
tography). The resulting IM-MS analysis yields drift time vs. m/z spectra that can be 
interpreted for relative size-mass information intrinsic to different biochemical classes 
(Reprinted with permission from Elsevier). 
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been commercialized. To our knowl-
edge, there is today but a single source 
for commercial cIMS instrumentation. 

Cyclic IMS (cIMS)
One cannot do cIMS with any current, 
off-the-shelf IMS system without major 
modifications. To our understanding, 
the only commercial system is that from 
Waters Corporation. Their website con-
tains a plethora of useful information 
regarding their recently introduced cIMS 
package. However, non-commercial 
cIMS instrumentation was introduced 
long before the Waters system became 
commercialized in 2019. 

There were, since the late 1990s, at 
least two major research and develop-
ment (R&D) groups interested in con-
verting traditional IMS methods, DTIMS 
and TWIMS, into instrumentation able 
to improve resolution and lower limits 
of detection for complex samples. Per-
haps the first of these to publish exten-
sively was led by David Clemmer and 
his group at Indiana University. He is still 
very active in this field, having realized 
significant improvements in resolution 
utilizing IMS. His R&D team emphasized 
determining structures in large, low-
symmetry systems in the gas phase, but 
it is really cIMS. A second, very active 
group in this area has been currently 
at the University of Connecticut, led by 
Don Fabris (3). 

A third R&D group, since about 2014, 
having originally introduced the Waters 
line of TWIMS instrumentation about 
2005, not involving cIMS, has been led 
by several R&D scientists within Waters, 
such as Emma Marsden-Edwards (3,4). 
Their first product involving cIMS was 
introduced in 2019. To our knowledge, 
this is today the only commercially avail-
able cIMS system. The goal of both 
the Clemmers and Waters groups has 
always been to design and produce new 
IMS technology with higher resolving 
power to provide analysis of the finer, 
structural differences between analytes. 
This has not been accomplished by dras-
tically varying the fundamental nature of 
the IMS system, at least in the Waters 
case. Rather, it has involved enabling 

repeated passages of the starting 
analytes through basically the same 
IMS unit (FAIMS). That creates more 
separating potential in the IMS alone, 
which when matched with HRMS leads 
to vastly improved and enhanced MS 
data and informational content. Cyclic 
IMS realizes these advantages, and they 
are real advantages over conventional 
IMS of any type because of the much 
improved resolving ability of repeated 
passages through the same IMS system. 
Each injection experiences, within the 
FAIMS part of the instrumentation, a 
much longer pathlength before enter-
ing the MS instrument itself. As we have 
already learned, longer pathlengths 
lead to improved resolution, as seen 
in techniques like Fourier-transform 
infrared spectroscopy (FT-IR), fluores-
cence (FL) spectroscopy, UV-vis, and  
Raman spectroscopy. 

Figure 3 shows that both research 
groups produced a cyclic pathlength 
design that permitted ions to move 

around in multiple passes, achieving 
higher resolution without requiring 
an extended, linear arrangement. In 
essence, such arrangements, strikingly 
similar between both R&D groups, then 
permitted greater resolving power in 
the same space, through multifunc-
tion capabilities, using IMSn selection 
and activation experiments. A major 
design obstacle has been finding a 
method to transport ions from the 
original, straight-line path through the 
device, orthogonally around the cyclic 
path. This was eventually solved in the 
Waters group as it had been earlier in 
Clemmer’s group. However, in Waters‘s 
instrumentation, a newer array of elec-
trodes could control whether the trav-
eling waves moved the ions in the 
direction of the main axis of the MS 
instrument or around the cyclic path 
length. In both groups, through using 
different engineering, this obstacle has 
been fully resolved and both instru-
mentation sets are perhaps equally 
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able to perform high resolution IMS 
studies and analyses. 

Clemmer’s work has been more 
academic than the work from Waters, 
though both groups have engineered 
extremely successful and useful 
advanced cIMS instrumentation and 
applications. In earlier work, Clemmer’s 
group designed an IMS instrument 
that included a cyclotron geometry 
drift tube. This was the first, cyclotron 
geometry drift tube, wherein a packet 
of ions was introduced into the cyclo-
tron (not ICR-MS), and then transmitted 
through multiple cycles by oscillating 

the applied drift fields at an appropri-
ate frequency. Species with different 
mobilities are pulled apart at different 
times. After a desired number of cycles, 
only those species with mobilities in 
resonance with the drift field applica-
tion frequency are trapped. Subse-
quently, these ions are then released 
into a mass analysis region of the MS 
instrument and detected. 

In all of this work, both the Clem-
mer group and at Waters, the goal has 
been to construct IMS instruments with 
higher resolving powers. This goal has 
been realized and continues to improve 

in both of the above R&D groups as 
well as in others (5–7). 

Structures for Lossless  
Ion Manipulations (SLIM) 
SLIM stands for structures for lossless ion 
manipulations, invented by R.D. Smith 
and colleagues (1,8,9). In SLIM, two 
printed circuit boards, with a mirrored 
electrode symmetry, can be placed both 
above and below one another. These 
circuit boards create the ion path of 
travel between the boards, and dynamic 
electric fields are used to contain and 
guide the ions through the entire SLIM 
device. SLIM allows for high ion trans-
fer through elevated pressure regions. 
SLIM-based IMS instruments, based on 
both DTIMS and TWIMS, have already 
been demonstrated. The final product 
allows for numerous ion manipulation 
modules to be fabricated and even 
modules can move ions at a 90-degree 
angle. It is thus possible to have both 
cyclic racetrack and serpentine geom-
etries fabricated for long pathlength, 
and with the use of “T” junctions, it is 
possible to select a discrete, ion mobil-
ity region for further tandem IM or MS 
analysis. Figure 4 illustrates a typical, 
SLIM-based IMS instrumental arrange-
ment. Other designs have allowed the 
creation of instruments with some of the 
highest IM resolutions yet available (1, 
8–10). The advantage of using SLIM or 
any of the other approaches to improve 
resolution in the IMS region before MS 
is simply the same as for any high resolu-
tion analytical technique. It is to resolve 
or separate each analyte from the next, 
with no overlap before introduction into 
the MS instrument. That then allows 
the MS instrument to provide the final 
MS data for a single species, always a 
desirable outcome. It is because the 
resolution within the IMS step has been 
improved that even low resolution MS 
units become more specific, more accu-
rate, and more useful, which is what 
both cIMS and SLIM are all about. They 
just go about achieving higher resolu-
tion via different approaches. However, 
in cIMS, there is really no outer limit to 
the number of passes possible, there is 
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limitless resolution capability that just requires more time but 
not more money. 

Figure 5 illustrates what information can be obtained by 
using any number of IMS approaches. The plot on the vertical 
axis represents the migration time of (at least) two resolved 
ions, in two distinct drift time regions. The times of their drift 
time regions are indicated. On the bottom are the two dif-
ferent and distinct MS spectra, electron impact, coming after 
the drift time region, in blue and red, with retention times of 
all ions and m/z (MW) as indicated. The blue middle region 
of Figure 5 illustrates retention times of the two ions but now 
also yellow and red spots of retention time compared to m/z 
ratios. The two peaks on the y-axis correspond to the most 
intense ions in the middle panel. What about the other red 
spots? Those represent other m/z ions from the same starting 
materials with lower or higher values left and right. The most 
intense ions are those most commonly formed, and the most 
important for m/z determinations of actual structures, as in 
the bottom-most panel. Those two panels represent the usual 
fragmentation patterns (and derived structures) from any elec-
tron impact MS instruments (11,12). 

Does IMS Have a Role in  
Biopharmaceutical Regulatory Approvals?
We have already discussed IMS in general and more spe-
cifically, cIMS, FAIMS, SLIMS and other types of IMS. The 
question remains, what is the relevance of IMS in biophar-
maceutical manufacturing and approval? This, indeed, is a 
great question.

Of the many critical quality attributes (CQAs) that are moni-
tored in the approval of biopharmaceuticals, one is structural 
analysis. As we all learned in our introductory biochemistry 
courses, structure equals function. If the structure is not cor-
rect, then the function of the protein (mAb) is not what it 
should be. Thus, in the case of a drug, it would not work.

Structural analysis is currently performed of biopharmaceu-
ticals, especially for regulatory filings by nuclear magnetic res-
onance (NMR), analytical ultracentrifugation (AUC), and X-ray 
crystallography (XRC). None of these techniques, though, is 
easy or robust. 

Thus, based on the use of MS for intact mass analysis, pep-
tide mapping and glycan analysis, we suggest that IMS serves 
as a powerful, improved alternative to the above-mentioned 
techniques. It can serve to monitor structural characteristics of 
biopharmaceuticals especially when considering biosimilars. 
The new methods in IMS, such as FAIMS, cIMS, SLIMs and 
others, can provide valuable insights into the structure of a 
protein drug by using instrumentation that already exists in 
analytical laboratories. It is also faster and cheaper than other 
methods such as NMR and X-ray crystallography. Thus, we 
would suggest that IMS is an alternative and viable approach 
to elucidate structural information about a biopharmaceutical. 
In part, by showing the structure and CCS, thus function, of a 
protein drug is intact. This knowledge gives confidence that 

the drug will be safe, efficacious, and with the correct struc-
ture, ensure quality.
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Farewell from Columnist Ira S. Krull
I first started writing LCGC columns in the late 1990s. The first 
was “Validation Viewpoint” with Mike Swartz. Later, I began 
collaborating with Anurag Rathore on this column, initially 
called “Biotechnology Today” and recently renamed “Focus 
on Biopharmaceutical Analysis.”
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However, all good things must come 
to an end. Though I only look about 
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Comparing Scientific Marketing to Analytical Reality 
We are bombarded daily with marketing messages promising to improve the quality of our lives. Whether it’s a 
new smartphone with a high-resolution camera, or a blender that doubles for a bread batter mixer, we expect 
new products and developments to be newer, brighter, and quicker. As a result, expecting new technology to 
make our lives easier has become a mainstay of our modern psyche. Are these messages, typically targeted 
toward commodities such as washing machines and automobiles, creeping, inappropriately, into the marketing 
of scientific instruments like mass spectrometers? 

Patrick M. Jeanville

S cientific marketing is an integral 
component of all instrumenta-

tion manufacturing organizations. 
Fundamentally, scientific marketing 
drives sales, which fuel investments 
in research & development (R&D). For 
these enterprises, continued R&D is 
requisite for new product develop-
ment as well as enhancements to 
existing products (such as resolu-
tion of hardware issues and software 
bugs). At the core, customers drive 
this technological wheel as needs for 
scientific advances, improved analy-
ses, and faster return-on-investment 
(ROI) permeate daily laboratory life. 

In the case of mass spectrom-
etry, marketing organizations for the 
instrumentation manufacturers pro-
vide materials to support the sale 
and support of their hardware and 
software products. Usually, this infor-
mation describes hardware specifi-
cations, acquisition and processing 
software (compatibilities), electrical 
and environmental requirements, and 
ancillary performance specifications.

The popularity of mass spectrom-
etry has driven exponential growth 
across all application areas and user 
bases. But too often, marketers at 
mass spectrometry manufacturers 
feed off the trendy messaging associ-
ated with commodity-type products, 
rather than providing meaningful 
information to prospective purchas-
ers. For example, in terms of sensitiv-
ity, almost all vendors equate sensitiv-
ity to the amount of reserpine (a drug 
used to treat hypertension) that the 
platform (hardware and software) is 

capable of detecting. From a customer-
centric point of view, this is a relative 
measurement of sensitivity that does 
not consider the instrument resolu-
tion that was used. If your compound 
does not happen to be reserpine, or if 
your analyses occur in complex matri-
ces, contain numerous analytes or are 
performed by multiple scientists, such 
data may not be reflective of the daily 
experience in your particular labora-
tory. In addition, the signal-to-noise 
(S/N) calculation rendered is not based 
on a raw signal. Some level of signal 
manipulation (smoothing) has often 
been applied during acquisition or 
post-processing. 

Does this approach satisfy the needs 
for a validated assay in your facility? 
One way to overcome this shortcoming 
is to submit a compound important to 
you to the instrument manufacturer and 
have the company determine the limit 
of sensitivity of the instrument under 
consideration at a stipulated instru-
ment resolution. This approach will 
permit realistic comparisons between 
different instruments without simply 
testing the expertise of the instrument 
operator. The data that are acquired 
can also be used as a specification that 
must be satisfied by the instrument that 
is eventually installed in your laboratory.

When choosing a liquid chroma-
tography–tandem mass spectrometry 
(LC–MS/MS) system for your labora-
tory, an inordinate amount of time 
may be spent evaluating the choice, 
resulting in “analysis paralysis.” Con-
versely, at the opposite end of the 
spectrum, experience often dictates 

the choice made. In the latter case, 
you really should consider if all of the 
possible alternatives have been thor-
oughly evaluated before defaulting to 
what you had before. One approach to 
remove intrinsic bias toward a specific 
vendor or system would be to create 
a table populated with the features 
under consideration and score them 
(values from +5 rank as highly favor-
able to –1 for highly unfavorable). 
Tabulation of the results identifies 
the system that best aligns with your 
requirements and provides confidence 
in your decision. This way, personal 
biases and the influence of overstated 
marketing messages can be kept to 
a minimum. As an example, Table I 
depicts a situation where a customer is 
interested in purchasing a triple-quad-
rupole LC–MS/MS system. Each instru-
ment has been evaluated according 
to the customer’s criteria for sensitiv-
ity, selectivity, robustness, ease-of-use, 
ROI (calculated as return cost divided 
by initial cost, service, and compli-
ance) and vendor relationship. In this 
example, instrument B has the highest 
overall score and would be selected. 
This table can and should be modi-
fied for your specific requirements.  
Alternatively, you could use the ven-
dor-supplied data for robustness.

In conclusion, creative marketing 
approaches, while appropriate for 
commodity products, may not rise 
to the requirements for high-end 
instruments such as mass spectrom-
eters. Instead, customers should hold 
vendors accountable to their spe-
cific needs for sensitivity, selectivity, 
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robustness, ease-of-use, ROI, service, 
compliance, and vendor relationship. 
Each organization should weigh these 
features according to their specific 
requirements. For example, if ana-
lytical sensitivity needs dictate 10 ng/
mL as the limit of detection (LOD), 
greater importance may be placed on 
another parameter (selectivity, com-
pliance, and so forth). Your MS system 
may appear to be a “black-box,” but 
it is an intricate tapestry of physics, 
electrical and mechanical engineer-
ing, chemistry, mathematics, com-
puter science, and analytical chemis-
try. We should all treat it as such. 

TABLE I: Example evaluation of the attributes of three LC–MS/MS (triple-quadrupole) 
systems when considering which one to purchase

Parameter
Instrument

A B C

Sensitivity: Positive, using reserpine (IDL → 0.25 fg @ 1.0 fg 
on-column); Negative, using chloramphinecol (IDL → 0.25 
fg @ 1.0 fg on-column)

+5 +5 +4

Selectivity: Collision cell clearance of <1.0 ms to eliminate 
crosstalk

+5 +5 +5

Robustness: 10,000 injections of verapamil in crashed rat 
plasma, 120 fg/mL renders a %RSD < 20.

+3 +5 +2

Ease of Use: Flat-tuning or tune-free parameters, increased 
instrument robustness and stability, reduced or eliminated 
customer need for tuning or re-optimization of methods 
after prolonged analyses, (all increasing uptime and usage)

+3 +5 +2

ROI (initial cost and consumables): System costs must not 
exceed budget

+3 +2 +5

Service: Remote or intelligent diagnostics, multiyear war-
ranty, firm preventive maintenance schedules

+3 +4 +2

Compliance: Bidirectional connectivity to LIS or LIMS, 510K 
compliance, IQ/OQ/PQ included in purchase price

+4 +4 +1

Vendor relationship: Willingness to ensure our success, 
on-site training, applications support, quarterly visits from 
sales and support staff

+4 +5 +2

Totals +30 +35 +23

ABBREVIATIONS:  IDL = instrument detection limit; RSD = relative standard deviation; ROI = return on 
investment; LIS = laboratory information system; LIMS = laboratory information management system; IQ/OQ/
PQ = installation qualification/operational qualification/performance qualification.
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Effects of Sample Diluents and Sample Matrices 
on Residual Solvents in Pharmaceuticals Analyzed 
with Static Headspace Gas Chromatography 
The effects of sample diluents, including Dimethyl sulfoxide (DMS), N,N-dimethylacetamide (DMA), and N,N-
dimethylformamide (DMF), and the effects of sample matrices of a drug substance on 16 residual analyte solvents were 
studied using static headspace gas chromatography (HS-GC). The results showed that analyte solvents with polarities 
higher than those diluents had higher peak responses in DMA or DMF than they had in DMS, and vice versa. From DMS 
to DMA, diluent effects were approximately linearly proportional to the values of solvent polarity relative to DMS. The 
tendencies and magnitudes of diluent effects were mainly dependent on the polarities of analyte solvents and diluents. 
As sample amounts increased, analyte solvents exhibited various positive or negative matrix effects. The tendencies 
and magnitudes of matrix effects were mainly dependent on the polarities of analyte solvents, diluents, and samples 
and were further affected by sample solvation processes. Applying the rules of effects of sample diluents and sample 
matrices can improve method sensitivity and accuracy, and avoid interferences as well. 

Yu (Yon) Wang, Jianchen (Jessie) Wang, and Prasad Panzade

Static headspace gas chromatog-
raphy (HS-GC) has been widely 

used for analysis of residual solvents 
in pharmaceuticals (1–3). In closed 
headspace vials, the sample mixture 
is composed of sample diluents (also 
called sample solvents), samples, and 
analyte solvents that are to be tested. 
The analyte solvents are dissolved in 
the sample mixtures (the liquid phase) 
before partitioning into the gas phase. 
The peak response of a solvent is 
directly proportional to its gas phase 
concentration, which is dependent on 
its initial concentration in the liquid 
phase, and eventually dependent on 
its concentration in the sample. Many 
factors can affect the partitioning 
processes of solvents (4,5). Adjusting 
diluents by adding water to organic 
solutions to increase peak responses 
for nonpolar solvents and by add-
ing inorganic salts to aqueous solu-
tions to increase peak responses for 
polar solvents have been reported 
(4–7). The effects of several diluents 
on peak responses of some residual 
solvents also have been reported (8).

Sample matrices also have impacts 
on solvent peak responses. The 
effects of sample matrices on some 
residual solvents have been studied 

(9). The counts of hydrogen (H) bond 
acceptors and donors in compounds 
have been used to explain the causes 
of matrix effects. However, the prin-
ciples of diluent effects and matrix 
effects on residual solvents analyzed 
with HS-GC are still not clear.

In this study, effects caused by 
sample diluents and sample matrices 
are analyzed. From the perspective of 
polarities, interactions between dilu-
ents, analyte solvents, samples, and 
sample solvation processes were ana-
lyzed to reveal the rules governing 
diluent effects and matrix effects. The 
use of the acquired understanding of 
diluent effects is then illustrated in a 
troubleshooting example.

Experimental
Materials and Methods
All of the chemicals and reagents 
used were common inventories. A GC 
7890 series instrument with a 7697A 
headspace autosamplers and a flame 
ionization detector (FID) was used, 
along with a capillary column DB-624 
with a 3.0 µm film thickness, 75 m x 
0.53 mm (Agilent Technologies) were 
employed for analysis. Data acquisi-
tion and analysis were performed by 
Empower software (Waters).

Chromatographic Parameters
The parameters for the headspace 
autosampler were as follows: The 
temperature for the oven was kept at 
80 °C, the loop at 170 °C, and the 
transfer line at 175 °C. The times for 
the GC cycle, vial equilibration, pres-
sure equilibration, and injection were 
45, 30, 0.10, and 0.5 min, respectively. 
The vial fill mode was “fill to pres-
sure” with the fill pressure at 10 psi. 
The loop fill mode was “default”; 
shake level was at “7.” The loop size 
was 1.0 mL, and a 20 mL headspace 
vial was used.

For the GC parameters, the car-
rier gas was helium, and the constant 
flow mode had a flow rate 5.0 mL/
min. The inlet was a volatile interface 
inlet with a split ratio of two and the 
temperature was set at 180 °C. For 
the GC oven program, the initial tem-
perature was set at 40 °C and held for 
20 min before being increased to 140 

°C at a rate of 10 °C/min, and held for 
1 min. It was later further increased 
at a rate of 30 °C/min to 230 °C and 
held for 6 min. The FID temperature 
was set at 250 °C, with the hydro-
gen flow at 40 mL/min, the air flow 
at 400 mL/min, and the make-up gas 
(helium) at 25 mL/min.
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Standard Solution Preparation
Standard solutions containing 16 ana-
lyte solvents with concentrations of 

~120 µg/mL each of methanol, etha-
nol, acetone, 1-propanol, isopropyl 
alcohol (IPA), t-butanol, acetonitrile, 
dichloromethane (DCM), ethyl ace-
tate, and benzene, ~40 µg/mL each of 
tetrahydrofuran (THF), cyclohexene, 
and toluene, and ~10 µg/mL each of 
ethyl ether, cyclohexane, and n-hex-
ane were prepared in dimethyl sulf-
oxide (DMS), N,N-dimethylacetamide 
(DMA), or N,N-dimethylformamide 
(DMF), separately.

Headspace (HS) Vial Preparation
Next, 2.0 mL of the diluent, standard 
solutions, or samples plus 2.0 mL of 
the diluent or spiking standard solu-

tions were put into a 20-mL size HS 
vial and sealed for use. For the pur-
pose of this experiment, one injection 
per vial was made. 

Results and Discussion
Effects of Different Sample Diluents 
on Common Residual Solvents
Standard solutions prepared in DMS, 
DMA, or DMF were injected. Figure 1 
illustrates the representative GC chro-
matogram of 16 analyte solvents in 
DMS. Figure 1 shows that the peaks of 
all analyte solvents were well resolved. 
There were no significant interfer-
ences for any solvent, including the 
diluents. The peak retention times of 
the same analyte solvent in different 
diluents of DMS, DMA, or DMF were  
technically identical. 

Peak responses of analyte solvents 
in different diluents of DMS, DMA, or 
DMF were tabulated and appear in 
Table I. Compared to peak responses 
of solvents in DMS, it was found 
that some solvents had higher peak 
responses and others had smaller peak 
responses in DMA or DMF. These up 
or down changes on peak responses 
of analyte solvents caused by different 
diluents were diluent effects. 

There are two aspects of the charac-
teristics of diluent effects: the direc-
tion (up or down) of the change and 
the magnitude of the change. The 
term, ±%Change, in peak response 
was introduced to describe these 
properties when the diluent was 
changed. It was calculated by the 
equation below: 

TABLE I: Peak areas of analyte solvents in different diluents and their diluent effects when dimethyl sulfoxide (DMS) was replaced by 
dimethylacetamide (DMA) or dimethylformamide (DMF) 

Solvents Polarity*
Polarity Relative 

to DMS

DMS DMA DMF

Peak Area Peak Area
%Change 

(Diluent Effect)
Peak Area

%Change 
(Diluent Effect)

Methanol 0.762 0.318 357 525 47.1 611 71.3

Ethanol 0.654 0.210 345 428 24.0 495 43.2

1-Propanol 0.617 0.173 236 259 9.7 306 29.7

Isopropanol 0.546 0.102 439 448 2.1 516 17.7

Acetonitrile 0.460 0.016 573 629 9.8 579 1.1

Dimethyl 
sulfoxide

0.444 0 na na na na na

t-Butanol 0.389 -0.055 730 624 -14.5 713 -2.3

Acetone 0.355 -0.089 1849 1657 -10.4 1508 -18.4

Dichloro-
methane

0.309 -0.135 361 302 -16.4 337 -6.6

Ethyl acetate 0.228 -0.216 1317 982 -25.5 943 -28.4

Tetrahdrofuran 0.207 -0.237 777 615 -20.9 606 -22.0

Ethyl ether 0.117 -0.327 748 500 -33.1 509 -31.9

Benzene 0.111 -0.333 3103 2043 -34.2 2124 -31.5

Toluene 0.099 -0.345 572 335 -41.5 355 -38.1

n-Hexane 0.009 -0.435 1806 919 -49.1 1046 -42.1

Cyclohexane na na 1154 591 -48.8 671 -41.9

Cyclohexene na na 2750 1526 -44.5 1685 -38.7

Key: na: not available; *: polarity values cited from reference (10); polarity relative to dimethyl sulfoxide was the value of the solvent polarity subtracted by the polarity 
of dimethyl sulfoxide; peak area was mean of peak areas from four standard injections and was used for %Change calculations.
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% Change = x 100Peak response in DMA or DMF - Peak response in DMS
Peak Response in DMS

[1]

The calculated diluent effects (±%change in peak 
responses) on all analyte solvents after DMS was replaced 
by DMA or DMF are listed in Table I. It was shown that the 
direction of change (positive or negative) and the mag-
nitude of diluent effects varied from solvent to solvent. 
For example, methanol saw a 47.1% increased peak area, 
and n-hexane obtained a 49.1% decreased peak area in 
DMA than in DMS. By relating diluent effects to polari-
ties, it was found that after DMS was replaced by DMA, 
methanol, ethanol, 1-propanol, IPA, and acetonitrile had 
higher polarity values and had positive diluent effects. On 
the other hand, t-butanol, acetone, ethyl acetate, dichlo-
romethane, ethyl ether, benzene, toluene, cyclohexane, 
cyclohexene, tetrahydrofuran, and n-hexane had smaller 
polarity values and had negative diluent effects. When 
DMS was replaced by DMF, the diluent effects were similar 
to those seen with DMA, for all analyte solvents.

In chemistry, it is common knowledge that polar 
attracts polar and nonpolar attracts nonpolar. When two 
solvents are mixed, they will attract each other more 
strongly when their polarities are closer. DMS, DMA, and 
DMF have intermediate polarity values, with DMS being 
greater than DMA and DMF (10). Applying this knowledge 
to static headspace analysis, it can be inferred that sol-
vents with polarity values higher than that of DMS will be 
more strongly trapped in the liquid phase of DMS than 
that of DMA. Consequently, such solvents will produce a 
lower concentration in the gas phase and smaller peak 
responses in DMS than in DMA. In contrast, solvents with 
polarity values lower than that of DMS will be less strongly 

trapped in the liquid phase of DMS than that of DMA. 
Thus, such solvents will yield higher concentrations in the 
gas phase and larger peak responses in DMS than in DMA. 
The results shown in Table I match the above hypothesis 
correctly. Therefore, it was concluded that diluent effects 
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FIGURE 1: GC chromatograms of analyte residual solvents from the standard solution. Peaks were: 1: methanol; 2: ethanol; 3: ethyl ether; 4: 
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were highly dependent on the polari-
ties of analyte solvents and diluents.

To describe the relationships of 
polarities to diluent effects, the con-
cept of solvent polarity relative to 
diluents was introduced. This value is 
the difference in polarity between a 
solvent and a diluent, calculated by 
subtracting the solvent polarity by 
the diluent polarity. The values of sol-
vent polarity relative to DMS for ana-

lyte solvents are listed in Table I as 
well. For the values of solvent polarity 
relative to DMS, solvents possessing 
positive numbers had positive dilu-
ent effects. Coincidently, solvents 
possessing negative numbers had 
negative diluent effects. Furthermore, 
solvents with larger absolute values 
of positive numbers, such as metha-
nol, had larger magnitudes of positive 
diluent effects. Solvents with larger 

absolute values of negative numbers, 
such as n-hexane, had larger mag-
nitudes of negative diluent effects 
when DMS was replaced by DMA, and 
vice versa. 

Figure 2 shows the correlation 
between %change and the values of 
solvent polarity relative to the polar-
ity of DMS for 14 analyte solvents. It 
was found that there was an approxi-
mately linear correlation between 
them. This relationship provides a 
simple approach for using the polari-
ties of solvents and diluents to pre-
dict the approximate diluent effects 
when DMS is replaced by DMA. 

Based on the above analysis, it can 
be inferred that adding less-polar 
additives (modifiers) to existing dilu-
ents, such as adding DMA to DMS, will 
reduce the overall polarity of diluents, 
and then will increase the volatility of 
polar solvents and decrease the vola-
tility of nonpolar solvents. Conversely, 
adding more polar additives, such as 
adding water to DMS, will increase the 
overall polarity of diluents, and then 
will reduce the volatility of polar sol-
vents and increase the volatility of non-
polar solvents. Correspondingly, based 
on the polarities of diluents and ana-
lyte solvents and using the rules of dilu-
ent effects, enhanced peak responses 
of residual solvents can be achieved by 
properly choosing or adjusting diluents 
to improve method performance, such 
as method sensitivity.

Matrix Effects on Residual Solvents
Sample matrix effects are defined as 
the change in peak responses of ana-
lyte solvents in given diluents before 
and after adding samples. A standard 
solution and samples spiked with the 
same standard solution are usually 
used to study matrix effects. A stan-
dard solution of 16 residual solvents 
prepared in DMS and an organic drug 
substance (with 11 H-bond acceptors 
and 4 donors) were used in this study. 
Triplicates of spiked samples with 
sample amounts of 100, 200, 400, 600, 
and 800 mg were prepared and con-
secutively injected. 
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Similar to diluent effects, the %change in peak response 
was used to indicate characteristic properties of matrix 
effects (the positive or negative change and the mag-
nitude of change) on solvents. It was calculated by the  
equation below: 

% Change = x 100Peak response of spiked sample - Peak response of spiking Std
Peak response of spiking Std

[2]

The matrix effects on all tested solvents with differ-
ent sample amounts are summarized in Table II. As with 
diluent effects, matrix effects also varied from solvent 
to solvent. For example, methanol yielded 12.5% and 
27.1% matrix effects, and n-hexane yielded -6.8% and 

-8.9% matrix effects with sample amounts of 100 mg and  
800 mg, respectively.

Based on the characteristics of matrix effects, 5 differ-
ent types of matrix effects were classified, and all tested 
solvents were sorted into different groups. As sample 
amounts increased, group A solvents (methanol, ethanol, 
1-propanol, IPA, acetonitrile, t-butanol, and dichlorometh-
ane) had significant positive effects with increasing trends, 
group B solvents (acetone and ethyl acetate) had slightly 
positive effects with no trends, group C solvents (toluene, 
benzene, and THF) had slightly positive effects at lower 
sample amounts and gradually turned to negative effects 
at higher sample amounts with decreasing trends, group 
D solvents (cyclohexene and cyclohexane) had negative 
effects with decreasing trends, and group E solvents (ethyl 
ether and n-hexane) had negative effects with no trends. 
These changing trends of matrix effects along with sample 
amounts were statistically confirmed by p-values with a 
threshold of 0.05. To clarify the trends and characteris-
tics of different types of matrix effects, using one solvent 
from each group, %change versus sample concentrations 
is graphically illustrated in Figure 3.

Just as with diluent effects, the organic sample worked 
as the polarity-modifying additives; it modified the over-
all polarities of sample mixtures. After adding samples, 
group A and B solvents with polarity values from 0.228 
to 0.762 gained positive matrix effects, indicating that 
their volatilities increased. Meanwhile, group D and E sol-
vents, which were nonpolar or close to nonpolar, yielded 
negative matrix effects, indicating that their volatilities 
decreased. All these results confirmed that the overall 
polarity of sample mixtures was reduced by samples. Thus, 
polarity continued to play an important role in molecu-
lar interactions between diluents, analyte solvents, and 
samples to produce matrix effects. 

Group C solvents were at the transitional points of 
matrix effects changing from positive (groups A and B) to 
negative (groups D and E). Group C solvents had decreas-
ing trends and negative effects at high sample amounts; 

they were similar to group D and E solvents. Therefore, 
it can be inferred that for all levels of sample amounts, 
group C solvents should have the same negative direction 
of matrix effects caused by the reduced polarity of sample 
mixtures as group D and E solvents. 

When solvents (like water and ethanol) mix or dissolve, 
the solvation process reduces their partial molar volumes 
(11). Similarly, as samples are dissolved in the diluent, the 
sample solvation process also reduces the actual diluent 
volume available to interact with analyte solvents, result-
ing in higher concentrations in the liquid phase, and 
subsequently higher peak responses and positive matrix 
effects. Therefore, the overall matrix effects are affected 
by both polarities and sample solvation processes.

As a conclusion, matrix effects, the results of molecu-
lar interactions between diluents, analyte solvents, and 
samples, are mainly dependent on their polarities and 
closely related to sample solvation processes. Given 
the complexity of molecular interactions in sample mix-
tures, further work will be needed to reveal the details of 
matrix effects. Matrix effects will cause biases for method 
accuracy when using external standard calibration. The 
use of proper internal standards, correction factors, or 
standard addition approaches can compensate for these  
matrix effects.

mailto:sales@sonntek.com
http://www.sonntek.com
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Troubleshooting Example:
Using Diluent Effects for  
Benzene Interference Investigations
Benzene is classified as a toxic sol-
vent and its allowed maximum resid-
ual amount in samples is 2 ppm (1–3). 
For headspace analysis, if using 100 
mg of sample and 2.0 mL of the dilu-
ent, the benzene concentration of 
corresponding 100% specification 
level was only 0.1 µg/mL, which pro-
duces a very small peak. Benzene 
analysis is very sensitive to inter-
ferences. There were a few special 
cases of benzene interference in our 
laboratories; their contamination 
sources had been undiscovered until 
they were linked to diluent effects.

One example was a linearity study 
of benzene, ethanol, and toluene in 
a method validation. The correlation 
coefficients (R2) for ethanol, toluene, 
and benzene were 1.00, 1.00, and 0.87, 
respectively. The acceptable criteria 
for linearity were R2 ≥ 0.98. Benzene 
linearity failed the acceptable criteria, 
as shown in Figure 4a. It was shown 
that some solutions had unexpected 
higher peak responses, indicating 
that benzene contamination occurred. 

Investigations ruled out many pos-
sible causes, such as contamination 
from glassware, dilution errors, or sol-
vent coelution. The method used the 
mixture with DMS and water as dilu-
ents. DMS and water are polar, and 

benzene is nonpolar. As discussed 
above for diluent effects, benzene 
is likely to evaporate from solutions 
prepared with DMS and water. If this 
were the cause, evaporation losses 
of benzene would yield smaller peak 
responses rather than the higher ones 
observed in this study. 

All solution preparations were per-
formed in a fume hood for safety 
purposes. Checking the working sur-
roundings, it was noticed that used 
pipettes were also stored inside the 
same fume hood. The benzene in the 
residual solutions contained in used 
pipettes could evaporate and poten-
tially migrate into diluents. Subse-
quent solutions prepared with these 
diluents could yield higher peak 
responses than originally expected. 

To verify this hypothesis, two sets of 
linearity solutions were prepared. The 
first set was prepared in the same man-
ner as before and still produced failing 
results. The second set was prepared 
by removing all used pipettes out of 
the fume hood and produced much 
improved results, with R2 = 1.00, as 
shown in Figure 4b. Thus, the above 
hypothesis for benzene self-contami-
nation was confirmed. In addition, the 
common practice in laboratories of 
using beakers to add diluents into flasks 
that already contain solutions of residual 
solvents could also cause a similar issue.

The issue that happened to ben-
zene could possibly occur to ethanol 
and toluene as well. Notwithstanding, 
they did not produce failing results. 
That was because they either had 
closer polarities and better compat-
ibility with the diluents and the issue 
did not occur, or they had higher con-
centrations, and the possible biases 
from this issue were not big enough 
to affect their results significantly.

Understanding and using the theory 
of diluent effects was the key for suc-
cess in troubleshooting this problem. 
This study can provide an example for 
laboratory investigations for similar 
issues and a guide for good labora-
tory practices to avoid interferences, 
especially for benzene analysis.
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FIGURE 4: (a) Linear regression results for linearity studies of benzene with significant 
interferences. (b) Linear regression results for linearity studies of benzene after eliminating 
self-contamination.
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TABLE II: Sample matrix effects on analyte solvents with different sample amounts

Sample Weight 100 mg 200 mg 400 mg 600 mg 800 mg

Solvents %Change (Matrix Effect)

Group A

Methanol 12.5 14.0 20.2 22.2 27.1

Ethanol 12.2 13.6 19.3 20.8 25.7

1-Propanol 15.7 17.2 22.9 23.9 30.4

Isopropanol 10.6 11.9 16.8 17.6 22.5

Acetonitrile 9.2 10.5 15.1 16.1 19.6

t-Butanol 8.9 10.1 14.3 15.5 19.2

Dichloromethane 5.1 6.3 9.7 11.2 13.7

Group B
Acetone 2.3 2.6 3.8 3.3 3.2

Ethyl acetate 2.7 2.8 3.6 2.9 2.5

Group C

Toluene 3.6 2.4 1.3 -1.7 -3.3

Benzene 2.1 1.3 0.6 -1.5 -3.0

Tetrahydrofuran 0.2 -1.2 -3.3 -6.4 -9.3

Group D
Cyclohexene -1.5 -3.0 -5.8 -9.0 -12.3

Cyclohexane -3.4 -4.3 -7.1 -10.1 -13.7

Group E
Ethyl ether -3.2 -2.5 -2.8 -3.8 -5.8

n-Hexane -6.8 -5.2 -5.6 -6.5 -8.9

Key: 5 Standard injections, 3 spiked sample preparations, one un-spiked sample preparation, the peak area of the spiked sample was corrected by un-spiked sample, 
use mean of peak areas for %Change calculations

Conclusion
In pharmaceutical analysis, when 
residual solvents are analyzed by static 
headspace gas chromatography, both 
sample diluents and sample matrices 
can produce significant impacts on 
peak responses of residual solvents. 
In our study, the tendencies and mag-
nitudes of diluent effects were shown 
to be mainly dependent on the polari-
ties of residual solvents and diluents. 
The tendencies and magnitudes of 
matrix effects were mainly dependent 
on the polarities of residual solvents, 
diluents, and samples and further on 
sample solvation processes. Applying 
the rules of diluent effects and matrix 
effects can improve method sensitiv-
ity and accuracy, and avoid interfer-
ences as well. 
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Increasing Recovery and Reproducibility of Acidic Peptides in 
RPLC-based Assays by Reducing Analyte–Surface Interactions
Robert E. Birdsall, Jacob Kellett, Ying Qing Yu, and Weibin Chen,  Waters Corporation

Metal-ion mediated adsorption of sensitive analytes in LC-
based assays can negatively impact data quality and assay 
robustness. Waters™ ACQUITY™ PREMIER Columns with 
MaxPeak™ HPS Technology are designed to minimize analyte–
surface interactions while improving reproducibility, peak 
shape, and recovery of metal-surface sensitive analytes.

Analyte–surface adsorption in liquid chromatography (LC) is well 
established as a contributing factor in poor peak shape, tailing, and 
diminished recovery of compounds in LC-based techniques (1–3). 
Recently, metal-ion mediated adsorption has been identified as a 
specific adsorption mechanism for analytes that exhibit Lewis acid or 
base characteristics (4), the hypothesis being that analytes bearing 
electron-rich moieties such as phosphate groups, uncharged amines, 
and deprotonated carboxylic acids act as Lewis bases that can adsorb in 
a non-covalent manner to electron-deficient sites on the metal surface, 
which acts as a Lewis acid. This phenomenon is particularly evident in 
peptide analyses where peptide fragments containing aspartic acid (D) 
or glutamic acid (E) residues can interact with metal surfaces that can 
exacerbate adsorption characteristics, resulting in increased tailing and 
reduced sensitivity of analytes prone to metal-ion mediated adsorption, 
as shown in Figure 1.

The newly introduced PREMIER columns with MaxPeak HPS 
Technology from Waters offers a solution to mitigate metal-ion mediated 
adsorption without the need to alter sample matrix, mobile-phase 
composition, or incorporate passivation protocols. This is accomplished 
through the application of established practices and knowledge of organo-

silica chemistry to introduce a column that sets a new precedent for inert 
characteristics toward metal-surface sensitive analytes. The objective of 
this application note is to demonstrate how ACQUITY PREMIER Columns 
with MaxPeak HPS Technology can increase productivity in the laboratory 
and enhance confidence in analytical results during the development and 
manufacturing of pharmaceutical drug products.

Experimental 

Table I: Experimental

LC System: ACQUITY UPLC™ H-Class PLUS Bio Binary

Sample:
Waters mAb Tryptic Digestion Standard 

(prepared as a 0.2 mg/mL solution)

Detection: TUV, 10 mm Analytical FC, λ = 214 nm

Column(s):

ACQUITY UPLC CSH™ C18, 130 Å (1.7 µm, 2.1 × 
100 mm, p/n: 186005297)

ACQUITY PREMIER Peptide CSH C18, 130 Å (1.7 
µm, 2.1 × 100 mm, p/n 186009461)

Column Temp.: 60 °C

Mobile Phase A: H2O, 0.1% formic acid

Mobile Phase B: Acetonitrile, 0.1% formic acid

Gradient: 0.68% B/min, 0.200 mL/min

Results and Discussion
Deamidation of asparagine to aspartic acid and iso-aspartic acid is a 
common post-translational modification of monoclonal antibodies that has 
been correlated to drug efficacy. The “PENNYK” T:37 peptide (sequence: 
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Figure 1: Synthetic acidic peptide ladder. Tailing was evaluated for three synthetic peptides containing 0, 2, and 4 glutamic acid (E) residues with 
each representing 0%, 10%, and 20% acidic content by composition. Under isocratic conditions (MPA: 89%, MPB: 11%), tailing was observed to 
increase significantly for peptides containing multiple acidic residues.

http://www.waters.com
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GFYPSDIAVEWESNGQPENNYK, red = acidic residues) is of notable 
interest in that it is a routinely monitored Fc domain peptide that is known to 
be susceptible to post-translational modifications such as deamidation and 
contains four “acidic” residues. As shown in Figure 2a, a tailing factor (Tf) 
of 5.53 was observed for the native PENNYK peptide using a conventional 
column which prevented detection of the closely eluted associated 
impurities. In contrast, when the same separation was performed using 
the Waters PREMIER column with MaxPeak HPS Technology (Figure 
2b), tailing was reduced by 79% (Tf = 1.15) allowing for the closely eluted 
impurities to be resolved from the native peak. The observed performance 
gain afforded by the ACQUITY PREMIER Column resulted in a fourfold 
increase peak area and a ten fold increase in detector response (Figure 
2c). In addition to providing more information in the interpretation of data 
through increased recovery and peak shape, the ACQUITY PREMIER 
Column with MaxPeak HPS Technology was observed to reduce assay 
variability. In this instance, a 90% reduction in response variability (height) 
was observed with calculated RSD being reduced from 11.6% to 1.1% for 
three replicate injections when using the PREMIER column.

Conclusion
Analyte–surface adsorption in liquid chromatography can lead 
to increased assay variability, reduced assay sensitivity, and 

misinterpretation of sensitive analytes. Waters ACQUITY PREMIER 
Columns with MaxPeak HPS Technology are designed to improve 
assay reproducibility, peak shape, and recovery by minimizing 
analyte–surface adsorption of metal sensitive analytes during the 
development and manufacturing of pharmaceutical drug products.
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Figure 2: Increased recovery and response. Recovery of the T37 peptide fragment from a tryptic digest of the NIST reference mAb standard (such 
as Waters mAb Tryptic Digestion Standard) was evaluated for a peptide map performed on A) a conventional column (stainless-steel) as well as B) an 
ACQUITY PREMIER Column with MaxPeak HPS Technology. C) A tenfold increase in peak height was observed due to the reduced tailing using Max-
Peak HPS Technology resulting in a fourfold increase in peak area. The observed improvement in recovery resulted in a ~90% reduction in MS-response 
variability (height %RSD 11.6% vs. 1.1%) across three replicate injections when using the ACQUITY PREMIER Column with MaxPeak HPS Technology.
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Nanoparticle separation system
The Eclipse system from Wyatt Technology is designed for use with field-
flow fractionation (FFF–MALS) for the 
separation and characterization of 
macromolecules and nanoparticles 
from 1 to 1000 nm. According to 
the company, advanced features 
include the dilution control 
module, and the ability to switch 
between FFF and size-exclusion 
chromatography separations. 
Wyatt Technology Corp.,  
Santa Barbara, CA. 
www.wyatt.com

Electrochemical detector for HPLC
Antec’s DECADE Elite electrochemical detector is designed for 
high performance liquid 
chromatography (HPLC). 
According to the company, the 
detector can integrate with any 
liquid chromatography system 
available, and fast acquisition 
makes the system suitable 
for ultrahigh-pressure liquid 
chromatography (UHPLC).
Antec Scientific, Boston, MA.
www.antecscientific.com/ 
decade-elite

HPLC columns
Silica-based and polymeric HPLC columns from Hamilton are 
designed to provide a range of retention characteristics and per-
formance benefits. According to the company, the line of columns 
includes 17 polymeric HPLC columns for reversed-phase, anion 
exchange, cation exchange, and 
ion exclusion separations, and 
two silica-based columns for 
reversed-phase separations. 
Hamilton Company,
Reno, NV. 
www.hamiltoncompany.com 

GC instrument
The miniGC instrument from Lucidity is designed as a shoebox-
sized, fully functional system that gives chromatograms that are 
comparable to conventional 
gas chromatography (GC) 
chromatograms. According to 
the company, the system uses 
conventional GC columns that 
can be installed or removed via 
its column holder technology, 
and can be installed in 15 min.  
Lucidity, a division of CEM 
Corporation, Charlotte, NC. 
www.luciditysystems.com

SPE phase for PFAS
Macherey-Nagel’s CHROMABOND PFAS solid-phase extraction 
(SPE) phase is designed 
for the enrichment of all 
substance classes of per-and 
polyfluoroalkyl substances 
(PFAS). According to the 
company, the SPE phase is a 
polymer-based combination 
phase with weak anion 
exchange functionality. 
Macherey-Nagel Inc., 
Bethlehem, PA. 
www.mn-net.com

Glass autosampler vials
MicroSolv’s reduced surface activity (RSA) glass autosampler vials 
are designed to virtually 
eliminate the adsorption of 
basic compounds. According 
to the company, the vials are 
suitable for low-abundance 
analytes such as low-dosage 
pharmaceuticals, unknowns, 
and natural products.  
MicroSolv Technology,
Leland, NC. 
www.mtc-usa.com

Compliant GPC and SEC software
The WinGPC UniChrom macromolecular chromatography data 
system from Polymer Standards Service 
(PSS ) is designed for comprehensive 
analysis of macromolecules using 
liquid chromatography in one 
or two dimensions. According 
to the company, the Compliance 
Pack enables users to comply with 
regulations such as FDA 21CFR11. 
PSS GmbH,
Mainz, Germany.
 www.pss-polymer.com

Multifunctional autosampler
Shimadzu Scientific’s AOC-6000 Plus multifunctional autosampler is 
designed to enable multiple 
gas chromatography–mass 
spectrometry (GC–MS) sample 
injection methods in one device. 
According to the company, oper-
ators can perform liquid sample, 
headspace, solid-phase micro-
extraction (SPME) injection, and 
more techniques in one device. 
Shimadzu Scientific Instruments, 
Columbia, MD. 
www.ssi.shimadzu.com

WinGPC UniChrom
MCDS

https://www.pss-polymer.com/products/chromatography-software/wingpc-unichrom-mcds.html�
http://www.pss-polymer.com
https://www.pss-polymer.com/products/chromatography-software/wingpc-unichrom-mcds.html�
https://www.wyatt.com/products/instruments/eclipse-field-flow-fractionation-system.html?utm_source=lcgc&utm_medium=digital-ad&utm_campaign=product-ad-11-2020
http://www.wyatt.com
http://www.hamiltoncompany.com
http://www.luciditysystems.com
http://www.mn-net.com
http://www.mtc-usa.com
http://www.ssi.shimadzu.com
http://www.antecscientific.com/decade-elite
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Polymeric HILIC columns
iHILIC-Fusion(P) and iHILIC-(P) Classic, two lines of polymeric HILIC 
columns from HILICON AB with 
different surface chemistries, are 
designed to provide comple-
mentary selectivity and ultra-low 
column bleeding. According to 
the company, the columns are 
suitable for liquid chromatog-
raphy–mass spectrometry (LC–
MS)-based analysis of hydrophilic 
and polar compounds at pH 1–10. 
HILICON AB, Umeå, Sweden.
www.hilicon.com

Fluorine analyzer
Metrohm’s ProfilerF Wasterwater and ProfilerF Solids analyzers
are designed for environmental analyses and compliance. According 
to the company, the Wastewater analyzer is capable of measuring the 
total organic fluorine profile in 
liquid samples, and the Solids 
analyzer measures the fluorine 
content of solid samples, with 
accuracy and reproducibility. 
Metrohm USA,
Riverview, FL. 
Profilerf.metrohmusa.com

HPLC and SFC phases
Princeton Chromatography offers reproducible high performance 
liquid chromatography and supercritical fluid chromatography columns 
in a variety of phases and dimensions to support analytical, prep, and 
ultrahighpressure liquid chromatography workflows. According to the 
company, popular phases include 
C18, 2-Ethylpyridine, Diol, and 
Cyano, and custom column pack-
ing services, including bulk chro-
matographic material, are provided.  
Princeton Chromatography, Inc. 
Cranbury, NJ.
www.pci-hplc.com

Deuterium lamps
REFLEX Analytical’s deuterium lamps, prealigned deuterium
lamps, tungsten halogen lamps, and mounted tungsten halogen lamp 
assemblies are designed to complement the company’s xenon lamps, 
hollow-cathode lamps, photoionization detector (PID) lamps, mercury 
lamps, and mercury-xenon ultraviolet (UV) detector lamps. According 
to the company, more than 1000 lamp types 
for UV-vis-NIR spectrometers, HPLC detectors, 
atomic absorption instrumentation, photo-
chemical processing, fluorimetry, mercury ana-
lyzers, medical and environmental equipment, 
and fixed wavelength detectors are available.
REFLEX Analytical Corp., 
Ridgewood, NJ. www.reflexusa.com
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FOCUS ON 
DATA HANDLING
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Data systems are important in ensur-
ing data integrity, but what should 

laboratories do beyond looking at data 
systems—with respect to people, pro-
cesses, and culture? To understand 
more, we spoke to Mark Newton, of 
Heartland QA, in Lebanon, Indiana, in 
a podcast interview. 

Corporate culture is probably at least 50 
percent of the problem; I think regula-
tors would tell you it’s more like 60 per-
cent of the problem. With the cultural 
aspect, you have to establish a set of 
expectations as to what are acceptable 
and unacceptable actions. This will help 
people get a real firm sense of how this 
impacts them in their job. This starts with 
messages like, “Thou shalt not cheat,” 

“Thou shalt always tell the truth,” “You 
will report things that are suspicious,” 

“You will report things that could impact 
our product,” and so on. 

Those high-level messages are great, 
but they don’t get down to the low-level 
tactical elements, such as “Only do man-
ual integration when there’s something 
wrong with the automated process.” 
There’s often a disconnect between the 
high-level edicts from upper manage-
ment and the tasks that analysts need to 
do day by day in their jobs. So we have 
to have the training and examples for 
people to bridge that gap, so employees 
understand what data integrity means in 
regard to their specific actions in their 
workplace. That’s an important part of 
this question. 

The other part, though, along with 
culture, is capability. If we’re not using 
capable processes and capable equip-
ment, we’re going to have data integ-
rity issues over time. The reason is that 

when you add the extra element of pres-
sure—such as scheduling conformance, 
unplanned events, people getting sick or 
leaving—those are the things that stress 
the environment. If the environment and 
the equipment are capable and the peo-
ple know what to do, when unplanned 
things happen, they respond and they 
react to those unplanned occurrences 
and continue to work well, because they 
have the room to respond and they have 
processes and equipment that are capa-
ble of meeting the unplanned demand. 
But when you have an organization that’s 
using old methods and old equipment, 
and the processes they’ve got aren’t 
designed to work at the manufacturing 
scale they’re running at now, they’re 
already behind the eight ball. Then as 
soon as something else happens, it all 
falls apart, and people are looking for 
ways to keep things on schedule. Now 
your environment is ripe for data integ-
rity issues to come in, because people 
are simply trying to survive, and they’ll 
engage in bad practices because they 
need to get the product out the door to 
make the senior leaders happy. I believe 
it’s that one-two of culture and capability 
in the environment of stress that deter-
mines the likelihood that people will go 
into those bad behaviors, just simply to 
get their work done.

How can a laboratory add capability, 
as a way of ensuring data integrity? 
In the short run, training is the heart 
and soul of your data integrity pro-
gram. If you did nothing else and 
you wanted to improve your data 
integrity position, at least insofar as 
regulatory questions are concerned, 
I would advise you to be working 

on your training program, because 
that impacts everybody in everything 
they do. It doesn’t make any of your 
processes better, but it at least tells 
people what is the acceptable way to 
respond to issues. It also, hopefully, 
opens a valve so that when there are 
issues, people are willing and are con-
fident about speaking up about the 
various problems that are going on 
in the workplace so that those things 
get put out in the open where they 
can be addressed. So even if training 
only changes that aspect of the work-
place, it’s a positive change, because 
it at least enables the focus on quality 
and long-term improvement.

So in terms of culture, you get a lot of 
improvement in a short period of time 
with training. That will take you a certain 
distance. To go further, you have to start 
working on your quality processes. Ulti-
mately, data integrity is interwoven into 
all your quality processes. If your qual-
ity system is weak, your data integrity is 
ultimately going to be weak as well. You 
can’t be strong in terms of data integrity 
and do poor investigations. Ultimately, 
those elements feed on each other. So 
you don’t just improve data integrity; you 
improve your quality system as a whole. 
If you improve the system, your culture 
feeds on that, feeds into it, and feeds 
from it as well. 

Ultimately, all those all these elements 
interplay with one another, so you have 
to address that interplay over time. You 
can start with training, but in time you 
have to bring in the rest of your quality 
system to continue that journey.

This interview has been lightly edited for style 

and space.
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The results aren’t in yet...
but they’re coming soon. 
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