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pharmaceuticals, as well as the development and 
validation of stability-indicating high performance 
liquid chromatography (HPLC) methods. 
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fix them.
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decade of groundbreaking advances in the 1970s, 
the progress in chromatographic performance 
over the ensuing four decades (1980–now) follows 
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Last year (2019), we celebrated the 50th anniversary of the famous 1969 
Zlatkis meeting, generally recognized as the symposium where most of 
the founding fathers of high performance liquid chromatography (HPLC), 
such as Huber, Giddings, R.P.W. Scott, Horvath, Snyder, Kirkland, Halasz, 
and Pretorius, gathered for the first time to discuss their work in the area 
of liquid chromatography (LC) (1–2). And this year, we celebrate the 
50th anniversary of Csaba Horvath’s 1970 Pittcon lecture, where he first 
coined the acronym “HPLC”. Since these pioneering days, the progress 
in speed and efficiency has been impressive. This progress was realized 
by improvements in packing procedure, particle size and particle size 
distribution, available instrument pressure, instrument design and, in 
the past decade, also by the (re-)introduction of core–shell particles. 

Table 1 provides an overview of some of the milestone dates contributing 
to this progress. For some, a clear moment in time can be identified, while 
for some others only a rough indication can be given. The packing quality 
is an example of the latter. Early references usually assume hmin = 3 or 
more (3), while in 1980 there is already clear mention of a hmin = 2-plate 
height (4), albeit obtained with relatively large particles while the state-
of-the-art 3-μm particles available at that time still produced a value of 
h = 2.5–3 (5). By the end of the 1990s, hmin = 2 had become the “gold 
standard” for the best possible packed columns, regardless of the particle 
size (6). The (re-)introduction of core–shell particles on the other hand, 
producing plate heights as low as hmin = 1.5 or even less, can clearly be 
situated and dated in the year 2007 (7). And, in recent years, it has also 
been shown that the evolution of the packing quality for fully-porous particle 
columns does not have to stop at hmin = 2. When carefully engineering the 
particle size distribution, minimal plate heights well below 2 (around hmin 
= 1.7-1.8) are also within reach for fully-porous particle columns (8).

Moore’s Law in Liquid 
Chromatography: An Overview 
of 50 Years of (U)HPLC
Gert Desmet, Department of Chemical Engineering, Vrije University Brussel, Brussels, Belgium

This article quantifies the progress in speed and efficiency that has been made in the area of liquid chromatography 
(LC) over the past 50 years. After a decade of groundbreaking advances in the 1970s, the progress in chromatographic 
performance over the ensuing four decades (1980–now) follows Moore’s law relatively closely. This is characteristic 
of technological fields that are of an evolutionary nature (that is, driven by the need for better performance). 

KEY POINTS
• Csaba Horvath coined the 

term HPLC fifty years ago.
• Significant advances have 

occurred in this period, and 
long-term exponential growth 
is predicted in accordance 
with Moore’s Law.

• The current period is one 
of low progress but new 
surges in progress can be 
expected in the future.

276 LCGC Europe  June 2020

DESMET

PEER REVIEW



http://www.antecscientific.com


Also the history of the successive introduction of ever-
smaller particle sizes is not easy to reconstruct in detail. A 
clear landmark was the commercial introduction of 10-μm 
particles in 1974. Soon after came the first mentions of the use 
of 5-μm particles in academic papers (9), while 3-μm particle 
separations started to appear in literature in the beginning of the 
1980s (5,10). The next breakthrough came with the introduction 
of sub-2-μm porous particles in the beginning of the 00’s, which 
became commercially-available in 2003 (1). Leaving aside 
non-porous particles, the smallest commercially-available 
particle is currently a 1.3-μm particle, introduced in 2013 (11).

Easier to date are the breakthroughs in (commercially-
available) instrument pressure. The first main event 
was the introduction of the first commercial pump 
enabling separations at pressures of 6000 psi or 400 
bar in 1972 (12). The introduction of ultrahigh-pressure 
liquid chromatography (UHPLC) can be considered 
the second landmark event, introducing the era of 
UHPLC with instrument pressures of 1000 bar and 
beyond (13). Nowadays, the maximally available inlet 
pressure on a commercial instrument is 1500 bar (14).

In the present contribution, it is attempted to quantify the 
progress in terms of speed and efficiency resulting from 
the (r)evolutions listed in Table 1. More specifically, it is 
investigated whether the progress in HPLC follows Moore’s 
law. This empirical law was proposed in 1965 by G.E. 
Moore, one of Intel’s founders, to describe and predict the 
long-term progress made in the micro-electronics industry 
(15,16). This law states that clock speed and memory 
storage capacity are roughly doubling every two years. 
Over the years, Moore’s law has also been reformulated in a 
more general way to apply it to other fields, expressing that 
the logarithm of the performance varies linearly with time:

Log(performance) = a*#years+b                                                [1]

with a and b given constants. In other words, in fields 
obeying Moore’s law, progress occurs exponentially. Since 
its initial introduction, many fields outside electronics 
(for example, gene sequencing, internet connectivity in 
bits/s) have been found to follow this general version of 
Moore’s law, at least when they are of an evolutionary 
nature (that is, driven by the need for better performance). 

Rather than trying to make a list of the successive 
breakthroughs in speed and efficiency limits reported in 
literature, which is virtually an impossible task (not least 
because speed and efficiency studies seldom occur under 
comparable conditions), the present contribution follows 
a more theoretical approach, calculating the achievable 
speed and efficiency for each of the entries in Table 1, 
using the well-established kinetic performance expressions 
governing LC. This approach is outlined in the next section, 
which can be skipped if one is only interested in the results. 

Theory
In a first approximation, the packing quality of packed 
bed columns can always be represented by Knox’ 
semi-empirical reduced plate height equation (6):

h = A.ν1/3+B/ν +C.ν                                    [2]

1960 1970 1980 1990 2000 2010 2020

102

103

104

105

106

N

Year

FIGURE 1: Historical evolution of the number of theoretical plates 
achievable in a 30 min analysis (tanal = t0(1+k) with (1+k) = 10). Also 
shown is the best fitting line to Moore’s law (equation 1) over the 
past five decades (blue line), the past four decades (black line) 
and the past decade (red line). Physicochemical parameters: Dmol 
= 10-9 m2/s, η = 10-3 Pa.s.

1960 1970 1980 1990 2000 2010 2020

0.1
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103

tanal (s)

Year

FIGURE 2: Historical evolution of the time needed to run a N = 
30 000 plates analysis (tanal = t0(1+k) with (1+k) = 10). Also shown 
is the best fitting line to Moore’s law (equation 1) over the past five 
decades (blue line), the past four decades (black line) and the 
past decade (red line). Note: Same physicochemical parameters 
as in Figure 1.
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Here, the following parameter-values 
were used: A = 1.2, B = 2.5, C = 0.15 
for packing quality 1; A = 0.7, B = 2.5, 
C = 0.075 for packing quality 2, and 
A = 0.4, B = 2.5, C = 0.05 for packing 
quality 3 (= core–shell columns). All 
three packing qualities are assumed 
to have the same B-value. This 
reflects the fact that the longitudinal 
diffusion is in principle independent 
of the packing quality. With the 
aforementioned values, the minimal 
reduced plate heights respectively 
correspond to hmin = 3.0 (packing 
quality 1), hmin = 2.0 (packing quality 
2) and hmin = 1.5 (packing quality 3). 
The u0-based flow resistance was put 
at ϕ0 = 800 for packing quality 1 and 2, 
while it was put at ϕ0 = 600 for packing 
quality 3 (= core–shell columns). 

In the present study, the progress in 
performance has been calculated for 
two different cases: fixed analysis time 
and fixed efficiency N. All calculations 
were carried out in MS-Excel.

The calculations for the fixed 
analysis time proceeded as follows. 
Using the identity L = u0.t0, Kozeny’s 
pressure drop law can be written as:

•t0 =
∆P
η

t0 =
∆P
η

KV0

u0
2

         
[3]

Isolating u0 in equation 3 
and subsequently linking u0 to 
its dimensionless equivalent ν 
(via ν = u0.dp/Dmol), equation 
2 can be rewritten as: 

+h = A •
α1/3

t0
1/6 B •

t0

α
+ C •

α
t0      

[4]

wherein α is a constant that can be 
calculated as α = [ΔP/(η.ϕ)]0.5.dp

2/Dmol.
Considering now a given total analysis 

time tanal = t0(1+k), and subsequently 
fixing the retention factor of the last 
eluting compound (k=9 throughout 

present study), the value of t0 is fixed 
as well. With also ΔP, η, ϕ, dp and Dmol 
chosen or known, we can calculate α for 
every entry in Table 1 and subsequently 
use equation 4 to calculate h. From this 
value, it is then straightforward to obtain 
the value of N via the well-established:

N = L.H = u0 • t0 • h • dp                             [5]

The same set of equations can be 
used if the required efficiency N is 
fixed (fixed N-calculation). However, 
in this case the MS-Excel solver 
needs to be used to determine the 
value of t0 for which the desired N 
satisfies the set of equations 3–5.

In both cases, the particle size 
that has been used was either the 
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smallest particle size available at that time, or, if another, 
larger particle size is more optimal for the desired time 
or N, the latter value was taken. These optimal particle 
sizes were calculated using either one of the below 
well-established equations ([6a] and [6b]) (17):

dopt =
4 t0 • η • ϕ • ν2

opt • D2
mol

ΔP
(fixed t-calculation) [6a]

  dopt =
N • η • Dmol • ϕ • νopt • hmin

ΔP

(fixed N-calculation) [6b]

Results
Calculated using the approach described in the previous 
Section, the data in Figure 1 show how the number of 
theoretical plates N that can be achieved in a tanal = 30 
min run has been steadily increasing over the years, going 
from N = 1000 in 1970, to N = 140 000 today, at least if 
using a system with the best possible column, optimized 
particle size and column length, and making full use of 
the available commercial instrument pressure (250 bar in 
1970, 1500 bar nowadays). Clearly, the largest leaps in 
performance were made between 1970 and 1980, during 
which period the minimal particle size was reduced from 
around 50 to 25 μm down to 5 μm and the first 400 bar 
instruments became available. Drawing the best fit Moore’s 
law trend line over the 1970–1980 period (line not shown), 
a value of a = 0.1491 (R2 = 0.8254) is found for equation 
1, corresponding to an increase in N of about 41% 
per year. If progress had continued at the same rate, our 
systems and columns would now be producing over 
30 000 000 000 theoretical plates in a 30 min run (t0-time 
= 3 min). Obviously, this did not happen, as the progress 
made in the next two decades (1980–2000) occurred at a 
much slower pace. In this period, technological evolution 
was mainly limited to the elaboration of better packing 
procedures and a relatively modest reduction of the particle 
size, with 3 μm particles being the standard at the end of 
the 1990s. On the other hand, a big leap in performance 
was again made mid-2000, with the introduction of UHPLC 
technology and the (re-)introduction of the core–shell 
particles. After these groundbreaking events, progress has 
considerably slowed down again in the past decade, where 
the most important advances result from a further increase 
of the available pressure from 1000 to 1500 bar, as well as 
from a modest decrease of the minimal available particle 
size. This has recently been brought down to 1.3 μm (11). 

Given the clear difference in progress rates before and 
after 1980, Moore’s law produces a weak fit to the data when 
applied over the entire 50-year span (black trend line,  
Figure 1), resulting in a coefficient of determination of only 
R2 = 0.777 (see 30 min entry in Table 2[a], second column). 
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FIGURE 4: Historical evolution of the analysis time needed to 
produce three different efficiency values: N = 10 000 (black); N = 
30 000 (blue); N = 100 000 (red). Fitting lines according to Moore’s 
law (equation 1) covering the last four decades. Note: Same 
physicochemical parameters as in Figure 1.
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FIGURE 3: Historical evolution of the number of theoretical plates 
that can be produced for four different values of the analysis time: 
tanal = 2 min (black); 10 min (blue); 30 min (green); 120 min (red). 
Fitting lines according to Moore’s law (equation 1) covering the 
last four decades. Note: Same physicochemical parameters as in 
Figure 1.
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A much better coefficient of determination is obtained when 
only considering the last 40-year period (1980–now, blue 
trend line, Figure 1). With a value of R2 = 0.9058, progress 
over this period can be said to closely follow Moore’s law, 
with an annual growth rate of 4.5% per year (a = 0.0192, see 
Table 2[a]). Measured over the last decade, the progress 
in N corresponds to a rather meager value of a = 0.0073 or, 
equivalently, an increase of about 1.7% per year (see red trend 
line in Figure 1, and 30 min entry in Table 2[a], last column).

Fully similar observations can be made for the evolution 
of the time needed to produce 30 000 theoretical plates 
(Figure 2). While this time was brought down from 670 mins 
in 1970 to 1.5 mins today, over the last 50 years, the largest 
part of this impressive progress was realized between 1970 
and 1980. If the increase in speed would have continued 
at the same rate as was realized in that period, we would 
now be doing 30 000 plate separations in less than 1 ms. 
Clearly this is not the case, as progress has slowed down 
considerably in the ensuing 40 years. Given the large 
difference in progress rate between the 1970s and the 
following decades, the fit with Moore’s law is again relatively 
poor over the entire five-decade period, while there is a 

better fit with Moore’s law over the last four-decade period. 
Over the last 40 years, the annual speed gain was at 
8.14% per year (a = -0.034, see Table 2[a]). The fact that 

TABLE 1: Evolution of particle size, instrument pressure and packing 
quality (see text for description of packing quality 1,2,3) throughout the 
years

Year P (bar) dpart (µm) Packing Quality hmin

1969 250 30 1 3

1972 400 25 1 3

1974 400 10 1 3

1976 400 5 2 2

1980 400 3 1 3

1990 400 3 2 2

2000 400 1.8 2 2

2005 1000 1.7 2 2

2007 1000 1.7 3 1.5

2012 1200 1.7 3 1.5

2013 1200 1.3 3 1.5

2015 1500 1.3 3 1.5

2019 1500 1.3 3 1.5
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the rate with which the analysis time reduces is roughly 
twice that of the increase in efficiency, N can be readily 
derived from Knox’ separation impedance expression 
(with E = H2/Kv, with Kv = hydraulic permeability) (17):

•t =
E

∆P
η • N2(        )

                               
[7a]

Considering that the improvements in particle and 
packing quality and in available instrument pressure are 
combined in the (E/ΔP)-factor, equation 7 readily shows 
that any reduction of this (E/ΔP)-factor leads to a linearly-
proportional reduction of the time required to produce a 
given N. On the other hand, rewriting equation 7a as:

•N = 1
η •

ΔP
E(        ) t

                        

[7b]

shows that a reduction of the (E/ΔP)-factor only leads 
to a square-root improvement of N when t is fixed. In 
logarithmic units, the difference between a linear power 
and a square root power corresponds to a factor of 2 
difference in slope, hence explaining the approximate factor 
of 2 difference between the a-values in Figures 1 and 2.

Repeating the exercise of the time-driven analysis 
for other values of the total analysis time (Figure 3), the 
pattern already observed in Figure 1 for the 30 min 
analysis time case is, apart from some small differences, 

also observed for the other considered times. The main 
observable difference between the different tanal-cases is 
that the progress made in the last four decades is slightly 
steeper for the shortest separations. This is also reflected 
in the a-factors and annual growth rates represented in the 
third column of Table 2(a), which consistently decrease 
with increasing tanal. This trend can be understood by 
considering that high-speed separations benefit most from 
the availability of small particles, while the high efficiency 
separations (large tanal) have larger optimal particle sizes, 
and these larger sizes were already available earlier on.

Table 2(a) also shows the period giving the 
best, most consistent fit with Moore’s law is always 
the 1980–now period, for all four considered tanal-
values, all producing R2-values around or well 
above 0.9 over this last four-decade period.

The R2-values also show a consistent trend, with R2 
monotonously decreasing with increasing tanal (cf. R2-
entries in third column of Table 2[a]). This is mainly due 
to the fact that the leap made around 2005–2007 with the 
introduction of the UHPLC instruments had a higher impact 
on the high efficiency separations than on the high speed 
separations. The latter require such short columns that 
the 400 bar instruments that were available at that time 
already allowed us to partly exploit the kinetic advantages 
of the sub-2-μm particles introduced in the beginning of the 
2000s, while the high efficiency separations really needed 
the +1000 bar pressures of the UHPLC instrumentation.

TABLE 2A: Moore’s law fitting coefficients for evolution of achievable efficiency N over the years, with a = slope in equation 1, yg = yearly growth rate 
(yg = 10a-1) and nyD = #number of years required to double N (nyD = log10(2)/a) and R2 the coefficient of determination

1970–now 1980–now 2010–now

tanal = 2 min
a=0.045; yg=10.9%

nyD=6.7y (R2=0.8241)
a=0.026; yg=6.2%

nyD=11.4y (R2=0.9647)
a=0.012; yg=2.8%

nyD=25y (R2=0.8028)

tanal = 10 min
a=0.039; yg=9.3%

nyD=7.8y (R2=0.8063)
a=0.022; yg=5.1%

nyD=13.9y (R2=0.9368)
a=7.9 10-3; yg=1.7%
nyD=37y (R2=0.8740)

tanal = 30 min
a=0.034; yg=8.1%

nyD=8.9y (R2=0.7768)
a=0.019; yg=4.5%

nyD=15.7y (R2=0.9058)
a=7.3 10-3; yg=1.7%
nyD=41y (R2=0.8470)

tanal = 120 min
a=0.029; yg=7.0%

nyD=10.3y (R2=0.7776)
a=0.019; yg=4.4%

nyD=16.0y (R2=0.8972)
a=7.9 10-3; yg=1.7%
nyD=37y (R2=0.8748)

TABLE 2B: Moore’s law fitting coefficients for evolution of minimal analysis time over the years, with a = slope in equation 1, yr=yearly reduction rate 
(yr=10-a-1) and nyH=#number of years required to halve tanal (nyH =log10(2)/a) and R2 the coefficient of determination

1970–now 1980–now 2010–now

N = 10 000
a=0.049; yr=11.9% nyH 

=6.1 (R2=0.8774)
a=0.033; yr=7.9% nyH 

=9.1 (R2=0.9291)
a=0.021; yr=4.8% nyH 

=15 (R2=0.6967)

N = 30 000
a=0.046; yr=11.2% nyH 

=6.5 (R2=0.8789)
a=0.034; yr=8.1%

nyH =8.8 (R2=0.8805)
a=0.019; yr=4.4% nyH 

=16 (R2=0.8011)

N = 100 000
a=0.039; yr=9.3% nyH 

=7.8 (R2=0.8707)
a=0.034; yr=8.2% nyH 

=8.8 (R2=0.8485)
a=0.016; yr=3.7% nyH 

=19 (R2=0.8748)
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The observations that can be made from Figure 4  
(= evolution of tanal for a fixed N over the past decades) 
are very similar to those made for the evolution of N for 
a given tanal shown in Figure 3, and will hence not be 
repeated here. The average yearly reduction rates (cf. 
third column of Table 2[b]) are roughly double those of 
the increase in N (8% vs 4.5%), in agreement with the 
discussion of equations 7(a–b). An exception to this 
rule needs to be made however for the high speed/low 
efficiency separations, where the yearly progress rates lie 
closer to each other. The latter can be explained by the 
fact that these separations are typically conducted in the 
C-term dominated regime, while the above discussion of 
equations 7(a–b) is strictly speaking only valid around the 
optimum velocity. Overall, the fitting quality of Moore’s law 
is slightly less good than for the evolution of N in Figure 
3 (average R2-value = 0.88 versus 0.92). This can be 
explained by the fact that the breakthrough in performance 
made around 2005–2007 by the introduction of UHPLC 
instruments and core–shell particles has a stronger impact 
on the separation speed than on the achievable efficiency 
(t~E/ΔP versus N~ΔP/E)1/2, see equations 7[a–b]), hence 
inducing a stronger local deviation from the linear trend.

Conclusions
The present analysis shows that, after a decade of 
groundbreaking progress in the 1970s, the progress 
in chromatographic performance over the ensuing 
four decades (1980–now) nicely follows Moore’s law, 
representing and predicting a long-term exponential growth. 
The average yearly increase in achievable theoretical plates 
N for a fixed total analysis time is of the order of 4.5–6.2%, 
while the reduction of the required time needed to conduct a 
separation with given N is of the order of 7.9–8.2%. Whereas 
these percentages may not seem much at first sight, they 
correspond to an improvement with a factor 6–11 (increase 
in N), resp. 20–23 (gain in speed) when compounded over 
the last 40 years. These are truly impressive achievements.

However, progress occurs with shocks, with periods 
of sudden acceleration alternated with longer periods 
where technology advances only slowly. These outbursts 
of progress are always linked to groundbreaking events, 
such as the introduction of 400 bar instruments in the 
1970s or the introduction of the UHPLC instruments and 
the (re-)introduction of core–shell particles in the 2000s. 

The occurrence of such groundbreaking events or 
paradigm shifts is well-known to lead to deviations from 
Moore’s law, which assumes a gradual improvement of 

an existing approach. Hence the relatively low coefficient 
of determination R2 over the five-decade and one-
decade periods considered in Table 2. Since we are 
currently also living in an era with very low progress, it 
is clear the field is in need of another paradigm shift. 
The shape this paradigm shift will assume is difficult 
to predict (pillar array [18] or 3D-printed columns; 
core–shell particles with strictly radially-oriented pores? 
[19]; improved versions of the silica monolith?), but 
we should be confident that new technologies and 
new material possibilities will bring the HPLC area 
new surges of progress, as happened in the past.
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Recovering from a COVID-19 
Shutdown: Tips and Tricks 
for Starting Up, Part 1
Dwight R. Stoll1 and Tony Taylor2, 1LC Troubleshooting Editor, 2Chief Science Officer of Arch Sciences Group and Technical Director of 

CHROMacademy

COVID-19-related laboratory shutdowns are sure to cause a myriad of problems with liquid chromatography (LC) 
instrumentation across the globe. Taking a systematic approach to restarting these systems will save time and 
money in the long run, by preventing problems that may otherwise appear in days or weeks following startup.

In March of this year, many organizations 
took unprecedented steps to halt the 
spread of COVID-19, including severely 
restricting work in laboratories, or 
even shutting down entire laboratories, 
buildings, and work sites for weeks at 
a time. While some of these shutdowns 
were planned days in advance and 
executed well, I have heard many 
stories from scientists indicating that 
the shutdowns were sudden, and did 
not allow time to properly prepare 
their analytical instrumentation to be 
idle for weeks or months at a time. 
Unfortunately, this means that these 
scientists are going to encounter 
many challenges when they return to 
the laboratory, which will necessarily 
include a lot of troubleshooting to 
figure out why their systems are not 
working properly before they can 
return to their normal experience 
of producing high quality data. 

For this month’s installment of “LC 
Troubleshooting,” I’ve decided to commit 
the entire column to providing some 
tips and tricks that should be useful 
as scientists go about the process of 
restarting their laboratories. I’ve invited 

Tony Taylor to join me in sharing some 
of the advice and procedures he has 
developed over the years. Although 
we’ve never worked through pandemic-
related laboratory shutdowns and 
startups, some of our experiences with 
troubleshooting liquid chromatography 
(LC) problems during normal times 
should prove very useful under these 
strange circumstances as well.

 Dwight Stoll
As we discussed the topics to address 

in this instalment, we decided to focus on 
the challenges that are likely to appear 
most often. When the pandemic has 
passed, and we all have the chance to 
discuss problems we encountered and 
strange observations we made, we’re 
sure that the list will be very long, and 
highly diverse. In the following sections 
we’ve tackled specific aspects of LC 
systems and their operation, and tried to 
anticipate the most common shutdown-
related problems and their solutions. In 
next month’s installment, we’ll address 
other important topics, including column 
cleaning and health assessment, overall 
LC system health, and making the 
decision to start collecting data again.

We strongly encourage you to take 
care and use a systematic approach to 
bringing your LC system back on-line. A 
little effort at this point with preventative 
measures can save a lot of time and 
money later on when you are ready 
to start collecting useful data again. 
Remember that the column is the heart 
of any LC system, and arguably the 
most sensitive to potential shutdown-
related problems. Be sure to disconnect 
the column from the flow path before 
doing anything else with the system, and 
only reconnect it to the flow path after 
you are sure that the rest of the system 
(that is, solvent bottles, lines, pump, and 
flow path upstream from the column) is 
free of contamination and blockages.

A final general cautionary note here 
is that great care should be taken to 
avoid precipitation of salts inside the 
LC system. Aside from evaporation of 
water from buffer solutions, precipitation 
of buffer salts can also easily occur 
when a buffer solution comes into 
contact with a pure organic solvent. 
This is because most commonly used 
buffer salts (although inorganic salts, 
such as potassium phosphate, are 
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generally worse than organic salts 
such as ammonium acetate) are highly 
insoluble in organic solvents, such as 
methanol and acetonitrile (1). So, one 
should avoid—at all costs—a situation 
where an LC system component 
containing an aqueous buffer is flushed 
immediately with a pure organic 
solvent. Such a changeover should 
involve flushing the buffer first with 
water, and then the organic solvent.

Solvents and Buffers
Figure 1 shows a picture of a buffer 
bottle I observed in an LC laboratory 
about a year ago. The solution was 
dilute (1 mM) phosphoric acid in 
water. Even though this is fairly acidic 
(pH ~2.7), there was a very healthy 
microbial community growing inside 
(affectionately known as “floaties”). The 
good news in this particular case is 
that the scientists were able to recover 
their pumping system without any 
long-term effects; however, the column 
they were using at the time suffered 
a performance loss, and was never 
quite the same afterwards. We expect 

that this experience is going to be 
repeated in hundreds of laboratories 
as a result of the COVID-related 
laboratory shutdowns. Many of the 
aqueous buffer solutions used in LC 
(and even high-performance liquid 
chromatography [HPLC] grade water, 
if given enough time and exposure to 
laboratory dust) are environments quite 
favourable to microbes, particularly 
those in the middle of the pH range. 
Simply stated, many scientists 
are going to return to laboratories 
where they will be able to see visible 
microbial growth in the solvent bottles 
of their LCs. So…what to do?

Occasionally we have problems 
in our own laboratories with solvent 
bottles that become contaminated 
somehow, whether resulting from 
a bad lot of solvent from a vendor, 
or an instrument operator pouring 
something into the bottle that does 
not belong in there. Whenever this 
happens, our approach depends on 
whether or not the instrument is using 
mass spectrometric (MS) detection. 
If it does, our preference is to simply 
not use that solvent bottle again for 
that instrument, because if thoroughly 
cleaning the bottle requires detergent 
or other cleaning agents, the potential 
for problems associated with those 
cleaning agents is greater than the 
benefit of having a clean bottle to work 
with. For example, some detergents 
can be difficult to remove from 
glassware, to the point where they are 
not detectable by MS, and thus what 
seems like a simple bottle cleaning 
step can turn into a background 
contaminant peak in the MS that is 
detectable for months. When using MS 
detection, we feel the best solution to 
a badly-contaminated solvent bottle 
is a brand new solvent bottle. In other 
words, just get rid of the contaminated 
bottle without bothering to try to clean it.

On the other hand, if the 
contaminated bottle is on an instrument 
using a less sensitive detector (for 
example, ultraviolet-visible [UV-vis] 
spectroscopy or an evaporative light 
scattering detector [ELSD]), then 
the bottle can usually be cleaned 
without major impact on the rest of 
the system. After discarding the 
contaminated solvent, wash thoroughly 
with a detergent designed for use 
with glassware, rinse four times with 
HPLC-grade water, and finally with 
HPLC-grade organic solvent. We find 
that working through a series of organic 
solvents of increasing dipolarity—
such as cyclohexane, acetonitrile, 
and methanol (in that order)—is 
effective for removing contaminants of 
varying degrees of dipolarity. Before 
use again on the instrument, be 
sure to rinse with whatever solvent 
you plan to put in the bottle.

Now, if you come back to your 
laboratory and find microbes in your 
solvent bottles, then the solvent line 
feeding the pump is also contaminated, 
in addition to the solvent bottle itself. 
Before putting this solvent line back into 
the solvent bottle you have just cleaned, 
consider what exactly you will do with the 
solvent line. Again, if this is an LC–MS 
instrument, you should seriously consider 
replacing the entire solvent line and 
solvent inlet filter that goes in the solvent 
bottle. In any case, if the solvent inlet 
filter is porous—whether sintered glass 
or stainless steel—just throw it away, 
and replace it with a new one. These 
porous filters are perfect environments 
to support microbial growth, and getting 
them truly clean after they have been 
contaminated is extremely difficult. Inlet 
filters that are based on screens or mesh 
are more easily cleaned. Remove the 
filter from the solvent line, remove the 
visible debris with a brush, and then 
soak in detergent, followed by several 

FIGURE 1: Image of an LC solvent bottle 
with visible (cloudy) microbial growth.

286 LCGC Europe  June 2020

LC TROUBLESHOOTING



rinses with water, and finally organic solvent. Sonicating sintered 
glass filters should be avoided, but sonicating plastic or metal 
ones is okay. As with the bottle, rinse the filter a few times with 
the solvent you intend to use it with before putting it in the clean 
bottle. For the solvent line itself, it is best to remove the line 
from the pump and attach a syringe (10 mL or so will do) so 
that you can pull large quantities of rinsing solvent through the 
line. For older systems that have degasser modules separate 
from the pump itself, disconnect the solvent line at the pump 
so that you can pull cleaning solvents through the degasser 
also. Pulling detergent solution through the degasser should be 
avoided, because this may persist in the tubing for a long time. 
We find that using warm water (up to 60 °C) is quite helpful for 
flushing the internal tubing of the degasser. For newer pumps 
with integrated degassers, it should be sufficient to disconnect 
the solvent line at the inlet to the degasser on the pump unit. 
Using the same steps as with the bottle and filter, pull each 
liquid through the solvent line as a means of rinsing the inside 
of the line. For older systems with degassers that have large 
internal volumes, something on the order of 50 mL of each liquid 
will be enough to give the solvent line and degasser a good 
flush. With newer systems where you only need to flush the line 
external to the pump, 10 mL or so should be good enough.

Dirty and Dried-Out Pumps
Before attempting to move any liquid through the pump itself, 
it is best to disconnect the high pressure outlet capillary 
from the pump and connect a waste line running to a waste 
container to collect whatever goes through the pump until you 
are confident that the pump is delivering clean, debris-free 
solvent. If it is obvious that one or more solvent lines has been 
contaminated with microbes, it will be best to flush the pump 
thoroughly with clean solvent before connecting the pump to 
the rest of the system. Our approach to this step is to put all 
of the solvent lines associated with the pump (typically two 
for a binary pump or four for a quaternary pump) into a single 
bottle of HPLC-grade water, and run 30 mL of water through 
each channel of the pump. Next, put all of the solvent lines 
into a single bottle of isopropyl alcohol (IPA), and run 30 mL of 
it through each channel. Finally, move each solvent line back 
to its respective solvent bottle (for example, one in water, one 
in buffer, and one in acetonitrile), and flush each channel 
with 30 mL of the solvent intended for use in the method.

It is important to recognize that there are some filters 
in modern LC systems that might be easy to overlook. 
It is always helpful to consult the technical manual 
for your LC system to see where these might be. For 
example, some pumps have porous frits or screens on 

the upstream side of the inlet check valve. Other pumps 
have porous frits on the downstream side of the outlet 
check valve. These can also suffer from partial or total 
obstruction, leading to inconsistent flow (if on the inlet 
side), or higher than expected pressure (if on the outlet 
side). If you know you are dealing with a situation where 
it is likely these filters or screens have been fouled due 
to prolonged inactivity of the pump, microbial growth, 
or other debris, it will be a good idea to simply replace 
these filters or screens at the beginning of your startup 
process. If you want to try cleaning them before replacing, 
remove and sonicate in warm water for 10 min, followed 
by IPA for 10 minutes. If problems persist that are 
attributed to these parts, just replace them entirely. 

If the pump has dried out completely because it was left 
on with an empty solvent bottle, it can be difficult to remove 
air bubbles from pump heads during startup. Air bubbles 
can also accumulate in pump heads if the system is not 
used for an extended period of time. In our experience, the 
best way to resolvate a completely dry pump or remove air 
bubbles from the pump heads is to purge thoroughly with 
IPA, because it wets most materials used in LC pumps well.
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Once the pump has been thoroughly 
purged with clean solvent and it is 
delivering the expected flow from 
each channel at low pressure, it 
can be connected to the rest of the 
system. Again, take care to be sure 
that, if the rest of the system contains 
a buffer solution, the first solvent 
pumped from the clean pump to the 
rest of the system is water, so that 
precipitation of salts can be avoided.

Component Blockages Due 
to Precipitation and Debris
Some users will return to their 
laboratories to find that there is a 
significant obstruction somewhere in 
their LC system that is preventing flow at 
reasonable pressures. This obstruction 
could result from debris associated with 
contaminated solvents, pump or valve 
seal material if salt precipitation occurs 
in those components, or precipitation 
of salts inside some other components 
such as a connecting capillary. The first 
step in resolving such obstructions is 
to clean the pump as discussed above, 
and make sure it will pump water with 
a waste tube connected directly to the 
high pressure outlet of the pump. Then, 
systematically add one connection or 
component at a time, working your way 
from the pump outlet toward the detector. 
In most systems, the next component 
after the pump will be the autosampler, 
with a fairly long connecting capillary 
between them. Disconnect this capillary 
from the sampler, connect it to the pump, 
and see if you can pump water through 
this capillary at reasonable pressure; 
what pressure is reasonable depends 
on the dimensions of the capillary. A 
benchmark to remember is that the 
pressure drop across a 300 mm length 
of 120-µm i.d. (0.005 in.) capillary when 
pumping water at room temperature and 
1 mL/min is about 10 bar. If you double 
the length of this capillary, the expected 

pressure will double. If you double the 
diameter, the expected pressure drops 
by a factor of four. In our experience, it is 
best to simply replace the capillary if the 
pressure is more than two times higher 
than the expected pressure after 5 min 
of flushing with water. Once you have 
verified that this capillary is okay, either 
by flushing or replacing it, then the next 
likely component is the autosampler 
itself. Here there are multiple sources 
of potential obstruction, including the 
sampler needle and needle seat capillary 
in the case of a flow-through needle 
design, or a sample loop capillary if 
using a fixed volume injection design. 
If the pressure increases dramatically 
when the sampler is reconnected, then 
it is likely that one of these components 
is obstructed. Occasionally, this can 
be resolved by removing the capillary 
and sonicating in warm water, but the 
easy fix is to simply replace a capillary 
that you know is obstructed based 
on the pressure it adds to the system 
when it is in the flow path. You should 
keep adding one component at a 
time to the flow path until you discover 
the one that is obstructing the flow.

Finding the component in a system 
that is leading to higher-than-expected 
pressures can be tricky sometimes, but 
most of the time the systematic approach 
described here will identify the culprit.

One other component that deserves 
special mention here is the flow cell 
of optical detectors. Most UV and 
fluorescence detectors have quartz 
components in contact with the mobile 
phase that can be damaged if left in 
contact with highly alkaline solutions 
for extended periods, or contaminated 
by microbial growth or other particles 
that will reduce the transmission of light 
through the flow cell. Most manufacturers 
recommend flushing the flow cell with 
warm water (up to 60 °C), followed by 
IPA. If excessive noise or poor sensitivity 

are observed after cleaning, the flow 
cell windows may have to be replaced.

Summary
Given the variety of ways different 
laboratories were shut down early on in the 
global COVID-19 outbreak, it is likely that 
LC users will encounter a wide variety of 
problems with their instruments when they 
return to their laboratories and resume work 
with their instruments. In this instalment of 
“LC Troubleshooting”, we have highlighted 
some of the problems we expect users 
to encounter most frequently, and made 
suggestions for resolving these problems 
in a systematic and efficient way. Taking 
the time to thoroughly clean and examine 
your LC system when you return to the 
laboratory will pay dividends later by 
avoiding costly interruptions to normal work.
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Stability Studies and Testing of 
Pharmaceuticals: An Overview
Kim Huynh-Ba1 and Michael W. Dong2, 1Managing director of Pharmalytik LLC., Adjunct Professor at Temple University’s School  

of Pharmacy, Philadelphia, USA, and Illinois Institute of Technology, Chicago, USA, 2Perspectives in Modern HPLC Editor

This instalment is the first in a series of three white papers on stability studies and testing of pharmaceuticals, 
as well as the development and validation of stability-indicating high performance liquid chromatography 
(HPLC) methods. The series is co-authored by Kim Huynh-Ba, a subject-matter expert on stability testing 
and regulatory compliance, and Michael Dong, the columnist on “Perspectives in Modern HPLC”. This 
first instalment provides a comprehensive and updated overview of stability studies and testing of small 
molecule drugs, current regulatory requirements, and industry practices for forced degradation, as well 
as possible approaches for reduced testing and data evaluation to expedite stability study timelines. 

Determining product shelf life 
is a regulatory requirement for 
pharmaceuticals and many other 
regulated consumer products. The 
shelf life of medicines is set following 
stringent regulations; therefore, efficient 
application of stability science is 
critical. The shelf life (expiration dating 
or expiry) is displayed on labels of 
pharmaceutical products to ensure 
the integrity, quality, and potency of 
the product when used within that 
time period. Shelf life is established 
using data that are generated to verify 
the label claim, and approved by the 
regulatory agencies. An expiration date 
is required by regional laws to ensure 
the safety, efficacy, and quality of the 
drug products, and that these criteria 
are maintained throughout the labelled 
shelf life of the pharmaceutical product. 

Most companies have established 
standard operating procedures 
(SOPs) to supplement regulatory 
guidelines to provide more specific 
details, and ensure that stability studies 
are appropriate for their specific 

product types. Nevertheless, stability 
programmes and their practices can 
vary widely, particularly between 
large and small pharmaceutical 
companies, often due to depth of 
knowledge and available resources. 
The primary aim of this paper is 
to increase understanding of the 
science, best practices, and regulatory 
expectations of stability programmes.

The stability profile, a critical quality 
attribute (CQA) of a pharmaceutical 
entity, is based primarily on the 
physicochemical properties of the drug 
substance (DS) and drug product (DP). 
The DS is the active pharmaceutical 
ingredient (API), with small amounts of 
impurities and degradation products. 
A DP typically contains a single DS; 
when the DP formulation has more 
than one DS, it is referred to as a 
combination product. For example, 
many over-the-counter (OTC) products 
contain multiple active ingredients. 
For small-molecule orally delivered 
DPs, such as tablets or capsules, a 
typical expiration period is two to five 

years under room temperature storage. 
Table 1 summarizes the characteristics 
of stability studies and testing. Each 
is discussed further in this paper.

In this paper, we use solid oral 
dosage forms, such as tablets 
or capsules, as examples. Four 
types of testing for orally available 
products, listed in Table 2, are 
discussed. Biological products 
are not covered here.

Other dosage forms such as 
parenterals also have similar types 
of tests, including identity, chemical 
testing (assay and impurities), physical 
testing (pH, clarity, particulates), 
and sterility tests as appropriate. 

Stability Studies in  
New Drug Development
During drug discovery, the medicinal 
chemist focuses on synthesizing new 
chemical entities (NCEs) that interact 
selectively with the molecular targets 
(such as receptors or enzymes), 
leading to potential disease mitigation 
(1). The structural motifs of a leading 
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TABLE 3: Storage conditions established by the ICH Q1A (R2) guideline for zones 1 / 2

Label Conditions Storage Conditions Storage Conditions to be Studied

Controlled room  
temperature

Long-term storage 25 ± 2 °C and 60 ± 5% RH

Intermediate condition 30 ± 2 °C and 65 ± 5% RH

Accelerated condition 40 ± 2 °C and 75 ± 5% RH

Refrigerated Refrigerated condition 5 ± 3 °C

Freezer Freezing condition –20 ± 5 °C

NCE candidate are then optimized 
for biological activities and safety 
by the synthesis of a series of 
analogues. The optimization tools 
include in vitro and in vivo animal 
studies (such as biochemical target 
binding, biomarkers, or animal models), 
bioavailability (pharmacokinetics), and 
toxicological evaluations (1,2). The 

desired NCEs need to be reasonably 
stable to be viable drug candidates, 
which are scaled up for clinical 
trials using simple formulations. 
Eventually, the final DS is formulated 
into a commercial drug product, and 
submitted for regulatory approval. 

In most pharmaceutical companies, 
the nomination of an NCE to the 

status of a drug development 
candidate triggers the formation of a 
multidisciplinary technical development 
team. This team is responsible for 
taking the drug candidate into clinical 
trials in humans, and eventually 
to drug approval, production, and 
commercialization. The team is 
responsible for activities referred to 

TABLE 1: Summary of characteristics of stability studies and testing

Stability Study Characteristics Stability Testing Characteristics

Stability studies must be conducted to meet  
regulatory expectations

• Drug regulations require expiration dates to be posted on the labels for all 
pharmaceutical products.

• Stability data of DS and DP are submitted to regulatory agencies.

Stability studies fall into different types

• Formal stability studies are used to justify storage conditions and the expiration dating 
of a packaged product. 

• Other studies are secondary or those used to support the primary stability data set. 
• Stress studies include photostability studies and studies that support temperature 

excursions throughout the supply chain.

Studies are conducted under 
multiple storage conditions

• Stability studies are conducted at several environmental conditions based on the 
desired labelled storage conditions. 

• For products to be stored at room temperature, studies are conducted at room 
temperature and accelerated conditions. Intermediate condition can be studied if 
samples at accelerated conditions may not meet room temperature specifications.

• Refrigerated or freezing conditions are used for products that are not chemically stable 
at room temperature (such as biologics).

Stability-indicating analytical 
procedures must be followed

• Attributes that change over time are required to be assessed in a stability study.
• The chemical, physical, microbiological, and performance characteristics of DP must 

meet acceptance criteria throughout the shelf life.
• Forced degradation studies are performed to challenge the stability-indicating power of 

the method and to evaluate the major degradative pathways of the API.

Stability studies are resource intensive • Stability testing consumes a significant part of internal analytical testing 
and outsourcing resources of pharmaceutical companies.

TABLE 2: Four categories of stability tests for tablet or capsule drug products

Category Typical Tests

Chemical testing The primary stability-indicating assay is typically an HPLC-UV method for potency and chemical 
impurities. Others are tests for chiral impurities (HPLC-UV) and moisture (Karl Fisher).

Physical testing Tests for appearance, colour, solid-state characterization (crystallinity, polymorph 
by X-ray power diffraction [XRPD]), thermal methods).

Performance testing Dissolution (or disintegration) tests to measure the rate of release of the solid dosage form.

Microbial limit testing Tests indicated in USP General Chapters <61> and <62>.
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in regulatory documents under the 
heading of “Chemistry, Manufacturing, 
and Control” (CMC), and thus the 
team is often called the CMC team. 

Stability studies for clinical trial 
materials (CTMs) are conducted to 

monitor their CQAs and help identify 
which formulation will result in a 
successful candidate for regulatory 
submission. In the United States, an 
expiration date is not required on the 
label of a CTM, but this is required 

in many countries, such as those in 
Europe. Forced degradation studies 
(also referred to as stress studies) 
are used to challenge the stability-
indicating power of the analytical 
method. The accelerated studies, 

TABLE 4: An example of stress conditions for drug substance

Factor Being 
Studied

Conditions Time

Light
a)   Open dish
b)   In the immediate container
c)   In the secondary container

Q1B exposure levels 
(2x to 10x)

Heat (solution) a)   60 °C Up to 24 h

Heat (solid) a)   50 °C, 60 °C, 70 °C, 80 °C Up to 24 h

Accelerated stability a)   Open dish 40 °C/75% RH or greater
b)   In the immediate container Up to 7 d

Peroxide a)   3% peroxide at RT* 
b)   3% peroxide at <40 °C

a)   30 min to 2 h 
b)   30 min to 2 d

Acid (solution) a)   0.1–1 N HCl (at RT) 
b)   0.1–1 N HCl (at 60 °C)

a)   30 min to 2 h
b)   30 min to 2 d

Base (solution) a)   0.1–1 N NaOH (at RT) 
b)   0.1–1 N NaOH (at 60 °C)

a)   30 min to 2 h 
b)   30 min to 2 d

* RT = room temperature
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which require storage under higher 
temperature and humidity compared 
to normal room-temperature conditions, 
allow the samples to degrade at a 
faster rate. Data from accelerated 
studies may be extrapolated to 
project the results of a longer-term, 
controlled-room-temperature study. 
Most pharmaceutical products 
exhibit a linear degradation trend. 
Based on the stability data, a retest 
period is assigned to the DS, and 
an expiration date to the DP. 

The CMC team typically consists 
of scientists from various functions, 
such as process chemistry (synthetic 
organic chemistry), formulation 
(pharmaceutics), analytical chemistry 
(analytical development and quality 
control [QC]), pharmacokinetics and 
drug metabolism (PKDM), outsourcing, 
regulatory affairs, supply chain, and 
project management. The degree 
of involvement depends on the 
development phase. For example, the 
analytical development chemist is 
more involved in the discovery and 

early-phases of development to support 
DS and DP processes. In contrast, 
quality control chemists and regulatory 
staff are more active in the later 
clinical phases for CTM manufacturing 
and regulatory filings (3,4). Some 
of the team activities include: 
• Conducting the necessary 

synthetic process scale-up of the 
DS (process chemistry staff)

• Performing detailed characterization 
of the API, developing and validating 
analytical procedures for DS and 
DP, and identification of critical 
impurities and degradation products 
(analytical development staff)

• Finding the optimum solid-state 
form (salt, crystallinity) or polymorph 
of the API (analytical staff) 

• Conducting stability studies to 
support clinical development and 
registration (analytical and QC staff) 

• Designing and developing processes 
for formulations of CTMs and the final 
commercial DP (pharmaceutics staff) 

• Setting acceptance criteria for 
CQAs (specifications) to monitor 

clinical quality and establishing 
commercial specifications 
(QA and regulatory staff) 

• Manufacturing CTMs (CMC 
team and outsourcing and 
project management staff) 

• Assembling the CMC submission 
package for regulatory filings 
(CMC team and regulatory staff). 
In this series of white papers on 

stability testing, we focus on the 
tasks performed by the analytical 
development and QC scientists 
within the CMC team. The first task 
for the analytical chemist assigned 
to the CMC team is to develop 
a reasonable stability-indicating 
method for monitoring the quality 
of CTMs. This method is typically 
a “composite” analytical procedure 
that determines both the potency of 
the API and chemical impurities of 
the DS. Ideally, it can also be used 
for the assessment of DP samples. 
Once a feasible analytical procedure 
is established, forced degradation 
studies are performed to evaluate the 

TABLE 5: An elaborate forced degradation protocol used in an automated laboratory

Stressing Condition Temperature (°C) Stressing Time (days)

Water 70 0, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 5, 7

0.1 N HCl 70 0, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 5, 7

0.1 N NaOH 70 0, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 5, 7

0.3% H2O2 Ambient 0, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 5, 7, 10, 14

Cool White Fluorescent Light (solution) Ambient 0, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 5, 7, 10, 14

Cool White Fluorescent Light (solid) Ambient 0, 1, 2, 3, 5, 7, 9, 10, 11, 12, 13, 14

Suntest—UV and Visible Light (solid) Ambient 8 h (1xICH), 16 h (2xICH)

PH 2 Buffer 70 0, 1, 3, 5, 7

PH 4 Buffer 70 0, 1, 3, 5, 7

PH 6 Buffer 70 0, 1, 3, 5, 7

PH 8 Buffer 70 0, 1, 3, 5, 7

PH 10 Buffer 70 0, 1, 3, 5, 7

In solid form at ambient humidity
Week 1: 60 
Week 2: 70 
Week 3: 80

0, 1, 3, 5, 7, 8, 10, 12, 14, 15, 17, 19, 21

In solid form at 75% RH
Week 1: 60 
Week 2: 70 
Week 3: 80

0, 1, 3, 5, 7, 8, 10, 12, 14, 15, 17, 19, 21
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specificity of the analytical procedure. 
This method is used in the release 
testing of the early clinical batches and 
testing of samples from initial stability 
studies to support clinical trials (3–5). 

The stability-indicating assay and 
impurities method is typically a gradient 
reversed-phase high performance 
liquid chromatography (HPLC) method 
with UV detection that can separate 
the API and all the known impurities 
and degradation products (5). This 
method is validated to ensure adequate 
analytical performance (specificity, 
linearity at 100% target concentration 
and expected impurities concentrations, 
accuracy, precision, sensitivity, 
and solution stability) for “formal 
stability studies” (defined as studies 
conducted under Good Manufacturing 
Practices [GMP]) supporting the 
establishment of expiration dates 
for regulatory filings (5,6). Details on 
the development and validation of 
the stability-indicating methods will 
be covered in the second and third 
instalments of the series. Forced 
degradation and stability studies are 
discussed in later sections here.

A better understanding of 
stability studies and their regulatory 
requirements is essential for the 
analytical chemist for several reasons 
(6,7). First, these studies require 
many different tests (shown in Table 
2) on multiple batches stored at 
different storage conditions and 
pulled at numerous time intervals. 
Second, the process development 
or formulation scientists may request 
many experimental batches of DS or 
formulations to be placed on stability, 
leading to redundant testing, bringing 
little added value if not managed with 
a science- and risk-based approach. 
Therefore, a better understanding 
of the design, intent, and best 
practices of stability studies and a 

proper interpretation of associated 
regulations can lead to more efficient 
implementation of stability programmes. 

Objectives of this Article 
In this instalment, we discuss:
• Regulations and regulatory 

expectations of stability programmes 
• The goals of forced degradation 

studies and examples of 
forced-degradation protocols

• A strategy for conducting stability 
studies to expedite regulatory filings

• Modern predictive stability software 
tools and statistical approaches 
to expedite stability studies in a 
science- and risk-based approach. 

Regulations and Regulatory 
Expectations of Stability 
Programmes
Stability is a Critical Quality

Attribute for Pharmaceuticals

In the Quality by Design (QbD) 
approach, CQAs describe the 
properties or attributes pertinent 
to product quality (8–11). For 
pharmaceutical products, CQAs 
are characteristics that impact 
the safety and efficacy of drug 
products. Acceptable limits or product 

specifications must be established and 
verified by release testing (11). Stability 
studies of DS and DP are conducted 
throughout the drug development 
process, from the preclinical stage 
to final product approval, with the 
study size dependent on the phase 
of development. The initial analytical 
development activities include the 
development of analytical procedures, 
establishment of acceptance criteria, 
forced degradation studies, DS and 
DP method validation, and stress 
tests (3,4,12). In early phases, stability 
studies may be conducted under 
limited accelerated conditions, and 
often without a fully validated suite of 
analytical methods. CTMs are released 
against a set of acceptance criteria 
(such as specifications) for clinical use 
by the Quality Assurance (QA) group.

Once a product proceeds to Phase 
3 development and preparation 
for product registration, GMP 
regulations must be followed for 
finished pharmaceutical products 
starting from the registration batches 
(13). The registration batches and 
commercial products destined to 
be distributed for patients’ use must 
undergo stringent release testing by 

TABLE 6: Typical forced degradation studies for drug product of a solid-dosage form

Forced degradation study Suggested conditions

Heat Expose drug products at 50 ºC for up to 1 month

Humidity Expose drug products to 40 ºC and 75% 
RH and 25 ºC and 90% RH

Photostability Expose drug product in a petri dish without 
cover at twice or three times the ICH Q1B exposure level

TABLE 7: Typical stability studies to support early-phase clinical trials

Intended Storage Conditions to Be Studied Time Points (in Months)

Room temperature

25 ºC and 60% RH
or 30 ºC and 65% RH

Time point zero, 1, 2, 3, 6, 9, 
and 12, or end of the study

40 ºC  and 75% RH 1, 2, 3, 6

Refrigerated
2–8 ºC Time point zero, 1, 2, 3, 6, 

9, and 12, or end of study

25 ºC and 60% RH 1, 2, 3, 6
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QC to meet the established commercial 
specifications for identity, purity, 
potency, and quality of the finished 
product. While QC performs release 
testing of the registration batches 
and issues a Certificate of Analysis 
(CoA), it is officially released and 
signed-off by the QA group (or by a 

“Qualified Person” [QP] in European 
Union pharmaceutical regulation) for 
market distribution after receiving 
approval. A portion of the registration 
batches is generally used for “formal 
(registration) stability studies”, and 
upon commercialization, stability 
samples are evaluated annually in 
marketed product stability programmes. 

Stability testing of CTMs typically 
includes tests for appearance, 
identification and quantification (assay), 
impurities, dissolution (for solid dosage 
forms), moisture, and additional 
physical characterizations such as 
X-ray powder diffraction (XRPD) tests 
for crystallinity and polymorph form. 
This set of tests (customized for the 
specific DS or DP, or compendial 
tests) is documented in the product 
specifications. They must be used 
to assess the identity, physical form 
(colour, size, and crystallinity), purity 

(chemical and chiral purity) (3,4), water 
content, performance (dissolution), 
and microbial activity (4,14,15), to 
ensure that drug quality is maintained 
throughout the stability studies.

In a stability study, representative 
batches of pharmaceuticals 
are stored in controlled stability 
chambers at different temperatures 
and relative humidity (RH) levels in 
proposed packaging (containers, 
closure systems) (6,7). These 
storage conditions represent long-
term, accelerated, or stress storage 
conditions. Samples are periodically 
removed from these chambers 
according to a pre-approved 
schedule, and tested to verify 
that the pharmaceutical products 
meet specifications within the 
established expiration date under the 
recommended storage and packaging 
conditions. Formal stability testing 
to support regulatory filings must be 
conducted with validated methods 
according to GMP regulations (13,16). 
These stability data are also used to 
support the manufacturing, registration, 
shipping, and transportation of 
commercial products. Furthermore, 
stability data are collected through 

clinical formulation phases, process 
development, proposed packaging 
selection to establish the drug 
product’s shelf life, storage conditions, 
and commercial specifications. 

Post-marketing studies are 
conducted to verify that any changes 
to raw material, manufacturing steps, 
or container or closure systems 
have not affected the DP through its 
expiration date based on product 
commitment. Any planned change 
of raw material, manufacturing, or 
packaging must be evaluated to 
determine if additional stability studies 
or regulatory filings are needed.

The United States Food and Drug 
Administration (FDA) has determined 
that the stability profile is a critical 
attribute of a pharmaceutical product. 
Therefore, stability studies are necessary 
to support any submission such as an 
Investigational New Drug (IND), New 
Drug Application (NDA), or Abbreviated 
New Drug Application (ANDA) filing 
(1). The stability data packages within 
the CMC section are typically the most 
extensive non-clinical sections in these 
submissions. They include tabulated 
data, graphs, narratives to summarize 
the stability profile of the packaged 
product to justify specifications, and 
proposed expiry for the product.

Harmonization of Regulations: 

ICH Quality Guidelines 

for Stability Studies

Given that stability testing is expensive 
and labour-intensive, it is imperative to 
understand the regulatory requirements 

TABLE 8: Example of a simple bracketing design

Strength 50 mg 100 mg 250 mg 500 mg

Batch A B C A B C A B C A B C

Container size

50 mL T T T - - - - - - T T T

100 mL - - - - - - - - - - - -

250 mL T T T - - - - - - T T T

TABLE 9: Examples of factors to consider in bracketing

1. Container size
2. Container wall thickness
3. The surface area of the volume
4. The volume of the product
5. The weight of the product
6. The permeability rate of water per dosage unit
7. The strength of a similar drug/excipient drug ratio
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and their intent to avoid unnecessary 
studies. In addition, regulations vary 
significantly from country to country, 
which impacts the cost of new drug 
development and the registration 
timeline for a global product launch. 
Therefore, in the early 1990s, the 
International Council for Harmonisation 
of Technical Requirements for 
Pharmaceuticals for Human Use (ICH), 
consisting of representatives from 
regulatory agencies and scientists from 
pharmaceutical industries, was formed. 
The council’s role is to harmonize the 
quality requirements for pharmaceuticals 
to minimize redundant testing, and 
reduce the time and cost of new product 
development. The ICH stability guideline, 
ICH Q1, was the first quality guideline 
established by the council, indicating 
the significant need for harmonization 
of global stability requirements.

The ICH initially harmonized three 
geographic regions: the United 
States, the European Union, and 
Japan, which encompassed Zone 
1 and Zone 2 of the World Health 
Organization (WHO) climatic zones. 
However, many countries outside 
Zone 1 and 2 joined the ICH, or 
voluntarily adopted these guidelines 
later with various modifications. The 
current stability guideline (Q1A [R2]) 
harmonized the storage conditions, 
frequency of required testing, and 

the minimum amount of data needed 
for registration (6–8). Table 3 lists 
the stability storage conditions 
established by ICH Q1A (R2) (8).

Forced Degradation Studies

Forced degradation studies, or stress 
testing, are required by regulations 
and scientific necessity during the 
initial method development process, 
according to ICH Q1A (R2) and ICH 
Q2 (R1) (8,16). Although regulations 
mandate that these studies must be 
performed, the guidance does not 
provide directions on procedures or 
conditions to use. The actual protocols 
employed appear to vary widely in 
different organizations. An overview 
of the chemistry fundamentals of 
drug forced degradation studies and 
best practices can be found in books, 
articles, and other resources (17–20).

Forced degradation studies 
are performed to investigate the 
major degradative pathways of the 
DS and DP and support the initial 
development of the DS stability-

indicating methods (3,5,12). High-
stress conditions are employed to 
subject DS and DP to conditions 
more severe than accelerated 
conditions to serve several purpose: 
• To rovide insight into the degradation 

pathways of DS and DP and 
their mechanisms, facilitating the 
development of stable formulations 
and selection of suitable packaging

• To obtain samples to verify method 
specificity and structure elucidation 
of significant degradation products

• To allow the differentiation of 
impurities and degradation 
products from the DS, excipients, 
and other interference 

• To facilitate the rapid establishment 
of CQAs for selection or 
elimination of selected testing.

• To rapidly identify any excipient 
incompatibility issues with the DS

• To generate potential data to support 
the justification of specifications. 
Forced degradation studies are 

conducted under high temperature, 
humidity, acid/base, oxidative, and light 

TABLE 10: An example of a two-thirds factorial matrixing design

Timepoint Months on stability

Batch 0 3 6 9 12 18 24 36

Strength 1

A T T - T T - T T

B T T T - T T - T

C T - T T T T T T

Strength 2

A T - T T T T T T

B T T - T T - T T

C T T T - T T - T

T = for stability testing scheduled for that timepoint

TABLE 11: Examples of factors for which matrixing can be considered

1. Different batches
2. Different concentrations
3. Different filling
4. Different container size
5. Different closure composition
6. Different closure system
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conditions in both solid and solution 
states. Table 4 lists an example set of 
stress conditions for DS. An important 
goal of forced degradation studies 
is to generate a potential level of 
degradation products that may form 
during manufacturing and on stability 
storage. Typically, forced degradation 
studies are conducted until a 5–20% 
loss of API is observed (18,19). This 
range is set to produce a reasonable 
amount of degradation products to 
facilitate method development and to 
avoid secondary degradation products 
from an unstable degradant (which 
are not observed under actual stability 
conditions). It should be noted that 
the conditions should be selected 
based on the physicochemical 
properties of the individual DS and DP. 

Thermal Degradation

The effect of temperature is studied 
by exposing the drug substance 

to high temperatures in increments 
of 10 oC from 50 to 80 oC. Thermal 
degradation is the primary degradation 
pathway of the DS in the solid state. 

Solution State Acid/Base Degradation

Solution-state degradation 
mechanisms may be different, 
and should also be explored. 

If the drug substance is not soluble 
under aqueous conditions, then a 
small amount (up to 10%) of organic 
solvent (acetonitrile or methanol) can 
be used to solubilize the DS, and 
the acid or base can then be added 
to stress the samples. Attention 
should be given to the functional 
groups present in the drug molecule 
when selecting a co-solvent (20).

It is not advisable to use a high 
concentration of acid or base, 
because doing so is neither practical 
nor necessary. A few papers have 
suggested a series of extensive steps of 

pH changing from pH 2 to pH 10 buffer. 
It may not be necessary as a routine 
practice, unless for a specific DS or as 
part of a stress Design of Experiments 
(DoE) to establish a stability model (22). 

Photostability

Photostability studies are essential, and 
must be performed to generate primary 
light-induced degradation products 
by subjecting one representative 
batch of the DS to the light exposure 
listed in ICH Q1B. The standard light 
exposure is 1.2 million lux hours of 
visible light and 200 lux hours of 
near UV, with storage conditions 
controlled at room temperature.

These studies can be repeated when 
there is a change of DS samples, such 
as a new synthetic route, with different 
crystallinity form, different supplier, 
or a change of DP formulation. 

During the method development 
phase, forced degradation samples 

TABLE 12: Example of a stability data record (6)

STABILITY ANALYTICAL RECORD

Sample Name: 
Lot #: 
Study #: 
Protocol #: 
Study Start Date: 
Study Purpose:

Manufacturing Date:
Manufacturing Site:
Expiration Date:
Testing Site:
Packaging Site:

Storage condition:
Sample Orientation 
(if applicable):
Packaging Information:
Packaging Date:

Test Name Method
Acceptance 
Criteria

Time Zero 1 Mo 2 Mo 3 Mo 6 Mo 9 Mo 12 Mo

Pull Date

Test Date

Appearance

Assay

Impurities 
    Individual 
    Total

Dissolution 
    Average 
    % RSD 
    Range

Moisture

Completed By: Date:

Reviewed By: Date:

Approved By: Date:
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are typically evaluated using a 
preliminary mass spectrometry (MS) 
compatible HPLC method with a 
photodiode array detector (PDA) 
to collect information on peak area 
under the curve. The MS and PDA 
data are used for peak tracking, peak 
purity assessment, identification of 
degradation products, impurities, 
and interferences (3,5,19).

Table 5 shows an example of a 
more extensive, elaborate forced 
degradation protocol used by a 
pharmaceutical laboratory to collect 
data for most of their NCEs using a 
four-temperature thermal stressing 
condition matrix (ambient, 60 oC, 
70 oC, 80 oC) for acid, base, oxidative, 
light, humidity, buffered solution, and 
prolonged stressed duration (up to 21 
days). This sample-intensive protocol 
was made feasible by this centralized 
and automated laboratory specializing 
in supporting forced degradation 
studies for the development site. The 
laboratory utilized automated sample 
storage and retrieval system called 
“Powderium” (a powder dispensing 
workstation), robotics, programmable 
liquid handling, and refrigerated 
storage of quenched samples (18,19). 

Table 6 provides a summary of 
forced degradation studies performed 
on solid dosage forms. Note that acid, 
base, and oxidative exposures are not 
used, because these conditions are 
not representative of realistic storage 
or exposure situations. The length 
of exposure should be evaluated 
carefully, depending on the dosage 
forms or the formulation. For example, 
capsule formulations or film-coated 
tablets may not be able to withstand 
a temperature higher than 60 oC 
for an extended length of time. 

Similar to the DS, a goal of 
5–20% loss of active ingredient is 
recommended. If DS or DP is stable 
and the desired degradation level 
cannot be reached under high-

stress conditions, studies should be 
terminated. Overstressing a sample 
may lead to secondary degradation 
products that are not present in 
formal stability studies. In contrast, 
understressing may lead to insufficient 
degradation products for method 
development or identification (12). 
For each condition of the forced 
degradation study, the chromatogram 
is compared with that of a control 
sample to document the mass 
balance of the API (% loss of API) 
and % degradation (normalized 
peak area %). For all conditions, the 
peak shapes and peak purity (by 
PDA and MS) of all components 
should be assessed for coelution or 
presence of interferences (3–5).

TABLE 13: Questions about the conclusions of a stability report

►   What is the stability profile of the product? 
►   Are all lots within the stability trend of the product?
►    Can differences be attributed to a particular factor such as packaging or strength?
►   Do all tests meet specifications?
►   Is there any test closely monitored? Are there any tests to be performed more often?
►   Is there any package closely monitored? Is there any package to be tested more often?
►   Do all tests meet specifications?
►   Do the data support the expiration date?
►   Are there any stability trends?
►   Discuss any out-of-specification investigation.
►   Discuss any statistical evaluation of the data set.
►    Would the stability database be satisfactory to the proposed or approved expiration dating?
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Accelerated and stress studies 
are performed to induce quicker 
degradation than would be observed 
in recommended storage conditions. 
Results from these studies are 
used to estimate the stability profile 
of the DS and DP at long term 
storage conditions, establish the 
actual degradation pathways, and 
demonstrate the intrinsic stability of 
the DS. It is recommended that these 
studies be implemented under GMP 
conditions because the results of these 
studies may be used as supporting 
information in regulatory document 
packages. Full shelf-life studies are 
still needed to verify the retest date of 
the DS and expiration date of the DP. 

While discussions on forced 
degradation studies for NCEs in 
NDA applications are generally 
plentiful, those for ANDA are often 
insufficient and may result in regulatory 
deficiencies. For instance, the impurity 
profiles may not be completely 
derived or sufficiently discussed (20). 
In addition, the labelling for generic 
drug products should be concordant 
with that of the reference listed 
drug (RLD) and with a compendial 
monograph, as applicable (20). 

Stability Storage

Stability samples are kept in a 
controlled temperature in humidity 
stability chambers. The ICH Q1A 
(R2) guideline requires that these 
chambers be controlled within ±2 °C 
and ±5% RH for chambers operated at 
25 °C/60% RH, 30 °C/65% RH, and 40 

°C/75% RH. The refrigerated condition 
is controlled at 5 °C ± 3 °C (2–8 °C) 
with ambient humidity (monitored 
but not controlled). These chambers 
are equipped with sensors for the 
continuous monitoring of temperature 
and relative humidity. These data 
are captured electronically or by 

chart recorders with backup power. 
Excursions will be noted with an alarm 
system. When the chambers are out of 
tolerance (see above), investigations 
must be performed to identify the 
cause of the issue and determine the 
impact of the stored samples (7).

The stability chambers are fully 
qualified and maintained, and their 
access is limited to authorized 
personnel to ensure that sample 
removal is tracked and controlled. 
Maintenance and service records 
must be available for inspection during 
audits. Downtime must be limited, and 
a backup plan must be developed to 
avoid issues that can affect sample 
storage and data integrity. An annual 
chamber inventory programme is 
also necessary to track the sample 
storage and disposition at any time. 

Stability Study Strategies  
to Expedite “First-in-
Human” Clinical Trials
Minimizing “Time to Market” is 
an essential strategy for most 
pharmaceutical companies (1). Given 
that regulatory agencies expect to 
see three months of stability data in 
IND filings to enable Phase 1 clinical 
trials, it is customary to perform 
preliminary accelerated stability studies 
on the Good Laboratory Practices 
(GLP) toxicological DS and prototype 
DP batches to provide supporting 
data for quicker IND submissions. 
Early-phase stability studies are 
typically short, as shown in Table 
7, and the study conditions depend 
on where the clinical trials will take 
place. During Phase 1, the analytical 
procedures are usually not fully 
validated, though specificity, accuracy, 
linearity, and precision studies should 
be completed. These time-saving 
strategies allow the pharmaceutical 
companies to start Phase 1 clinical 

trials as soon as possible after the 
nomination of the drug candidates.

Characterization studies of the API 
and DP continue during formulation 
development. It is recommended that 
the forced degradation studies be 
repeated before the release testing 
and the initiation of the formal stability 
studies under GMP regulations and 
ICH Q1A (R2) guideline (8). Examples 
of standard stability protocols that are 
listed for different dosage forms at 
different drug development phases 
are discussed elsewhere (6,7). Results 
of the formal stability studies used 
to determine the drug products’ 
expiration are included in the stability 
section of the NDA or ANDA. 

Predictive Tools to  
Establish Product Expiry
Stability data are used to establish the 
expiry of finished products according 
to US FDA Good Manufacturing 
Practices regulation 21 CFR 211.137 
(21). The data from the accelerated 
condition are used to determine 
a tentative expiration date, but 
testing at full shelf life is necessary 
to confirm the approved expiry. 

In this section, we discuss examples 
of useful software tools and statistical 
approaches to evaluate stability data 
and to expedite stability studies 
for establishing product expiry.

Most tools are science- and risk-
based, and have a robust statistical 
underpinning that conforms to the 
principles of QbD and DoE, which 
are endorsed by regulatory agencies 
for pharmaceutical development (9).

Modern Predictive  

Methods and Approaches

One widely used approach is the 
Accelerated Stability Assessment 
Program (ASAP), which uses a 
modified Arrhenius approximation. 
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This approach uses degradation 
kinetics at a few stressed conditions 
in 1–2 weeks, and extrapolates to 
lower temperatures and humidity for 
longer timeframes. The advantages 
of this strategy are that the length of 
these experiments is short and the 
experiments use fewer resources. The 
accuracy of this model assumes a 
first-order reaction, which is often the 
case for hydrolysis-based degradation 
(6,22). The disadvantage is that the 
presumed kinetic model limits the 
degradation to less than a percent and 
requires extrapolation of three factors 
simultaneously: time, temperature, and 
humidity. These disadvantages are 
minimized when the DS and DP have a 
simple kinetic pathway, and the primary 
stability drivers are temperature and 
humidity (23). Another drawback 
could occur when the kinetic route 
is complex or nonlinear or involves 
physical changes, which may result in 
the linear model not being accurate. 
Recently, this approach was also used 
to select appropriate packaging based 
on its thermal and moisture-barrier 
characteristics, and to optimize the 
drug:excipient ratio of the formulation 
based on the moisture content (22). 
This approach has gained popularity, 
mainly to set expiry for clinical 
materials, and has been accepted by 
multiple regulatory agencies (24).

Another successful tool is the 
Predictive Characterization Study 
(PCS), a rapid development of robust 
stability models using a semi-empirical 
design space. It is a systematic 
study that evaluates the product data 
of samples exposed to a series of 
storage conditions to build predictive 
stability models to establish the design 
space and control strategy based on 
the QbD concept, such as setting 
specifications and selecting proposed 
container–closure systems. This 

approach is also found acceptable by 
many regulatory agencies (23–25).

Improved modelling tools have 
enabled stability predictions with 
accelerated timeframes compared to 
those of the traditional extrapolation 
approach. Besides providing a more 
accurate way to justify an expiry 
assignment, these models are used 
to increase the understanding of the 
critical factors that influence the quality 
of the DS and DP, as demonstrated 
in empirical science and risk-based 
approaches detailed in ICH Q8–Q11. 
These approaches are often utilized 
by large pharmaceutical companies 
with better modelling resources and 
expertise. A regulatory template has 
been shared to standardize on critical 
elements to use risk-based predictive 
stability data for setting up shelf life 
to support clinical development (26).

Trending Analysis

The purpose of the stability programme 
is to establish a retest period for DS 
or shelf life for DP that will apply to all 
future commercial batches. Stability 
data of CQAs of individual batches 
should remain within specification 
throughout the assigned retest period 
of the DS or shelf life of DP. Therefore, 
the trending of all stability data is very 
important. Most degradation trends of 
API are linear; however, the degradation 
pathway could be a linear, quadratic, 
or cubic function. The typical ICH 
Q1E approach for the determination of 
shelf life through the analysis of data 
based on a quantitative attribute that 
is expected to change over time is to 
determine the period of time at which 
the 95% one-sided (or two-sided) 
confidence limit for the mean curve 
intersects the acceptance criterion 
(27,28). The annual commitment lots 
should also be evaluated against the 
product trend to assure the consistency 

of the stability profile of the DP and 
verify if there is any unintended 
change that may impact the DP. 

Reduced Testing with  

Bracketing and Matrixing

Conducting stability programmes 
is expensive and time consuming. 
To reduce costs and increase the 
efficiency of the stability programme 
while maintaining regulatory 
compliance, many companies employ 
bracketing or matrixing options that 
reduce the amount of testing and 
resources required (6,7). ICH Q1A 
(R2) and ICH Q1D are guidelines 
to refer to when reduced testing is 
applied. Although the bracketing and 
matrixing concepts are included in 
multiple global stability guidelines, 
limited numbers of published 
applications can be found. It is 
even more challenging to provide 
examples for the matrixing for an 
NCE. Here, we explain the similarities 
and differences between these 
approaches to illustrate this application. 

Bracketing 

Bracketing refers to a study design in 
which only the extreme variables, such 
as extreme strengths, container sizes, 
or container fills, are tested. The plan 
assumes that the stability behaviours 
of products manufactured or packaged 
at these extreme levels (such as, for 
example, highest vs. lowest strength, 
or largest vs. smallest package 
size) encompass and represent the 
stability behaviours of products of the 
intermediate levels, eliminating the 
need for testing at the intermediate 
levels. A bracketing schedule can 
be applied to multiple strengths of 
identical or closely related formulations. 

Table 8 shows an example in which 
the 100 mL container size is bracketed 
by the 50 mL and 250 mL container 
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sizes; thus, stability samples stored 
in the 100 mL containers are not 
tested. Similarly, the 100 mg and 250 
mg tablet strengths are bracketed 
by the 50 mg and 500 mg strengths. 
Assuming that the stability profiles of 
these different strength formulations 
are the same and the compositions of 
these tablets are similar, regardless 
of strength, then the testing of 100 
mg and 250 mg tablets may not be 
needed. ICH Q1A (R2) requires that 
three batches (A, B, C) be made 
available for submission. According 
to the guidelines, a pharmaceutical 
company could reduce its testing from 
potentially 36 configurations to only 12 
configurations, resulting in significant 
savings of resources and time (6,7).

Table 9 lists some factors to which 
a bracketing approach can potentially 
apply, assuming that the container–
closure system and the headspace of 
the containers do not have any impact. 
The disadvantage of the bracketing 
concept is that when one of the results 
is out-of-specification, all bracketed 
configurations data could then be 
at risk. Full testing would need to be 
activated mid-study, complicating the 
data set, and negating the benefit 
of any testing reduction. In addition, 
all bracketed factors (for example 
strengths/formulations and package 
configurations) will need to be 
registered in all end markets, even if 
only a subset will be commercialized. 
Due to the risk, the bracketing concept 
is used more often for post-approval 
or annual product monitoring stability 
studies rather than for DPs from NCEs.

Matrixing 

Matrixing is a statistical design of the 
stability schedule in which a selected 
group of samples of the total number of 
possible samples is tested at a specific 
time point. At the next time point, a 

different group should be tested. At 
each time point, the stability data of 
that group of samples will represent 
the stability of the whole set of studies.

Similar to the bracketing approach, 
this design also assumes that all the 
batches have similar stability profiles; 
thus, there is no need to generate all 
the results. The long-term trends of all 
configurations are approximately linear 
across the whole set of all studies, 
and the comparative stability of each 
presentation can be evaluated with the 
reduced schedule. Many options are 
available with the matrixing concept, 
which could reduce the testing 
schedule by a third, a half, or two thirds, 
depending on the aggressiveness of 
the statistical extrapolations and risk 
assessment for the design (6,7).

Table 10 shows an example of a 
two-thirds factorial matrixing design. In 
this schedule, there are two strengths 
and three batches made of each 
strength. All presentations are tested 
at time zero, 12 months, and the end of 
the study (36 months) for the highest 
possible precision as these time points 
are critical to the DP stability profile. 
For all other time points (3, 6, 9, 18, 
and 24 months), only two-thirds of the 
presentations get tested at a rotating 
schedule. Therefore, all configurations 
are tested at different time points for 
the same amount of times in total. 

The matrixing approach requires 
that all samples be placed in stability 
chambers, including at the timepoints 
that are reduced. Therefore, when 
there is an instability issue, the 
testing schedule can be changed to 
test all configurations. If some data 
points are not available, there will 
be a minimum impact on the entire 
study of multiple presentations. 

Table 11 lists some examples of 
factors where matrixing can be used 
to reduce testing. Matrixing also 

provides more flexibility because 
different reduced testing options 
can be performed for various tests 
depending on the testing confidence. 
Realistically, matrixing should be 
used only for label storage conditions. 
The accelerated stability data may 
provide some insight into the stability 
profile of the product at the label 
storage conditions. Because matrixing 
is a statistical concept, evaluation 
of data can be more involved, and 
assessment of all the presentations as 
a complete set is more complicated, 
which explains why this approach 
is not used widely. These reduced 
testing approaches are discussed 
in detail in many global guidelines; 
however, a lack of knowledge of 
matrixing among regulatory reviewers 
and internal quality and regulatory 
professionals may hinder the use of this 
application to reduced stability testing.

Stability Reports and

Regulatory Submissions

Stability reports are required in all 
phases of regulatory submissions 
regardless of lifecycle state (such as 
NDA, ANDA, or supplement NDA). 
The stability database comprises 
laboratory data generated and stored 
electronically or as printed reports. 
These stability data are entered into 
stability reports, which are essential to 
communicate information internally for 
audit purposes, product investigations, 
justification of specifications, to support 
product development, or simply as 
a communication tool. All detailed 
information in the report must be 
verified for accuracy. For an NDA or 
ANDA submission, the stability report is 
typically the most extensive non-clinical 
section to summarize the stability data 
of the product during its shelf life (6,28). 

Stability data can be presented 
in a tabular format, in a graphical 
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representation, a narrative, or a 
combination of formats. Table 12 is 
an example of a stability data record. 
The data tables can be generated 
manually in a document or printed 
out from a laboratory information 
management system (LIMS) or stability 
management software. All information 
and data must be reviewed and 
verified. The conclusion of the stability 
report discusses whether the data 
indicate that the product continues 
to meet the quality specifications 
or acceptance criteria established 
for the study and whether the data 
support the proposed or approved 
expiration dating period (6,7).

Stability reports should include a 
statistical evaluation of the currently 
available data and a discussion of 
the results according to ICH Q1E or 
statements that no overall trends and 
little variability are observed in the 
dataset. Table 13 lists typical questions 
that should be addressed in the 
stability conclusion. “Poolability” of 
different batches should be evaluated 
to determine the consistency of the 
representative stability data and trends 
with respect to the manufacturing 
process and analytical method, by 
comparing the intercepts and the 
slopes of all batches (6,7,24).

Summary and Conclusions
A robust and science-based stability 
programme is required for the 
registration and commercialization 
of any pharmaceutical product. 
Regulations in this area are well 
established; however, the application 
and interpretation of the regulations 
vary between companies and 
regions. ICH harmonizes the 
main regions to help companies 
use a standardized approach. 

This article provides a high-level 
summary of regulations and regulatory 

expectations of stability programmes. 
It reviews the goals and practices of 
forced degradation studies to generate 
sample data to confirm method 
specificity. A strategy for conducting 
accelerated stability studies on 
preliminary batches to expedite 
initial regulatory filing is described. 
Finally, predictive stability software-

based and statistical approaches 
such as trending, bracketing, 
and matrixing are explained. 
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GC Diagnostic Skills: Peak Tailing
Tony Taylor, CHROMacademy and Crawford Scientific, Strathaven, Scotland, UK

Peak tailing is a problem that is regularly encountered in capillary gas chromatography (GC). This causes 
issues with resolution and peak integration, affecting both qualitative and quantitative analysis. This article 
from the LCGC Blog discusses diagnostic and troubleshooting approaches to tackle this problem, the best 
ways to identify the source of this issue, and how to prevent or fix the problems that cause this issue.

The first stage in diagnosing peak 
tailing is to assess the nature of 
the tailing peaks. Ascertain if:
1. All peaks tail, including 

the solvent peak
2. Only some of the 

analyte peaks tail
3. Only the solvent peak (and 

sometime very-early eluting 
analytes) show tailing

4. Only late eluting 
analyte peaks tail.

This list has been arranged in order  
of frequency.

In each of these cases it is likely 
that the severity of the peak tailing 
will range from almost non-discernible 
tailing (visible only when zoomed 
in on the base of the peak using 
the chromatographic data system 
[CDS]) to severe tailing, which 
can be so bad that the analyte is 
barely distinguishable from the 
baseline. The severity of the tailing 
will uncover further clues regarding 
the nature of the problem.

How might the issues be 
identified and remediated?

All Peaks Tail, Including 
the Solvent Peak
The situation in which all peaks 
within the chromatogram show 
tailing is probably both the most 

common and the easiest to diagnose. 
Figure 1 shows a separation in 
which all of the analytes within the 
chromatogram show peak tailing 
to a greater or lesser degree.

Sometimes peak tailing can be 
caused by chemical interactions 
between certain analytes (usually 
more polar) and surfaces within the 
gas chromatography (GC) system. 
However, when all peaks within the 
chromatogram show tailing behaviour 
it is most often the result of a physical 
effect, that is, if the GC was set up 
incorrectly! Tailing peaks are usually 
created through turbulence within the 
hydraulic path of the carrier gas as it 
passes through the system. They may 
also be caused by unswept volumes 
within the system. Identify what went 
wrong with the following checklist:

Poor GC Column Cut

The quality of the column cuts at both 
the inlet and detector side are extremely 
important and even small imperfections 
can cause significant peak tailing issues. 
Ensure that the column cut is smooth (no 
jagged edges), that no debris created 
during the cut is obstructing the column 
inlet/outlet and that the cut is at right 
angles to the column wall. Proficiency at 
cutting columns and finding a preferred 
tool to do so (for example ceramic wafer, 

diamond-tipped pen, rotating blade 
cutter, and so on) can prove beneficial. 
The quality of the cut can be inspected 
with a magnifying tool. A jagged cut with 
burrs, shards of silica, or debris can 
cause turbulent eddies which entrap a 
portion of the analyte molecules as they 
move in or out of the column, leading 
to peak tailing. Figure 2 shows the 
a “chair-shaped” peak that is highly 
indicative of a poorly-cut column, where 
the column entrance is partially blocked.

GC Column Positioning

The position of the GC column 
within the inlet (such as its position 
within the liner, inside the GC inlet) 
is often critical to the peak shape. 
If the column is too high or too low 
within the inlet, then the flow path 
for the analytes to enter the column 
may become convoluted, or a dead 
volume (unswept volume) may be 
created. Again, this causes a certain 
portion of the analyte molecules 
to be retained longer than others 
while they make their way in or out 
of the GC column, hence causing 
peak tailing. While the dead volume 
phenomenon is more often associated 
with peak broadening, it is also 
possible that this may cause peak 
tailing. This also holds true for the 
positioning of the column in the GC 
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detector, and ionizing (including 
MS) and non-ionizing detectors are 
susceptible. One should always 
carefully follow instructions from 
instrument manufacturers for 
column positioning in the inlet and 
detector. This is typically specified 
as the distance past the tip of the 
column ferrule, insertion distance 
into the inlet, or the distance which 

the column is drawn back from the 
end stop (inlet liner constriction or, 
for example, the FID jet orifice).

Use Correct GC Column 

Nuts and Ferrules

The issues with the creation of 
unswept volumes is also created if 
incorrect column ferrules are used for 
installation. Always use the correct 

ferrule, noting that the size and material 
of construction are both important 
in this respect. Column nuts should 
not be overtightened during column 
installation. All of these factors can also 
be responsible for poorly swept volumes 
and, again, it’s important to carefully 
follow manufacturer’s instructions.

If there is an issue with the way in 
which the column has been prepared 
or installed in the inlet, then it is 
necessary to re-prepare the column; 
re-trim inlet and detector ends of the 
column, fit correct ferrules, and ensure 
the correct column insertion distances 
into both the GC inlet and detector.

Severe Column Contamination

If the column suffers from severe 
contamination of the stationary phase 
film (especially at the inlet end), then all 
peaks may also show tailing behaviour, 
due to the non-ideal partitioning of the 
analyte and analyte partial exclusion from 
the stationary phase. A high proportion 
of the analyte component molecules 
are unable to partition correctly into 
the stationary phase. Instead, they are 
adsorbed onto, or partition into, the 
contaminant material on the stationary 
phase surface. This special case of peak 
tailing is usually accompanied by a loss 
of peak efficiency (peak broadening).

If gross stationary phase 
contamination is suspected, and all 
other possible causes mentioned 
above have been explored, trim at 
least 20 cm from the inlet end of the 
column, re-fit and assess peak shape 
with a sample or test mix. It may be 
necessary to further trim the column if 
not all contamination has been removed. 
Assess the likelihood of restoring 
column performance from the resulting 
chromatogram of the initial column trim. 
If necessary, more than 20 cm of column 
may be trimmed in order to achieve 
the desired column performance.
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FIGURE 1: Capillary GC chromatogram in which all analytes and the injection solvent 
peak show tailing to a greater or lesser degree.
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FIGURE 2: Chair-shaped GC peaks that are indicative of problems with column inlet cut or 
partial blockage of the column, some examples of which are shown in the inset.
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FIGURE 3: The column length between the ferrule and the tip of the column needs to be 
carefully measured for the column to be in the correct position within the GC and inlet and 
detector.

304 LCGC Europe  June 2020

GC FUNDAMENTALS



Note that column trimming is a last resort and will 
certainly result in small losses in column efficiency and 
possible retention time shifts, however, it is often enough 
to restore chromatographic performance for long enough 
to await the delivery of a replacement column.

Only Some of the Analyte Peaks Tail
Chromatograms in which only some of the analyte 
peaks are tailing is often indicative of a chemical 
interaction between the tailing analyte compounds 
and some part of the gas chromatographic system.

Acidic, basic, or highly polar compounds are susceptible 
to secondary interactions with various components within 
the system, including the liner, the end surfaces of the 
column, and any region within the column from which the 
stationary phase has been stripped. Some proportion of 
the molecules of each more polar analyte will undergo 
secondary interactions, usually with exposed silanol 
groups, causing unwanted retention which is greater than 
the bulk of the analyte molecules. Hence, peak tailing.

Silanol groups are the polar hydroxyl groups found 
on the surface of silica-based substances. They are 
typically present in the locations mentioned above as 
well as on the surface of inlet packing materials (glass 
and quartz packings). These silanol groups, depending 
upon their configuration and the nature of the underlying 
silica, are highly polar and sometimes acidic, and 
will tend to form strong hydrogen bonds with polar, 
acidic, and basic analytes, leading to peak tailing.

There are several actions which can be taken 
to avoid or remediate these issues including:

1. Using chemically (manufacturer) deactivated
liners, GC columns, and fittings. The chemical
deactivation effectively “caps” the polar silanol
groups within each component as shown in Figure 6

2. Carefully, choosing the materials of construction
for the GC inlet liner to be as inert as possible,
especially when dealing with polar compounds
that are susceptible to secondary retention
effects. An example here might include the
choice of a highly inert liner packing material
such as Tenax or Deactivated Carbon

3. Ensure that the GC column is regularly trimmed
to remove any exposed silica surface that
has been stripped of stationary phase and
ensure that GC columns are of the highest
quality, inspecting for burrs, roughness, or
residual silica material on every occasion
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4. Regularly change the inlet liner, 
as over time the deactivating 
agent will re-hydrolyse 
(especially when injecting 
aqueous or aqueous containing 
solvents), re-exposing silanol 
groups on the liner surface 
and packing materials.

Adopting regular column trimming 
and inlet liner maintenance into 
preventative maintenance schedule 
will help enormously to reduce the 
instances of peak tailing through 
secondary retention effects.

There is one further phenomenon 
which deserves a mention when 
troubleshooting individual analyte 
peak tailing—thermal decomposition. 
When a thermally labile analyte 
decomposes in the high temperature 
environment of the GC inlet, the 
decomposition products may retain 
a chemically similar nature to the 
analyte and therefore elute relatively 
close to the analyte peak, which can 
sometimes resemble peak tailing. Of 
course, this phenomenon may occur 
with only certain peaks within the 
sample mixture and this may appear, 
initially, to be caused by secondary 
chemical interactions or adsorption.

If thermal decomposition is 
suspected, there are two investigative 
tools which can be used:
a. Lower the inlet temperature by 

50 oC and re-assess the peak 
shape as well as the quantitative 
performance of the analysis as a 
whole (the volatilisation of other 
analytes may be affected by this 
reduction in inlet temperature)

b. If using splitless injection, apply 
a small split (5:1 or 10:1) in 
order to reduce the residence 
time of the analyte within the 
inlet. Again, re-assess the 
peak tailing and analytical 
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FIGURE 5: Specific analytes within a GC chromatogram show tailing behaviour while 
other peaks show no tailing effects.
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performance of all components 
of interest as the introduction 
of a split may reduce the 
sensitivity of the method

Only the Solvent Peak 
(and Very Early Eluting 
Peaks) Shows Tailing
This special case of peak tailing is 
worthy of note as it occurs frequently. 
Figure 7 shows the case in point 
where the blue chromatogram 
shows the problematic behaviour 
involving the solvent and very 
early eluting analyte peaks.

This problem is almost always 
related to the effective overloading 
of a system by the sample injection 
solvent and occurs, almost 
exclusively, when employing 
splitless injection techniques. In 

this injection mode, the sample 
residence time within the inlet liner 
is much higher relative to the split 
injection mode and, unless the inlet 
is “purged” of the sample solvent, 
it will slowly bleed from the inlet, 
decaying over time. This creates 
the illusion of a badly tailing peak.

A full treatment of the underlying 
principles is beyond the scope 
of this article. Nevertheless, an 
effective way of quickly emptying 
the liner post sample transfer to 
the GC column must be found.

This is achieved by activating the 
split valve to empty the inlet, at some 
set time after injection, when it’s 
certain that all analyte components 
have been transferred to the GC 
column. This is the splitless time or 
purge time. The time at which the split 

valve is opened can be practically 
assessed by measuring the peak 
area of a selected early eluting 
analyte at different splitless times 
and selecting the shortest splitless 
time after which a constant peak 
area is obtained for the early analyte 
of interest. The results of optimising 
the splitless time are shown in 
Figure 7 by the red chromatogram

Only Later Eluting 
Analyte Peaks Tail
This is a special case that is usually 
attributable to one of two causes;
1. Inlet temperature is too low to 

achieve proper volatilisation 
of higher boiling (and typically 
later eluting) analytes

2. Higher boiling analytes are 
condensing in the detector 

307www.chromatographyonline.com

GC FUNDAMENTALS

powered by 

SPEMSGCHPLC IR BLS BIO

When it all goes wrong...
you can “Ask the Expert”

Premier members can ask our 
panel of experts and get a reply 
within 24 hours.

Find out more about CHROMacademy Premier membership contact:

www.chromacademy.com

GMurry@mmhgroup.com

PRomillo@mmhgroup.com

Glen Murry:     +1  732.346.3056    |

Peter Romillo:     +1  732.346.3074    |

Ask the Expert

Members
Only

http://www.chromacademy.com
http://www.chromacademy.com
mailto:gmurry@mmhgroup.com
mailto:promillo@mmhgroup.com


(this is especially true when 
using mass spectrometric 
detectors or detectors with 
a heated transfer line)

Figure 8 shows the problem 
chromatogram and the 
improvements achieved through 
increasing the inlet temperature 

and subsequently increasing the 
temperatures of the heated zones 
within the MS detector. These 
troubleshooting investigations 
are largely empirical and can 
be assisted by reference to your 
manufacturer’s guidelines.

In considering the various 
presentations of peak tailing issues 
and their possible causes and 
solutions, we hope that we have 
provided you with a diagnostic 
toolkit for troubleshooting these 
frequently encountered problems.

LCGC Blog
For more useful information on the 
fundamentals of chromatography, 
troubleshooting tips, and updates 
on the latest issues affecting 
chromatographers visit the LCGC 
Blog at https://bit.ly/30vVEYz 
and subscribe to LCGC’s digital 
magazine, The Column, at 
https://bit.ly/2Y7phw6 which 
provides unique content covering 
chromatography trends and 
developments, troubleshooting 
tips, research and company news, 
and interviews with separation 
scientists on the latest hot topics.
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FIGURE 7: Tailing of the GC solvent peak and early eluting analyte (blue) and the resulting 
chromatogram (red) after optimization of the splitless time.
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FIGURE 8: PAH separation showing tailing of later eluting analytes and the resulting 
chromatograms obtained when raising the inlet (middle) and detector (bottom) 
temperature. (Reproduced courtesy of Agilent Technologies, California, USA.)
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Q. In a recent study, you used 
nontargeted analysis of water 
samples from wastewater treatment 
plants (WWTPs) to assess whether 
the treatment methods were 
effectively removing not only the toxic 
substance N-Nitrosodimethylamine 
(NDMA), but also its precursors 
(1). Why did you undertake this 
study and why is it important?
A: NDMA is known to be a carcinogen, 
and many states have regulations in 
place for drinking water. Over the course 
of many years, efforts have been made 
to understand what causes the formation 
of NDMA in water treatment plants, and 
one of the established theories is that 
some precursor compounds (such as 
pharmaceuticals and pesticides) have 
the ability to form NDMA, after source 
water is treated with chloramines. Thus, 
to be able to screen for these potential 
precursors, mainly by high‑resolution 
mass spectrometry (HRMS) techniques, 
is of essential importance.

In 2014, we had a project with the 
Water Research Foundation (WRF) 
where we partnered with colleagues 
from Arizona State University. We had 
screened for compounds that were 
potential precursors of NDMA, and we 
successfully identified a few of them 
using our HRMS techniques. Therefore, 

that same approach was used for a 
second project involving the drinking 
water treatment technologies used by 
Orange County in California, USA. In 
this study, we were able to see the 
effect that chloramination had in the 
formation of NDMA, and also investigate 
the role of precursors present in water 
samples before and after treatment.

Q. What approach did you use to 
qualify significant environmental 
analytes of importance?
A: The approach we used is based 
on nontargeted screening for a whole 
variety of compounds. Currently, we 
have a database of more than 200 
compounds, including pharmaceuticals, 
pesticides, and surfactants. The 
data gathered by the high‑resolution 
instrument (in this case an LC–
quadrupole time‑of‑flight MS [LC–QTOF‑
MS]) system is then compared to the 
database, and possible identification hits 
are then scrutinized in terms of accurate 
mass and fragmentation patterns. In my 
opinion, there is no gold standard for this 
type of approach. Many papers in the 
literature have tried to come up with a 
universal and single way to carry out this 
step, but there are still a lot of variables 
that make each approach unique 
depending on the focus of the study. 

Advancing Nontargeted 
Analysis of Water
Environmental analysis of water presents many challenges, one of which is the potential presence of 
unknown contaminants. LCGC spoke to Imma Ferrer, an associate research scientist at the University of 
Colorado, USA, about some of her recent research on nontargeted analysis of water, including water from 
wastewater treatment plants, hydraulic fracturing wastewater, and environmental water samples. 

Interview by Laura Bush, Editorial Director LCGC North America
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For example, experience analyzing hundreds of compounds 
and looking meticulously at their fragmentation data is no 
substitute for any large database or mass bank information 
on the web. I can look at mass spectra and quickly identify 
an analyte without the need for these tools; that saves a lot of 
time, and people usually do not account for this type of skill.

Q. You also looked at neutral losses of dimethylamine 
using auto MS-MS. Can you briefly explain this approach?
A: The idea behind this process was that a precursor 
compound able to form NDMA will also have a common moiety 
related to chemical structure. In this case, the dimethyl‑amine 
group, very common in pharmaceuticals and pesticides, would 
be the one susceptible to be fragmented from a precursor 
ion. So, by performing MS‑MS fragmentation and identifying 
compounds that have this same group in the chemical 
structure, we would find out a list of potential NDMA precursors. 

At the time of the study, commercial software for this type 
of screening was not available in the instrument. So, we 
imported the data to MatLab, and looked for the neutral 
losses that would indicate the presence of precursor 
compounds with that exact common moiety. This feature is 
now included in many software packages from instrument 
manufacturers, so it makes the process easier. That is why it 
is important that bench scientists like myself collaborate and 
talk to the big instrument companies to ask them to include 
those essential tools that make research much easier.

Q. In what databases did you search for matches 
with your results? How important is the development 
and maintenance of such databases for nontargeted 
screening in environmental analysis? Are you involved 
in any database development yourself? Where might 
one find information about the available databases?
A: The development of databases for nontargeted screening 
is extremely important, in my opinion. I have used a relatively 
small database based on standards that we have analyzed 
throughout the years. But there are also commercial ones 
available. The main problem is to sort through these 
huge and extensive databases. Having a link (pathway) 
between instrument data and databases is the key. These 
two interfaces have to talk to each other. I just submitted a 
paper where we use a novel approach that combines MS/
MS fragmentation data with a large database. The software 
we used is called MathSpec (www.mathspec.com), and 
takes into account not only accurate mass and formula 
generation, but also fragmentation data and fragmentation 
pathways. The idea behind it is that each fragment mass 

has to be interpreted in the context of other masses. 
What we learned is that good data will lead to successful 
identifications, even when no standards are available.

Q. What results did you find in terms of the 
presence of NDMA precursors in treated 
wastewater treated with reverse osmosis or more 
advanced treatments? Can those results help us 
understand how to better manage treatment?
A: We found out that reverse osmosis and advance 
treatment processes, such as UV, are very effective to 
remove NDMA precursors. If no NDMA precursors are 
present, the formation of NDMA itself will be diminished. 
So, in general, these are good treatment techniques that 
can be used to minimize the presence of NDMA in our 
drinking water, and these results will help to determine what 
courses of action to take and better manage treatment.

Q. What did you find in terms of the ability to detect 
NDMA precursors, either using auto MS/MS analysis 
or through nontargeted analysis using databases?
A: The approaches we used were successful in identifying 
a few NDMA precursors. But many of these precursors 
do not have the ability to form NDMA, or the yield is 
very small. However, in a previous study, we found 
the presence of methadone as an important precursor 
for NDMA. Prior to that date, the focus had been on 
ranitidine (a common pharmaceutical), so that finding 
broadened the focus to include other compounds.

Q. How important is the role of nontargeted analysis in 
water quality investigations? How widely is it used?
A: Nontargeted analysis is widely used by everyone using 
HRMS techniques. I would say that is the main reason 
behind using this type of instrumentation, to be able to see 
beyond a targeted list of contaminants. As I mentioned 
above, there are lots of papers dealing with workflows, 
or universal ways to carry out this approach. Each one 
is unique, and focused on the type of application the 
researcher is conducting, and sometimes even on the 
instrument used. We still have a long way to go to make 
this approach universal and successful for everybody.

I personally do not like other terms, such as suspect 
analysis. Your analysis is either targeted (you know what you 
are looking for), or nontargeted (you are not looking for it,  
but the instrument can see it). With newer and more accurate 
instruments, the databases, including accurate mass and 
fragment ions, will definitely continue to grow and expand.
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Q. In another paper, you studied the identification of 
proprietary compounds, including poly(ethylene glycol)
s, amino-poly(ethylene glycol) carboxylates, and amino-
poly(ethylene glycol) amines, in hydraulic fracturing 
wastewater using LC–QTOF-MS with solid-phase extraction 
(SPE) (2). Why did you choose these analytical techniques? 
A: SPE is one of the most important steps in sample preparation, 
and yet sometimes gets forgotten. We have been studying 
hydraulic fracturing waters for over eight years now, and all 
we had to do is directly inject the sample, because usually 
the main additives were in very high concentrations. However, 
there are always those compounds present at very trace levels 
that are invisible even to the most sensitive instrument, and 
those compounds can be enhanced by SPE techniques. In 
this case, we were able to identify new proprietary compounds 
that we had not seen before. Another issue is the high salt 
content usually present in this type of sample. This salt usually 
masks the detection of compounds by mass spectrometry. 
By using SPE, salt can be removed and detection can be 
enhanced, and instrument life will also be lengthened.

The reason for using LC‑QTOF‑MS is to be able to see 
beyond the list of targeted contaminants, as explained above. 

Moreover, these compounds were not in any database, so we 
used our knowledge in accurate mass and fragmentation to 
be able to identify them. The instrument sees everything that is 
ionizable; it is the human eye that has to do the ultimate work  
of identification.

Q. How is this study different from others that you 
or others have done on the analysis of hydraulic 
fracturing compounds in environmental samples?
A: This study combined the use of SPE and TOF for the analysis 
of hydraulic fracturing waters, which to date, was one of the first 
to combine these two techniques for this type of water sample.

Q. What compounds were you able to identify, and 
with what level of confidence, in terms of their 
identification or link to hydraulic fracturing? Had 
these compounds been detected in other studies? 
Overall, what does this study tell us? What was your 
most surprising discovery of the compounds you 
detected, with masses in the range of m/z 120−986?
A: The level of confidence in the identification of these 
compounds was 100%, as we also purchased pure standards 
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and confirmed retention time, accurate mass, and fragment 
ions (which is considered the gold standard in identification). 
These compounds had never been detected in other studies 
related to hydraulic fracturing. In fact, there are no known 
reports of the addition of these compounds to hydraulic 
fracturing fluids. The terms the oil and gas industry uses to refer 
to these compounds are general and do not include specific 
chemical names for additives. Therefore, their identification is 
an important step in understanding the chemistry, treatment, 
and possible toxicity of hydraulic fracturing wastewater.

Q. You recently published a review paper on the occurrence 
of opioids in environmental water samples (3). How 
many different opioids and their metabolites have been 
studied? Are there any important gaps in the data so far? 
A: The reason behind publishing a review paper on the 
occurrence of opioids in environmental waters is the 
importance of the topic: Each year, thousands of deaths 
occur as a result of the consumption of these drugs. I also 
realized that not all opioids were accounted for, and, in 
fact, only a small group of them had been monitored over 
the years. One exchange student from abroad came along 
to spend a few months in our laboratory, and I thought that 
would be the perfect topic to work on. From what we found 
in the literature, it seemed that only 20% of the total number 
of opioids (>200 total) and their metabolites had been 
studied. One of the reasons for this is the difficulty to find pure 
standards, so scientists usually choose only a few targeted 
analytes to study. Our approach was to take advantage of 
the screening capability of accurate mass analysis to be able 
to see beyond that reduced group of analytes. In a second 
study we carried out, we detected the presence of some 
opioid metabolites that had not been reported to date.

Q. What methods—including both sample preparation 
and analytical techniques—are most researchers using 
for these studies, and why? Are the chosen methods 
the most suitable ones? Has the thinking about 
which approaches are best changed over time?
A: The methods most researchers are using for these 
studies involve SPE and LC–MS techniques (both targeted 
and nontargeted approaches). Depending on what you 
are looking for, you might choose one approach or another. 
For example, if looking only at a relatively reduced number 
of compounds (say, 20–30 compounds), then a targeted 
approach with tandem mass spectrometry techniques 
would be the best in terms of sensitivity (one can see 
down to the low ng/L most of the time). If a researcher is 

looking to expand the scope and look also for metabolites 
or degradation products, then a nontargeted approach 
using accurate mass techniques would be the ideal 
method. Lately, in the literature, there is a slight preference 
for the latter method, because instruments that perform 
accurate mass detection have become more and more 
sensitive, so you see your chosen analytes of interest 
but also other contaminants that might be present in the 
sample, so that is an added bonus. Also, do not forget, 
there is always the possibility to perform retrospective 
data analysis with accurate mass techniques; the data 
gathered with the instrument will always be there.

Q. What do the data so far show about the 
occurrence of opioids or transformation products 
of concern in different classes of water—
wastewater, surface water, and drinking water?
A: The data showed that wastewater is the source of these 
contaminants in water, as we already knew from past studies. 
It also revealed that the concentrations in surface water were 
much lower, but it also showed that some compounds and 
their metabolites persist in water, and have the potential 
to end up in drinking water if not treated properly.

Q. What is known so far about the presence of opioid 
metabolites and transformation products in environmental 
waters? You have mentioned that a few nontargeted 
studies have used high resolution accurate mass to 
determine the transformation products or metabolites. 
Why is this an important topic for future research?
A: Pharmaceutical compounds such as opioids are 
metabolized in the human body and excreted as metabolites. 
Once they reach surface waters, other processes, such as 
degradation, might occur and transformation products can 
be formed as well. These metabolites and transformation 
products are often omitted from targeted studies, and 
here is when high resolution mass spectrometry can aid 
in the detection of these compounds, by doing a full‑
spectrum scan of the whole sample. Not much is known 
about the toxicity of metabolites or degradation products, 
so that is an important topic for future research.
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Ion Chromatography
The new Shimadzu HIC-ESP ion chromatograph features a built-in 
electrodialytic suppressor. This anion suppressor minimizes band spreading 
and achieves high sensitivity and reliable performance for the quantitative 
determination of anions. The suppressor provides 
stable functionality over long periods of operation 
covering a wide range of applications, and features a 
compact design.

www.shimadzu.eu
Shimadzu Europa GmbH, Duisburg, Germany.

Solid Phase GC-FTIR 
Spectra Analysis’ DiscovIR GC-FTIR focuses on the real-time connection of 
infrared spectroscopy to gas chromatography. Temperature-controlled, vacuum 
deposition of the GC-eluted peaks onto a rotating IR-transparent disc ensures 
high-resolution IR fingerprinting in an accurate and 
reproducible way, and opens the gateway for rapid 
discrimination between regioisomers, a challenging 
area for MS, according to the company.

https://spectra-analysis.com  
Spectra Analysis, Marlborough, Massachusetts, USA.

Method Translator
Pro EZLC method translation software makes it quick and easy to scale down 
an existing LC method to a smaller column format so that users can speed 
up run time, increase sample throughput, and reduce 
solvent use, according to the company. The user  
can input current column dimensions and method 
conditions, then specify the dimensions of the new 
column that they want to try.

www.restek.com/Pages/Pro-EZLC-Method-Translator
Restek Corporation, Bellefonte, Pennsylvania, USA.

HIC Columns
YMC’s latest HIC column, BioPro HIC HT, is used for 
biopharmaceuticals, such as antibody-drug-conjugates. 
Higher flow rates are reportedly applicable due to 
extremely high-pressure stability, which allows very 
short run times and high throughput. BioPro HIC HT 
columns are suitable for DAR determination with high resolution as a result of a 
novel and optimized surface chemistry, according to the company.

https://ymc.de/hydrophic-interaction-columns.html
YMC Europe GmbH, Dinslaken, Germany.

Positive Pressure 
Manifold
UCT’s 48-position positive 
pressure manifold offers rugged 
performance but now also has a 
streamlined, compact footprint, 
according to the company.

www.unitedchem.com
UCT, Inc., Bristol,  
Pennsylvania, USA.

HILIC Columns
Hilicon offers a broad range 
of HILIC products to separate 
polar compounds. Four column 
chemistries in UHPLC and HPLC, 
iHILIC-Fusion, iHILIC-Fusion(+), 
iHILIC-Fusion(P), and iHILIC-(P) 
Classic, reportedly provide 
customized and complementary 
selectivity, excellent durability, 
and ultra-low column bleeding. 
According to the company, the 
columns are particularly suitable 
for LC–MS based analysis of  
polar compounds.

www.hilicon.com
Hilicon AB, Umeå, Sweden.
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Multi-Angle Static Light Scattering
The DAWN is an advanced multi-angle static light scattering (MALS) detector 
for absolute characterization of the molar mass and size of macromolecules 
and nanoparticles in solution. DAWN offers high 
sensitivity, a wide range of molecular weight, 
size, and concentration, and a large selection of 
configurations, and optional modules.

www.wyatt.com/dawn
Wyatt Technology, Santa Barbara,  
California, USA.

FID Gas Station
The VICI FID gas station combines the reliability of 
the VICI DBS hydrogen and zero-air generators into 
one compact and convenient package, according to 
the company. Available in high- and ultrahigh purity 
for all GC detector and carrier gas applications. The 
generator is available in two styles: flat for placement under a GC, or the Tower. 
Available in H2 flow ranges up to 1 L/min and 10.5 bar.

www.vicidbs.com
VICI AG International, Schenkon, Switzerland.

Micro-Pillar Array Columns
PharmaFluidics introduces the new µPAC capLC column, for high sensitive 
LC–MS analysis with shorter runtimes or higher throughput. Taking advantage 
of its micro-machined pillar structure, µPAC capLC 
columns offer high reproducibility and robustness. The 
flow rate range of 1–15 µL/min is suitable for applications 
such as proteomics.

www.pharmafluidics.com/products/%c2%b5pac-caplc-
column/
PharmaFluidics, Ghent, Belgium.

Column Selection App
Columns are the heart of any GPC/SEC system. However, it can be a 
challenge to find the best matching column from the wide range of options. 
PSS has therefore developed the Column Selection App to support users. The 
app offers the following choices: How to Replace Existing Columns, Column 
Recommendations, USP methods/EP 
methods, and Application Searches.

www.psscolumnselector.com
PSS GmbH, Mainz, Germany.

Electrochemistry-MS
The Roxy Exceed is a new 
generation potentiostat 
dedicated to on-line coupling 
of electrochemistry with mass 
spectrometry (MS).The system 
supports DC, scan, and pulse 
mode and can be controlled from 
any LC–MS system. It is suitable 
for predicting drug metabolism, 
and for MS proteomics.

www.AntecScientific.com
Antec Scientific, Zoeterwoude, 
The Netherlands.

Sample Preparation
Microlute SLE 96-well plates and 
cartridges enable quick and 
easy extraction of a wide range 
of acidic, basic, and neutral 
analytes from biological samples 
with greater reproducibility, 
according to the company. With 
no inversions, shaking or tedious 
pipetting required, Microlute SLE 
overcomes sample handling 
issues commonly associated with 
traditional liquid–liquid extraction. 

www.microplates.com/
microlute-sle/
Porvair Sciences Ltd,  
Wrexham, UK.
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Polymeric SPE Phases
Macherey-Nagel offers a well-defined portfolio of 
polymeric SPE phases packed in columns, cartridges, 
and 96-well plates. For example, the hydrophilic-
lipophilic balanced polymeric SPE adsorbent 
Chromabond HLB was custom-designed for the 
enrichment of hydrophilic analytes from polar matrices 
such as water, blood serum, or food.

www.mn-net.com
Macherey-Nagel GmbH & Co. KG, Düren, Germany.

Sampling Tubes
Markes’ industry-standard-sized thermal desorption 
tubes are manufactured to the highest quality to 
deliver optimum results, according to the company. 
The complete range of tube materials and sorbent 
packings offer flexibility, making them suitable for VOC 
and SVOC analysis for all TD applications, including 
environmental air monitoring, fragrance analysis, and breath monitoring.

http://chem.markes.com/sampling-tubes
Markes International Ltd., Llantrisant, UK.

SEC-MALS Detector
The LenS3 MALS Detector for GPC, HPLC, and UHPLC 
is based on an approach to light scattering technology. 
The proprietary design increases S/N and extends 
the range of size determination (Rg) down to a few 
nanometres. According to the company, it is a sensitive 
detector for the characterization of polymers, proteins, 
or antibodies by SEC-MALS.

www.tosohbioscience.de
Tosoh Bioscience GmbH, Griesheim, Germany. 

Purge Valve
The purge valve complete with an PTFE frit is 
an appropriate option to use with Agilent HPLC 
instruments. This purge valve has been engineered 
and tested to be equivalent to the corresponding OEM 
product. The valve uses a replaceable gold seal and a 
PTFE frit to protect the HPLC system.

www.sciencix.com 
Sciencix, Burnsville, Minnesota, USA. 

Pulsation Pump
At low flow rates of 0.5 mL/min 
or lower, check valves become 
a variable factor for flow volume 
and pulsation. The GL Sciences’ 
MP-22 No-Pulsation pump does 
not use any check valves, instead 
it uses a fast switching valve. 
Together with the linear-driven 
pistons, this results in stable flows 
and pressure, even with low flows, 
according to the company.

www.glsciences.eu
GL Sciences B.V., Eindhoven, 
The Netherlands.

CRM Mixtures
Cayman reportedly offers a 
suite of ISO 17034-produced 
multi-component CRM mixtures 
designed and engineered to 
offer confidence in analytical 
data. According to the company, 
pre-made CRM mixtures deliver 
simplicity of use, provide accurate 
and precise data, and save time 
and consumable costs in the 
preparation of standard curves.

www.caymanchem.com/phytomix
Cayman Chemical, Ann Arbor, 
Michigan, USA.
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Hydrogen Generator
Designed for GC–FID, Precision SL is a small and 
easy-to-use laboratory-grade hydrogen generator, 
according to the company, producing hydrogen gas 
at the touch of a button. Available in both 100 cc and 
200 cc, the hydrogen generator is reportedly simple to 
use and maintain with advanced technology, to offer a 
safer solution for flame detectors.

www.peakscientific.com/precisionSL 
Peak Scientific, Scotland, UK. 

Gas Generator
The NG-Castore XL iQ generator uses a silent 
technology (from 48 dB only) combining a scroll 
compressor and an inverter for an on-demand supply 
of pure nitrogen to the applications. According to the 
company, it is designed for all LC–MS and evaporation 
applications on the market because of requirements in 
terms of gas, flow, and pressure.

www.lni-swissgas.eu
LNI Swissgas Srl, Milan, Italy.

Adsorbents
MP Bio’s Silica and Alumina Woelm Adsorbents can 
be used for a range of laboratory and industrial-scale 
chromatography applications as well as for 
filtration, MPLC/HPLC, TLC, DCC, low-pressure 
chromatography, dioxin analysis, industrial-scale 
separation, selective filtration, and drug production. A 
range of particle sizes and activities are available.

www.mpbio.com 
MP Biomedicals, Eschwege, Germany.

LC Columns
With three silica-bonded phases on a large pore size 
of 1000 Å utilizing fused-core technology, the benefits 
of total pore access and analysis speed can be 
achieved for large biomolecule reversed-phase HPLC 
separations, according to the company. HALO HPLC 
and UHPLC columns reportedly deliver fast separations 
with high resolution and narrow peak widths.

www.fused-core.com
Advanced Materials Technology, Delaware, USA.

Dynamic Headspace 
System
The Dynamic Headspace System 
(DHS 3.5) holds up to four times 
more sorbent, resulting in improved 
recovery, accuracy, and limits 
of quantitation, according to the 
company. Standard 3.5” tubes can 
be used for trapping. The DHS 3.5, 
Thermal Desorber TD 3.5+, and 
MultiPurpose Sampler MPS can 
process 120 samples in one run.
The optional DHS large holds 250, 
500, and 1000 mL containers.

www.gerstel.com
Gerstel GmbH & Co. KG, 
Mülheim 
an der 
Ruhr, 
Germany.

Degasser
The novel Flat Film Degasser 
reportedy offers a wide flow 
range and chemical compatibility, 
while reducing flow resistance. A 
variable vacuum control enables 
the degassing process to be fully 
optimized for users’ needs. The 
Flat Film Degasser will soon be 
available as an OEM solution or 
as a stand-alone version in the 
DEGASi series.

www.biotechfluidics.com
Biotech AB, Onsala, Sweden.
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19–22 OCTOBER 2020
Analytica 2020
Messe München, Munich, Germany
E: info@analytica.de
W: www.analytica.de/en

6–10 MARCH 2021
Pittcon Conference & Expo 2021
Ernest N. Morial Convention Center
New Orleans, Louisiana, USA
E: info@pittcon.org
W: http://pittcon.org

22–24 MARCH 2021
ArabLab & ArabChem 2021
Dubai World Trade Centre, Dubai, 
United Arab Emirates
E: info@arablab.com
W: www.arablab.com

9–14 MAY 2021
The 45th International Symposium on 
Capillary Chromatography & the 18th 
GCxGC Symposium
Fort Worth, Texas, USA
E: info@isccgcxgc.com
W: www.isccgcxgc.com

20–24 JUNE 2021
The 51st International Symposium
on High Performance Liquid Phase 
Separations and Related Techniques 
(HPLC 2021)
Düesseldorf, Germany
E: info@hplc2021.com
W: www.hplc2021-duesseldorf.com 

12–15 OCTOBER 2021
The 18th International Symposium 
on Preparative and Industrial 
Chromatography and Allied 
Techniques (SPICA 2020) 
Lisbon, Portugal
W: www.spica2020.org

18–23 JUNE 2022
50th International Symposium on 
High Performance Liquid Phase 
Separations and Related Techniques 
(HPLC 2020)
San Diego, California, USA
E: janet@barrconferences.com
W: www.hplc2020-usa.org

Please send any upcoming event 
information to Lewis Botcherby at 
lbotcherby@mjhlifesciences.com

26th International Symposium on Separation Sciences (ISSS 2021) and 25th 

International Symposium for High-Performance Thin-layer Chromatography 

(HPTLC 2021)

The 26th International Symposium on 

Separation Sciences (ISSS 2021) and the 25th 

International Symposium for High-performance 

Thin-layer Chromatography (HPTLC 2021) will 

be held from 29 June–21 July 2021 at the Grand 

Hotel Union in Ljubljana, Slovenia. ISSS 2021 

is organized jointly with HPTLC 2021 to allow 

scientists to attend both symposia. This will be a special opportunity to join the two symposia, 

meet more speakers and participants, gain access to more workshops and content. Because 

of COVID-19 the symposia have been postponed from 2020 to 2021.

The International Symposium on Separation Sciences (ISSS) boasts a long and successful 

tradition of engaging the international community in all areas of separation science. What 

started out as a biennial meeting of Slovenian and Croatian separation scientists, first held in 

Slovenia in 1990, has grown into a world-class international event. 

The International Symposium for High-performance Thin-layer Chromatography  

(HPTLC) has a rich 40-year tradition attracting the global HPTLC scientific community. 

The first in the series was held in Germany and since then it was mostly hosted by 

various European countries. 

The programme of both symposia will consist of invited lectures, oral and poster 

presentations, young scientist oral presentations as well as workshops. Each symposium 

will also conduct a Best Poster Award competition that all poster presentations will enter. The 

presenting author of the winning poster at ISSS 2021 will be awarded with free participation at 

the 27th ISSS 2022. A special scientific section will be dedicated to Rudolf E. Kaiser in honor 

of his contributions to the field of HPTLC, which includes starting the series of International 

Symposium on Planar Chromatography in 1980 in Bad Dürkheim and playing a key role in 

the founding of the Journal of Planar Chromatography in 1988. Additionally, in recognition 

of important contributions to the development of separation science, the Central European 

Group for Separation Sciences (CEGSS) Awards will be presented at the ISSS. The Exhibition 

will form an integral part of the symposia and will be located in the venue halls. The vision of 

ISSS and HPTLC series is strongly supported by multiple key sponsors and exhibitors, who 

are also given a unique opportunity to build trust, enhance credibility, and promote brand 

awareness and recognition.

For the first time all participants will have the opportunity to take part in a special creative 

competition called CHROM-ART. Interesting HPTLC plate images, chromatograms of 

unusual shapes and other images created during chemical analysis will be presented in 

a CHROM-ART gallery from an artistic point of view. One creative CHROM-ARTWORK will 

receive the CHROM-ART Award.

Attractive and rich social programmes will create the perfect atmosphere to connect with old 

acquaintances and build long-lasting friendships that may blossom into fruitful joint ventures. In 

the course of the events, the organizers of 26th ISSS 2021 and 25th HPTLC 2021 endeavour to 

inspire future research, innovation and scientific collaboration as well as offer the participants a 

taste of Slovenia’s natural beauty, intriguing history, culture and cuisine.

E-mail: info@isss2020.si & info@hptlc2020.si 
Websites: https://isss2020.si/ & https://hptlc2020.si/

Credit: Oliver/stock.adobe.com
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