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ONLINE HIGHLIGHTS

Mike Hennessy, Jr.
President & CEO, MJH Life Sciences®

W E ARE THRILLED to bring you the first issue of LCGC Internation-
al for January 2024, marking the beginning of an exciting year 
in chromatography. This inaugural issue is a treasure trove of 
insights, focusing on pharmaceuticals and biopharmaceuticals, 
and delving deep into the realms of liquid and gas chromatogra-
phy. Within these pages, you’ll find columns written by experts 
who are passionate about sharing their knowledge.

Dwight R. Stoll unravels the mysteries surrounding the gradient delay volume in 
his “LC Troubleshooting” column. This often-overlooked parameter plays a crucial 
role in gradient elution separations, impacting both method development and the 
quality of separation. Stoll not only explores its physical connection to LC instru-
ments, but also shares best practices for developing methods that seamlessly 
transition between instruments.

In “GC Connections,” Nicholas H. Snow asks “How Big Are Your Peaks? Funda-
mentals of Calibration in Gas Chromatography.” As gas chromatographs become 
more user-friendly, and data systems more powerful, Snow sheds light on the fun-
damentals of calibration, comparing and contrasting different methods, and offering 
recommendations for tackling quantitative challenges.

“Focus on Biopharmaceutical Analysis” shines a spotlight on emerging trends 
and technologies pertaining to the integration of single-cell omics with micro-
fluidic chips. This piece explores the revolutionary impact of these techniques in 
understanding cellular heterogeneity, and their role in complementing genomics 
and transcriptomics studies.

Our two peer-reviewed articles add a layer of scientific depth to this issue. In 
our cover story, “Liquid Chromatographic Peak Purity Assessments in Forced 
Degradation Studies: An Industry Perspective,” Pascal Marillier and his co-au-
thors provide a comprehensive overview of scientific rationales and best prac-
tices in the pharmaceutical industry. The focus is on chromatographic peak purity 
assessments (PPAs) and their crucial role in the development and validation of 
stability-indicating analytical methods.

 Finally, from Henan Polytechnic University and Pingdingshan University in China, 
a team led by Lizhi Cui introduces a groundbreaking flash qualitative identification 
method within their peer-reviewed article. This method, based on a diode array 
detector (DAD), promises a fast, alternative method to qualitatively identify specific 
components within mixtures.

 As you explore the pages of this issue, you’ll find a rich tapestry of knowledge 
and innovation. I invite you to immerse yourself in the diverse topics presented 
by our expert contributors. On behalf of the entire editorial team, we hope this 
issue sparks inspiration and furthers your understanding of the dynamic world 
of chromatography.

Happy reading, and Happy New Year! 

LCGC is a multimedia platform that helps chromatographers keep up to date with the latest 

trends and developments in separation science, and supports them to perform more effec-

tively in the workplace. Keep updated with our multimedia content by visiting the global 

website (www.chromatographyonline.com), subscribing to our newsletters, and attending 

our wide range of educational virtual symposiums and webinars.
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The gradient delay volume is arguably one of the most important, yet least appreciated, parameters affecting how gradient 
elution separations in LC work. This has implications both for method development and for method transfer during the life 
cycle of a LC method. In this installment, I will review the concept of gradient delay volume, its physical connection to the LC 
instrument, and how it can impact method development and separation quality.

IN MY INTERACTIONS with people 
learning about various aspects of 
LC, I find that the concept of “gra-
dient delay volume” (GDV) is one 
of the most difficult ideas to grasp 
and apply in practice. I find this to 
be the case both for true begin-

ners—students who are just learning 
the basics of LC—and for more experi-
enced scientists who have always dealt 
with GDV, knowingly or unknowingly, 
but are perhaps having to think about 
its impacts on their work in new ways. 
The GDV concept has been impor-
tant since the very first times LC sep-
arations involving changes in mobile 
phase composition were made during 
an analysis, an approach now known as 
“gradient elution” separations. However, 
given the various ways that GDV can 
impact the practice of LC, and that we 
continue to see changes in commercial 
instrumentation that affect the way we 
interact and think about GDV, I think a 
dive into the details is warranted here. 
In this installment of “LC Troubleshoot-
ing,” I will review the basic elements of 
the GDV concept and discuss how we 
understand that GDV affects charac-
teristics of LC separations from a the-
oretical point of view. In a subsequent 

installment, I will discuss the practical 
implications of these ideas.

A short list of the ways in which the 
GDV can impact LC separations includes 
the following:

•	 �Adjusting the GDV, either physically or 
effectively, through software control, 
can be used as a variable when opti-
mizing gradient elution separations.

•	 �GDV can be an important parame-
ter affecting the throughput of very 
fast LC separations.

•	 �Differences between the GDVs of 
different LC instruments can lead to 
problems when transferring a meth-
od developed on one instrument to 
a different instrument.

The “gradient delay volume” is com-
monly referred to by others as the “gra-
dient dwell volume,” or sometimes just 
“dwell volume.” I prefer the inclusion of 
“gradient” to make it clear what we are 
talking about, and I prefer “delay” over 
“dwell” because “delay” communicates 
one of the most important impacts 
of GDV—that it delays the arrival of a 
programmed change in mobile phase 
composition at the column inlet. Never-
theless, from my point of view, “gradient 
delay volume” and “gradient dwell vol-
ume” refer to the same thing.

In this two-part series on GDV, I will 
discuss details in a way that assumes 
we are talking about the reversed-
phase mode of LC. However, most of 
the ideas that will be discussed are 
applicable, at least conceptually, to 
other modes of LC separation, such as 
HILIC and ion-exchange.

Finally, readers interested in learning 
more about GDV will not have a hard 
time finding good resources and are 
encouraged to consult them. A short list 
includes several articles in LCGC maga-
zine and the book by Snyder and Dolan, 
which is focused entirely on gradient 
elution LC (1). Searching the LC Trouble-
shooting Bible website (https://lctsbible.
com/) for the keyword “dwell volume” 
will immediately return about a dozen 
articles from the last 20 years.

What is Gradient  
Delay Volume?
By definition, gradient delay volume is 
the physical volume that occupies the 
fluidic path between the point at which 
two or more solvents are mixed in a LC 
pump (labeled the “convergence point” 
in Figure 1) and the column inlet. Figure 1 
shows simplified schematic diagrams for 
the two designs of LC pumps in common 

The Gradient Delay Volume,
Part I: Theory  
Dwight R. Stoll
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use today, which we refer to here as high-pressure mixing and 
low-pressure mixing designs (see reference [2] for an excel-
lent review of pump designs, as well as a highly educational 
history of their development). In the case of the high-pressure 
mixing design shown in Figure 1a, two solvent streams metered 
by individual high-pressure pumps are brought together at the 
convergence point, and the combined stream only has to travel 
through a small mixer and connecting capillaries (and, impor-
tantly, the autosampler), before reaching the LC column. In the 
case of the low-pressure mixing design, the combined solvent 
flowing out of the convergence point first travels through the 
high-pressure pump head before moving on to the mixer, sam-
pler, and the column. Typical gradient delay volumes associat-
ed only with the pump components (including mixer) are on 
the order of 50 and 400 µL for modern high- and low-pressure 
mixing designs, respectively. The gradient delay volumes asso-
ciated with older models of low-pressure mixing designs were 
on the order of 1,000 µL. The injector/sampler component of 
the system can add a little (for example, with low-volume fixed 
loop injectors) or a lot (for example, with flow through needle 
designs) of delay volume depending on the design. For exam-
ple, the additional volume could be on the order of a few micro-
liters for low-volume fixed loop injectors, or as much as a few 
hundred microliters for a flow through needle design (3).

The difference between the mobile phase that we instruct 
the pump to deliver to the column as part of a gradient elu-
tion method, and what is actually delivered to the column, is 
illustrated in Figure 2. Here, we see that the initial onset of the 
actual change in mobile phase composition arriving at the col-
umn inlet is offset from what we instruct the pump to do by 
the gradient delay time, td (Vd/F). Then, following completion of 
the programmed gradient, we see that it takes some time for 
the strong solvent to be flushed out of the pump components 
before the actual composition of the mobile phase arriving at 
the column inlet returns to the composition that will be used as 
the starting point in the gradient applied in the next analysis. 
The time required for this flush-out is on the order of 2 × td.

When and Why is the Gradient Delay  
Volume Important?
Effect on Retention and Selectivity
When using gradient elution conditions, it is intuitively evi-
dent that any increase in the gradient delay volume will lead 
to an increase in retention time, simply because it will take 
longer for the onset of the change in mobile phase compo-
sition to reach the column, and thus it will take longer for the 
composition that actually elutes the compound to reach the 
column. We can quantify this effect by examining the relation-
ship between retention time and GDV in a preferred retention 
equation that applies to gradient elution conditions. In the 
interest of simplicity, we’ll look at the retention equation that 
comes from linear solvent strength (LSS) theory for reversed-
phase LC (1). LSS asserts that the relationship between the 

For references, go to chromatographyonline.com/publications

https://www.chromatographyonline.com/
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logarithm of retention factor and mobile 
phase composition (ϕ, on a 0–1 scale, 
where 0 represents pure weak solvent, 
and 1 represents pure strong solvent) 
is linear, as shown in equation 1, where 
ln(kw) is the y-intercept of a plot of ln(k) 
vs. ϕ, and -S is the slope (see Figure 6 for 
examples of this type of plot).

 ln( ) ln( )wk k S f= - × [1]

In this case, a derivation involving an 
integration of the distance travelled by the 
analyte through the column with respect 
to time yields equation 2, which relates 
the retention time of the analyte (tr) to 
ln(kw) and S, the column dead volume 

(Vm), the mobile phase composition used 
as the starting point in the gradient (ϕi), 
the change in mobile phase composition 
during the gradient (∆ϕ), the GDV (Vd), 
and the flow rate (F) (5). The parameter 
b is known as the gradient slope, given 
by equation 3, where tg is the gradient 
time. Finally, ki is the retention factor of 
the analyte in the mobile phase used as 
the starting point in the gradient (that is, 
ϕi). It is important to note that equation 2 
only applies when  d

i
m

Vk
V

³  and  r g d mt t t t£ + +  
—in other words, equation 2 only applies 
when the analyte elutes during the peri-
od when the mobile phase arriving at the 
column inlet is actually changing with 
respect to time.

 ln 1m d m d
r i

m

V V V Vt b k
F F b F V

é ùæ ö
= + + × × - +ê úç ÷× è øë û

[2]

 m

g

S Vb
F t
f×D ×

=
×

[3]

Looking at equations 2 and 3, we see 
that the dependence of the retention 
time and the GDV is complex, because 
Vd appears both outside and inside the 
log term. When the retention of an ana-
lyte is low in the mobile phase used as 
the starting point in the gradient (ϕi), and 
as ki approaches Vd/Vm, the influence of 
Vd on tr decreases. On the other hand, for 
compounds that are strongly retained 
and elute late in the gradient (that is, ki 

is large), then any change in Vd directly 
affects tr. For example, if Vd is 100 µL and 
the flow rate is 400 µL/min, then increas-
ing Vd to 500 µL will increase the reten-
tion times of all compounds eluting late 
in the gradient by 1 min.

Now, the fact that the influence of Vd 

on retention time varies depending on 
where a compound elutes with respect 
to the gradient time, and the fact that 
S and ln(kw) influence retention time, 
means that there is the potential for Vd 

to influence not only retention time, but 
also selectivity. By using “selectivity” 
here, I mean that there is the potential 
for Vd to influence relative retention, and 
thus also resolution. The web-based 
HPLC simulator developed and main-
tained by my group (www.multidlc.org/
hplcsim) is very useful for examining 
this type of phenomenon. The simulator 
is pre-loaded with retention parameters 
(which are calculated using LSS theory) 
that come from experimental measure-
ments of retention time under reversed-
phase conditions for about 40 small 
molecules, and we can simulate separa-
tions of these compounds while varying 
parameters such as flow rate, column 
dimensions, and GDV. Figure 3 shows 
the dependence of retention time on 
GDV for seven molecules. We see that in 
general retention increases with increas-
ing GDV, as expected. However, the 
interesting thing is that some of the lines 
cross over each other, which is a result 

High Pressure
Pump A

High Pressure
Pump B

InjectorMixer

Convergence Point (a)

A

B

C

D Solvent Proportioning Valve

InjectorMixer
High 

Pressure
Pump

(b)Convergence Point

Column

Column

FIGURE 1: Simple schematics illustrating the differences between (a) high- and (b) 
low-pressure mixing designs used in LC pumps. The volumes of all components lying 
between the green stars contribute to the gradient delay volume.

FIGURE 2: Solvent program used in gradient elution (solid line), and the mobile phase 
composition observed at the column inlet (dashed line). The change in composition is 
offset in time due to the delay time (td) that results from the time it takes for a change in 
composition to travel from the solvent convergence point in the pump to the column 
inlet. Reprinted from reference (4).

LC TROUBLESHOOTING

https://www.multidlc.org/hplcsim/4_2_0/


9WWW.CHROMATOGRAPHYONLINE.COM

of the fact that different compounds 
have different sensitivities to changes 
in mobile phase composition, as meas-
ured by the S parameter in equation 1. 
Now, the practical consequence of this, 
of course, is that wherever two or more 
of the lines intersect, there will be coe-
lution of the compounds corresponding 
to those lines. This is illustrated in Figure 
4, which shows the simulated chromato-
grams that we would expect for systems 
with GDV values of 200, 360, or 600 
µL. With GDV values of 200 or 600 µL, 
there is serious overlap of the peaks for 
3-phenylpropanol and methylparaben or 
methylparaben and benzonitrile, and the 
three compounds in that region of the 
chromatogram are not resolved. At 360 
µL, however, all three compounds are 
resolved with a minimum resolution of 
about 1.5. This illustration shows that the 
impact of the GDV on separation selec-
tivity can be both a blessing and a curse. 
On one hand, this phenomenon can be 
leveraged during method development 
as a means of optimizing a separation. 
On the other hand, if we are simply trying 
to transfer an already-developed method 
from one instrument to another, this phe-
nomenon could lead to complications 
during the transfer if the GDVs for the 
two systems are not the same.

Some Practical and  
Non-Ideal Aspects of  
this Framework
How Can I Measure the Gradient  
Delay Volume for My LC System?
It is most common to determine the GDV 
for a LC system experimentally by spik-
ing one mobile phase solvent with a trac-
er compound that can be detected easily 
and used as a proxy for the actual mobile 
phase composition. A commonly recom-
mended setup for this is to use water as 
Solvent A and 0.1% acetone spiked into 
water as Solvent B. Then, after removing 
the LC column from the system, a gra-
dient is run from mostly A to mostly B, 
and the absorbance of the column eluent 
is recorded at a wavelength where the 
tracer absorbs. This produces a result 
like the dashed trace in Figure 2 (see Fig-

ure 4 of reference 2 for an example of a 
real experimental result). When we make 
GDV determinations in my laboratory, 
we typically use 50:50 acetonitrile:water 
for Solvents A and B, and spike Solvent 

B with 10 µg/mL of uracil. We prefer to 
have some organic solvent in A and B to 
reduce adsorption of the tracer to system 
components, and we prefer uracil over 
acetone because uracil is quite stable in 

FIGURE 3: Dependence of retention time on gradient delay volume for several small 
molecules, obtained from simulations (www.multidlc.org/hplcsim). Chromatographic 
Parameters: Stationary phase, C18; Column dimensions, 50 mm x 2.1 mm i.d. (5 µm 
particle size); Flow rate, 0.4 mL/min; Temperature, 40 °C; Gradient elution from 10-50 
%B from 0-5 min; A solvent, water; B solvent, acetonitrile. Red circles indicate coelu-
tion of 3-phenylpropanol and methylparaben (GDV = 200 µL) or methylparaben and 
benzonitrile (GDV = 600 µL); the green circle indicates that all three compounds are 
separated when the GDV = 360 µL.

(a) 200 µL

(b) 360 µL

(c ) 600 µL

1/2
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31

FIGURE 4: Simulated chromatograms highlighting the influence of GDV on separation 
selectivity and resolution. Conditions are the same as those described in Figure 3. In 
panels (a) and (c) we see that there is coelution of compounds 1 and 2 or 2 and 3, but in 
(b) we see all three molecules separated with a GDV of 360 µL. Compounds 1, 2, and 3 
are 3-phenylpropanol, methylparaben, and benzonitrile.
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solution (unlike the volatile acetone), and 
these solutions can be used reliably over 
many months.

How Do I Know What the S and ln(k
w
)  

Values Are for the Compounds  
I’m Working With?
Figure 5 shows a plot of ln(kw) and S 
values calculated from experimental 
retention data for the same small mol-
ecules that are loaded into our HPLC 
simulator (www.multidlc.org/hplcsim). 
We see that they are correlated, and 
they give us a sense for the range of 
values typical of small molecules. How-
ever, I am not aware of any models that 
can predict the values for any combi-
nation of molecule, stationary phase, 
mobile phase, and operating conditions 

with enough accuracy to simulate sep-
arations of closely related compounds; 
at this point in time, the values must be 
determined by experiment, from reten-
tion data collected under either isocratic 
or gradient elution conditions. Readers 
interested in this process are referred 
to recent work that both discusses the 
process and its limitations (6). 

Is ln(k) vs. ϕ really always linear?
We observe very often that plots of ln(k) 
vs. ϕ are quite straight, at least over a 
range of ϕ relevant to practical sepa-
rations, for small molecules and many 
biomolecules. An example of this is 
shown in Figure 6 for 4-n-pentylaniline. 
Sometimes, though, we observe that the 
relationship is nowhere near straight, 

as demonstrated in Figure 6 with the 
data for N-propylaniline, under exactly 
the same conditions. Building a highly 
accurate model in situations like this will 
require a non-linear model (for example, 
see the model of Neue and Kuss [7]); 
however, fitting even data like this to a 
linear model is good enough to support 
method development, provided that the 
user does not try to apply the model 
under conditions that are too far from 
the conditions used to collect the initial 
retention data (8).

Summary
In this installment of “LC Troubleshoot-
ing,” I’ve discussed the concept of gradi-
ent delay volume (GDV) and our under-
standing of its impact on retention and 
selectivity in reversed-phase separa-
tions, primarily from a theoretical point 
of view. The dependence of retention 
and selectivity on GDV can be leveraged 
to good effect during method develop-
ment, but this same dependence can 
cause trouble during method transfer. In 
next month’s installment, I’ll discuss the 
practical implications of these aspects 
in more detail, including tips for trouble-
shooting problems related to the GDV, 
and best practices for avoiding GDV-re-
lated problems by transfer-proofing new 
methods during development. 

This article has additional supplemental 
information only available online. 
Scan code for link.

Dwight R. Stoll
is the editor of “LC Troubleshooting.” Stoll 
is a professor and the co-chair of chem-
istry at Gustavus Adolphus College in St. 
Peter, Minnesota. His primary research 
focus is on the development of 2D-LC for 
both targeted and untargeted analyses. He has 
authored or coauthored more than 75 peer-re-
viewed publications and four book chapters in 
separation science and more than 100 conference 
presentations. He is also a member of LCGC’s edi-
torial advisory board. 

    LCGCedit@mmhgroup.com

ABOUT THE AUTHOR

FIGURE 5: ln(kw) and S values for the 40 small molecules preloaded in our HPLC simulator.
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FIGURE 6: Experimental retention data for two small molecules illustrating varying degrees 
of linearity with respect to mobile phase composition. Conditions are the same as in Figure 
3, except that mobile phase Solvent A is 25 mM ammonium formate, pH 3.2 (9).
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Gas chromatography is a premier technique for quantitative analysis. As gas chromatographs have become simpler to use 
and data systems more powerful, much of the data processing involved in delivering quantitative results now happens in the 
background and is seemingly invisible to the user. In this installment, we will review the calibration techniques used with gas 
chromatography. We will compare calibration methods and the assumptions that underlie them. We will explore common 
mistakes and challenges in developing quantitative methods and conclude with recommendations for appropriate calibration 
methods for quantitative problems. 

I
N TWO PREVIOUS installments relat-
ing to detection and data analy-
sis, we examined how detectors 
generate signals and how instru-
ments can be operated remotely 
(1,2). We saw that, in today ’s gas 
chromatographs, there are many 

operations that happen in the back-
ground that can impact data analy-
sis. In this installment, we examine 
another operation that often hap-
pens in the background: calibration 
and techniques for generating quan-
titative data. 

For quantitative data analysis in 
gas chromatography, there are five 
commonly used techniques, summa-
rized in Table I. Area percent normal-
ization and area percent normaliza-
tion with response factors are both 
simple and use, only the area per-
cent report generated along with the 
chromatogram is needed. External 
and internal standard quantitation 
both involve the generation of a cali-
bration curve. Finally, standard addi-
tion, as the name implies, involves 
addition of standardized quantities 

of the analyte of interest to samples. 
Each of these methods has advan-
tages and limitations, which we will 
discuss below.

A typical integration report, which 
provides the retention time, peak 
height and area, peak width, area 
percent, and, if this information has 
been included in the method, an 
identification of each peak in a chro-
matogram, is shown in Table II. Clas-
sically, when the data system was a 
strip chart recorder, peak height was 
often used for quantitation, as this was 
much more easily measured by hand 
than peak area. With today’s digital 
systems easily integrating the peaks, 
peak area is now almost exclusively 
used for quantitation, although the 
height is often still included in the 
default report on most data systems. 
In our next installment, we will discuss 
the principles of peak integration.

Area Percent Normalization
The most classical and simplest quan-
titation method is to simply equate the 
reported area precent of each peak to 

the mass or concentration percent in 
the sample. Although this is very sim-
ple, it involves several assumptions 
that can easily lead to inaccurate 
results. Most importantly, it assumes 
that the detected peaks are the only 
components present in the injected 
sample. There is no accounting for 
undetected analytes. It also assumes 
that all of the peaks are pure, and, 
finally, it assumes that the detector 
provides the same response for all 
analytes. 

While area percent normalization 
is no longer widely used for direct 
quantitation of analytes, the basic 
principle is still used in many indus-
tries in which impurities or contam-
inants in finished products, such as 
pharmaceuticals, must be investigat-
ed if detected. Detection protocols for 
impurities are often based on a per-
centage of the peak area of the com-
pound of interest. For example, such 
a protocol might require investigation 
of any unknown or impurity peak with 
a peak area greater than 1% of the 
compound of interest. 

From Detector to Decision, Part III:  
Fundamentals of Calibration  
in Gas Chromatography
Nicholas H. Snow
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Area Percent Normalization 
with Response Factors
Area percent normalization can be 
used with detector response factors to 
mitigate errors due to variable detec-
tor response. Response factors, which 
correct the detector response based on 
comparison of the analyte of interest to 
a standard analyte, such as hexane, are 
used to correct for detector response 
variability. Table III shows an area per-
cent normalization with response fac-
tor calculation for the same mixture 
seen in Table II. Corrected peak areas 
are generated by multiplying the raw 
peak areas by the response factor. Cor-
rected area percent values for each 
peak are then calculated from the cor-
rected peak areas. As seen in Table III, 
response factors for flame ionization 
detection (FID), which most analysts 
think of as counting carbon atoms, indi-
cate a much more complex mechanism 
for generating signals. The corrected 
area percent values seen in Table III 
differ considerably from the raw area 
percent values shown in Table II. 

In this case, the raw peak areas are 
corrected using the response factors 
to generate a far different quantitative 
view of the sample than seen by just 
using the original peak areas. While 
this method presents a more accu-
rate analysis, it still suffers from the 
assumption that the peak areas deter-
mined by the data system represent 
all components in the sample. It is also 
still subject to variability in analyte 
recovery in the sample preparation 
and injection processes. 

External Standard Calibration
External standard is the classical cali-
bration method that we all learned as 
undergraduates. To generate a cali-
bration curve, the signal, in our case 
peak area, is plotted as the depend-
ent (y) variable against the concen-
tration or mass of analyte injected 
as the independent (x) variable on 
a two-dimensional plot. Nearly all 
chromatographic detectors provide a 
linear response versus concentration 

or mass over a specified range. While 
detector linear range and response 
are not discussed in detail here, the 
are discussed in previous install-
ments, on ChromAcademy, LCGC 
International’s online training platform 
and in numerous textbooks (3–5). A 
typical external standard and calibra-
tion curve is shown in Figure 1.

In contrast with the two area per-
cent normalization techniques, an 

external standard calibration requires 
that several standards, in addition to 
the analyte samples, be run to deter-
mine the calibration curve. In Figure 1, 
each data point represents a standard 
that was analyzed in addition to any 
analyte samples. Due to differences 
in response factors, if there is more 
than one analyte of interest in the 
sample, separate calibration curves 
would be needed for each analyte. 

TABLE I: Summary of calibration methods for gas chromatography

Technique Assumptions

Area Percent Normalization

All components in sample show peaks
Detector has same response for all components
All components undergo same extraction recovery
All components undergo same injection behavior

Area Percent Normalization 
with Response Factors

All components in sample show peaks
All components undergo same extraction recovery
All components undergo same injection behavior

External Standard Calibration All components undergo same extraction recovery
All components undergo same injection behavior

Internal Standard Calibration
Internal standard and analytes undergo same precision 
in extraction recovery and injection behavior
Internal standard cannot be a sample component

Standard Addition Response is linear at all masses and concentrations

TABLE II: A typical area percent integration report

Peak 
Number

Retention 
Time (min) Height Area Width (min) Area 

Percent (%)

1 2.375 1753 15234 0.10 15.39

2 3.456 2123 20927 0.10 21.15

3 4.576 975 9321 0.11 9.42

4 5.123 3045 28723 0.11 29.02

5 6.041 2523 24757 0.12 25.02

TOTAL 10,419 98,962 100.00

For references, go to chromatographyonline.com/publications

TABLE III: Area percent normalization with response factor calculation

Peak 
Number

Raw Peak 
Area

Response 
Factor

Corrected 
Area

Corrected Area 
Percent (%)

1 15,234 0.64 9,750 11.7

2 20,927 0.90 18,834 22.5

3 9,321 0.78 7,270 8.7

4 28,723 0.79 22,691 27.2

5 24,757 1.01 25,005 29.9

TOTAL 98.962 83.550 100.0

https://www.chromatographyonline.com/
https://www.chromatographyonline.com/journals/lcgc-international
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While external standard calibra-
tion mitigates the need to consider 
response factors and does not assume 
that the components of interest are the 
only components in the mixture, it does 
suffer from experimental uncertainty 
that may arise from sample preparation 
and injection. Most sample preparation 

and extraction techniques that are more 
complicated than “dilute and shoot” may 
introduce unacceptable variation, often 
on the order of 10% or more, relative, on 
the amount of analyte extracted. This 
translates into a similar uncertainty in 
the calibration curve. Furthermore, clas-
sical injection techniques, such as split 

or splitless, may also introduce several 
percent additional relative experimental 
uncertainty. In short, external standard 
calibration curves in gas chromatogra-
phy are often very noisy, and may not 
meet statistical linearity requirements for 
regulated laboratories. Today’s inlets and 
autosamplers generally provide much 
better reproducibility than in the past, 
somewhat mitigating this problem. 

Internal Standard Calibrations
When external standard calibration is 
subject to experimental errors due to 
variability in analyte extraction during 
sample preparation and injection, inter-
nal standard calibration can mitigate 
these problems. Before discussing inter-
nal standard calibration, we should note 
that the uncertainties and errors that 
exist in the external standard method 
still exist in the internal standard meth-
od, except that the internal standard 
method corrects for them by dividing 
the variability out in the calculation. 

An internal standard is a known mass 
or concentration aliquot of a compound 
that does not, and cannot, appear in 
any of the samples (that is, added to all 
samples and standards) prior to sam-
ple preparation or extraction. Since it 
is added to all samples and standards, 
the internal standard is then subjected 
to the same extraction and injection 
process as the samples and standards. 
When a calibration curve is generated, 
the peak areas for the compound of 
interest are ratioed with the peak area 
of the internal standard, prior to plotting 
on the curve. A typical internal standard 
calibration curve is shown in Figure 2. 
The peak area ratio of analyte to internal 
standard is plotted against the known 
mass or concentration of the analyte 
in the standards. For analyte samples, 
the peak area ratio is calculated and the 
mass or concentration of the analyte is 
read from the calibration curve or cal-
culated using the equation for the line. 

Internal standard calibration miti-
gates variations in analyte extraction 
recovery and injected quantity from 
sample-to-sample by dividing the peak 
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FIGURE 1: External standard calibration curve. Peak area is plotted against mass or 
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areas obtained for the analyte be the 
peak area for the internal standard. It is 
assumed that the internal standard and 
analyte will behave the same through 
the extraction and injection processes. 
If there is low recovery of analyte, there 
should be the same low recovery of the 
internal standard. Likewise, the internal 
standard must behave similarly in the 
chromatographic column as the ana-
lyte, but not co-elute. 

These ideas lead to several require-
ments for the internal standard that 
often make internal standard selection 
challenging. 

•	 �The internal standard cannot be 
a possible analyte, contaminant, 
or interference in the samples. If 
this happens, the peak area for the 
internal standard will be artificially 
large, leading to an artificially low 
calculated analyte concentration.

•	 �The internal standard must under-
go similar behavior and recovery 
in the extraction process. Internal 
standards with similar structural 
features as the analytes of interest 
are often chosen.

•	 �The internal standard must under-
go similar behavior and recovery 
through the injection process. It 
should be chosen to have similar 
inlet discrimination to the analytes. 

•	 �The internal standard peak must 
not overlap with any peaks in the 
standards or samples. The chro-
matography of the internal stand-
ard must be checked to ensure no 
peak overlap.

•	 �The internal standard must be 
available at high and reproducible 
purity. If it is impure or of low quali-
ty, it may generate interfering peaks 
or have inconsistent peak area. 

In gas chromatography-mass spec-
trometry (GC–MS), these problems 
are often solved by using a deuter-
ated analog of the parent compound 
of interest. For example, in cannabis 
analysis, the main active component, 
Δ9-tetrahydrocannabinol can be ana-
lyzed alongside a d-3 analogue, which 
has the same shape and structure as 

the parent compound, except a 3 Da 
higher atomic mass, due to the replace-
ment of three hydrogen atoms with 
deuterium. Deuterated analogs extract 
and traverse the column nearly identi-
cally with the parent compounds, with 
a slight difference in retention time. 
The peak overlap is solved in GC–MS 
using extracted ion chromatograms or 
selected ion monitoring to generate 
separate peaks for the parent com-
pound and analogue. In non-GC–MS 
analyses, candidate internal standards 
must be analyzed until one that meets 
all the requirements is found. 

Since the calculations are very sim-
ilar and the data for external standard 
calibration is also collected when per-
forming internal standard calibration, 
I often perform both during method 
development or troubleshooting. Ide-
ally, the internal and external standard 
methods should give the same quanti-
tative result and the same uncertainty. 
Differences in the quantitative results 
or uncertainty indicate potential hid-
den problems with the extraction or 
injection processes. 

Standard Additions 
Standard addition calibration can be 
used when the sample matrix is too 
complex to allow ready addition of an 
internal standard or when the baseline 
or other peaks may be interfering with 
the peak of interest. It can be used with 
either peak height or peak area and is 
one of the few instances in gas chro-
matography where peak height is often 
superior to peak area. A typical stand-
ard addition calibration curve is shown 
in Figure 3. First, the samples are run, 
and the peak(s) of interest are identi-
fied. A known mass or concentration 
aliquot of each analyte of interest is 
added to each sample and the sample 
is re-run. This procedure is repeated 
with successive additional known ali-
quots added to each sample. 

Once enough aliquots to generate a 
line have been added, a separate plot 
of peak area versus amount of standard 
added is generated for each sample. The 

mass or concentration of analyte in the 
sample is then determined by extrap-
olating the line to the x-axis. In Figure 
3, this extrapolation is seen in the data 
point to the left of the y-axis, showing 
negative values for the concentration. 
The actual concentration of the sample 
would be read as about 10 ppm. 

Conclusions and Summary 
Referring to Table I, the main calibra-
tion techniques for quantitative anal-
ysis by gas chromatography are, in 
order from simplest to most complex, 
area percent normalization, area per-
cent normalization with response fac-
tors, external standard calibration, and 
internal standard calibration. Standard 
addition is used in situations where 
samples are too complex for the other 
techniques. Each method has built-in 
assumptions, advantages, and disad-
vantages. While the simple area per-
cent methods are useful for estima-
tions, due to their assumptions, they 
are not generally effective for accurate 
quantitative analysis. Internal standard 
calibration is usually more precise than 
external standard calibration, but can 
hide uncertainty and variability in the 
sample preparation and injection pro-
cesses. An understanding of the funda-
mentals of calibration is critical in the 
detection to decision process.
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Biopharmaceutical analysis is a rapidly evolving field that requires the development of new technologies and methods to keep 
pace with the increasing complexity of biologics. One of the most promising areas of research is the use of single-cell omics 
and microfluidic chips for the analysis of biopharmaceuticals. Single-cell omics has revolutionized our understanding of cellular 
heterogeneity, while microfluidic chips have enabled high-throughput analysis of single cells that provide an understanding of 
the complex biological network that complements the genomics and transcriptomics studies. This article will explore some of the 
emerging trends and technologies in biopharmaceutical analysis, with a particular focus on single-cell omics and microfluidic 
chips. We will also discuss the developments in ambient ionization mass spectrometry such as sub nanoampere ionization and 
the potential of low current ionization in studying cell-to-cell heterogeneity and its role in metabolomics.

V
ARIATIONS DISPLAYED by the cell 
populations in their DNA, RNA, 
proteins, and metabolites lead 
to significant heterogeneity 
and differences in cell states 
(1). An understanding of the 
cell-to-cell variations can help 

reveal the physiological and pathological 
processes such as disease progression 
(2). While traditional methods in cell anal-
ysis have overlooked cell-to-cell variations 
that contribute to drug resistance, the 
development of single-cell analysis meth-
ods has enabled remarkable progress in 
clinical and biomedical research particu-
larly in drug development (3). 

While the molecular copy numbers of 
nucleotides, proteins, and metabolites in 
single cells are low, the dynamic range 
is wide; therefore, highly sensitive single 
cell sample preparation methods are of 
great value for single cell analysis (4). In 
this regard, microfluidics has emerged as 
an important tool in single-cell analysis 

with the advantages of cost effectiveness, 
automation, miniaturization, and high 
throughput ability (5,6). 

In recent years, there has been a grow-
ing interest in integrating single-cell omics 
with microfluidic chips for the analysis of 
biopharmaceuticals (7,8). This approach 
has several advantages over traditional 
methods of biopharmaceutical analysis, 
as it allows for a high degree of auto-
mation and allows for high-throughput 
studies due to its ability to perform mul-
tiple assays on a single chip. Minimum 
amounts of reagents are required, reduc-
ing assay cost, and improved sensitivity 
is achieved by using microchannels that 
provide a higher surface-area-to-volume 
ratio. The multiple unit microfluidic chip 
allows for the different processes of cell 
injection, culture, capture, lysis, and detec-
tion to be completed in a single microflu-
idic chip. In addition, multiple structures 
can also be included in a microfluidic 
chip to capture single cells. At a drug 

discovery level, microfluidics can help in 
identification, characterization, purifica-
tion, and structure elucidation of chemical 
moieties (9). Drug screening can achieve 
high throughput, cost-effective, and rap-
id increase in the rate of sample analysis 
using microfluidics. 

A microfluidic chip is mostly fabricat-
ed with elastomers, inorganic materials, 
and thermoplastics for either droplet 
microfluidics, microwell arrays, or hydro-
dynamic microfluidics (such as S-shaped 
microchannels). The commonly used fab-
rication materials include polydimethyl-
siloxane (PDMS), silicon, glass, quartz, 
polycarbonate, and polymethylacrylate 
(PMMA). The chip comprises of a reagent 
inlet, sample inlet, valves, microchannels, 
the drainage system, and the sensor part 
(10). Based on the flow of fluids, micro-
fluidic chips can be classified into three 
main types: traps-based microfluidics (11), 
valves-based microfluidics (12), and drop-
let-based microfluidics (13). 
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Microfluidic Chips for  
Single-Cell Analysis
Microfluidic chip design helps in efficient 
sample isolation, cell sorting, lysis, and 
protein digestion, while liquid chromatog-
raphy tandem mass spectrometry (LC–
MS/MS) is the leading tool for protein 
identification and quantification (14). Sin-
gle cell isolation can be achieved using 
droplet microfluidic chips wherein single 
cells are encapsulated within individual 
droplets, mainly by using an intersection 
of immiscible phases such as water-oil 
droplets in microchannels or through cap-
illary tips (15). Further sorting and analy-
sis of the cells is achieved by labeling of 
the single cells in droplets coupled with 
analytical methods such as biochemical 
reactions and fluorescence microscopy 
that enable real-time single cell detec-
tion. Recently, rapid droplet formation 
was achieved by constructing a micro 
cage array platform that contains multiple 
micropillars that can rapidly spread the oil 
phase through gaps between the pillars 
to trap droplets (16). Another method of 
achieving single cell isolation is by using 
microwells that can only accommodate 
one cell. The cell suspension is loaded 
onto the microwell array and single cells 
settle into each microwell due to gravity. 
Microwell arrays are a useful platform for 
studying the effects of drugs on single 
cells (17). Pang and associates investigat-
ed drug resistance of single-cell-derived 
tumor sphere based on an integrated 
microfluidic device. Single glioblastoma 
cells were isolated, captured, and then 
cultured into single cell derived spheres. 
Vincristine, the anti-cancer drug, was 
infused and co-cultured with the tumor-
spheres. The study showed that tumor-
spheres derived from smaller and more 
easily deformed tumor cells showed high-
er drug resistance (18). 

While microwells employ physical 
boundaries to capture single cells, 
hydrodynamic trapping in microfluidic 
systems captures single cells by using 
specific fluid flows using cup-shaped 
micropillars (19) and S-shaped micro-
channels (20). Cup-shaped micropillar 
is one of the most used microstructures 
to isolate and trap single cells. Single 

cell trapping is achieved by covering 
the gap in a micropillar that reduces 
the fraction of fluid streamlines that can 
flow into the trap. Microfluidic chips 
with cup-shaped micropillars have been 
shown to achieve an isolation efficien-
cy greater than 95% for isolating single 
floating cancer cells (21). 

Microfluidic Chip Coupled for 
Single-Cell Omics Analysis 
Single-cell multi-omics, including tran-
scriptomics, proteomics, metabolomics, 
and lipidomics, help to comprehensively 
understand cellular characteristics and 
cellular regulatory networks. The key req-
uisite for the downstream analysis of sin-

For references, go to chromatographyonline.com/publications
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gle cells is the ability to be able to precisely manipulate single 
cells in microfluidic channels. Single-cell omics poses challeng-
es to sampling techniques and MS sensitivity. Compared with 
single-cell metabolomics and lipidomics, single-cell proteom-
ics has been more explored. Droplet microarray is one of the 
most suitable platforms for single-cell proteomics preprocess-
ing, and has been used to understand cell phenotype differenc-
es and inter-relationships between functional networks (22). 

The droplets encapsulate the sample that provides compart-
ments for extraction and digestion of proteins. This prevents 
overdilution of samples, and reduces the time for digestion 
(23). Comprehensive characterization of single cell proteome 
using sensitive MS is possible using single-cell sorting sample 
preparation from microfluidics, and provides detailed informa-
tion of protein post-translational modifications as well as signal 
transduction-related functional proteins, such as transcription 
factors, kinases, receptors, and surface antigens.

Microfluidic chips, composed of droplet microfluidics, arrays 
of microwells, arrays of micropillars, microchannels in special 
structures, and microvalves, can be used alone or in combina-
tion with bioanalytical assays to efficiently isolate and capture 
single target cells. Such a microfluidic platform has been used 
to sort immune cells, followed by lysis and digestion in centri-
fuge tubes for proteomic analysis. By using nano-LC–MS, 346 
to 911 and 275 to 549 proteins were identified from 1000 and 100 
THP-1 cells, respectively (24). 

Gebreyesus and associates developed a streamlined and 
robust workflow that combined microfluidics and proteomic 
analysis based on data independent acquisition (DIA) MS for 
single-cell proteomic analysis, cell trapping, cell lysis, protein 
digestion, and peptide desalting to be performed on a single 
chip. The peptides collected from the chip were further ana-
lyzed using LC–MS/MS in DIA mode. 100 ± 131 protein groups 
were identified by the chip-DIA workflow from a single cell (25).

Due to the dynamic nature of metabolites to the environment, 
variations in metabolic status during analysis is a key area of 
concern. There are mainly two strategies for single cell metab-
olomic analysis; either analyzing intact cells directly by MS, or 
extracting metabolites from cells prior to MS detection (26,27). 
In recent work, a serpentine channel microfluidic chip was inte-
grated with a pulsed electric field-induced electrospray ioniza-
tion-high resolution MS (PEP-ESI-HRMS) to analyze single-cell 
metabolite (28). The asymmetric serpentine channel helped in 
continuously isolating single cells. Pulsed square wave electric 
filed was then applied to disrupt single cells and trigger ESI. 
Using the PEP-ESI-HRMS system, 80 cells could be analyzed 
in a minute, with about 120 metabolites identified per single cell. 
Microfluidic chips designed with narrow and long microchan-
nels that allow only single cells to pass through can be used 
for cell delivery (29). Under a direct current voltage, single cells 
isolated in the microchannel can be lysed and ionized for MS 
analysis. The single-cell analysis platform can analyze about 40 
cells per minute, and identify ≈100 metabolites from a single 
cell. The methodology led to the identification of 67 endogenous 
metabolites from single K562 cells (30). Similar with single cell 
metabolomic analysis, single-cell lipidome can also be analyzed 
using capillary ESI-MS to detect hundreds of lipid molecules 
with high resolution and accuracy. Single-cell metabolomics 
differs from lipidomics in the polarity of molecules; therefore a 
different solvent system is used for single-cell lipidomics. One of 
the challenges in single cell lipodomics is the complexity arising 
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FIGURE 1: Microfluidics coupled with MS for single cell proteom-
ics, metabolomics and lipidomics analysis. Figure adapted from 
reference (2).
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



----


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due to a large number of isomers of lipids. 
One possible solution is to integrate PB 
reaction with tandem MS to achieve the 
quantification of double bond position 
isomers in lipids (31,32). 

The microfluidic MS-based single-cell 
omics has shown to have great potential 
in biomedical and clinical studies. It can 
help in revealing the heterogeneity of 
cells that is critical to study the progres-
sion of cancers, investigating the effect 
of drugs on the immune system as well 
as aid in understanding drug resistance 
during therapy (33,34). In addition, the 
characterization of single cell omics  
has the potential in the discovery of  
disease biomarkers.

Low Current Ionization in Study-
ing Cell-to-Cell Heterogeneity
Ambient ionization refers to the ion-
ization of unprocessed or minimally 
modified samples in their native envi-
ronment, and it typically refers to the 
ionization of condensed phase sam-
ples in air. Ambient ionization MS tech-
niques can be largely categorized into 
three classes based on their desorption 
method: liquid extraction, plasma deso-
rption, and laser ablation. Ambient ion-
ization MS techniques have been used 
for high-throughput analysis of clinical 
samples, including human biofluids, 
particularly for rapid therapeutic drug 
monitoring as well as to quantify drugs 
in cell cultures and tissue sections. This 
is mainly attributed to the ability to con-
duct the direct analysis of samples in 
their native environment without need-
ing sample preparation (35).

Recent developments in ambient 
ionization mass spectrometry, such 
as sub-nanoampere ionization, have 
shown promise in studying cell-to-cell 
heterogeneity and its role in metabolo-
mics. Sub-nanoampere ionization is a 
type of ambient ionization mass spec-
trometry that uses low currents to ion-
ize samples. This approach has several 
advantages over traditional ionization 
methods, including the ability to ana-
lyze small numbers of cells along with 
the ability to analyze samples in their 

native environment. As an example, the 
pressure probe electrospray ionization 
MS with internal electrode capillary 
(IEC-PPESI-MS) can be integrated for 
high spatial resolution sampling and 
precise post sampling manipulation for 
single-cell analysis (36,37). 

Another promising technology is 
paper spray ionization, which is a type 
of ambient ionization mass spectrom-
etry that uses paper as a substrate for 
sample analysis. A paper triangle wet-
ted with non-polar solvents such as  
hexane produces a spray of  non-polar 
solvent droplets when a relatively low 
positive or negative voltage (0.8 ≈ 2 
kV) is applied. The spray occurs at the 
tip of the paper, and is presumably due 
to field-assisted evaporation, while the 
solvent is transported as a result of cap-
illary action through the micro-channels 
in the paper substrate (38). 

This gentle method of ionization is 
applicable to a wide range of biolog-
ical compounds including peptides, 
small nucleotides, phospholipids, and 
other compounds. This approach has 
several advantages over traditional 
ionization methods, including the abil-
ity to analyze small numbers of cells 
and the ability to analyze samples in 
their native environment by (i) low 
detection limits; (ii) low internal energy 
deposition; and (iii) compatibility with 
prior experiments that require aqueous 
or polar solvents, including prior chro-
matographic separations (39).

In a recent study, researchers used 
femto-flow electrospray ionization (ESI) 
with flow rates ranging from 240 fL 
min−1 to the low pico level (<10 pL min−1) 
using a submicron emitter tip and relay 
ESI configuration to analyze single cells. 
The researchers obtained high-quality 
mass spectra from single cells, which 
allowed them to identify metabolites not 
detectable using traditional methods (40). 

Compared with nanoESI, femto flow 
ESI exhibits lower ion current intensities 
(>2 orders of magnitude lower), ioniza-
tion currents <218 pA, and lower flow 
rates (>3 orders of magnitude lower). The 
femto flow ionization technique allows 

the use of highly concentrated sample 
solutions in regular MS analysis, thereby 
removing the need for dilution when low-
er intensity ion beams are needed. Thus, 
for a non-buffered protein solution, the 
low flow ionization modes allow native 
charge states to be produced in an either 
charge-enhancing or charge-reducing 
manner. The measured flow rates and 
ionization currents then allow for the 
calculation of the size of initial charged 
nanodroplets. These techniques have 
the potential to revolutionize biopharma-
ceutical analysis by enabling the analysis 
of small numbers of cells in a cost-effec-
tive and efficient manner (41). 

This article has additional supplemental 
information only available online. 
Scan code for link.
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T
HE EXECUTION of chromato-
graphic peak purity assess-
ments (PPAs) is associated 
with the development of sta-
bility-indicating analytical 
methods (SIM) applicable 
to regulatory submissions 

(marketing applications) by pharma-
ceutical companies. When developing 
these methods, a forced degradation 
study (FDS) assessment is required 
to demonstrate that the method can 
adequately assess the stability of 
drug substances (DS) and drug prod-
ucts (DP) (1-4). The quality of the FDS 
data is dependent upon a well-de-
signed FDS with scientifically justi-
fied conditions as well as appropriate 
evaluation of pertinent qualitative and 
quantitative FDS data, including cor-
relations with mass balance data. If 
the quality of the data acquired dur-
ing the FDS is sufficiently high, then 
the study informs our understanding 
of the stability-indicating capabilities 
of the analytical method. 

When FDS data are compiled and 
analytical measures such as system 
suitability test and mass balance results 
indicate acceptable quality, the meth-
od is still at risk of having inadequate 
stability-indicating capability if phar-
maceutically relevant degradant peaks 
coelute with the parent peak in stressed 
sample chromatograms. Such risks can 
be mitigated by evaluating the purity of 
the peak representing the main (par-
ent) analyte; such an evaluation can 
be performed using various techniques 
where photodiode array (PDA)-facilitat-
ed PPA is most commonly employed 
(5). Although health authorities (HAs) in 
some countries require that the “chro-
matographic purity of the analyte sig-
nal” (that is, spectral homogeneity) shall 
be demonstrated for chromatographic 
methods (6,7), the requirement, as writ-
ten, does not present specific expecta-
tions and guidance on the appropriate 
means to demonstrate peak purity. 

Nevertheless, a PDA-facilitated PPA 
has become the de facto interpretation 

of how to assess peak purity by HA 
reviewers, evidenced by consistent 
requests for software-calculated peak 
purity data in queries received from 
various HAs regarding regulatory sub-
missions containing chromatographic 
methods with ultraviolet (UV) detec-
tion. Notably, the draft ICH Q2(R2) 
guideline only states “spectra of differ-
ent components could be compared to 
assess the possibility of interference” 
as an alternative to “suitable discrim-
ination” in the Specificity/Selectivity 
section (4.1) without any specific men-
tion of PDA-facilitated PPA. Although 
peak purity tests are not mentioned 
in the revised ICH Q2(R2) draft (8,9), 
ICH Q2(R1) states that “peak puri-
ty tests may be useful to show that 
the analyte chromatographic peak 
is not attributable to more than one 
component (diode array, mass spec-
trometry).” This statement, however, 
does not mandate PDA-facilitated 
PPA or any other specific technique 
for demonstrating method selectivity, 

This review article discusses scientific rationales and current best practices in the pharmaceutical industry for performing 
chromatographic peak purity assessments (PPA). These activities are associated with the development and validation of 
liquid chromatographic (LC) stability-indicating analytical methods applicable to regulatory submissions of small-molecule 
drug candidates. The discussion includes a comprehensive overview of the PPA-related regulatory and scientific landscape 
and common industry approaches to obtain PPA results, as well as the strengths and weaknesses of PDA-facilitated ultraviolet 
(UV) PPA and other PPA techniques.
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and it is not regarded as a universal 
requirement by HAs and companies 
(although it is often a good practice). 

PDA-facilitated (or, interchangeably, 
UV spectral) PPA is just one technique 
for demonstrating selectivity in a stabili-
ty-indicating method. Several other valid 
techniques, including performing mass 
spectral PPA, spiking impurity markers, 
employing orthogonal chromatographic 
conditions, or using two-dimensional 
liquid chromatography (2D-LC), can 
effectively evaluate peak purity without 
relying solely on PDA-facilitated PPA. 
With a focus on small molecule active 
pharmaceutical ingredients (APIs), 
it is important to note that there is no 
universally appropriate technique for 
assessing selectivity. The most suitable 
technique should be selected on a case-
by-case basis, supported by scientifical-
ly sound reasoning. Factors such as the 
chromatographic separation technique, 
detector type, and specific characteris-
tics of the molecules of interest must be 
considered. Note that, because of the 

limitations mentioned above, PPA nev-
er proves unequivocally that a peak is 
pure. Rather, PPA can only be used to 
conclude that no coeluted compounds 
were detected. Combining a PPA along 
with other characteristics of forced 
degradation (including relevance of the 
specific degradation pathway) and vali-
dation greatly increases the confidence 
in the stability-indicating nature of the 
analytical method.

The absence of specific regulatory 
guidance on PPA poses challenges for 
both HA reviewers and applicants in 
terms of understanding the process 
of demonstrating method selectivity, 
setting appropriate acceptance cri-
teria, and including sufficiently docu-
mented evidence of having met those 
criteria. To advocate for a shared 
understanding between industry and 
HA, the goal of this paper is to provide 
science-based clarification to guide 
LC-based PPA activities in the phar-
maceutical industry, especially as it 
relates to small molecule APIs.

This article primarily centers around 
PDA-facilitated UV PPAs as the main 
tool for assessment, but it also explores 
additional supplementary techniques 
such as mass spectrometry (MS) and 
2D-LC. Molecules with no chromophore 
(memantine) or where impurities com-
monly have essentially the same UV 
spectral characteristics (oligonucleo-
tides), however, cannot be effectively 
evaluated using UV spectral PPAs, and 
hence, are not the focus of this article.

Peak Purity Assessment 
Options 
The following are some examples of 
PPA assessment approaches.

PDA-Facilitated PPA
PDA-facilitated PPA is the most com-
mon approach to demonstrating ade-
quate selectivity and is usually calculat-
ed using commercial chromatographic 
data systems (CDSs) or software, which 
examine changes in the UV absorb-
ance spectrum throughout the peak 
to detect coeluted compounds with 
different UV absorbance spectra. A list 
of some commercially available PPA 
CDSs is presented in Table I. Commer-
cial CDSs differ slightly in their spectral 
peak purity algorithms and terminolo-
gy (10), but the core concepts to per-
form PPA are consistent—determining 
spectral contrast by comparing UV 
absorbance spectra at different points 
across the peak of interest to that of 
the apex. To describe the basic princi-
ples, the PPA method and terminology 
from Waters’ Empower software (11) 
will be used as an example of a widely 
accepted CDS among pharmaceutical 
companies. As depicted in Figure 1, 
Empower measures spectral contrast 
(that is, the shape difference between 
two spectra) as follows:

1.	 �Spectra are baseline corrected by 
subtracting interpolated baseline 
spectra between peak baseline 
liftoff and baseline touchdown.

2.	 �Spectra are converted into a vec-
tor in n-dimensional space. 

3.	 �Vector lengths (concentration) 

TABLE I: Example chromatography data systems and peak purity criteria

Vendor Software Brand Criteria for Pure Peak

Waters Corp. Empower Purity angle (θ) < Purity threshold

Agilent OpenLab CDS Purity value (1000 x cos2θ) > Purity threshold

Shimadzu LabSolutions Purity index (cosθ) > Purity threshold

ThermoFisher/Dionex Chromeleon Purity index (cosθ) > Purity threshold

Gilson Trilution Purity value (1000 x cos2θ) > Purity threshold

Knauer ChromGate Similarity index > Purity threshold

FIGURE 1: Graphical representation of absorbance vs. wavelength in dimensional 
space (reproduced from Figure 1 in [10]): (a) Depiction of a three-point spectrum; (b) 
representation of this spectrum as a vector in 3D space; (c) depiction of two, similar 
three-point spectra; (d) representation of these two spectra as vectors in 3D space, 
with the angle between the vectors representing spectral similarity.
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are minimized using least-
squares regression. 

4.	 �The vectors are moved into a 2D 
plane and the angle between 
them is measured. 

A spectral angle of 0 or 90 degrees 
indicates that the spectral shape is 
identical or that there is no spectral 
overlap, respectively. Spectra that 
diverge within a single peak are typ-
ically attributed to the coelution of 
compounds. Spectral contrast is used 
to compare all spectra within a peak 
to the apex spectrum by using an 
algorithm to calculate the purity angle 
(a weighted average of all calculated 
angles) and the degree of uncertainty 
because of the variation in the spectral 
vector (that is, the threshold angle) 
based on both solvent and noise con-
tributions. A chromatographic peak 
is considered spectrally pure when 
its purity angle value is less than its 
purity threshold. Maziarz provides 

a practical example of verifying the 
spectral homogeneity of an API (12).

As listed in Table I, Agilent’s Open-
Lab CDS software uses a comparable 
approach to assess peak purity by 
calculating a similarity factor, which 
is expressed as 1000 x r2, where r is 
equivalent to cosθ (θ = purity angle 
in Empower). 

Similarly, Shimadzu’s LabSolutions 
software uses cosθ values to quantify 
peak purity. Further, LabSolutions has 
a built-in feature of “i-PDeA II (Intelli-
gent Peak Deconvolution Analysis II)” 
to deconvolve coeluted peaks using 
the algorithm of multivariate curve 
resolution-alternating least squares 
(MCR-ALS), the principle of which is 
discussed further in Section 4.3.3.

Strengths and Weaknesses of 
PDA-Facilitated UV PPAs
PDA-facilitated PPA, like any ana-
lytical technique, has a variety of 

strengths and weaknesses that 
should be considered when designing 
studies in which peak purity data are 
intended to be used to support con-
clusions about the stability-indicating 
capability of the method. Despite its 
limitations, UV spectral PPA is widely 
used and well understood in the ana-
lytical community within the phar-
maceutical industry. It is an efficient 
and robust means of demonstrating 
spectral homogeneity of a peak with 
minimal or no extra cost in terms of 
time or resources. 

One limitation—the potential for 
false negative results (that is, PPA 
results exhibiting spectral homogene-
ity while peaks still contain coeluted 
compounds)—occurs during spectral 
peak purity evaluations when:

1.	 �Coeluted impurities have mini-
mal spectral difference.

2.	 �Coeluted impurities have poor 
UV responses.
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3.	 �Impurity peaks are eluted near 
the apex of parent peak. 

4.	 �Coeluted impurities are pres-
ent at very low concentrations.

Similarly, false positives (that is, 
PPA indicating spectral inhomogene-
ity for a pure peak) are possible when: 

1.	 �There are significant baseline 
shifts attributable to mobile 
phase gradients.  

2.	 �PPA data processing settings 
are suboptimal.

3.	 �Integrations are suboptimal, 
leading to interference from 

background noise or neighbor-
ing peaks at the peak front or tail.

4.	 �UV absorbance measurements 
are conducted at extreme wave-
lengths (<210 nm or >800 nm).

5.	 �Impurities are evaluated at low 
concentrations (<0.1%), making 
interference from background 
noise is more pronounced.

6.	 �Artifacts, spurious spikes, and 
signal-dependent noise appear.

7.	 �Signals are present that are 
attributable to excipients or 
other substances unrelated 
to the API (that is, substances 
that are not degradants or pro-
cess-related impurities).

Although they have their limitations, 
UV spectral PPAs are useful during 
chromatographic method development 
and forced degradation studies to con-
firm separation of the parent analytes 
from potential degradation products 
as determined by company best prac-
tices. Peak purity determination is not 
error-proof, and close attention should 
be paid, especially to borderline cir-
cumstances where false negative and 
positive results may occur. 

Mass Spectrometry-Facilitated PPA
PPA by mass spectrometry (MS) is 
another option used to demonstrate 
method selectivity and is usually per-
formed by nominal mass resolution 
single quadrupole mass spectrometers, 
such as the Waters QDa/SQD or Agi-
lent MSD detectors. The PPA of a com-
pound can be verified by demonstrating 
that the presence of the same precur-
sor ions, product ions, and/or adducts 
across the peak that are attributed to 
the parent compound in the total ion 
chromatogram (TIC) or extracted ion 
chromatogram (EIC/XIC) (13). 

Different MS instruments and data 
systems provide varied approaches to 
estimate mass spectral peak purity. 

•	 �On the Waters QDa, the mass 
spectra extracted at peak front, 
apex, and tail are compared and 
examined (14). Obtaining con-
sistent mass spectra at three or 

FIGURE 2: High-level comparison of 1D and 2D-LC (reproduced from Figure 1.1 of [18]).

FIGURE 3: Considerations for troubleshooting spectral inhomogeneity. 
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more points across the parent peak provides evidence 
of peak purity. 

•	 �MS peak purity by Agilent MSD is determined by 
overlaying all the deconvoluted EIC peaks extracted 
from the TIC of the parent molecule (API) to estimate 
a MS purity score. A higher score than the configur-
able passing threshold, or minimum MS purity, sug-
gests adequate peak purity. 

The PPA thresholds (that is, the extraction point for 
the Waters QDa and the relative abundance cut-off for 
the Agilent MSD) need to be carefully selected to avoid 
false positives or negatives. The parent compound or 
impurities might be suppressed or fail to ionize, and 
impurities can have identical mass-to-charge (m/z) 
ratios as the parent, hindering direct MS determina-
tion and increasing the likelihood of false positives or 
negatives. Excessively high threshold values increase 
the risk of a false negative (incorrectly passing) PPA as 
potentially relevant signals may be excluded. Inversely, 
needlessly low threshold values raise the risk of a false 
positive (incorrectly failing) PPA because of the inclu-
sion of signals attributable to solvent artifacts, baseline 
noise, or other responses unrelated to the parent com-
pound, degradants, or process-related impurities. The 
appropriate threshold value should be determined on 
a case-by-case basis and varies between experiments, 
necessitating consideration of the instrumentation 
(such as cleanliness of the source or the sensitivity of 

the detector), the selectivity, sensitivity, and robustness 
of the analytical method, sample ionization efficiency or 
potential ion suppression, or interference from reagents 
or excipients, among other factors. It may be beneficial 
for the selection of the threshold to be accompanied by 
justification of the decision. 

In addition to conducting PPAs with a nominal mass 
spectrometer, high-resolution MS (HRMS) can also be 
employed for this purpose. Although these advanced 
techniques typically require more sophisticated MS 
equipment (instruments with superior sensitivity, resolv-
ing power, and the ability to measure accurate mass) and 
greater expertise to interpret results, HRMS PPA provides 
additional evidence on spectral homogeneity by distin-
guishing masses that are attributed to the compound 
of interest from those that are not. For example, when 
acquiring mass spectra using ion trap MS or orbital trap 
(Tribrid) MS, mass traces are extracted for each peak of 
interest in TIC by manually selecting and extracting the 
associated mass spectral data above the peak width 
of the main component. These extracted mass traces 
are then overlaid to visually evaluate their congruence, 
where alignment between the traces indicates the puri-
ty of the peak. A detailed analysis of the mass spectra 
is conducted to determine if all detected masses can 
be attributed solely to the main component, comparing 
the observed masses with the expected masses based 
on the analyte’s molecular formula or known impurities. 

FIGURE 4: PDA (UV) PPA suggested decision tree for determining whether additional investigation by other techniques is necessary 
for establishing peak purity.
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This evaluation confirms peak purity 
and identifies any potential coeluted 
components. Ion trap MS software 
(Analyst, ProteoWizard) generates a 
peak list table with relative intensities 
assigned to detected masses, allow-
ing further analysis of other m/z ratios 
in descending order relative to the 
intensity of the main mass, providing 
additional insights into peak purity. 
The results from such mass spectral 
PPAs provide further valid evidence of 
peak purity even in the circumstances 
when UV spectral PPA information 
are not available or obtainable. 

However, it is important to note that, 
when using a HRMS instrument, the 
ratio of attributable to non-attributable 
masses does not always offer an exact 
measure of spectral homogeneity. This 

is primarily because of the challenges 
in accurately estimating the co-eluting 
impurity’s proportion in the absence of 
impurity identification and the incor-
poration of a relative response factor 
or quantitation via an external stand-
ard in most cases. These complexities 
are attributed to various factors that 
influence signal response, such as 
ionization efficiency and signal sup-
pression, for which specific values 
are not known. Consequently, estab-
lishing precise criteria for HRMS PPA 
becomes challenging because of the 
need to make various assumptions, 
including assuming uniform ionization 
efficiency and consistent response 
(that is, a relative response factor of 
one) for all detected compounds. 

In essence, although MS PPA does 

not provide specific values to set 
acceptance criteria, such as the puri-
ty threshold and angle values shown 
in Table I for PDA assessments, it is 
advisable to supplement the regulatory 
submission dossier with more compre-
hensive explanatory information when 
conducting this assessment, which will 
help streamline the data review process.

Additional PPA Methodologies 
Orthogonal Chromatographic Conditions
In certain circumstances, such as when 
the UV spectral PPA are not obtaina-
ble (when a PDA detector is not avail-
able or when an analyte has poor UV 
absorbance), peak purity can also be 
evaluated by employing orthogonal 
chromatographic conditions, which 
involve using different stationary phas-
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es, such as reversed phases compared 
to HILIC, or varying the composition of 
the mobile phase (altering the pH or 
organic modifiers). These alterations 
provide orthogonal separation mech-
anisms. By varying chromatographic 
conditions and parameters, impuri-
ty peaks that might coelute with the 
parent compound on one system 
have the potential to be resolved on 
another, allowing for a more accurate 
PPA. Moreover, the peak purity can 
be further investigated by collecting 
a fraction of the parent peak to be 
re-analyzed under orthogonal condi-
tions (that is, manual 2D-LC). 

2D-LC 
Generally, 2D-LC instrumentation is 
not widely available in many labora-
tories because it is not a technology 
typically used for quality control (QC) 
testing and requires subject matter 
experts (SMEs) for maintenance and 
operation. When available, however, 
one of the most powerful capabilities 
of this technique is its ability to phys-
ically separate components that may 
be coeluted with the compound of 
interest under one set of chromato-
graphic conditions. 

2D-LC achieves this by subjecting 
effluent from one chromatographic 
system to a second set of chromato-
graphic conditions. The combination 
of two different separation mecha-
nisms results in improved resolution 
and separation of components in 
complex samples, where the two sets 
of conditions are joined through a 
“heart-cutting” or “fraction collecting” 
process. This process first separates 
components under the normal (or 
nominal) chromatographic conditions 
(1D), then makes use of a post-column 
sampling valve that diverts the flow 
of effluent at the expected retention 
time(s) of the peak(s) of interest, to the 
second separative system (2D). 

2D-LC may also be used as an alter-
native method development tool or for 
investigations in forced degradation 
studies (15–17). Figure 2 exhibits a 

high-level illustration of the operation 
mechanisms of 1D and 2D-LC, permit-
ting comparison of the two approaches 
(18). Using sequential chromatograph-
ic systems with orthogonal conditions 
or columns expands the separative 
ability of each system, offering superi-
or overall selectivity that can separate 
coeluted peaks. Peak purity using this 
technique can be evaluated by com-
paring various characteristics, includ-
ing chromatographic profiles, UV 
spectra, and mass spectra obtained 
from different dimensions. Deviations 
or overlaps in these characteristics 
may indicate the presence of coeluted 
components or impurities, suggesting 
potential purity concerns (17).

PPA by Chemometrics
Chemometric techniques are also 
used to provide robust analyses 
using PDA spectral data by deconvo-
luting peaks composed of major and 
minor components (15). In principle, 
these techniques analyze the matrix 
of absorbance measurements at all 
wavelengths (that is, spectra) and at 
all time points across a given time 
region in the chromatogram. Using a 
regression-based approach to deter-
mine how the spectra change over 
time, any impurities cannot only be 
discovered, but also be mathemati-
cally resolved from the target peak. 
Several algorithms for PPA, including 
principal component analysis (PCA), 
evolving factor analysis (EFA), and, 
more recently, multivariate curve 
resolution-alternating least squares 
(MCR-ALS) have been reported in lit-
erature (19–22). However, these algo-
rithms have neither not been widely 
implemented in commercial chroma-
tographic data systems, nor have any 
reports comparing PPA results by 
chemometrics versus those deter-
mined by commercial software been 
published. As this technology is in 
its early stages of development, it 
should be considered an optional, 
potentially emerging, investigational 
tool for PPA assessments.

Summary of Current 
PPA Best Practice
According to the information pro-
vided by the contributing analytical 
chemistry experts who are employed 
by global pharmaceutical compa-
nies, PPA results are typically part of 
the marketing application FDS data 
package supporting the suitability of 
a stability-indicating method. PPAs 
are performed on the peaks of parent 
compounds in chromatograms from 
samples stressed under various con-
ditions to demonstrate confidence that 
no peaks attributed to degradation 
products are coeluted with the parent 
compound, thereby providing sup-
porting information that the method 
is stability indicating. Typically, forced 
degradation is allowed to proceed 
until either 5–20% degradation of the 
API or drug product is achieved, or the 
pharmaceutically relevant endpoints 
of the stress conditions are reached 
(23,24). Figure 3 shows an Ishikawa 
(fishbone) diagram exhibiting factors 
to be considered when assessing the 
purity of the parent peaks in a method. 
Along the lines connecting these box-
es to the central backbone are exam-
ple components that provide more 
detail for each factor. This diagram 
serves as a troubleshooting tool when 
investigating why a particular PPA for 
a given method has indicated spectral 
inhomogeneity. 

Multiple factors should be consid-
ered when interpreting the results of 
parent peak purity assessment. The 
execution of appropriate FDS condi-
tions to reach target degradation lev-
els or scientifically justified endpoints 
(24) is essential to obtain meaningful 
PPA results. In determining the purity 
of a parent peak, along with obtain-
ing acceptable PPA data, other infor-
mation such as mass balance and 
response factors of expected degra-
dants should be assessed to mitigate 
the risk of false negative results. 
When PPA results do not meet purity 
criteria, precautions should also be 
taken to avoid false positive results 
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because of inappropriate data pro-
cessing and interpretation. Figure 4 
displays a flow chart that summarizes 
a suggested approach to interpreting 
PPA results and the circumstances 
under which further investigation 
may be appropriate. 

After obtaining evidence that the 
parent peak in a partially degraded or 
stressed sample is spectrally impure, 
assuming the stress condition is phar-
maceutically relevant (24) for the API 
or drug substance (DS) and/or drug 
product (DP), further investigation to 
understand the nature and origin of 
the coeluted species should be con-
sidered. Such an investigation may 
include assessments of known impu-
rities and/or excipients, orthogonal 
detection techniques, and/or orthog-
onal methods such as 2D-LC. Ulti-
mately, it may be necessary to rede-
velop the analytical method to ensure 
the method is stability indicating. 
However, if suitable justification can 
be provided (such as evidence that 
the coeluted impurity is not relevant 
to long-term stability), redevelopment 
of the method may not be required. 
These types of circumstances should 
be addressed on a case-by-case 
basis using sound scientific reasoning 
and approaches. 

Final Recommendations 
to Guide PPA 
It is recommended that PPA be per-
formed as part of a FDS using the 
commercial software as a part of sta-
bility-indicating method development 
and validation activities that support 
regulatory submissions (that is, mar-
keting applications) of pharmaceuti-
cal data. Software-calculated spectral 
PPAs are widely used in the analyti-
cal community within the pharma-
ceutical industry. In FDSs, such PPA 
techniques are an efficient and robust 
means to demonstrate spectral homo-
geneity of the parent peaks in stressed 
DS or DP sample chromatograms. 

PPAs facilitated by PDA detection 
are most used and are applicable to 

most small molecule APIs. Under the 
circumstances when UV spectral PPA 
information are unavailable or unob-
tainable, PPA results obtained by oth-
er techniques, such as MS, are equally 
valid provided that appropriate peak 
purity criteria are met. Questionable 
or aberrant PPA data, including false 
negative or positive results, may be 
obtained in borderline circumstances 
or due to suboptimal data processing 
and result interpretation. 

Because of these limitations, a PPA 
cannot prove unequivocally that a 
peak is pure; a PPA can only conclude 
that no coeluted compounds were 
detected. However, potential selec-
tivity issues of a stability-indicating 
method should not be evaluated with 
peak purity results alone. Indeed, PPA 
issues often coincide with other read-
ily observable analytical and chro-
matographic concerns such as poor 
mass balance, poor resolution and 
column efficiency, or matrix interfer-
ence. As such, other chromatographic 
elements that affect method selectiv-
ity should be evaluated in conjunc-
tion with PPA, even when PPA result 
acceptance criteria are met. If the data 
indicate that the parent peak is spec-
trally impure, orthogonal detection, 
orthogonal methods, and/or 2D-LC 
are potential supplementary options 
for further investigation. 

The authors hope that this review 
serves a useful overview and resource 
for analytical scientists, both inside 
and outside the pharmaceutical 
industry, as well as for associated 
pharmaceutical HA representatives 
and reviewers.
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This paper proposes a new method of flash qualitative identification (FQI) to qualitatively identify a certain target component 
from a mixture within half a second by disusing the analytical column, which is a time-consuming unit in current chromatography 
instruments. First, a Noised Spectrum Identification (NSI) model was constructed for the data set generated directly by diode 
array detector (DAD) without the process in an analytical column. Then, a method called vector error algorithm (VEA) was 
proposed to generate an error according to the DAD data set for a mixture and a specific spectrum for the target component to 
be identified. A criterion based on the error generated by the VEA is used to give a judgement of whether the specific spectrum 
exists in the DAD data set. Several simulations demonstrate the high performance of the FQI method, and an experiment 
for three known materials was carried out to validate the effectiveness of this method. The results show that the NSI model 
concurs with the real experiment result; therefore, the error generated by the VEA was an effective criterion to identify a specific 
component qualitatively, and the FQI method could finish the identification task within half a second.

C
HROMATOGRAPHY has been 
developed as a set of lab-
oratory techniques that are 
widely applied in the quali-
ty control (QC) of mixtures 
such as herbal medicine, 
grape wine, petroleum, 

judicial expertise, and others. Chro-
matography is further classified as 
gas chromatography (GC) and liquid 
chromatography (LC) according to 
the mobile phase. With the develop-
ment of the modern instrument, the 
ultrahigh-pressure LC (UHPLC) tech-
nique was born. High performance 
liquid chromatography (HPLC) is an 
important branch of chromatogra-
phy. HPLC uses liquid as the mobile 
phase, and it employs a high-pres-

sure infusion system to pump a sin-
gle solvent with different polarities, 
or mixed solvents and buffers, in dif-
ferent proportions into the stationary 
phase. After the components in the 
column are separated, the chroma-
tographic column enters the detec-
tor for detection to realize the anal-
ysis of the sample. Compared with 
HPLC, UHPLC has the advantages 
of higher resolution, faster speed, 
and greater sensitivity. Although the 
technique improves the speed, sen-
sitivity, and resolution of HPLC, its 
original practicability and principle 
are retained. The significant advan-
tage of UHPLC is that it can shorten 
the analysis time and improve work 
efficiency (for example, for a related 

substance analysis method, the use 
of HPLC to run a needle is 75 min; 
with UHPLC, this task can be com-
pleted in 10 min), and the analysis 
efficiency is increased by nearly 7.5 
times. Of course, the analysis effi-
ciency has been improved so much 
that the supporting equipment is 
certainly not for fun. UHPLC requires 
a small particle hybrid packing (1.7 
μm) column, a higher pressure (up to 
15000 psi), and a low system volume 
infusion unit. Although the support-
ing equipment can greatly shorten 
the analysis time depending on the 
complexity of the sample, it usual-
ly takes many minutes to complete 
the analysis process. To reduce the 
time consumed during the process 
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of the chromatography, the diode array detector (DAD), 
combined with chemometrics methods such as evolving 
factor analysis (EFA) (1–3), multivariate curve resolution 
alternating least square (MCR-ALS) (4–7), the iterative 
algorithm (IA) (8,9), independent component analysis (ICA) 
(10,11), general reference curve measurement (GRCM) 
(12,13), and more, are introduced to pick chromatogram 
peaks from the raw data set 
generated by the hyphenated 
instrument of HPLC and DAD 
(14). The above methods could 
improve the resolution of the 
instruments, but they cannot 
reduce the time consumed dur-
ing the chromatography pro-
cess because it is influenced by 
the analytical column. 

As shown in Figure 1, the ana-
lytical column is the time-con-
suming unit in a HPLC (or 
UHPLC) instrument. To further 
cut down the time used for an 
analysis process, this paper 
proposes a totally new software 
calculation method to qualita-
tively identify a specific compo-
nent from a mixture within half 
second by disusing the analyti-
cal column. Because this meth-
od reduces the time for analysis 
sharply from 10–30 min down 
to around 200 ms, we call it the 
flash qualitative identification 
(FQI) method. Furthermore, the 
remove of the analytical column 
will reduce the requirement of 
the high-pressure pump.

The remainder of this paper 
is arranged as follows: the 
principle of the FQI Method is 
introduced; the simulations and 
experiments to demonstrate the 
performance and practicability 
of this method are provided; 
and then we draw the conclu-
sions from our study and pro-
pose future works. 

The FQI Method
The operation process of the 
FQI method is demonstrated 
in Figure 2. First , the objective 
material for analysis is prepared 

to be a sample. Then, input the sample into the instru-
ment to generate DAD data set D. On the other hand, the 
spectrum c* of the specific component to be identified is 
abstracted from the standard database. When the DAD 
data set D and the spectrum c* is inputted into the vec-
tor error algorithm (VEA), an error ɛ will be generated. 
Finally, the result of positive or negative could be given 
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based on the error ɛ. The modeling 
for the DAD data set is introduced 
first; then, the design of the VEA will 
be explained carefully based on the 
DAD model. 

Modelling for DAD Data Set
For component analysis, the model 
for HPLC-DAD data set as shown in 
equation 1 was used widely in many 
references (15,16)

xw×t= ∑i=1ai × si + n = [a1, a2, ..., an] × [     ] = a×s+n~
s1
s2

sm

...

n t

[1]

where X is the HPLC-DAD data set 
with the dimension of w × t. The 
dimension w represents the wave-
length, and the dimension t repre-
sents the sampling point along the 

retention time. ai, i = 1,2,···, n are the 
column vectors indicating all the indi-
vidual spectra. si

t , i = 1,2,···, n are the 
row vectors indicating all the chro-
matogram peaks. The digital n is the 
number of the components contained 
in the data set X. The matrix N is the 
Gaussian noise. However, the mod-
el shown in equation 1 is not suita-
ble for the research in this paper for 
the following two reasons, which are 
explained based on a simulated sam-
ple containing four components as 
shown in Figure 3.

The first reason is because of the 
effect of the analytical column, the 
chromatographic peaks for different 
components express various values 
in width and peak position as shown 
in Figure 3a. Theoretically speak-
ing, this feature makes the data set 

X = [a1,a2,a3,a4] × [s1,s2,s3,s4]
T, shown 

in Figure 3c, with the rank of four. 
However, if the analytical column 
was removed from the experimental 
system, the chromatographic peaks 
for all the components would share 
the same width and peak position 
as shown in Figure 3d according to 
the principle of the chromatography, 
which means the data set generated 
by X1 = [a1,a2,a3,a4]´ ´ ´ ´  × [s1,s2,s3,s4]

T, has 
the rank of one. Currently, there is no 
method could pick from a1́  or s1 from 

X1. In Figure 3, the axis of mAu is the 
signal strength. 

The algorithm proposed in our 
previous works based on equation 1 
is to peak chromatogram peaks from 
si from X, and then to calculate spec-
tra ai based on si and X. In this paper, 
what we want to finish is to find a 
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flash qualitative identification meth-
od for a specific component based 
on its spectrum. Therefore, the model 
shown in equation 1 is not suitable.

Based on the analysis above, the 
following noised spectrum identifica-
tion (NSI) model is proposed.

dt×w= ∑i=1di = ∑i=1 pi  × ci  = [p1, p2, ..., pn] × [     ] = p × cn n t 

c1
c2

cn

...
t 

t 

tpi = • i(p) 

[2]

where D is the DAD data set with the 
dimension of t × w. The dimension t 
represents the sampling point along 
the process time, and the dimension w 
represents the wavelength. pi, i = 1,2,···, 
n are the column vectors indicating 
all individual chromatogram peaks. 
The vector p is a single peak curve to 
express the process for the mixture 
passing through the DAD instrument. 
c it , i = 1,2,···, n are the row vectors indi-
cating all the spectra. The digital n is 
the number of the components con-
tained in the data set D. The function ∙i 
(p) adds different Gaussian noise to the 
vector p to generated vectors pi.

The Design of VEA
Based the DAD model shown in 
equation 2 and the principle shown in 
Figure 2, following objective function 
is given.

min {||yt – c*t||2} = min {ε}2

yt = wt × d→c*t [3]

where the vector w is unknown to 
construct vector y; the vector c* is the 
spectrum of the component which is 
going to be identified; the scalar of 
ɛ is the error between y and c*; the 
operator ||g|| 22 is the 2-norm of a vector; 
the note → means y looks like c* in 
shape. To solve equation 3, we rewrite 
it as

min{||yt – c*t||2 = ||wt × d + wt × m-1 × d - c*t||2} 
2 2

~

d = [dc1, dc2, ...dcw] = m × d = m × [dc1, dc2, ...dcw]~ ~ ~ ~ ˆ ~ ~ ~

dr1
dr2

drt

...

t 

t 

t 

d =[  ]= d + d =[  ]+[  ]dr1
dr2

drt

...

t 

t 

t 

dr1
dr2

drt

...

t 

t 

t 

ˆ
ˆ

ˆ

[4]

where dri, i = 1,2,···tt  are row vectors of 
matrix D; dri, i = 1,2,···tt  are row vectors, 
whose elements all equal to the mean 
value of dri, i = 1,2,···tt ; dri, i = 1,2,···tt  
are row vectors after removing mean 
value from dri, i = 1,2,···tt ; the matrix D 
is transformed from the matrix D by 
a linear transformation, which makes 
the column vectors dci

t , i = 1,2,···w 
not correlated from each other and 
normalized as shown in equation 5. 
The method to obtain the matrix M is 
introduced in Appendix A.

e{dci × dci}= it×t or e{d × dt}= w×it×t

~ ~ ~ ~t [5]

After analyzing equation 4, the term 
of wT × d  equals to a constant vector, 
so equation 4 is reconstructed as

min{||bt × d*– c*t||2} 
2

~

bt = [bt, d]

e{d*×d*t}= w×i(t+1)×(t+1)

~~
d*=[  ]=[              ]=[dc1   dc2   ...   dcw]

~
~ d

1

~ ~ ~
~ ~ ~dc1   dc2   ...   dcw

 1     1    ...   1
[6]

where d is a constant, and w is 
the number of the wavelength. 
Appendix B gives the reason why 
e{d*×d*t} = w×i(t+1)×(t+1)

~ ~
. According to 

Karush-Kuhn-Tucher condition (17), 
the solution of equation 6 satisfies

f (bt)=∑2 × d*t × (bt×dcj– c*t( j)) = 0 
~ ~w

j=1
cj

* [7]

where c*T is the jth element in the 
vector c*T. The Newton method (18) 
is adopted to solve equation 7, whose 
Jacobian matrix is calculated as

jf (bt)=∑2 × dcj × dcj

~ ~w

j=1

* *t [8]

Then, the iteration for bt . can be given 
as

b+= b – = = × d* × c*t ( j)
~ ~w

j=1
* *∑   2× dcj × (bt × dcj – c*t ( j))

~ ~w

j=1
* *t∑   2× dcj × dcj

~
~

w

j=1
*∑   dcj × c*t ( j)

w×i
1
w [9]

Consequently, the curve of yT can be 
calculated by following equation.

yt = bt × d* = c*t × (                      )~ ~1
w

~ × d*t × d* [10]

Finally, the judgment for whether a 
specific component is contained in a 
mixture could be given by the criteri-
on as shown in equation 11.

Positive, ε =||y – c*||2  < ε*
2

Negative, ε =||y – c*||2  ≥ ε*
2

[11]

where the scalar value of ε* is a pre-
setting small digital. Equation 3 is 
called the VEA. The scalar of ε is the 
output of VEA. Equation 11 is the cri-
teria equation based on the VEA.

Simulations and Experiments
In this section, a group of simulations 
demonstrate the performance of the 
FQI method. On this basis, the min-
imum range of difference between 
target spectra and nontarget spec-
tra is proved. Then, a data set, gen-
erated from HPLC-DAD instrument 
without passing through the analyt-
ical column, is calculated by the FQI 
method to indicate its effectiveness.

Simulations and Discussions
The simulation data set was gener-
ated by equation 2, where n is set to 
six . The vectors a1́  shown in Figure 3d 
mixed with different level of Gaussian 
noise were selected as p1 in equation 
2. The vectors s1 shown in Figure 3b 
mixed with different levels of Gaussi-
an noise were selected as c1 in equa-
tion 2.

For this study, 20 simulation data 
sets with different noise levels (SNR 
= 200, …, 30, 20, 10, 1) are generated 
equation 2. Four simulation data sets 
(SNR = 40, 20, 10, 1) are listed in this 
paper. As shown in Figure 4, 18 spec-
tra curves are calculated by the FQI 
method, among which s1-4 are known 
spectra contained in the data set D, 
and s5-18 are spectra constructed dif-
ferent from s1-4 in shape. The errors ε 
given by equation 3 for s1-18 are listed 
in Table I.

Among the 18 spectral curves, s1 

was selected as the experimental 
analysis object. As shown in Figure 
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5a, the eight curves changed in var-
ying degrees on the basis of s1 ∙  s1

2 is 
the overall offset of one unit on the 
basis of s1, and s1

3 is the overall offset 
of two units on the basis of s1 ∙ s1

4 - s1
9  is 

to change one of the 100 pixel points. 
Figure 5b is a graph of five distance 
formulas and corresponding errors 
for Euclidean distance, Mahalanobis 
distance, Chebyshev distance, chi-
square distance, and Hamming dis-
tance. Among them, the red curve 
is Euclidean distance, Mahalanobis 
distance, and Chebyshev distance, 
these three curves coincide. Blue 
is chi-square distance and green is 
Hamming distance. We choose the 
Euclidean distance according to the 
experimental results. Table II lists 
the errors ε corresponding to the 
Euclidean distance of the nine devi-
ation curve in Figure 5a. From the 
results, we can see:

•	 The error ε calculated by the VEA 
is an effective criterion for judg-
ing whether a specific spectrum 
exists in the mixture and judge 
the similarity between them. In 
Table I, no matter how serious the 
noise existing in the data set is, 
the errors for the spectra of s1-4 are 
always significantly smaller than 
those for s5-18, which are different 
from s1-4 in shape.

•	 Although four simulation data sets 
are generated by different noise 
levels, the final error results are 
almost the same. It can be seen 
from Table I that although the error 
of s1-4 fluctuates, the error of s5-18 

does not change, which shows 
the experimental results are little 
affected by noise.

•	 The error ε calculated by the VEA is 
stable regardless of the noise level 
in the data set. In Table I, all errors 

calculated for s5-18 are always the 
same although the noise levels are 
different. The differences among 
the errors for s1-4 under various 
noise level may be caused by the 
calculation error of the computer.

•	 As can be seen from Table II, the 
greater the deviation distance, the 
greater the error. Our study found 
that the spectral curve allowed 
0.3 offset distance. When Δ < 0.3, 
it is shown that the curve exists in 
the mixture, and when Δ > 0.3, the 
curve does not exist in the mixture.

Experiments and Discussions
The reference materials of C6H4SO2N-
NaCO · 2H2O (GBW (E) 100008, 1.00 
mg/mL), C4H4KNO4S (GBW (E) 
1001711.00 mg/mL), C6H8O2 (GBW 
(E) 100007, 1.00 mg/mL) were pur-
chased from the National Institute of 
Metrology in China. Then, 0.5 mL of 
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the abovementioned three materials 
were abstracted separately and mixed 
with water until the mixture had a 
volume of 10 mL. The chromatogra-
phy instrument used was provided 
by Waters and equipped with a 2695 
separating element, a 2998 DAD, and 
an Empower 3 workstation. The scan 
model is 3D with wavelength from 
200 nm to 500 nm. The flow rate is 
set at 0.5 mL/min. The amount of the 
sample is selected as 10 μL.

Four DAD data sets of D,D1,D2,D3 
are generated by the instrument with-
out the analytical column for the mix-
ture, the C6H4SO2NNaCO · 2H2O, the 
C4H4KNO4S, and the C6H8O2 respec-
tively. The time used for the individual 
experiment is only 0.2 second. And 
three spectra of s1-3 can be abstracted 
for the three materials from D1,D2,D3 in 
Figure 6. Similarly as the simulations, 
thirteen spectra of s4-16, shown in Fig-
ure 7, are constructed based on s1-3, 
which are different from s1-3 in shape. 
We input the matrix D and the spectra 
s1-16 into the VEA, the errors are shown 
in Figure 8 and Table III.

Similar to the simulation experi-
ment, we selected s3 as the exper-
imental analysis object in these 16 
spectral curves. As shown in Figure 
9a, s3

2 is the overall offset of one unit 
on the basis of s3, and s3

3 is the overall 
offset of two units on the basis of s3 

∙ s3
4 - s3

9 is to change one of the 244 
pixel points. Figure 9b is a graph of 
the errors corresponding to the five 
deviation distances. Table IV lists the 
errors ε corresponding to the euclid-
ean distance Δ of the nine deviation 
curve in Figure 9a. From the results, 
we can see:
•	 The error calculated by the VEA 

could be used as a criterion to 
judge whether the mixture con-
tain specific material represented 
by its spectrum. The size of the 
error is inversely proportional to 
whether the mixture contains the 
specific material represented by its 
spectrum. When the error is small 
enough or tends to be stable, it can 

be said that the mixture contains 
the specific material represented.

•	 It can be seen from Figures 7 and 
8 that the errors for s1-3 are small-
er than those for s4-16. The reason 
why the errors for s10 and s12 are 
close to those for s1-3 is because the 
shape of s10 and s12 are close to the 
shape of s2. However, the error of 
s6 is the biggest because the shape 
difference between s6 and s1-3 is the 
biggest. This error shows that it is 
necessary to construct the curve 
according to the shape of the spec-
trum, and the similarity between 
the curve and the real spectrum 
determines its accurate value.

•	 The larger the amount of the mate-
rial, the smaller the error calculat-
ed for its spectrum. In Table III, the 
error for s2 is much smaller than 
those for s1 and s3. The reason could 
be that the amount of the materi-
al represented by s2 is larger than 
those represented by s1 and s3. 
From Figure 7, the amplitude of s2 

is obviously bigger than those for s1  

and s3.

Conclusions and Future Work
Conclusions 
•	 A mathematical model named NSI 

for DAD data set was proposed in 
this paper. And based on this NSI 
model, a FQI method was pro-
posed to identify a specific material 
from a mixture within half second. 
Through simulations and exper-
iments, the method was proved 
to be effective and efficient in the 
qualitative identification for a spe-
cific material from a mixture.

•	 The gap between the errors given 
by the VEA for target spectra, such 
as s1-4 in Figure 4, and non-target 
spectra, such as s5-18 in Figure 4, is 
significant for simulations, whereas 
this gap for experiments is much 
smaller but still could be used as 
a criterion to finish the qualitative 
identification.

•	 The FQI method proposed in this 
paper did not need the analyti-

cal column in the instrument, and 
could finish the identification with-
in half second. This feature would 
bring a big change in the analyti-
cal research. 

Future Work 
•	 For experiments, how to enlarge 

the gap between errors for target 
spectra and non-target spectra will 
be researched in the near future, 
which will make the method more 
practical.

•	 For some application, the qualita-
tive identification is not enough, 
so relative quantitative analytical 
method based on the FQI method 
should be proposed in the future, 
which could enhance the practica-
bility of this method. 
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HiSorb™ – High-capacity sorptive extraction
HiSorb™ – high-capacity sorptive extraction – is a labour-saving and cost-effective sampling technique 
for the analysis of trace-level (S)VOCs in liquids and solids. Used with thermal desorption–GC–MS, 
HiSorb is suitable for both headspace and immersive sampling. Detection limits are lower than with other 
techniques, such as SPME, because of the large capacity of sorptive 
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maintenance universal detector with a wide linear range.  
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and XE 70 (up to 70 L/min)—it provides a standalone nitrogen 
solution for high performance LC–MS/MS and other 
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The Ultraseal Cap-Pro is a semi-automated sealing solution that reportedly 
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seals all samples securely for reliable sample handling and storage, according 
to the company.
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