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The primary nucleosides encompass a broad array of biological 
functions associated with RNA, particularly after configuration into 
multidimensional conformations. Nevertheless, researchers have 
found over 100 natural modifications to the native nucleosides 
that have led to a sea change in RNA design and discovery. These 
novel nucleosides provide increased chemical and thermal stability. 
Additionally, the nucleosides’ adaptations help to mediate various 
RNA functions within the cell. In addition to the natural modifications, 
a wide variety of non-natural nucleosides can be incorporated 
into RNA by natural or synthetic routes. These modifications often 
provide RNA with distinctive properties, such as expanded or altered 
hydrogen-bonding via van der Waals, base-stacking, or electrostatic 
interactions. Or by incorporating unique metal-binding sites, chemical 
reactivity, or fluorescent characteristics.1 

One of the more exciting applications with modified nucleosides is 
in the realm of disease markers, most notably, metastatic tumors 
and some viral infections.2 Modified nucleosides are primarily 
observed in both messenger (mRNA) and transfer RNA (tRNA). When 
mechanical or chemical stresses occur, catabolism of RNA material 
leads to inflammation and hypoxia.3 The removal of the non-essential 
components is facilitated through urine excretion and produces an 
increase in the concentration of pseudouridine, 1-methyladenosine, 
7-methylguanosine, 2’-O-methylcytidine, and 1-methylinosine to 
name a few.4 The level of each metabolite reflects  
the quantity of RNA degradation in the organism.5 Moreover, urinary 
excretion of methylated nucleosides, resulting from increased 
turnover and degradation of RNA, especially from tRNA, is excreted 
in statistically increased amounts in the urine of patients with different 
types of malignant tumors and/or HIV.5 

Hamilton’s PRP-1 (5 µm) reversed-phase HPLC column 
demonstrated enhanced resolution of 12 common modified and 
non-modified nucleosides. The polymeric particle found in nearly all 
of Hamilton Company’s columns exhibit decreased pump pressure 
while still achieving the separation of that of small particle sorbents. 
Ammonium formate was used as the mobile phase eluent and 

Column Information
Packing Material PRP-1, 5 µm

P/N 79641

Chromatographic Conditions

Gradient
0.00 – 9.00 min. 0% B 
9.01 – 20.00 min. 0 – 15 %B

Temperature 35 °C

Injection Volume 5 µL

Detection UV at 260 nm

Dimensions 150 x 4.6 mm

Eluent A 0.1 M NH4COOH

Eluent B CH3CN

Flow Rate 0.7 mL/min for 7min., 1.5mL/min

1 ) Chen Y, Kortemme T, Robertson T, Baker D, Varani G. Nucleic Acids Res. 
2004; 32(17), 5147-62.

2 ) Seidel A, Brunner S, Seidel P. et al. Br. J. Cancer 2006; 94, 1726–33. 

3 ) Bodin P, Burnstock G. Neurochem. Res. 2001; 26, 959–69.

4 ) Lakings B, Waalkes B, Borek E, Gehrke W, Mrochek E,  
Longmore J, Adamson H. Cancer Res. 1977; 37, 285–92.

5 ) Borek E, Baliga S, Gehrke W, Kuo C, Belman S, Troll W, Wallkes P. Cancer 
Res. 1977; 37, 3362–6.

Author: Adam L. Moore, PhD

allowed for satisfactory resolution of all the analytes. Similarly, using a 
more volatile mobile phase like ammonium formate allows for analysis 
with mass spectroscopy detectors if so desired by the analyst. The 
use of isocratic methodology enabled the suitable separation of the 
first nine nucleosides. The last three compounds eluted with a slight 
gradient of acetonitrile to facilitate better peak shape for the more 
lipophilic nucleosides.

Compounds: Cytidine 50 μg/mL, Guanosine 25 μg/mL, Inosine 25 μg/mL,  
1-Methyladenosine 25 μg/mL, 5-Methylcytidine 100 μg/mL, 2’-O-Methylcytidine 20 
μg/mL, 3-Methylcytidine methosulfate 100 μg/mL, 7-Methylguanosine 25 μg/mL, 
5-Methyluridine 50 μg/mL, Pseudouridine 25 μg/mL, 2-Thiocytidine dihydrate 10 
μg/mL, Uridine 25 μg/mL
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A systematic and disciplined approach to troubleshooting can improve both the 
efficiency and effectiveness of LC troubleshooting efforts. Here is how to do it.
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reported for the two approaches.
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LC TROUBLESHOOTING

Ic
o

n
 I

m
ag

e
: 

Jo
e

 Z
u

g
ci

c/
Z

u
g

ci
c 

P
h

o
to

g
ra

p
h

e
rs

, 
In

c.

Troubleshooting 101: Some Essential 
Principles of Effective Troubleshooting
When we are focused on resolving a particular problem, it can be easy to lose sight of important steps in troubleshooting 
problems with liquid chromatography (LC) instruments. Taking a systematic and disciplined approach to troubleshooting 
can improve both the efficiency and effectiveness of our troubleshooting efforts.

Dwight R. Stoll

In an upcoming installment of “LC Trouble-
shooting,” I will focus—for the first time 

in this column—on troubleshooting topics 
specific to two-dimensional liquid chroma-
tography (2D-LC) systems. These systems 
are inherently more complex than systems 
for conventional (one-dimensional) LC, with 
more components and ways for problems 
to arise. Given this complexity, troubleshoot-
ing problems in 2D-LC systems can be more 
challenging. As I’ve thought about how to 
approach this, it occurred to me that a review 
of some of the essential principles of trou-
bleshooting would be instructive. At a mini-
mum, a systematic and disciplined approach 
to troubleshooting challenging problems 
makes them easier to solve. This notion is 
not exclusive to troubleshooting problems 
with chromatography systems. Early in my 
career, an influential mentor frequently 
commented on the value of the training he 
received in the United States Army as an 
electronics technician when he applied that 
to his work as a field service engineer spe-
cializing in mass spectrometry systems. A 
casual look at training manuals for the Army 
reveals how much emphasis is placed on the 
value of a systematic approach for increas-
ing both the effectiveness and efficiency of  
troubleshooting efforts (1).

One of the books I possess on the topic 
of troubleshooting is Troubleshooting LC 
Systems, by John Dolan and Lloyd Snyder (2). 
Given that it was published in 1989, a lot of 

the details related to how pumps, detectors, 
and injectors work are obsolete because LC 
technology has evolved so much over the 
past three decades. However, the content 
of chapter four of their book, “Principles of 
Troubleshooting,” is timeless, in my opinion. 
I encourage LC practitioners who are looking 
to expand their knowledge of LC and hone 
their troubleshooting skills to pick up a copy 
of this book, or a similar one. What follows 
in this installment is a review of some of the 
key concepts of a systematic approach to 
troubleshooting, which are common to the 
book by Dolan and Snyder and other similar 
books on the topic. 

#1: One Thing at a Time
One of the most important principles in 
any systematic approach to troubleshoot-
ing is that in the problem-solving process, 
we should only change one thing at a time, 
observe the effect of that change, and then 
decide what to do next in response to the 
observed effects. This is an approach that is 
fundamentally different from changing sev-
eral things simultaneously and hoping that at 
least one of the changes is beneficial (some-
times referred to as the shotgun approach). 
The problem with the latter approach is that if 
we change several things at once there is no 
way to know which of the changes is respon-
sible for correcting the problem. The shot-
gun approach to troubleshooting is expen-
sive because it leads to the replacement of 

parts that are perfectly fine and not contrib-
uting to the problem. In addition, the shot-
gun approach does not lead to an under-
standing of the root cause of the problem. 
If the root cause is not understood, then we 
lose the opportunity to take steps to address 
the root cause, and potentially prevent future 
problems before they occur. An example is 
helpful to illustrate these points.

Example: Unexpectedly High Pressure  
Measured at the Pump
Seeing unexpectedly high pressure mea-
sured at the pump is a common problem 
in LC, encountered by inexperienced and 
experienced practitioners alike. A higher 
than normal pressure—provided the cor-
rect mobile phase, flow rate, and column 
are being used—is usually a result of some 
abnormal obstruction of the flow path, such 
as a partially blocked capillary or inline filter. 
Once the user is convinced that the observed 
pressure is higher than normal, the first ques-
tion is: Which component of the system is 
the culprit? In a typical system, there might 
be five to eight different capillaries in the 
flow path between the pump outlet (where 
the pressure is measured) and the detector 
outlet, and one or more inline filters. In the 
shotgun approach, we would change all of 
the connection capillaries and inline filters 
at once, replacing each part with a new one. 
Depending on the type of capillaries in use, 
this could easily cost $500–$1000. Doing so 
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may resolve the obstruction and return the 
pressure to a more typical value. However, 
at this point, we would not know which of 
the capillaries or filters was obstructed, thus 
missing valuable information. 

If we instead take the one-at-a-time 
approach and check the pressure after each 
capillary is removed one at a time, starting 
from the downstream (detector) side of the 
flow path, we can clearly identify which capil-
lary or filter is obstructed. This process not 
only localizes the repair or replacement that 
is needed, but may also yield clues about the 
root cause of the obstruction. For example, if 
we find that the capillary connected directly 
to the pump outlet is obstructed, it may be 
due to the pump seals shedding particulate 
material that accumulates in the capillary, 
or a badly contaminated bottle of mobile 
phase. If the needle seat capillary on the 
downstream side of the autosampler needle 
is obstructed, it may be due to samples that 
have particulate matter in them and need to 
be filtered. Finally, if we find that the inline 
filter downstream from the autosampler is 
obstructed, it may be due to shedding of 
seal material from a valve in the sampler.

The shotgun approach can be attractive 
because it is the most efficient approach 
to resolving a problem. Changing one part 
or variable at a time can consume an inor-
dinate amount of time and analyst effort. In 
critical situations, we may not have the luxury 
of taking this time to really understand the 
problem. If the cost associated with chang-
ing many parts at once is not a concern, then 
doing so may be a viable approach even if 
we shortchange ourselves in the long run by 
not addressing the root cause of the prob-
lem that may lead to repeated problems of 
the same kind in the future.

#2: Do No Harm
Each laboratory has a slightly different 
approach to maintenance and repair of 
its instrumentation. On one end of this 
spectrum we have laboratories where 
every piece of equipment is covered by a 
service contract such that the laboratory 
staff are rarely asked to deal with perfor-
mance problems. Rather, the instrument 
manufacturer or a third party specializing 
in such service is called upon to come in 
and address the problem quickly. On the 

other end of the spectrum, some labora-
tories don’t have any service contracts or 
warranties on their equipment, and do 
not have more than one of any particular 
piece of equipment. This is a particularly 
challenging environment for troubleshoot-
ing because spare parts are usually in short 
supply and the laboratory staff do not have 
a second instrument to use as a reference 
point when investigating unusual behavior 
of a particular instrument. 

However, there is a middle ground worth 
discussing. Some laboratories have more 
than one of a particular make and model of 
an LC instrument. This is an important asset in 
the troubleshooting process because a func-
tional instrument can serve as a reservoir of 
known working parts when troubleshooting 
another instrument of the same kind. How-
ever, discipline is important here in terms 
of how moving parts between instruments 
is handled. The principle is that parts that 

Develosil.com | +1 (858) 800-2433  
10060 Carroll Canyon Rd, Ste 100 San Diego CA 92131 USA 

15 Hinode-cho, Seto, Aichi 489-0004 Japan

1000Å pore size provides more resolution 
for monoclonal antibody analysis. 

Application available for download, visit our site!

HPLC & UHPLC Columns 

FlexFire mAb-RP series

FlexFire mAb-RP, 
C4 2.6 µm 
1000Å

Brand A, 300Å C4 2.6 µm

NIST mAb

3.00 4.00 5.00 6.00
min

7.00 8.00 9.00

http://www.develosil.com


546  LCGC NORTH AMERICA  VOLUME 38 NUMBER 10  OCTOBER 2020 WWW.CHROMATOGRAPHYONLINE.COM

are “borrowed” temporarily from a working 
instrument for the purpose of troubleshoot-
ing another instrument should always be 
returned to the working instrument at the 
conclusion of the troubleshooting exercise. 
If this practice is not followed, confusion can 
result quickly, especially if the process is not 
documented carefully. 

An example is instructive here. Suppose 
that the baseline signal of a UV detec-
tor suddenly becomes much noisier than 
is normally observed. There are multiple 
possible causes of this, including an aging 
deuterium lamp and dirty flow cell windows. 
There are multiple reasonable approaches to 
troubleshooting this problem, but if a simi-
lar instrument is nearby that has a working 
lamp with the same part number, then it is a 
simple and quick matter to move the good 
lamp from the working instrument to the 
instrument having the problem, and see if 
the noisy baseline is resolved. If the baseline 
improves, then this suggests that the lamp 
had reached the end of its life and should 
be replaced. At this point, we have a deci-
sion to make. Do we leave the lamp that we 
moved from the working instrument in place 
and install a new lamp in the instrument from 
which the used but working lamp was bor-
rowed, or do we return the used lamp to 
the working instrument and install the new 
lamp in the instrument where the problem 
was originally observed? In this case, the 
best practice is to return the used lamp to 
the instrument from which it was borrowed. 
Being disciplined about this will minimize 
confusion that can occur in challenging trou-
bleshooting exercises where multiple parts 
are moved between multiple instruments. 
Keeping parts with their “parent” instru-
ments helps keep preventative maintenance 
schedules intact. 

#3: Drawers Are Not Repair Centers
One behavior I’ve observed in many labora-
tories is that sometimes people are reluctant 
to throw away bad parts and components at 
the end of a troubleshooting exercise. For 
example, suppose that we have systemati-
cally worked to resolve a larger-than-normal 
pressure fluctuation observed with a pump. 
We first changed the inlet check valve, which 
did not solve the problem, so we put the 
old one back in. Then, we changed the 

outlet check valve, and the pressure fluctua-
tion problem went away. We can conclude 
from this observation that the outlet check 
valve that was in the pump does not function 
properly. At this point, this failing part should 
be thrown away unless there is a clear path 
to actually fixing the part. In other words, sim-
ply putting the part in the drawer won’t fix 
it; rather, putting it in the drawer just creates 
a problem and questions for someone else 
to deal with later on. The function of check 
valves can occasionally be restored by soni-
cating them in isopropanol. However, what 
I sometimes see is that rather than address-
ing the problem with the part right away, it 
goes in a drawer, sometimes with a label that 
indicates it is a suspect or failing part, and 
sometimes not. Of course, not labeling the 
part as problematic is the worst case sce-
nario because an unsuspecting analyst may 
happen across the part at some later time. 
If she uses the part in a troubleshooting 
exercise, she will be doomed to fail from the 
start because the part is not functional. This 
problem can be avoided entirely by being 
disciplined about discarding parts that have 
been shown to be bad in the process of a 
thorough and systematic troubleshooting 
investigation. One exception to this is a case 
where the part or assembly is expensive 
and can be returned to the manufacturer for 
repair or refurbishment rather than simply 
discarding the part or assembly entirely.

#4: Build Up Knowledge 
About Expected Behavior
A first step in solving any problem with an 
instrument is recognizing that there is a prob-
lem or behavior that does not look normal. 
Typically, establishing what normal behavior 
looks like is accomplished using two differ-
ent types or sets of methods. At the time of 
installation of the instrument, a set of opera-
tional qualification (OQ) and performance 
verification (PV) methods are run that demon-
strate that the instrument meets or exceeds 
the manufacturer’s specifications for perfor-
mance parameters such as flow rate accuracy, 
gradient composition accuracy and precision, 
and detector drift, for example. At the time 
of installation, we may find that the flow rate 
accuracy under the test conditions is 99.7%. 
This method can be rerun at any point when 
a problem related to flow rate is expected, to 

see how the performance compares to when 
the instrument was installed. Readers inter-
ested in learning more about these types of 
methods and tests are referred to the July 
2020 installment of “LC Troubleshooting” 
where Tony Taylor and I wrote about these 
in more detail (3).

A second type of method that can be 
used to look at instrument behavior over 
time is usually referred to as a system suit-
ability test. Whereas the OQ and PV tests 
referred to above are set by the instrument 
manufacturer and don’t typically involve an 
actual separation (for example, the flow rate 
accuracy is evaluated without a column con-
nected), a system suitability test is a method 
that involves conditions very close to the 
analysis at hand. Because this method will 
involve an actual separation, data on reten-
tion times (absolute times, as well as variabil-
ity), peak shapes, and resolution values are 
typically recorded. Here again, this system 
suitability test can be run at any time (usu-
ally the frequency with which this is done is 
established as part of the method, or the 
laboratory culture) and the resulting values 
can be compared to previous system suit-
ability test results to see if the current results 
look like they are out of line. Readers inter-
ested in learning more about this type of test 
are referred to previous installments of “LC 
Troubleshooting,” such as reference (4).

#5: Documentation  
Helps in the Long Run
The details of any troubleshooting exercise 
should always be recorded in a laboratory 
notebook or logbook associated with the 
instrument. However, there are two aspects 
here that I think are noteworthy. First, track-
ing changes of commonly changed parts 
such as pump seals, valve rotor seals, and 
UV lamps can help assess the likelihood of 
failure in the future when one of these parts 
is suspected as being the cause of a prob-
lem. For example, if I change the seals in a 
pump today and then observe a leak from 
the pump two years from now, I would say 
that it is a strong possibility that the seals 
are the source of the leak given their age, 
and should be changed, but I would only 
be able to come to this conclusion if I 
had documented the prior change of the 
seals so that I can look in the record later 
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on and see when the change occurred. 
In other words, documenting changes 
today will make troubleshooting new 
problems easier in the future. Second, 
there are many ways for things to go 
wrong with LC instruments and many 
times the observed problem appears to 
be truly unique. Given enough time and 
work experience with enough instru-
ments, we can start to observe the same 
problem multiple times. Carefully docu-
menting troubleshooting exercises over 
time facilitates accumulation of local 
knowledge about particular problems 
that are commonly observed with each 
instrument’s make and model as well as 
known solutions to those problems.

#6: Know When to Ask for Help
As discussed above, different laborato-
ries can have very different cultures and 
expectations with respect to instrument 
maintenance and repair. In some cases 
analysts are asked not to attempt any 
repairs at all, and all of this work is han-
dled by a third party contractor. In other 
cases analysts are expected to solve all 
but the most difficult problems on their 
own, with the resources in the laboratory. 
This approach has limits, of course, and 
increasingly modern instruments are 
becoming less and less approachable 
when it comes to troubleshooting. User 
and service manuals are not as detailed 
as they were in the past, and users are 
provided with less guidance from manu-
facturers about potential solutions that 
can be explored when a problem of a 
particular type is encountered. The cir-
cumstances surrounding many trouble-
shooting exercises are unique, and thus 
it is difficult to provide general advice 
about when to reach out for profes-
sional help. If all of the troubleshooting 
guidance available to you in the manual 
for your instrument has been exhausted 
and you still don’t have a solution to 
the problem, don’t hesitate to reach 
out for help from the manufacturer’s 
service organization. Their intimate 
knowledge of their systems can enable 
quick solutions to problems that appear 
insurmountable to us. At some point 
leveraging the expertise of the manu-

facturer—though it may be expensive to 
do so—is the best option to solve the 
problem quickly and get back to analyz-
ing your samples.

Summary
In this installment of “LC Troubleshoot-
ing,” I have discussed some of the essen-
tial principles of a systematic approach 
to troubleshooting problems with LC 
instruments. On their own each of them 
is conceptually straightforward and 
easy to implement in practice. However, 
taken together, and with practice, incor-
porating these ideas into your trouble-
shooting approach will improve both 
the efficiency and effectiveness of your  
troubleshooting work. 
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Cryogenic- and Flow-Modulation Comprehensive 
Two-Dimensional Gas Chromatography–
Mass Spectrometry: Obtaining Similar 
Chromatographic Performance
In the present research, similar chromatography fingerprints were obtained using finely-tuned cryogenic-modulation 
(CM) and flow-modulation (FM) comprehensive two-dimensional gas chromatography–mass spectrometry (GC×GC–
MS) experimental conditions. The CM applications were carried out by using a loop-type modulator while the FM ones 
were performed using a seven-port wafer chip. The CM GC×GC–MS column combination consisted of a low-polarity 
30 m × 0.25 mm i.d. × 0.25-μm df column and a mid-polarity 1.5 m × 0.25 mm i.d. × 0.25-μm df  one. With regard to 
the FM GC×GC–MS column combination, the same stationary phases were used, coated on a 20 m × 0.18 mm i.d. × 
0.18-μm df  column and a 5 m × 0.32 mm i.d. × 0.25-μm df  one. A mixture of 64 cosmetic allergens was employed 
to measure different chromatography parameters, such as peak widths, resolution and signal-to-noise ratios. It is 
noteworthy that the FM combination of columns has been proposed as a standard column set, and the results herein 
reported confirm those previously attained (on a sample of bio-oil) in recent research.

Barbara Giocastro, Ivan Aloisi, Mariosimone Zoccali, Peter Q. Tranchida, and Luigi Mondello

Comprehensive two-dimensional gas 
chromatography (GC×GC) has been a 

fixture in separation science for 30 years, with 
the first paper published in 1991 (1). The great 
strength of this technique is the generation 
of a two-dimensional (2D) separation space, 
exploiting the presence of two columns with 
different stationary phases, and a modulator 
(2). The hundreds, if not thousands, of peaks 
observed in GC×GC separations makes the 
use of mass spectrometry (MS) mandatory.

Over the last two decades, several mod-
ulators have been developed, with these 
divided into two large families according to 
the operational principle, namely thermal 
and valve-based modulators (3). Thermal 
modulation is based on the use of low tem-
peratures to trap and focus analytes eluted 
from the first-dimension (1D) column and 
high temperatures to reinject them onto 
the second-dimension (2D) column. Thermal 
modulators can be further divided into sub-

categories, with cryogenic modulation (CM) 
being by far the most popular method. Fur-
ther description of thermal modulators would 
be outside the scope of the present paper (3). 

Valve-based modulators use an auxiliary 
pressure source for analyte transfer from 
the 1D column to the 2D one. The valve 
can be linked directly or indirectly to the 
1D and 2D columns. Consequently, valve-
based modulators can be divided into 
subcategories as well (3). 

In the present research, dual-jet loop-type 
CM was used while flow-modulation (FM) 
was performed by employing a seven-port 
wafer chip. The former approach employs 
a closed cycle refrigerator–heat exchanger 
to produce a -90 °C cold jet (eliminating 
the need for liquid nitrogen), and resistance 
heating to produce the hot jet (4). By using a 
delay loop (a segment of column coiled twice 
at the point of intersection of the hot and 
cold jets), it is possible to carry out dual-stage 

modulation employing only two jets (5). On 
the other hand, FM was carried out by using 
a seven-port wafer chip with internal micro-
channels and an accumulation loop (6,7); 
such an FM method stems from an approach  
introduced in 2006 (8).

In a previous investigation, very simi-
lar chromatography fingerprints were 
obtained on a sample of coconut bio-oil by 
using finely-tuned FM and CM GC×GC–MS 
experimental conditions (7). The aim of the 
present research was to confirm the results 
attained previously on an entirely different 
type of sample, namely a mixture of 64  
cosmetic allergens.

Experimental
Standard Compounds and  
Sample Preparation
Two solutions containing 24 (fragrance aller-
gen mix A1) and 40 (fragrance allergen mix 
A2) contact allergens (Table I) were provided Ic
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TABLE I: Information related to compound identity, MS similarities, peak widths at half height, and signal-to-noise ratios in the CM 
and FM analyses. Average values of the data listed in the columns are reported on the last line and are in italics. (continued...)

Peak Compound
MS Similarity % Wh (ms) S/N

CM FM CM FM CM FM

1 α-Pinene 97 94 140 170

2 Benzaldehyde 97 94 190 210 302 41

3 β-Pinene 96 95 150 160

4 α-Terpinene 96 92 140 170

5 Limonene 97 92 140 180

6 Benzyl alcohol 96 82 200 270

7 Salicylaldehyde 95 86 210 240

8 Terpinolene 95 94 150 160 901 262

9 Linalool 96 87 150 180 708 123

10 Camphor 96 95 190 180

11 Menthol 96 94 160 180

12 Methyl-2-octynoate 95 93 150 210

13 α-Terpineol 95 88 170 200 486 149

14 Methyl salicylate 91 83 200 260

15 Citronellol 96 92 150 190

16 Neral 96 85 170 190

17 Linalyl acetate 96 87 140 150

18 Geraniol 95 81 150 190

19 Carvone 96 93 180 190 382 112

20 Geranial 94 86 180 240

21 Cinnamaldehyde 95 83 220 440

22 Hydroxycitronellal 95 82 160 210

23 Anise alcohol 94 84 180 320

24 Trans-anethole 97 96 210 200 297 116

25 Cinnamyl alcohol 97 84 210 490

26 Dimethylbenzylcarbinyl acetate 94 81 160 170 530 232

27 Eugenol 93 88 180 220

28 Geranyl acetate 96 87 150 170

29 δ-Damascone  96 96 170 170

30 β- Damascenone 94 91 170 180

31 α- Damascone 95 95 160 170

32 Vanillin 97 88 230 280

33 β-Damascone 96 92 160 180

34 Trimethyl-benzenepropanol 94 89 170 240

35 β-Caryophyllene 96 95 160 150

36 Ebanol 1 94 91 150 180

37 Ebanol 2 93 93 160 180

38 Isoeugenol 92 84 200 210

39 Coumarin 94 90 260 290

40 α-Isomethylionone 93 91 160 170 523 252

41 Eugenyl acetate 93 92 180 200

42 Butylphenyl methylproponial 90 91 180 180

Continued on page 552
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by Merck Life Science (Merck KGaA). The 
two solutions were mixed and diluted with 
methyl tert-butyl ether to a concentration 
of 10 mg/L. 

Instrumentation
Cryogenic-modulation GC×GC–MS
The CM analyses were performed on a 
GC×GC–MS system (Shimadzu) consist-
ing of two independent (GC2010) gas 
chromatographs, a cryogenic loop-type 
modulator, and a single quadrupole mass 
spectrometer (GCMS-QP2020). The first GC 
instrument was equipped with an AOC-20i 
auto-injector and a split-splitless injector 
(280 °C). The injected volume was 1.7 μL, at 
a split ratio of 10:1. 

The first dimension, a SLB-5ms [SLB-5 
ms silphenylene polymer with similar 
polarity to poly (5% diphenyl:95% dimethyl 
siloxane)] 30 m × 0.25 mm i.d. × 0.25-µm 
df, was connected to a 1.5 m × 0.18 mm i.d. 
uncoated capillary column, used as a delay 
loop. The loop was then connected to a 1.5 
m × 0.25 mm i.d. × 0.25-µm df SLB-35ms 

proprietary polymer with similar polarity to 
poly (35% diphenyl:65% dimethyl siloxane) 
second-dimension column. The column-
loop connections were made using two 
Trajan mini union connectors (Trajan Scien-
tific and Medical). The GC conditions were 
as follows: The temperature program was 
50–330 °C at 6 °C/min (in both GC ovens). 

Meanwhile, the carrier gas (He) condi-
tions were as follows: Constant average 
linear velocities of about 18.5, 80.4, and 
103.9 cm/s, were generated in the first 
dimension, the delay loop, and the second 
dimension, respectively. 

Modulation was carried out using a liquid 
nitrogen free chiller unit Zoex ZX2 (under 
license from Zoex Corporation). The modu-
lation period was 4000 ms, with a hot pulse 
(280 °C) duration of 200 ms. 

For the MS conditions, the sample was 
analyzed in the scan mode (electron ioniza-
tion at 70 eV) using a mass range of 45–360 
m/z, and a spectra generation frequency of 
33 Hz. The interface and ion source tem-
peratures were 250 °C. The data was col-
lected using the GCMS Solution software 
(Shimadzu). Data processing was performed 
in both CM and FM applications using the 
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TABLE II: Information related to 1D retention times (1tR), 2D retention times (2tR) and related k values, N and resolution values (Rs) for 
six couples of compounds. The average N and Rs values are reported on the last line.

Compound
CM FM

1tR (min) 2tR (s) k N Rs
1tR

2tR k N Rs
13. α-Terpineol 15.845 4.27 2.0 3495 0.8 16.099 3.55 0.8 1745 0.8

14. Methyl salicylate 15.845 4.54 2.1 2855 16.099 3.88 1.0 1234

23. Anise alcohol 18.045 5.11 2.5 4465 1.5 18.233 4.6 1.4 1145 1.4

24. Trans-anethole 18.045 4.6 2.2 2658 18.299 3.94 1.0 2150

37. Ebanol 2 21.778 4.12 1.9 3673 2.7 21.966 3.49 0.8 2083 2.6

38. Isoeugenol 21.778 4.93 2.4 3366 21.966 4.36 1.2 2388

38. Isoeugenol 21.778 4.93 2.4 3366 2.4 21.966 4.36 1.2 2388 2.5

39. Coumarin 21.778 5.86 3.1 2814 21.966 5.41 1.8 1928

51. α-Santalol 26.511 4.57 2.2 2391 0.8 26.699 3.97 1.0 2183 0.6

52.  α-Amylcinnamyl alcohol 26.511 4.87 2.4 3285 26.766 4.21 1.2 1252

57. Benzyl benzoate 28.311 5.44 2.8 3718 2 28.499 4.81 1.5 2225 1.9

58. α-Acetyl cedrene 28.311 4.78 2.3 4380 28.633 4.06 1.1 2283

Average 3372 1.7  1917 1.6

TABLE I: (continued) Information related to compound identity, MS similarities, peak widths at half height, and signal-to-noise ratios 
in the CM and FM analyses. Average values of the data listed in the columns are reported on the last line and are in italics. 

Peak Compound
MS Similarity % Wh (ms) S/N

CM FM CM FM CM FM

43 Amyl salicylate 94 93 180 190

44 3-Propylidene phthalide 95 94 220 240 163 59

45 Isoeugenyl acetate 94 92 180 210

46 α-Amylcinnamaldehyde 95 93 190 210 332 147

47 Lyral minor 88 81 190 220

48 ISO E (γ) 82 92 170 210

49 Lyral major 93 86 190 200

50 ISO E (β) 85 85 200 180

51 α-Santalol 95 88 220 200

52 α-Amylcinnamyl alcohol 92 82 200 280

53 ISO E (α) 90 82 200 240

54 Trans,trans-farnesol 94 85 160 190

55 α-Santalol 94 87 180 190 544 67

56 α-Hexylcinnamaldehyde 94 92 180 220 622 99

57 Benzyl benzoate 95 95 210 240

58 α-Acetyl cedrene 94 89 180 200

59 + 60 Galaxolide (1+2) 93 86 220 170

61 Benzyl salicylate 96 91 220 230 340 22

62 Hexadecanolact-16-one 94 93 180 180

63 Benzyl cinnamate 94 90 250 270 183 35

64 Sclareol 92 85 210 200 278 32

Average 94 89 181 213 439 117

Continued from page 550
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ChromSquare software v. 2.3 (Shimadzu). The 
mass spectral database used was the FFNSC 
3.0 (Shimadzu).

Flow-Modulation GC×GC–MS
The FM applications were carried out on a 
single-oven Shimadzu GCMS-TQ8040 sys-
tem. The GC instrument was equipped with 
an AOC-20i auto-injector and a split-splitless 
injector (280 °C). The injected volume was 1.7 
μL at a split ratio of 10:1. 

The 1D column was an SLB–5 ms 20 m × 
0.18 mm i.d. × 0.18-µm df, while an SLB-35ms 
5 m × 0.32 mm i.d. × 0.25-µm df column was 
used as 2D. The columns were heated by 
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m × 0.25 mm i.d. The gas flow was supplied 
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The carrier gas (He) had the following 
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The modulation period was 4000 ms, with 
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mode (electron ionization at 70 eV) using 
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generation frequency of 33 Hz. The inter-
face and ion source temperatures were set 
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Results and Discussion
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GC×GC–MS and FM GC×GC–MS chroma-
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tuning the experimental conditions. These 
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fiber bio-oil and were carried out by using 
a single quadrupole (CM) and a triple quad-
rupole (FM) mass spectrometer, both in 
scan mode (7). It is noteworthy that the ion 
sources were the same in both MS instru-

ments. Moreover, the first quadrupole and 
the collision cell in the triple quadrupole 
system were operated only as “fly through” 
zones, while the operational conditions of 
the second quadrupole were the same as 
those used in the single quadrupole MS 
instrument. The same MS systems have 
been used in the present investigation.

The main objective of this study is to con-
firm the results attained previously on an 
entirely different type of sample, namely a 
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The cannabis testing industry might 
be likened to the “Wild West.”  
Every state has a different set of 

regulations, and most testing laborato-
ries are struggling to find the best so-
lutions with the right combination of 
analytical capabilities. As the industry 
continues to grow, it is up to all industry 
participants (growers, manufacturers, 
scientists, testing labs, and regulators) 
to collaborate, share data, and create  
industry standardization. 

These challenges are among the things 
that attracted Melissa Chandler, Environ-
mental Applications Chemist for United 
Chemical Technologies (UCT), to the field. 
“Initially my academic and teaching work 
was in analytical chemistry and I was ex-
tremely interested in environmental chem-
istry and public health. Added to that, I 
had focused on soil forensic analysis for 
my master’s thesis. As the legalization of 
cannabis took off, the testing and safety 
requirements seemed like a great intersec-
tion of all my pursuits. Developing new sci-
ence and working toward standardization 
were exciting challenges for me. There was 
room for pioneers.”

It is a natural desire to develop analytical 
methods that are quick, easy, and cost ef-
fective. For many cannabis testing labs, that 
means using a dilute-and-shoot approach, 
which, as the name implies, sidesteps tradi-
tional sample preparation techniques (e.g., 
quick, easy, cheap, effective, rugged, and safe  
[QuEChERS], solid-phase extraction 
[SPE], dispersive solid-phase extraction 
[dSPE], filtration, and evaporation) and 
merely extracts and dilutes the sample in 
organic solvent prior to shooting it into 
the analytical instrument for analysis. The 
main advantages to this approach include 
speed, simplicity, and no requirement for 

sample clean-up products or additional 
chemicals. However, some in the industry 
are questioning if dilute and shoot affects 
the ability to quantify some analytes due 
to matrix interferences being co-extracted 
with this approach, thereby potentially 
missing low-level contaminants. For exam-
ple, Figure 1 showcases the dirtiness and 
complexity of a hemp flower acetonitrile 
(ACN) extract analyzed after using a di-
lute-and-shoot sample prep approach. The 
large amount of co-extracted matrix com-
ponents can mask the detection of chemi-
cal residues using liquid chromatography 
(LC) and gas chromatography (GC) analy-
sis as well as leading to costly repairs or 
time-consuming instrument maintenance.

Common problems of a dilute-and-shoot 
approach include column build-up, which 
necessitates more frequent replacement of 
liners/guard columns/columns, instrument 
downtime for maintenance,  and wear and 
tear on the mass spectrometer. Hence, labs 
looking to save time and increase through-
put may inadvertently be shortening the 
lifetime of their instrument(s). Investments 
in sample prep can help protect costly in-
strumentation. 

Another issue with dilute and shoot is the 
large dilution factor required to minimize 
the effect of matrix suppression. This in 
turn also dilutes out any lesser abundant 
analytes of interest, thereby potentially 
leading to sensitivity issues. For example,  
Figure 2 illustrates how sample dilution 
affects the ability to reliably quantify can-
nabinoid concentrations in hemp oil. This 
potency test required diluting the sample 
a thousand-fold to get the cannabidiol 
(CBD) within the calibration curve. How-
ever, the test also diluted out the delta-
9-tetrahydrocannabinol (Δ-9-THC) and 
other cannabinoids that are present at 

much lower con-
centrations and 
could ultimately 
not be quantified. 

While dilution can 
be a real challenge 
in potency testing, 
it is even more 
challenging when 
looking for trace-
level chemical resi-
dues (pesticides 
and mycotoxins). 
These compounds 
are present in the sample at much lower 
concentrations and have very low regula-
tory action limits. 

In other regulated testing environments, 
such as the U.S. Environmental Protection 
Agency (EPA) or Food and Drug Adminis-
tration (FDA), testing methods differ by the 
class of pesticides or matrix. Many of these 
methods use classic SPE procedures to trap 
and release the analytes of interest while al-
lowing the dirty matrix to be washed away 
to waste. This results in cleaner extracts and 
concentration of the target analytes, which 
makes their analysis more robust, accu-
rate, and reproducible. Real-world samples 
bring much variation and unknown matrix 
co-extractives that a good sample prep 
methodology can mitigate.

Additionally, to achieve low action  
limits, such as those on the California Bu-
reau of Cannabis Control (BCC) regula-
tions, using a dilute-and-shoot approach 
requires a high-end MS system that may 
not be affordable for every lab. When at-
tempting to deliver comparable parts per 
billion (ppb) quantification levels with less 
expensive instrumentation, sample prep is 
necessary to remove the interfering matrix 
components. With more than 70 analytes 

on the California list and as many as 96 
in Canada, for example, the differing ma-
trix can affect analytes in novel ways. Such 
ways include a few analytes being prob-
lematic in a flower matrix, while others 
create issues in chocolate or a lotion.

When it comes to cannabis testing, all con-
taminants should be detected to ensure 
that health hazards are not present in the 
final product. From a public health stand-
point, there are not enough studies done 
on long-term efficacy and the potential 
health benefits/risks associated with con-
sumption of cannabis and cannabis-de-

rived substances. Is there bioaccumulation 
of the pesticides or other contaminants? 
The current regulated chemical residues 
represent only a small subset of those 
tested in food products. Should these lists 
be expanded? The current problem we all 
face is that acceptable levels of these ana-
lytes have not been assessed or standard-
ized, as this has been accomplished in food 
and environmental testing. Compounding 
the need for standardization is the other 
variable of differing state regulation and 
product diversity. 

The testing structure for the cannabis and 
hemp industry is not yet well-developed, 
thus we have the opportunity to guide 
and create robust, accurate methods that 
ultimately ensure consumer safety. “The 
industry has yet to develop the kind of 
structure that we would have in place if 
we had federal legalization,” comments 
Ms. Chandler. “We have a combination 
of researchers from other fields, such as 
forensics and food safety, who bring years 
of experience to the table. Sharing data 
and developing standardized methods 
will be good for everyone in the industry.”  
These sentiments harken to the pioneering 
spirit, where we have an opportunity to 
ensure that testing is fit for purpose as well 
as a benefit to consumers. There is no one 
“silver bullet” to address the many chal-
lenges faced by the cannabis testing indus-
try when analyzing a variety of chemical 
residues in very complex matrices. Creat-
ing a consensus culture between industry 
and regulatory bodies is the next goal. 

Companies like UCT, who have extensive 
experience working with complex matri-
ces in the environmental and food safety 
sectors, bring expertise to the science and 
support standard method creation. For 
over 30 years, UCT’s products have sup-
ported diverse analytical testing labs in 
extracting cannabinoids and chemical resi-
dues from complex matrices. They have 
recently launched a new method develop-
ment kit that contains the most popular 
QuEChERS and dSPE products to assist 
testing labs as they navigate the challenges 
of chemical residue testing in the diverse 
matrices. There are many resources avail-
able on their website and their products 
are continually cited in peer-reviewed re-
search articles as well as written into regu-
lated methods.  
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Figure 1 – Example of a hemp flower extracted with acetonitrile (10-fold dilution) ana-
lyzed using full scan GC–MS that highlighs the dirtiness and complexity of this matrix.

Melissa Chandler
Environmental 
Applications Chemist
United Chemical 
Technologies

Figure 2 – LC–UV chromatogram for cannabinoids in hemp oil (1).
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10 mg/L mixture of cosmetic allergens (Table 
I). The injection conditions, temperature pro-
gram, types of stationary phases, and modu-
lation period (4000 ms) were the same in the 
CM and FM methods. 

CM GC×GC–MS Method
The CM GC×GC–MS instrument was oper-
ated in the constant average linear veloc-
ity (CALV) mode: the 1D (low polarity, 30 
m × 0.25 mm i.d. × 0.25-µm df) CALV was 
approximately 18.5 cm/s, leading to a void 
time of about 162 s. The delay loop (1.5 m 
× 0.18 mm i.d.) gas velocity was approxi-
mately 80 cm/s, enabling a dual-stage 
modulation process. The 2D (mid-polarity, 
1.5 m × 0.25 mm i.d. × 0.25-µm df) CALV 
was about 100 cm/s, leading to a void time 
of approximately 1.4 s (Figure 1). The phase 
ratio of both analytical columns was ≈250.

The CM GC×GC–MS result is shown in 
Figure 2, which contains two wrap-around 
corrected chromatogram expansions to 
better visualize the 2D separation. The 1D 
retention time window in Figure 2 is equal 
to approximately 27 min, or 405 modulations. 
Considering that the 2D column, if operated 
under ideal chromatography conditions, 

could generate about 6000 theoretical plates 
(N) (9), then this would lead to a potential 
overall N value of 2,430,000 (405 × 6000). The 
N value of the 1D column is not considered in 
such a calculation.

FM GC×GC–MS Method
The FM GC×GC–MS system was operated 
as follows: The 1D (20 m × 0.18 mm i.d. × 
0.18-µm df) CALV was approximately 12.3 
cm/s, leading to a void time of about 163 s 
(very similar to that of the CM method). The 
accumulation loop (40 cm × 0.51 mm i.d.) 
gas velocity conditions enabled two phases 
of accumulation and reinjection, resulting a 
dual-stage process—two accumulation and 
two re-injection processes. The 2D (5 m × 
0.25 mm i.d. × 0.32-µm df) CALV was about 
260 cm/s, leading to a void time of approxi-
mately 1.9 s. The phase ratios of the 1D and 

2D columns were ≈250 and ≈320, respectively. 
The slightly higher 2D void time in the FM 
method was, in part, counterbalanced by 
the higher column phase ratio, leading to 
a decrease in retention factors. The 7-port 
wafer chip was characterized by five ports on 
the front and two on the back for connec-
tions to the solenoid valve (Figure 1).

The FM GC×GC–MS result is shown in 
Figure 3, which again contains two wrap-
around corrected chromatogram expan-
sions. The 1D retention time window is the 
same as that observed in the CM analysis. 
Considering that the 2D column, if operated 
under ideal chromatography conditions, 
could generate circa 15,600 N (9), then this 
would lead to a potential overall N value 
of 6,318,000. Again, the efficiency of the 1D 
column is not considered.

Comparison of the CM and FM Results
A side-by-side measurement between 
MS similarities, peak widths at half height, 
and signal-to-noise (S/N) ratios of both 
systems were made, with the results 
reported in Table I. 

The MS similarity, in both cases, is always 
higher than 80%, ranging between 82 and 
97% for the CM system (with an average 
value of 94%), and between 81 and 96% for 
the FM system (with an average value of 
89%). The higher values obtained in the CM 
analysis are due to the higher S/N values. In 
fact, cryogenic modulation enables the 2D 
injection of very narrow analyte bands, lead-
ing to enhanced sensitivity. 
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FIGURE 3: Two flow-modulated GC×GC–MS chromatogram expansions of 64 allergens. Peak identity can be found in Table I.
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The average peak widths at half height 
were 181 ms (ranging between 140–260 ms) 
for the CM system, and 213 ms (ranging 
between 150–490 ms) for the FM one. 

The S/N values in Table I, relative to 15 aller-
gens, were the average values derived from 
three consecutive analyses. As expected, S/N 
values were always higher in the CM analysis, 
with an overall average increase by a factor of 
3.8 (439 against 117). 

First dimension retention times were simi-
lar, albeit slightly lower in the CM analysis: 
for 11 compounds (distributed over six pairs) 
spanning the chromatogram, the minimum 
and maximum differences were 11.3 and 
19.3 s, respectively (Table II). Such retention 
time differences caused 1D minimum and 
maximum elution temperature differences 
of about 1.1 and 1.9 °C, respectively (for the 
eleven compounds). Combining such a fac-
tor (increasing CM 2D retention), with the 
lower CM 2D column phase ratio (increas-
ing retention) and the lower CM 2D void 
time (reducing retention times), lead to a 
general increase in CM 2D retention times. 
Again, considering the 11 compounds, the 
minimum and maximum differences were 
0.47 and 0.72 s, respectively, leading to an 
increase in retention factor (k) values of just 
over a unit in the CM analysis (Table II). 

Plate numbers were also calculated and 
were always higher in the CM analysis: The 
average N values calculated for the 11 com-
pounds in the CM and FM analyses were 
3372 and 1917 respectively (Table II). 

Resolution was calculated for six pairs 
of compounds, the obtained values are 
reported in Table II. As can be seen, the 
values for CM system are slightly higher, 
with an average value of 1.7 (rang-
ing between 0.8–2.7), while an average 
value of 1.6 was obtained for FM system  
(ranging between 0.6–2.6).

Conclusion
It can be affirmed that the results attained 
in the present research confirm those 
reported previously (7). The proposed stan-
dard FM GC×GC–MS column set provided 
an altogether similar chromatography result 
compared to that obtained by using a CM 
GC×GC–MS standard column set. The 
main difference related to the average plate 
numbers, which were previously found to be 

slightly higher in the FM approach (aver-
age N values for five compounds: 2978 vs. 
2680) (7). Such a divergence could be due 
to the fact that, in reference (7), a 4x higher 
amount was analyzed in the FM analysis, 
to counterbalance the higher CM sensitiv-
ity. In the present research, equal sample 
amounts were subjected to analysis using 
the two methods, leading to lower signals in 
the FM analyses. Even so, and on the basis 
of the results attained, the FM GC×GC–MS 
column set proposed, can be potentially 
considered as a standard GC×GC column 
combination within the context of flow-
modulated applications. 
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Analysis of Tobacco-Specific Nitrosamines in 
Cigarette Tobacco, Cigar Tobacco, and Smokeless 
Tobacco by Isotope Dilution LC–MS/MS
Tobacco-specific nitrosamines are important carcinogens in tobacco products. This article describes a fast, sensitive, selective, 
and robust method for analysis of these compounds in various tobacco samples by liquid chromatography–tandem mass 
spectrometry (LC–MS/MS). The separation of analytes from matrix interfering components was performed using a C18 
column with simple LC–MS mobile phases. To minimize sample matrix effects on each analyte, a separate internal standard 
was used for each analyte. Two MS/MS ion pairs were used for each analyte for analyte confirmation and quantification, 
further enhancing the method’s selectivity and accuracy. The method was validated using different tobacco matrices. 

Jingcun (Jeff) Wu

Tobacco-specific nitrosamines (TSNA) are 
widely considered to be the most impor-

tant carcinogens found in tobacco, smokeless 
tobacco, and tobacco smoke. Four of the 
most commonly studied TSNA compounds 
are N’-nitrosonornicotine (NNN), N’-nitroso-
anatabine (NAT), N’-nitrosoanabasine (NAB), 
and 4-(methylnitrosamino)-1-(3-pyridyl)-1-bu-
tanone (NNK). NAB is a weak carcinogen and 
NAT lacks activity, while NNK and NNN have 
been classified as carcinogenic to humans 
(Group 1) by the International Agency for 
Research on Cancer (1). The U.S. Food and 
Drug Administration (FDA) has included NNN 
and NNK in the established list as harmful and 
potentially harmful constituents in tobacco 
products and tobacco smoke (2). Tobacco 
product manufacturers must report their 
contents in tobacco products, according to  
FDA’s guidance (3).

Due to the health concerns and the recent 
progress made in reducing TSNA content in 
tobacco products, it is imperative to develop 
a fast, sensitive, selective, and robust analyti-
cal method that can determine low levels of 
TSNA in different tobacco products. Tradi-
tionally, the most widely used method for 
TSNA analysis has been gas chromatography 
(GC) coupled with a thermal energy analyzer 
(TEA) (4). However, the GC-TEA method has 
several drawbacks. First, although TEA is a 
nitroso-specific detector, it cannot differen-
tiate between the coeluted nitroso-com-
pounds. Therefore, it is less selective than a 
mass detector. Second, to attain good GC 
separation for the target compounds, exten-

sive sample cleanup steps including liquid-
liquid (L-L) extraction and solid phase extrac-
tion (SPE) are required. Third, analytes must 
be concentrated before injection to achieve 
good analyte signals due to the limited sen-
sitivity of the method. Recently, LC–MS/MS 
methods have been developed for TSNA 
analysis, which provides greater sensitivity 
and selectivity over the GC-TEA method 
(5–7). However, one of the major concerns 
for the development and validation of a LC–
MS/MS method is the sample matrix effects, 
which can lead to poor analyte recoveries, 
and decrease the method’s accuracy and 
precision (8). One way to reduce these matrix 
effects is to perform sample cleanup, such as 
L-L extraction and SPE, as shown in one of 
the LC–MS/MS methods for TSNA (5). How-
ever, this will increase the analysis time and 
cost, as well as potentially introduce varia-
tions in sample preparation. Another effec-
tive way to compensate for the matrix effects 
is to use stable isotope-labeled internal 
standards in all standards and samples. This 
can maintain high-throughput sample analy-
sis without the need for sample cleanup. In 
addition to compensating for the sample 
matrix effects, the use of individual internal 
standards in a method is also helpful for 
reducing the variations during sample prep-
aration and analytical procedures. However, 
one of the previously developed LC–MS/MS 
methods (6) used only two isotope-labeled 
compounds (NNN-d4 and NNK-d4) as inter-
nal standards for all the four analytes (NNN, 
NNK, NAT, and NAB). This could result in 

errors in the determination of NAT and NAB 
due to the significant analyte-dependent 
matrix effects found in TSNA analysis (7). To 
achieve accurate results in complex tobacco 
matrices, the author had developed an 
improved LC–MS/MS method for TSNA 
analysis in cigarette tobacco and tobacco 
smoke using four isotope-labeled internal 
standards to match the four TSNA analytes 
(7). In this study, to provide better analyte 
confirmation and quantification in various 
tobacco matrices, multiple MS/MS transition 
ion pairs were investigated for each analyte, 
and at least two MS/MS transition ion pairs 
were used in the final method for each ana-
lyte, which further enhanced the method’s 
selectivity, accuracy, and robustness. Sample 
preparations involved only a simple analyte 
extraction with aqueous buffer, followed by 
filtration using a syringe filter. These improve-
ments allowed us to take full advantage of 
the fast analysis, great sensitivity, and high 
selectivity of LC–MS/MS method without 
the need of extensive sample cleanup pro-
cedures. The method was validated using 
different tobacco sample matrices and thus 
its applications were extended to the deter-
mination of TSNA in a wide range of tobacco 
products, including cigarette tobacco, cigar 
tobacco, and smokeless tobacco samples.

Experimental
Standards and Sample Preparation
Certified reference standards (1 mg/
mL for each TSNA, Sigma-Aldrich) and 
the deuterium labeled internal standards 
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(Toronto Research Chemicals) were 
used for the preparation of calibration 
standards and samples after dissolving in 
acetonitrile and appropriate dilutions. The 

Kentucky Reference cigarette tobacco 
(KY3R4F, obtained from the Tobacco and 
Health Research Institute, University of 
Kentucky), the CORESTA recommended 

reference smokeless tobacco products 
(CRP, offered by Department of Crop 
Science, North Carolina State University), 
and some commercial cigarettes and mini 
cigars (purchased from a local store in 
Toronto, Canada) were analyzed for TSNA 
contents in the samples. Two batches of 
CRP reference samples were obtained. 
One batch of samples (produced in 2009) 
were labeled as: CRP1 (snus), CRP2 (moist 
snuff), CRP3 (dry snuff), and CRP4 (chewing 
tobacco). Another batch of samples 
(produced in 2016) were labeled as: CRP1.1 
(snus), CRP2.1 (moist snuff), CRP3.1 (dry 
snuff), and CRP4.1 (chewing tobacco). 

A mixed TSNA standard solution (10 
µg/mL of each analyte) and a mixed inter-
nal standard (IS) solution (10 µg/mL of 
each standard) were prepared separately 
by diluting their primary standard solu-
tions with methanol. A secondary mixed 
standard solution (1.0 µg/mL of each ana-
lyte) was prepared by diluting the above 
mixed standard solution with 50% metha-
nol solution (in water, v/v). A secondary 
mixed IS solution (200 ng/mL of each) was 
prepared by diluting the above mixed IS 
solution with 50% methanol solution (in 
water, v/v). Ten levels of calibration stan-
dards, containing each TSNA at 0.01, 0.02, 
0.05, 0.1, 0.5, 1, 5, 10, 50, and 100 ng/
mL, were prepared from the secondary 
mixed standard solution by dilutions with 
reagent water. Each calibration standard 
contains 20 ng/mL of each IS. 

A 1.0 g of ground and homogeneous 
tobacco sample was spiked with 60 µL of 
the IS solution (10 µg/mL), extracted with 30 
mL of 100 mM ammonium acetate solution 
in a 50 mL centrifuge tube, and agitated for 
40 min on a shaker. Each sample contained 
20 ng/ml of each IS. The sample solution 
was then centrifuged and filtered through 
a syringe filter (if necessary), and analyzed 
directly by the LC–MS/MS method without 
further treatment. The extracted samples 
that exceed the calibration range for any 
TSNA (such as CRP3, CRP3.1, CRP4.1, and 
cigar filler sample S2 in this study) were fur-
ther diluted with extraction solution, and 
reanalyzed. Since TSNAs are light sensitive, 
all standards and samples were prepared 
in amber or light-protected glassware, and 
stored in a freezer. 

TABLE I: Final MRM transitions used for TSNA and internal standards

Analyte - 
Quantifier/
Qualifier

Precursor Ion Product Ion CE EV CCL2

NNN - quantifier 178.1 148.1 -15 10 -56

NNN - qualifier 178.1 105.1 -26 10 -40

NNN-d4 - IS 182.2 152.1 -15 10 -40

NNK - quantifier 208.1 122.1 -16 10 -40

NNK - qualifier 208.1 79.2 -60 10 -88

NNK-d4 - IS 212.2 126.1 -17 10 -36

NAT - quantifier 190.1 160.1 -13 10 -28

NAT - qualifier 190.1 79.2 -45 10 -60

NAT-d4 - IS 194.2 164.1 -14 10 -36

NAB - quantifier 192.2 162.2 -17 10 -40

NAB - qualifier 192.2 133.2 -30 10 -36

NAB-d4 - IS 196.2 166.1 -16 10 -36
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FIGURE 1: MRM chromatograms of (a) NNN, (b) NNK, (c) NAT, and (d) NAB in two calibration 
standard solutions: Std 1 (in red) contains each TSNA 0.01 ng/mL, Std 2 (in green) contains each 
TSNA 0.02 ng/mL, and laboratory reagent blank (LRB) is in blue. 
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Quality Control Sample Preparation 
To test possible interference and contamina-
tion from reagents or materials used and 
from the sample preparation processes, a 
laboratory reagent blank (LRB) was pre-
pared per work shift. The values of LRB 
should be close to zero, or at least less than 
the LOQ of the method. Otherwise, an 
investigation on the source of contamina-
tion must be carried out. 

An LRB sample was prepared by follow-
ing the same procedures as for tobacco 
sample preparation described above, using 
0.0 gram of tobacco sample. To study pos-
sible analyte loss and contamination during 
sample preparations, a laboratory fortified 
blank (LFB) sample was prepared per work 
shift. An LFB sample was prepared by fol-
lowing the same tobacco sample prepara-
tion procedures, using 0.0 gram of tobacco 
sample spiked with a known amount of  
analyte solution. 

During method validation, two LFB 
samples were prepared by spiking the 
analyte in two different concentrations (10 

ng/mL for LFB1 and 100 ng/mL for LFB2). 
To evaluate sample matrix effects and ana-
lyte recovery from tobacco sample matrix, 
a laboratory fortified matrix sample (LFM) 
was prepared per work shift. An LFM sam-
ple was prepared by following the same 
tobacco sample preparation procedures, 
using 1.0 gram of a tobacco sample spiked 
with a known amount of analyte. The per-
cent recovery is calculated by comparing 
the difference of the spiked (LFM) and non-

spiked sample results and the expected 
(spiked) value. During method validation, 
three different tobacco sample matrices 
(cigarette tobacco, cigar tobacco, and 
smokeless tobacco sample, respectively, 
representing all the tested tobacco sam-
ple matrices) were evaluated, and two LFM 
samples were prepared for each tobacco 
matrix by spiking two different concentra-
tions of analyte (10 ng/mL for LFM1 and 
100 ng/mL for LFM2, corresponding to 300 

TABLE II: Tobacco sample matrix effects on IS signal intensity

Internal Standard Peak Area (Counts)

Sample ID NNN-d4 NNK-d4 NAT-d4 NAB-d4

Standard 6361628 6087563 10383477 10419540

Cigarette S4 214545 256340 713724 941012

CRP1 50140 125577 527231 605493

CRP2 34262 35974 331081 355571

CRP3 23000 21087 234013 282101

CRP4 30953 117480 359607 394881

Mini-cigar S2 197934 288419 790993 888027

http://www.ionbench.com
http://www.ionbench.com
mailto:contact@ionbench.com
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Navigating the Digital JourneyA Q&A

Dale Curtis
President of Professional Services 

Astrix Technology Group

Bridgette Chambers, MBA, PhD 
President, Outsourced Services

Astrix Technology Group

LCGC: Who is Astrix Technology Group?

Curtis: Astrix Technology Group is a vendor-
independent scientific consulting and 
outsourced solutions provider focused on 
solving complex problems that reside at that 
crossroads between really diverse scientific 
areas and domains within IT.

We are all scientists here—engineers, 
informaticians, architects, analysts—in  
the business of helping science-focused 
communities deploy innovative solutions that 
allow clients to turn data into knowledge, 
increase organizational efficiencies, and 
improve quality—ultimately facilitating regulatory 
compliance. Unlike traditional IT-consulting 
companies, Astrix is all about the science. It’s 
at the core of everything we do and is critical to 
enable us to solve those complex problems that 
reside in the companies that we serve.

LCGC: What does it mean to digitally 
transform your laboratory?

Curtis: This is a term that’s used in so many 
different contexts that it’s important to step 
back and understand that it’s not just about 
focusing on a micro-component of the work 
process in your laboratory, but about identifying 
and addressing a given process end to end.

So, to digitally transform doesn’t mean just 
bringing in a new system. It’s about looking at 
the complete process that experimental design 
comes from. It is important to remember that 
the goal is to remove manual processes. 
Specifically, you want to improve data capture 

throughout the entire process. Thus, any type of 
digital transformation is about tackling the end-
to-end process rather than any single system, 
which tends to be a very tactical approach.

LCGC: What benefits should you expect 
to see from digitalization?

Curtis: Going back to my earlier point, if you 
are aligned strategically to impact an end-to-
end process, there’re real quantifiable benefits 
that can come from such an effort.

One is the significant reduction in manual 
entry of information. You can actually measure 
how much time scientists spend on manual 
operations. Manual transcription of data 
from one system to another, data review and 
verification, preparation of reports, extraction of 
data: These are all manual aspects, and they 
present a lot of quality issues. So digitizing these 
types of workflows can reduce or eliminate 
some of those manual transcription errors, and 
all of these aspects can be measured.

There are numerous published studies around 
this topic, and one comes to mind from the 
Medical Laboratory Observer. They’ve actually 
recorded, on average, 15% error in manual 
transcription during a routine analytical test (1). 
So, think about the risk associated with this and 
how it can impact things like quality metrics, 
quality by design, and data integrity.

If you work to achieve that end-to-end 
digitalization, you’re able to address these 
types of requests a lot more efficiently.

Achieving digital transformation in the scientific laboratory

Advances in the digital transformation of scientific labs are occurring so fast that it’s 
hard to keep up—as if COVID-19 hasn’t given labs enough to keep up with already. 
 But when you consider how much these advances help researchers 

improve efficiencies, tap into higher-quality data and, ultimately, accelerate the 
launch of game-changing developments, it becomes clear that laboratories can’t 
afford to fall behind. Nor can they afford to take a merely “pure” approach to 
digital transformation, either. Successful digitalization starts with smart end-to-end 
strategy and prioritizes the human element. And there’s no better time begin than  
now—even during COVID-19. 

Just ask Dale Curtis, President of Professional Services, and Bridgette Chambers, MBA, 
PhD, President of Outsourced Services, both at Astrix Technology Group. In fact, we did, 
and we discussed digital transformation’s evolution and how laboratories can benefit, too.

https://astrixinc.com/
https://astrixinc.com/
http://www.chromatographyonline.com
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LCGC: What is the timeline associated with a digital 
transformation?

Curtis: It really depends on where you start. If we think about 
the paths that companies follow along during the transition from 
traditional research to digital maturity, there’s an evolutionary 
process that occurs from ideation all the way through the digital 
journey. Most importantly, there needs to be an organizational 
evolution to foster this type of transformative environment, 
underpinned by evolutionary changes surrounding connectivity, 
process improvements, and the development of necessary skills 
to support the effort.

Companies will inevitably proceed down some path in each of 
these categories. In some cases, you start from nothing, and 
often that’s actually a better place to start from than a scenario 
where you have a bunch of 10-year-old systems that barely keep 
up with your current laboratory processes. So if you consider an 
analytical laboratory doing traditional work, that’s a much more 
focused project that could be achieved in about a year’s time. If 
you are working end to end and plan to tackle significant scope, 
it could take several years. 

So it goes back to that first question: How big is the end-to-end 
scope that you have identified? But don’t underestimate the time 
and significance of an effort like this, regardless of the scope. It’s 
more than just buying a system from a vendor and plunking it in.

LCGC: What are the biggest challenges to expect 
when starting a digitalization effort?

Curtis: That’s a good question, and these challenges involve the 
“people thing.” We are talking about cultural elements, changing 
people’s work habits, as well as their readiness to accept that kind 
of change, so I don’t think the biggest challenges are technical. 
Not that there won’t be technical challenges; there certainly will 
be. But they’re not the biggest challenges for companies that 
want to do digital transformation.

If you do an end-to-end workflow analysis, you can’t just assume 
that a vendor’s three-letter acronym will solve things, whether it’s 
a laboratory information management system (LIMS), electronic 
laboratory notebook (ELN), etc. Those acronyms have even 
lost a lot of meaning in the last 5–10 years. There used to be 
a real difference between ELN and LIMS, but that’s no longer 
true. Some people think they need a LIMS to do what would be 
better suited to an ELN, or they try to transform these systems to 
behave in certain ways they were never built to behave.

Another challenge is just navigating the landscape of so many 
different solution or “platform” providers pitching silver bullets to 
achieve digital transformation. And it just doesn’t work that way.

So, yes, there are technical challenges, but the biggest ones 
involve altering the working habits of your organization.

LCGC: Given the disruption and uncertainty 
associated with COVID-19, why not delay or pause 
your digital transformation?

Chambers: This is definitely a point that many organization are 
making. They find it prudent to push projects into the future, in 
an attempt to save a bit of money. But I would argue that this is 
a short-term strategy for companies basically trying to survive.

For companies that want to thrive, however, investing in digital 
transformation increases their competitiveness and, in fact, helps 

them be more agile during uncertain times, such as those we 
find ourselves in.

And while I think we could write an article solely on why laboratories 
should prioritize the digital transformation, instead let me highlight 
three trends that support prioritizing your digital transformation 
now. COVID-19 clearly illustrates the need for workers to be 
more connected than ever. And the digital transformation allows 
people to leverage more technologies, more feedback loops, 
and much more information—in other words, it enables people 
to be more successful and more productive in real time.

Secondly, we all see technologies continuing to explode and 
abound. This creates opportunities for companies to address 
demand for their customers, not only at a macro level, but at a 
micro level as well. You have more stock-keeping units, more 
product variation, and a lot of customization. When supporting 
this much change, it can create havoc in manual systems. 
Digital transformation takes advantage of automation and 
smart technology, which connects people and machines far 
more productively.

Lastly, there’s an ever-increasing gap in skilled labor. A study 
recently published by Korn Ferry predicts that by 2030, the 
talent shortage will reach more than 85 million people (2). So 
we’re talking about a big need for hard-to-find people. Digital 
transformation creates the opportunity to support remote teams 
and be much more flexible and effective with human capital.

LCGC: How can Astrix assist laboratories with their 
approach to digital transformation?

Curtis: Again, we are an independent, vendor-agnostic 
consulting company. And as Bridgette alluded to in her response, 
we are focused less on technology and more on people, work 
processes, and work practices, with scientists that will work side 
by side with you in the laboratory to solve these problems.

It’s best to step back and figure out the meaningful changes 
that need to happen, the best fit for the work process, 
and the requirements to make that change happen. Digital 
transformation starts with clear objectives and tangible goals that 
include defining true end-to-end work processes, and these can 
produce tangible outcomes in reasonable time frames.

For example, it can be done in a single laboratory, like an 
analytical component in a larger company. Identify an analytical 
step within that laboratory in which a chemist submits essential 
materials for characterization. That’s a bite-sized piece, but it’s a 
workflow that you can map out end to end. Simply put, keep it 
end to end, don’t break it down any further, and pick a starting 
place. And that starting place could be in the middle.

Once you get a piece mapped out, it allows you to move in 
either direction. Astrix is staffed with the right mix of science and 
expertise to help you navigate whatever digital transformation 
journey you are on, no matter how big or small the program.

References
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and 3000 ng TSNA/g tobacco), and thus 
in total, six LFM samples were prepared. 
CORESTA-recommended reference 
smokeless tobacco samples CRP1, CRP2, 
CRP3, and CRP4 were also prepared, and 
the results obtained by this method were 

compared with those obtained from the 
CORESTA inter-laboratory studies (9).

Analytical Conditions 
Analyte separation was performed using 
a UHPLC system (PerkinElmer LX-50) with 

a C18 column (Brownlee SPP, 2.7µm, 100 
mm × 2.1 mm) and a simple mobile phase 
composition of water and methanol (flow 
rate at 0.35 mL/min). A10 µL of sample was 
injected and the total LC running time is 
seven min. Analytes detection was achieved 
using a triple quadrupole mass detector 
(PerkinElmer QSight 220) under positive 
ESI mode. Multiple MRM transition ion 
pairs were monitored for each TSNA and 
the IS to evaluate potential interfering com-
ponents for any transitions in the sample 
matrices. The ion source conditions are: ESI 
voltage, 5800 V; drying gas, 120; nebulizer 
gas, 280; source temperature, 400 ºC and  
HSID temperature, 200 ºC.

Results and Discussion
 LC–MS/MS Method Optimization
To separate TSNA from interfering compo-
nents in different tobacco sample matrices, 
several reversed-phase LC columns avail-
able in the laboratory were evaluated. As 
illustrated in Figure 1, good resolution for 
each TSNA peak was achieved using a 
C18 column (Brownlee SPP, 2.1 mm x 100 
mm, 2.7-µm). More importantly, an impurity 
(unknown) peak in the calibration standards 
was well separated from the NAB peak, 
which would otherwise lead to a higher NAB 
slope and lower NAB results in samples if it 
was not separated from NAB peak. Mobile 
phase compositions of methanol:water and 
acetonitrile:water with or without acid or 
ammonium acetate were examined, and it 
was found that methanol:water without any 
additive provided higher analyte signals than 
acetonitrile:water compositions. Formic acid 
or acetic acid when used as the additives in 
mobile phases not only caused peak splitting 
for all TSNA analytes, but also led to reduced 
analyte signal. Adding ammonium acetate 
in mobile phases also decreased the ana-
lyte signal intensity due to ion suppression 
effects. Therefore, a simple mobile phase 
composition of methanol and water was 
used for final application. To detect TSNA 
compounds and their ISs, several product 
ions were generated at certain collision ener-
gies, and at least five MRM transitions were 
formed (data not shown but available upon 
request). The optimized MRM parameters 
for the final selected quantifier and qualifier 
ions were listed in Table I. Good signal inten-

TABLE III: Peak area ratios of qualifier to quantifier in standard and tobacco matrices

Sample 
ID

Sample Type NNN NNK NAT NAB

105.1/148.1 79.2/122.1 79.2/160.1 133.2/162.2

Standard
Standard (neat 

solution) 0.36 0.37 0.78 0.54

KY3R4F
Cigarette 
tobacco 0.34 0.35 0.76 0.52

Cigarette 
S4

Cigarette 
tobacco 0.39 0.32 0.75 0.53

CRP1
Smokeless 

(snus)
0.44 0.33 0.78 0.50

CRP2
Smokeless 

(moist snuff)
0.40 0.33 0.78 0.53

CRP3
Smokeless 
(dry snuff)

0.37 0.35 0.75 0.48

CRP4
Smokeless 
(chewing 
tobacco)

0.38 0.41 0.78 0.46

Mini-
cigar S2

Mini cigar 
tobacco

0.35 0.37 0.72 0.45
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FIGURE 2: The (a–c) three MRM chromatograms of NNN in smokeless tobacco CRP1.
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sity was obtained even at 0.01 ng/mL (ppb) 
for each analyte as shown in Figure 1, dem-
onstrating superior sensitivity of the method 
for testing these important carcinogens.

Sample Matrix Effects  
and Method’s Selectivity 
Complex sample matrices, such as various 
tobacco products, can significantly affect 
the data quality and method’s selectivity, 
sensitivity, and accuracy. Therefore, sample 
matrix effects have received great attention 
in LC–MS/MS method development and 
validations. To reduce these effects, several 
approaches have been applied to LC–MS/
MS method development, such as sam-
ple clean-up, matrix-matched calibration 
method, isotope dilution with isotopically 
labeled compound as internal standard, the 
use of high efficiency UHPLC columns for 
better separation, and the use of alternative 
ionization sources (8). In a previous publica-
tion (7), The matrix effects in tobacco and 
tobacco smoke samples were studied, and 
it was found that sample matrix effects are 
both analyte dependent and sample matrix 

dependent. These results on tobacco matrix 
effects were further confirmed in this study 
by spiking the same concentration of IS solu-
tion into a calibration standard (neat solution 
without tobacco) and six different types of 
tobacco matrices, and comparing the signal 
intensity of each IS in tobacco samples with 
those in the standard solution. As demon-
strated in Table II, the peak areas of each IS 

in different tobacco samples were reduced 
significantly compared to those in a standard, 
indicating severe ion suppression effects in 
tobacco matrices. In addition, these ion 
suppression effects were different for each 
analyte, and were much heavier in smokeless 
tobacco samples than in cigarette and cigar 
tobacco products. Thus, for TSNA analysis in 
complex tobacco sample matrices, a sepa-

TABLE IV: QC sample recovery results

Sample ID Recovery (%)

NNN NNK NAT NAB

LRB 0 0 0 0

LFB1 98.3 101 100 101

LFB2 100 99.3 97.9 96.8

Cigarette tobacco-LFM1 101 101 82.3 106

Cigarette tobacco-LFM2 101 104 107 112

Mini-cigar tobacco-LFM1 117 102 114 120

Mini-cigar tobacco-LFM2 112 113 120 105

Smokeless tobacco-LFM1 93.1 97.4 103 90.6

Smokeless tobacco-LFM2 82.4 87.4 89.8 92.3

http://www.unitedchem.com
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rate IS for each analyte is required to effectively minimize or compen-
sate for matrix effects on each analyte. 

The method’s selectivity and analyte confirmation from tobacco 
samples can be evaluated by comparing the analyte retention time 
and mass spectrum information between a reference standard and 
tobacco samples. According to the regulatory guidance on analyti-
cal method validation, at least two MRM transitions should be used 
in a LC–MS/MS method (10,11). In this study, five MRM ion pairs 
were evaluated for each analyte in all sample matrices, and the final 
quantifier and qualifier ion pairs were determined based on the sig-
nal intensity, matrix effects, and interfering components among the 
five ion pairs examined. Due to severe tobacco matrix effects, some 
MRM ion pairs in a sample could suffer more from ion suppression 

effects and have more matrix interfering components than other MRM  
ion pairs. 

For example, for smokeless tobacco sample CRP1, the second 
MRM ion pairs of NNN suffered from heavy ion suppression effects, 
and had large matrix peaks on the right of the analyte peak as shown 
in Figure 2b. Also, the third MRM ion pairs of NNK had a big inter-
fering peak at the left shoulder of the analyte peak as illustrated in 
Figure 3c. Thus, these MRM ion pairs should not be used for ana-
lyte confirmation and quantification. In addition, because different 
tobacco samples have different matrix effects for each analyte and 
the matrix effects are analyte dependent, it is recommended to 
evaluate all the MRM ion pairs of each analyte in all sample matrices 
before selecting the MRM ion pairs as a quantifier and a qualifier for 
final method and applications. Table I lists the final MRM ion pairs 
used for TSNA quantification (quantifier) and confirmation (qualifiers) 
in the method, selected after carefully investigating all the MRM ion 
pairs in all tobacco matrices studied. The peak area ratios of qualifier 
to quantifier ions for each analyte in all samples are consistent with 
those of a reference standard with variations less than 15% (as shown 
in Table III), confirming good purity of TSNA peaks and great selec-
tivity of the method for analysis of TSNA in various tobacco matrices. 
These results demonstrated the advantages of using multiple MRM 
transition ion pairs for each analyte in LC–MS/MS method develop-
ment, which could improve compounds confirmation, achieve better 
selectivity and obtain more accurate results.

Method Validation 
All calibration curves ranging from 0.01 to 100 ng/mL showed good lin-
earity with correlation coefficients (R2) greater than 0.99. The method’s 
limit of detection (LOD) and limit of quantification (LOQ) were deter-
mined based on signal to noise ratio (S/N=3 for LOD and S/N=10 for 
LOQ) of the quantifier ion peaks in sample matrices. Although very 
low LOD (0.007 ng/mL) and LOQ (0.01ng/mL) can be obtained for 
each analyte in pure standard samples, the LOD and LOQ for real 
tobacco matrices are relatively higher due to heavy matrix suppres-
sion effects (as shown in Table II), especially for smokeless tobacco 
samples. Since matrix effects on each analyte are different in different 
sample matrices, the LOD and LOQ values of the method are differ-
ent for different sample matrices. In other words, the LODs and LOQs 
of the method are sample matrix dependent and analyte depen-
dent. The estimated LODs and LOQs of the method for TSNA in 
cigarette and cigar tobaccos are from 0.5 to 1.0 ng/g and from 0.7 

TABLE V: TSNA results comparison between this study and collaborative study

Sample NNN (ng/g) NNK (ng/g) NAT (ng/g) NAB (ng/g)

Refer*
This 

Study
RSD 
(%)

Refer*
This 

Study
RSD 
(%)

Refer*
This 

Study
RSD 
(%)

Refer*
This 

Study
RSD 
(%)

CRP1 671 738 9.1 205 245 16.3 516 543 5.0 34 35 2.9

CRP2 1823 2157 15.5 437 557 21.5 1725 1984 13.1 152 186 18.3

CRP3 8249 7800 5.8 4138 3810 8.6 5566 5161 7.8 396 397 0.3

CRP4 1948 2460 20.8 440 450 2.2 1222 1530 20.1 60 75 20.0

Refer*: Reference values were obtained by CORESTA collaborative study, see reference (9)

www.pci-hplc.com | 609.860.1803
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to 3 ng/g, respectively, while the estimated 
LODs and LOQs for TSNA in smokeless 
tobaccos are from 1 to 5 ng/g and from 3 to  
8 ng/g, respectively.

As shown in Table IV, no interference or 
contamination from reagents or glassware 
was observed in this study as demonstrated 
by the LRB sample results. Good recover-
ies were obtained for LFB samples, indicat-
ing no analyte loss or contamination during 
sample preparations. Method precision was 
assessed based on replicate analyses of a 
middle level standard (seven replicates) and 
the tobacco samples (three replicates). The 
precision was then calculated based on the 
percent relative standard deviation (%RSD) 
of the collected data. The %RSDs were 3.1 
to 6.8% for TSNA in the standard, and 5.3 
to 14.3% for TSNA in the tobacco samples, 
respectively. Method accuracy assesses 
how close the experimental value is to the 
expected value. Method accuracy was evalu-
ated by the recovery of a known amount of 
analyte spiked to a tobacco sample (LFM 

samples). As shown in Table IV, the recover-
ies of analytes from the spiked samples were 
between 82.3 and 120%, demonstrating 
good accuracy of the method. 

Method robustness was studied by slightly 
changing the experimental parameters such 
as the ammonium acetate concentrations 
in extraction solution (50, 100, and 200 mM, 
respectively), mobile phase gradients, and 
HPLC columns from a different batch. No sig-
nificant differences in method’s performance 
and analyte results were observed and thus 
confirmed the robustness of the method. In 
addition, the method was validated on two 
LC–MS/MS systems with equivalent results 
obtained. The accuracy and robustness of the 
method were also evaluated using the certi-
fied reference smokeless tobacco products 
recommended by CORESTA. As illustrated 
in Table V, the TSNA results obtained by this 
method are in line with those obtained by 
inter-laboratory collaborative study (9).

The method was applied to the determi-
nation of four important TSNA compounds 
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FIGURE 3: The (a–e) five MRM chromatograms of NNK in smokeless tobacco sample CRP1.
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TABLE VI: TSNA contents found in smokeless tobacco products, Kentucky reference 
cigarette (KY3R4F), cigarette tobacco, and cigar tobacco samples

Sample ID
Tobacco 

Type
NNN (ng/g) NNK (ng/g) NAT (ng/g) NAB (ng/g)

CRP1.1
Smokeless 

(snus)
240 66 162 5

CRP2.1
Smokeless 

(moist snuff)
3216 2220 4170 270

CRP3.1
Smokeless 
(dry snuff)

5580 2640 4530 323

CRP4.1
Smokeless 
(chewing 
tobacco)

4230 840 1710 126

KY3R4F
Reference 
cigarette 

2674 837 2234 95

Cigarette S1
Cigarette 
tobacco

91 87 162 11

Cigarette S2
Cigarette 
tobacco

55 45 99 9

Cigarette S3
Cigarette 
tobacco

2430 600 1620 84

Cigarette S4
Cigarette 
tobacco

2040 300 1320 69

Cigarette S5
Cigarette 
tobacco

2100 540 1530 90

Mini-cigar S1
Mini-cigar 
tobacco

2190 750 1080 81

Mini-cigar S2
Mini-cigar 
tobacco

5280 1380 3180 336

Mini-cigar S3
Mini-cigar 
tobacco

1092 279 540 42

Mini-cigar S4
Mini-cigar 
tobacco

2592 840 2040 114

Mini-cigar S5
Mini-cigar 
tobacco

2850 1140 2250 141

in various tobacco products, including ciga-
rette tobacco, cigar tobacco and smokeless 
tobacco samples as shown in Tables V and VI.

Conclusions
This study demonstrates a simple, fast, sen-
sitive, selective, and robust method for the 
analysis of four important TSNA in various 
tobacco products. The method was validated 
using different tobacco matrices and was 
applied to TSNA determination in cigarette 
tobacco, mini-cigar tobacco, and smokeless 
tobacco samples with good linearity, pre-
cision, and accuracy. In comparison with 
the GC-TEA method, this isotope dilu-
tion LC–MS/MS method is simpler, faster, 
and without the need for sample cleanup 
and analyte concentration. This method 

can be easily extended to the analysis of 
TSNAs in other sample matrices, such as 
tobacco smoke and electronic cigarette 
(E-Cigs) samples.

Acknowledgements
The author wishes to thank Department 
of Crop Science, North Carolina State 
University (Raleigh, NC) for providing all 
the smokeless reference tobacco prod-
ucts free of charge. 

Note: CORESTA (Cooperation Centre for 
Scientific Research Relative to Tobacco) 
is an association founded in 1956, the 
purpose being to promote international 
cooperation in scientific research relative 
to tobacco and its derived products.

References
(1) International Agency for Research on 

Cancer (IARC), IARC Monographs on the 
Evaluation of Carcinogenic Risks to Humans, 
Smokeless Tobacco and Some Tobacco 
Specific Nitrosamines. Lyon, France, 89, 
1–592 (2007).

(2) US Food and Drug Administration, Harmful 
and Potentially Harmful Constituents (HPHCs) 
in Tobacco Products and Tobacco Smoke: 
Established list (FDA, Rockville, MD, 2012).  
https://www.fda.gov/tobacco-products/
rules-regulations-and-guidance/harmful-
and-potentially-harmful-constituents-
tobacco-products-and-tobacco-smoke-
established-list.

(3) US Food and Drug Administration, Guid-
ance for Industry Reporting Harmful and 
Potentially Harmful Constituents in Tobacco 
Products and Tobacco Smoke Under Sec-
tion 904(a)(3) of the Federal Food, Drug, and 
Cosmetic Act (FDA, Rockville, MD, 2020).  
https://www.fda.gov/regulatory-informa-
tion/search-fda-guidance-documents/
reporting-harmful-and-potentially-harm-
ful-constituents-tobacco-products-and-
tobacco-smoke-under.

(4) J. D. Adams, K. D. Brunnemann, and D. J. 
Hoffmann, J. Chromatogr., A 256, 347–351 
(1983).

(5) W. Wu, D. L. Ashley, C. H. Watson, Anal. 
Chem. 75, 4827–4832 (2003).

(6) K. A. Wagner, N. H. Finkel, J. E. Fossett, I. G. 
Gillman, Anal. Chem. 77, 1001–1006 (2005).

(7) J. Wu, P. Joza, M. Sharifi, W. S. Rickert, J. 
H. Lauterbach, Anal. Chem. 80, 1341–1345 
(2008).

(8) A. J. Krynitsky, J. W. Wong, K. Zhang, H. 
Safarpour, LCGC North America. 35(7), 
444–451 (2017).

(9) K. Wagner, J. Bunch, and M. Morton, 
CORESTA Smokeless Tobacco Sub-Group 
Technical Report; Technical Report for 
CORESTA Reference Products: Paris, 
France, December 2015; 1-48. https://
www.coresta.org/sites/default/files/techni-
cal_documents/main/STS-CTR_2015-CRP-
2015AnalysisWG4_Dec20152.pdf.

(10) US Food and Drug Administration, “Bio-
analytical Method Validation Guidance 
for Industry,” proposed, Federal Regis-
ter, 83(99), 24 May 2018, pp. 1–41. https://
www.fda.gov/downloads/drugs/guidances/
ucm070107.Pdf.

(11) European Commission Decision (2002/657/
EC) of 12 August 2002 concerning the per-
formance of analytical methods and the 
interpretation of results, Off. J. Eur. Commu-
nities. L221, 8–36 (2002).

Jingcun Wu is with PerkinElmer Health 
Sciences Canada, in Woodbridge, 
Ontario, Canada. Direct correspon-
dence to: jingcun.wu@perkinelmer.com

ABOUT THE AUTHORS

mailto:jingcun.wu@perkinelmer.com


WWW.CHROMATOGRAPHYONLINE.COM OCTOBER 2020  LCGC NORTH AMERICA  VOLUME 38 NUMBER 10  569

Chromatography Fundamentals, Part IX: 
Light Scattering Detectors 
for Size-Exclusion Chromatography
Light scattering detectors are ideally suited for size-exclusion chromatography (SEC) because they provide the molecular weight 
and radius of gyration information of polymeric samples without column calibration. In this article, the fundamentals of light 
scattering as applied to SEC are introduced, with emphasis on the origin of the Rayleigh equation. This tutorial is geared to those 
new to the field or who already utilize light scattering and seek clarification regarding the multitude of equations associated with 
light scattering. Part X of this series will present a brief summary of commercially available light scattering instrumentation with 
emphasis on new detector technology. Owing to the complexity of data analysis and the many equations involved with light 
scattering measurements, part X will also include a glossary of principal symbols and a summary of relevant equations.

Howard G. Barth

Size-exclusion chromatography (SEC) 
is used primarily for determining the 

molecular weight distribution and statis-
tical molecular weight averages of poly-
meric samples. To obtain accurate results, 
columns must be calibrated with primary 
standards that are chemically and struc-
turally equivalent to samples being ana-
lyzed. Alternatively, although less reliable, 
universal calibration can be employed 
using secondary standards; however, 
Mark-Houwink coefficients of both the 
sample and secondary standards used 
for column calibration must be known. 
For improved accuracy, universal calibra-
tion can be utilized with online viscom-
etry; nevertheless, calibration with sec-
ondary standards is still required. Also, 
these procedures assume that universal 
calibration is valid for samples that are 
being analyzed. Regardless of the proce-
dure used, columns still require frequent 
calibration to correct for flow rate drift 
and column deterioration. 

 When primary polymer standards are 
unavailable, the most reliable way to 
obtain accurate molecular weight data 
from SEC is the use of light scattering 
detection. This method requires no col-
umn calibration because the relation-
ship between the intensity of scattered 
light and molecular weight is based on 
first principles. Moreover, molecular size 
(radius of gyration) can also be obtained. 
The only required parameters that must 

be known beforehand are the refractive 
index of the mobile phase and the spe-
cific refractive index of the polymer solu-
tion, two easily measured quantities. 

The scattering of light from dilute 
polymer solutions is based on classi-
cal or Rayleigh light scattering, named 
after Lord Rayleigh III (1842–1919), who 
had discovered that the intensity of light 
scattered by small particles in air is pro-
portional to the 4th-power of the wave-
length of the incident light (1). Rayleigh 
light scattering is termed static or time-
averaged light scattering to distinguish it 
from a related technique called dynamic 
light scattering, also known as photon 
correlation spectroscopy or quasi-elastic 
light scattering (see part XI of this series).

It is important to stress that Rayleigh 
light scattering instruments are different 
from that of evaporative light scattering 
detectors (ELSD), which has led to con-
fusion among chromatographers. The 
ELSD is a mass-sensitive detector that 
utilize a combination of scattering phe-
nomena (Rayleigh, Mie, reflection, and 
refraction) from aerosol particles formed 
by nebulizing column effluent: this type 
of detector is not designed for molecular  
weight measurements.

This article provides an overview of the 
principles of Rayleigh light scattering and 
its application to SEC. A summary of com-
mercially available light scattering instru-
mentation, including a newly introduced 

light-scattering instrument, will be dis-
cussed in part X.. Because this article is not 
a comprehensive review of this field, rec-
ommended books and chapters regarding 
the physics and SEC applications of Ray-
leigh light scattering can be found in refer-
ences (2–6) and (7–10), respectively.

Rayleigh Scattering:  
A Natural Phenomenon
In the atmosphere, Rayleigh scattering 
occurs when sunlight is scattered by atoms, 
molecules, particulate pollutants, dust, and 
condensed water vapor in the atmosphere. 
With increased particle size, other scat-
tering phenomena, such as Mie scatter-
ing, refraction, and reflection, give rise to 
additional optical phenomena and meteo-
rological events like rainbows and reports 
of sightings of unidentified flying objects 
(UFOs). The unique feature of Rayleigh scat-
tering is that the intensity of scattered light 
is inversely proportional to the 4th-power 
of the wavelength, an exceptionally strong 
dependency. The most obvious effects of 
Rayleigh scattering are the colors of the sun, 
the sky, the sunset, and the sunrise (1,11,12). 

When viewed from space, the sun is 
white with a bluish-green tint. As sunlight 
travels through the atmosphere, short 
wavelengths of the visible spectrum, 
responsible for violet to blue (~380–500 
nm), are preferentially scattered, as com-
pared to the longer wavelengths of yellow, 
orange, and red (~570–740 nm) by up to a 
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LCGC: How is the preparative liquid 
chromatography landscape shifting?
Taggard: Over the years, chromatography 
has expanded from benchtop, analytical 
scale to ton-per-year manufacturing-level 
quantities of products. These products are 
increasingly placed under stricter purity 
demands as we are learning, for example, 
that there are different pharmacodynamic 
effects of enantiomers and more drugs 
are becoming single-enantiomer products. 
At the same time, manufacturers are 
desperate to shorten their time to market. 

Thus, we see three seemingly competing 
demands placed on manufacturers. They 
are expected to produce—literally—a ton of 
product, quickly, without sacrificing purity. 

Liquid chromatography came along and 
greatly aided the purity piece. By improving 
things like chiral separations, for example, 
whereas preparative chromatography 
has significantly boosted throughput with 
incredible flow rates.

To this day, however, researchers still 
grapple with losing resolution as they 
attempt to either scale-up or move from 
a batch to a continuous-type process. 
This is where we think LEDs could add  
huge benefits.

LCGC: How are LEDs leading the way 
into this change?
Taggard: When it comes to resolution, the 
name of the game is power. In keeping with 
the Beer-Lambert Law, limits of detection 
(LODs) and limits of quantitation (LOQs) 
can be significantly improved with more 
power. And LEDs have huge amounts of 
power—5  W/cm2 in some cases, which is 
incredible. Today, new products are emerging 
that use this unique feature of LEDs.

One of my favorites is what I call a hybrid 
detector model. This kind of detector contains 
four to six channels of LEDs. I consider 
them hybrids because they combine the 
wavelength specificity of something like a 
monochromator with the spectrum benefit of 
a diode-array detector (DAD).

What we all love about DADs is that they enable simultaneous 
monitoring of the full spectrum. These hybrid detectors 
offer simultaneous monitoring of their four- to six-channel 
mini-spectrum, and they do it at decreased cost (both 
environmental and monetary) compared with current 
technologies.

LEDs do not contain mercury, so they do not have the same 
environmental concern. Monetarily, LEDs last upwards 
of 10,000 hours and are stable over that lifetime. Thus, 
they do not require the costly and time-consuming lamp 
changes that can shut down a facility until requalification. 
Another interesting thing I have seen is the addition of a 
new 220nm laser to these hybrid detector models, which 
is opening even more doors.

LCGC: It seems so futuristic—we have never heard of 
lasers being used for HPLC. What is this new feature, 
and how does it solve a problem?
Taggard: It is a little bit futuristic! We have certainly never 
seen it before. What I believe is extremely powerful about 
this laser is that it is a solid-state source. Because of this, 
so much power is obtained at that low wavelength, which 
is truly mobilizing the laboratory.

Suppose I am a manufacturer of contact lens solution, 
and I include small percentages of disinfectant in my 
solution. Having a more powerful 220nm laser to quantify 
that disinfectant allows me to improve the quality control 
process. With this level of quantitation, maybe I can go 
from a batch to a continuous type of processing.

It could also mobilize me to decide to put less disinfectant 
in the solution. This is good from my standpoint as a 
manufacturer. But more importantly, it is better for the 
consumer because it decreases their chemical exposure. 
This is not the only area where the 220nm laser is useful, 
however. Just thinking about how many things have 
peptide bonds brings up many potential uses.

For example, a dairy manufacturer could use the 220nm 
laser to assess aging or other quality measures of  
its products. 

In agriculture it could be used to measure the level of 
pesticides that are leaching into the groundwater. The use 
of a more powerful 220nm laser could enable detection of 
lower quantities of those pesticides, which could perhaps 
lead me to change the standard to allow for less leaching 
to occur. Again, resulting in greater safety.

There are just so many potential uses for this  
futuristic laser.

LCGC: What is important to keep in mind when 
choosing a detector?
Taggard: That is a great question. There are certainly many 
factors to consider when choosing a detector such as the 
light source itself. Understanding where your illumination 
is coming from is vital because that has very specific 

implications. The origin of your illumination affects things 
such as available wavelengths from which to choose, how 
much power will be obtained at those wavelengths, and 
even lamp longevity.

If your illumination is coming from mercury, for example, we 
know that it will last approximately 2,000 hours. Understanding 
that and adjusting for how that output will change over time is 
very important with a mercury-based source.

Another consideration is the flow cell itself. What material 
is it made of? Stainless steel, PEEK? And certainly the path 
length will affect the separation as well.

Something else to consider is the analysis package. 
Making sure it yields the right type, quality, and quantity 
of data is crucial.

Arguably the most important factor to consider, however, 
is where you are in your specific process and how potential 
detectors might fit into that. What I mean by this is, if you are 
still developing your method or in the discovery phase with 
your API, a DAD may be a good choice because it lets you 
see everything.

In contrast, if you already have your method fully developed 
and you want to scale up your process or transition from 
batch to continuous production, then a hybrid detector may 
be a great option because they provide incredible power at 
the very specific wavelengths you know you need. 

LCGC: Now that we have a quick snapshot, how can 
our audience learn more about solid-state detectors?
Taggard: You can contact us at www.phoseon.com. In 
addition, we are very active on social media. Following us 
on LinkedIn and Twitter will keep you up to date with what 
Phoseon is working on. Our detectors are also available 
through Fisher Scientific.

Manufacturers are under enormous pressure to shorten 
their time to market, even as products face increasing 
levels of scrutiny for purity.

Chromatography has expanded from the benchtop to the manufacture of tons of 
product per year. These products are subject to ever-stricter purity demands. LCGC 
recently spoke with Kayla Taggard, Research Associate at Phoseon Technology, 

about the evolving landscape of solid-state detectors in the preparative market. Topics 
included emerging trends in preparative high performance liquid chromatography (HPLC) 
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LCGC: How is the preparative liquid 
chromatography landscape shifting?
Taggard: Over the years, chromatography 
has expanded from benchtop, analytical 
scale to ton-per-year manufacturing-level 
quantities of products. These products are 
increasingly placed under stricter purity 
demands as we are learning, for example, 
that there are different pharmacodynamic 
effects of enantiomers and more drugs 
are becoming single-enantiomer products. 
At the same time, manufacturers are 
desperate to shorten their time to market. 

Thus, we see three seemingly competing 
demands placed on manufacturers. They 
are expected to produce—literally—a ton of 
product, quickly, without sacrificing purity. 

Liquid chromatography came along and 
greatly aided the purity piece. By improving 
things like chiral separations, for example, 
whereas preparative chromatography 
has significantly boosted throughput with 
incredible flow rates.

To this day, however, researchers still 
grapple with losing resolution as they 
attempt to either scale-up or move from 
a batch to a continuous-type process. 
This is where we think LEDs could add  
huge benefits.

LCGC: How are LEDs leading the way 
into this change?
Taggard: When it comes to resolution, the 
name of the game is power. In keeping with 
the Beer-Lambert Law, limits of detection 
(LODs) and limits of quantitation (LOQs) 
can be significantly improved with more 
power. And LEDs have huge amounts of 
power—5  W/cm2 in some cases, which is 
incredible. Today, new products are emerging 
that use this unique feature of LEDs.

One of my favorites is what I call a hybrid 
detector model. This kind of detector contains 
four to six channels of LEDs. I consider 
them hybrids because they combine the 
wavelength specificity of something like a 
monochromator with the spectrum benefit of 
a diode-array detector (DAD).

What we all love about DADs is that they enable simultaneous 
monitoring of the full spectrum. These hybrid detectors 
offer simultaneous monitoring of their four- to six-channel 
mini-spectrum, and they do it at decreased cost (both 
environmental and monetary) compared with current 
technologies.

LEDs do not contain mercury, so they do not have the same 
environmental concern. Monetarily, LEDs last upwards 
of 10,000 hours and are stable over that lifetime. Thus, 
they do not require the costly and time-consuming lamp 
changes that can shut down a facility until requalification. 
Another interesting thing I have seen is the addition of a 
new 220nm laser to these hybrid detector models, which 
is opening even more doors.

LCGC: It seems so futuristic—we have never heard of 
lasers being used for HPLC. What is this new feature, 
and how does it solve a problem?
Taggard: It is a little bit futuristic! We have certainly never 
seen it before. What I believe is extremely powerful about 
this laser is that it is a solid-state source. Because of this, 
so much power is obtained at that low wavelength, which 
is truly mobilizing the laboratory.

Suppose I am a manufacturer of contact lens solution, 
and I include small percentages of disinfectant in my 
solution. Having a more powerful 220nm laser to quantify 
that disinfectant allows me to improve the quality control 
process. With this level of quantitation, maybe I can go 
from a batch to a continuous type of processing.

It could also mobilize me to decide to put less disinfectant 
in the solution. This is good from my standpoint as a 
manufacturer. But more importantly, it is better for the 
consumer because it decreases their chemical exposure. 
This is not the only area where the 220nm laser is useful, 
however. Just thinking about how many things have 
peptide bonds brings up many potential uses.

For example, a dairy manufacturer could use the 220nm 
laser to assess aging or other quality measures of  
its products. 

In agriculture it could be used to measure the level of 
pesticides that are leaching into the groundwater. The use 
of a more powerful 220nm laser could enable detection of 
lower quantities of those pesticides, which could perhaps 
lead me to change the standard to allow for less leaching 
to occur. Again, resulting in greater safety.

There are just so many potential uses for this  
futuristic laser.

LCGC: What is important to keep in mind when 
choosing a detector?
Taggard: That is a great question. There are certainly many 
factors to consider when choosing a detector such as the 
light source itself. Understanding where your illumination 
is coming from is vital because that has very specific 

implications. The origin of your illumination affects things 
such as available wavelengths from which to choose, how 
much power will be obtained at those wavelengths, and 
even lamp longevity.

If your illumination is coming from mercury, for example, we 
know that it will last approximately 2,000 hours. Understanding 
that and adjusting for how that output will change over time is 
very important with a mercury-based source.

Another consideration is the flow cell itself. What material 
is it made of? Stainless steel, PEEK? And certainly the path 
length will affect the separation as well.

Something else to consider is the analysis package. 
Making sure it yields the right type, quality, and quantity 
of data is crucial.

Arguably the most important factor to consider, however, 
is where you are in your specific process and how potential 
detectors might fit into that. What I mean by this is, if you are 
still developing your method or in the discovery phase with 
your API, a DAD may be a good choice because it lets you 
see everything.

In contrast, if you already have your method fully developed 
and you want to scale up your process or transition from 
batch to continuous production, then a hybrid detector may 
be a great option because they provide incredible power at 
the very specific wavelengths you know you need. 

LCGC: Now that we have a quick snapshot, how can 
our audience learn more about solid-state detectors?
Taggard: You can contact us at www.phoseon.com. In 
addition, we are very active on social media. Following us 
on LinkedIn and Twitter will keep you up to date with what 
Phoseon is working on. Our detectors are also available 
through Fisher Scientific.

Manufacturers are under enormous pressure to shorten 
their time to market, even as products face increasing 
levels of scrutiny for purity.

Chromatography has expanded from the benchtop to the manufacture of tons of 
product per year. These products are subject to ever-stricter purity demands. LCGC 
recently spoke with Kayla Taggard, Research Associate at Phoseon Technology, 

about the evolving landscape of solid-state detectors in the preparative market. Topics 
included emerging trends in preparative high performance liquid chromatography (HPLC) 
for use in manufacturing, new technology in light-emitting diodes (LEDs) and solid-
state detectors leading this change, and what to look for when choosing a preparative  
HPLC detector.
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factor of 14 ([380/740 nm]-4). Thus, the sun 
appears yellow to orange because of the 
depletion of the shorter wavelengths, the 
latter of which are scattered away from the 
forward angle of observation and appear 
in the surrounding atmosphere as blue. It is 
interesting to note that as a consequence 
of human evolution, the spectral sensitivity 
of our eyes matches the visible spectrum 
of the sun.

At sunset or sunrise, when the sun is 
in the horizon, sunlight travels through a 
much greater layer of atmosphere before it 
reaches the observer. As a result, the yellow 
to white sun is surrounded by spectacular 
colors of reds and oranges because of the 
depletion of even more violet-blue as well 

as green light, as seen in Figure 1. More 
often than not, sunsets are more vibrant 
than sunrises because of increased pollu-
tion that has accumulated throughout the 
day, causing more scattering (12). The scat-
tered light that we measure from polymer 
solutions is caused by exactly the same 
mechanism that colors the skies at sunset 
and sunrise. 

Overview of Scattering 
from Polymer Solutions
A schematic of a generic light scattering 
apparatus is given in Figure 2. Vertically 
polarized light from a laser light source is 
focused onto a cell containing a series of 
dilute polymer solutions. Scattered light is 

measured by photodiodes situated at fixed 
angles around the cell. Because Rayleigh 
scattering is symmetrical about the x-axis 
(the direction of the beam), measurements 
are made from 0° to 180° or on opposite 
quadrants, from 180° to 360°. To avoid 
interference from the oncoming incident 
beam, measurements of 0° and 180° are 
avoided. The number of measurement 
angles depends on instrument design.

A typical analysis with a standalone light-
scattering instrument involves measuring 
scattering intensity of a range of polymer 
concentrations as a function of scattering 
angle. The data are then analyzed with a 
double-extrapolation procedure formu-
lated by Zimm (13). With this graphical 
approach, scattering intensities are extrap-
olated to zero concentration and zero 
angle. The Rayleigh equation is then used 
to determine the weight-average molecu-
lar weight, Mw, the z-average radius of 
gyration, Rg,z, and the second virial coeffi-
cient, A2, of a polydisperse sample. With an 
online SEC light scattering detector, these 
properties are measured at each elution 
volume increment that flows through the 
detector cell, generating molecular weight 
and radius-of-gyration distributions, along 
with their statistical averages. 

Fundamentals of Rayleigh Scattering
There is a continuous interplay between 
light and molecules (and atoms); the mode 
of interaction depends upon the energy (for 
example, wavelength or frequency) of the 
incident radiation, and the chemical and 
physical nature of target molecules. In the 
case of Rayleigh light scattering, the peri-
odic fluctuations of the electromagnetic 
field induces a temporary dipole moment 
of electrons of the irradiated molecules, 
causing them to oscillate in phase with the 
electromagnetic field of the incident beam. 
The oscillating dipole moment broadcasts 
or scatters light of the same frequency of 
the light source, uniformly in all directions. 
Considering that energy is almost instan-
taneously transferred to and released from 
irradiated molecules (at 10-14 to 10-15 s) 
(14), Rayleigh scattering is an elastic pro-
cess. In other words, scattering occurs only 
when the incident beam is in contact with  
target molecules. 

Laser Light Source Cell

Slits

Polarizer

Photodetector

Scattering Angle,

FIGURE 2: Schematic of a light scattering instrument, in which the angular dependence 
of scattered light intensities is measured as a function of polymer concentrations. Based 
on these data, the molecular weight, radius of gyration, and second virial coefficient can 
be determined. The only input information required are the specific refractive index of the 
polymer and refractive index of the solvent. 

FIGURE 1: With sun in the horizon, light travels a longer distance as compared to the sun 
at high noon. Because most of the blue light is scattered or depleted, light reaching the 
observer is enriched with red light. This is the same light scattering phenomenon that is 
responsible for providing molecular weight and size information of polymers in solution. 

Source: A beautiful sunset at Kauai, Hawaii, by an unknown author, licensed under CC BY-SA-NC, 
https://aponderingmind.org/2013/06/04/beautiful-beach-sunset.) 

https://aponderingmind.org/2013/06/04/beautiful-beach-sunset/
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Rayleigh scattering refers specifically to 
scattering from dispersed molecules (or 
particles) whose molecular radius is less 
than roughly 0.05 times the wavelength of 
the incident radiation (15). For larger mol-
ecules or particles, the scattering distribu-
tion becomes more complicated, resulting 
in a series of minima and maxima, referred 
to as Mie scattering (5).

We start by examining Rayleigh scat-
tering from a single molecule in vacuo 
(1–4,13,16), irradiated with vertically polar-
ized light of intensity (Io). This relation-
ship is shown in equation 1, where i´s is 
the intensity of scattered light measured 
at any angle, λo is the wavelength of the 
incident beam in vacuo, and r is the radial 
distance from the scattering molecule to 
the observer:

i´s = 16π4 (Io /r2 )(α2/λ 4
0)                  [1]

where α is the polarizability of the molecule, 
a measure of the extent or ease in which 
orbital electrons can be deformed (form 
temporary dipoles) in an electric field; in this 
case, the applied field is the electromag-
netic radiation of the incident light. The λ-4 

dependency is one of Lord Rayleigh’s many 
discoveries that he worked on from 1871 to 
1899. This finding was used by John Tyn-
dale (1820–1893), another physicist and col-
league of Rayleigh, to explain why the sky 
is blue (11). Incidentally, Rayleigh received 
the Nobel Prize in 1904 for his discovery of 
argon in air.

The Rayleigh Equation
The Rayleigh equation is used with Zimm’s 
extrapolation procedure for calculating 
molecular weight, radius of gyration, and 
the second virial coefficient from light 
scattering measurements of dilute poly-
mer solutions. This section unravels the 
complexity of Rayleigh equation to facili-
tate its use.

Considering that equation 1 describes 
scattering from a single molecule in 
vacuo, i´s, it is recast to reflect the scat-
tering intensity, i´s,p, from a given volume, 
V, and concentration, c, of a polymer  
in solution:

(is,pr 2) ⁄ VIo = 16π4 (α2 ⁄ λ4 )(NAc ⁄ M)     [2]

Here NA is Avogadro’s number and M is 
the molecular weight of the polymer. The 
wavelength of the incident beam in vacuo, 
λo, now becomes the wavelength of light, 
λ, as it passes through the polymer solu-
tion, λo/no, where no is the refractive index 
of the solvent, which is very close to the  
polymer solution. 

Molecular polarizability, α, is defined as

α2 = [M 2 ⁄ (4π2NA
2 )] n2

0  (dn ⁄dc)2        [3]

where dn/dc is the specific refractive 
index (or refractive index increment) of 
the polymer in solution. Substituting 
equation 3 into equation 1, we obtain 
the following:

is,pr 2 ⁄ IoV = (4π2 ⁄ λ4)(Mc ⁄ NA )n2
0  (dn ⁄dc)2               

[4]

This cumbersome expression is 
made more manageable by com-
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bining all terms that can be measured beforehand into an  
optical constant: 

K = (4π2n2
0  ⁄ NA λ4)(dn ⁄dc)2                     [5]

Thus, equation 5 reduces to the following:

is,pr 2 ⁄ I0V = KMc                            [6]

We must digress here to clear up a source of confusion: equa-
tion 6 represents the scattering intensity of a polymer that hap-
pens to be in solution, which is not the same as the scattering 
intensity from a polymer solution. In order to determine scattering 
from the polymer, we need to subtract the normalized scatter-
ing of the solvent, is,solvr 

2 ⁄ I0V, from that of the polymer solution,  
is,solnr 2⁄ I0V, both of which are determined experimentally:

is,pr 2 / I0V = is,solnr 2 ⁄ I0V – is,solvr 
2 ⁄ I0V            [7a]

Here it is worth stressing that equation 7a tells us that the nor-
malized scattering intensity of the solvent (or mobile phase base-
line) must be subtracted from the normalized scattering intensity 
of a polymer solution (or SEC peak), to obtain the normalized scat-
tering intensity of the polymer in solution. For convenience, these 
three terms are changed into light scattering notation: 

Rθ= Rθ,soln – Rθ,solv                              [7b]

In honor of Lord Rayleigh, the first term is called the excess Ray-
leigh ratio, that is to say, the polymer in solution is causing “excess” 
scattering in comparison to the solvent; the other two terms are 
the Rayleigh ratio of the polymer solution and the Rayleigh ratio of 
the solvent, respectively. Please note that only the excess Rayleigh 
ratio is utilized for data analysis: 

Rθ = KMc                                    [7c]

To account for nonideal behavior, KMc must be corrected for 
both polymer–polymer interactions and destructive interference 
of scattered light. These corrections, consisting of the second 
virial coefficient, 2A2c, and the particle scattering function, P(θ), are 
incorporated into equation 7c as follows:

Rθ = K [c ⁄ ([MP(θ)]-1+2A2c)]                    [8a]

Equation 8a is rearranged to give us a more convenient expression:

Kc ⁄ Rθ = [MP(θ)]-1+2A2c                    [8b]

The particle scattering function, P(θ), is a power series in which the 
first two terms are

lim
θ→0

P(θ)-1 = 1+[(16π2R 2
g )/(3λ2)]sin2 (θ/2)           [9]

where R 2
g  is the root-mean-square radius of gyration. Substi-

tuting equation 9 into 8b and rearranging it, we obtain our  
working equation:

Kc ⁄ Rθ=1 ⁄ M+[R 2
g  (16π2)/(3λ2M)]sin2 (θ/2)+2A2c       [10]

from which M, Rg, and A2 are determined using Zimm’s method. As 
discussed in detail in a subsequent section, Zimm’s double-extrap-
olation procedure consists of plotting Kc ⁄ Rθ  against sin2 (θ/2) plus 
Kc ⁄ Rθ against c on the same graph (with the same ordinate and 
abscissa). Thus, we have two lines that intersect the y-axis at 1/M, 
with two slopes that are equal to [(R 2

g16π2 )/(3λ2M)] and 2A2.

The Practice of Light Scattering
Specific Refractive Index (dn/dc)
The specific refractive index, or refractive index increment of 
a polymer in solution, dn/dc, is a measure of its molecular 
polarizability, α (equation 3), or oscillating dipole of a polymer 
induced by the electromagnetic radiation of the incident beam. 
It represents the change of refractive index of a polymer with 
respect to its concentration. In other words, macromolecules 
must be in random motion for there to be a measurable amount 
of scattered light. For example, if molecules were perfectly 
aligned and immobilized, like in a perfect crystal, there would 
be no detectable scattered light because of total destructive  
interference (3,5). 
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 This term is used to calculate the optical constant, K (equation 
5), thus it must be accurately known. With the exception of poly-
electrolytes, the specific refractive index is easily measured for most 
polymers. It is worth repeating that difficulties arise when analyzing 
lower molecular weight samples, especially oligomers, in which 
case, dn/dc is usually a function of molecular weight. In these situ-
ations, dn/dc must be measured over a range of molecular weights 
of a given polymer type, and appropriate values applied to differ-
ent regions of the chromatogram. 
 The specific refractive index can be conveniently and accurately 
measured with an online differential refractometer detector utilized 
in SEC. With this detector, the refractive index of a polymer solution 
is measured against pure solvent, so that the detector response is 
equal to n - n0. Owing to the high sensitivity of this instrument, 
extremely low polymer concentrations can be used, eliminating 
concentration-dependent curvature when n - n0 is plotted against 
c. As a result, dn⁄dc can be obtained from the slope. To obtain a 
measurable polymer scattering intensity, values must be at least 
0.05 mL/g (3), depending on the sensitivity of the instrument. 

Particle Scattering Function, P(θ), and Radius of Gyration, Rg
When macromolecules are irradiated with vertically polarized light, 
the intensity of scattered light decreases as the scattering angle is 
increased from 0o to 180o, an effect referred to as molecular anisot-
ropy. The decreased intensity, or angular dissymmetry, results from 

the destructive interference of wavefronts as the incident beam 
impinges upon different segments of a polymer chain. The particle 
scattering function, P(θ), is a measure of angular dissymmetry, from 
which the radius of gyration, Rg, is obtained. 

Although the radius of gyration is typically determined from 
Zimm’s double-extrapolation procedure, a less commonly 
employed approach is the dissymmetry method, details of which 
are provided in this article. Regardless of the method used, sol-
vated macromolecules must be sufficiently large and the instru-
ment sensitive enough to detect small scattering intensity differ-
ences between angular measurements. 

From a theoretical point of view, anisotropy is present in all 
molecules (5), the degree of which depends on the wavelength 
of the incident beam and the radius of gyration of the polymer. 
Nevertheless, a radius-of-gyration lower limit of about 10 nm has 
been the norm for instruments with a red-light source; however, a 
newly designed instrument with low noise characteristics and high 
sensitivity, was recently introduced by Tosoh Bioscience. This instru-
ment, which uses a green (505 nm) laser diode, has the capability of 
measuring radii of gyration well below 10 nm, as discussed in the 
next article (Part X).

Second Virial Coefficient
The second virial coefficient, A2, is a concentration-dependent 
parameter used to correct for nonideal behavior of polymer solu-
tions. It is a useful parameter for characterizing the thermodynamic 
properties of polymers in solution, specifically, interactions among 
solvated macromolecules. Under an ideal condition, such as ther-
modynamic equilibrium, A2 = 0. Because the second virial coef-
ficient in good solvents is positive, concentration corrections are 
typically required; however, when light scattering is used as an SEC 
detector, polymer concentrations are sufficiently small so that the 
A2c term in equation 10 can be ignored. Nevertheless, the second 
virial coefficient of the polymer dissolved in mobile phase can be 
determined by injecting a series of higher polymer concentrations.

Zimm’s Method
In this section, we demonstrate the use of equation 10, in conjunc-
tion with Zimm’s method, for generating Mw, Rg, and A2. In prac-
tice, Zimm’s double extrapolation procedure consists of plotting  
Kc ⁄ Rθ against sin2 (θ/2)+kc , where k is an arbitrary constant used 
to spread out data points. Because of the complex nature of 
these plots and data analysis, we will first present an overview 
of Zimm’s method as applied to a standalone light-scattering 
instrument before proceeding with light scattering as an online 
SEC detector.

At the start of an analysis, photodetectors are normalized and 
the Rayleigh ratio of the pure solvent is measured, Rθ,solv (equation 
7b). The refractive index of the solvent and specific refractive index 
of the polymer, used to calculate the optical constant, K (equation 
5), are recorded. In this example, which is depicted in Figure 3,  
Kc ⁄ Rθ values are measured at 45°, 90°, 135° for two polymer 
concentrations, 0.5 and 1.0 mg/mL. The six data points are tied 
together by solid lines forming a grid-like pattern. For each 

SERVING ROYALTY.       EXCEEDING EXPECTATIONS.       EVERY MOMENT.

www.sciencix.com    800.682.6480    sales@sciencix.com

• Provider of top brand HPLC instrumentation products 
• Equivalent to corresponding OEM products
• Serving customers for over 35 years
• Reduce product repair expenses by up to 30%
• Lifetime Warranty on manufacturing defects

http://www.sciencix.com
mailto:sales@sciencix.com
http://www.sciencix.com


MACHEREY-NAGEL GmbH & Co. KG · Neumann-Neander-Str. 6–8 · 52355 Düren · Deutschland

www.mn-net.com

www.mn-net.com
DE / International:
Tel.: +49 24 21 969-0
Fax: +49 24 21 969-199 
E-Mail: info@mn-net.com

CH:
Tel.: +41 62 388 55 00 
Fax: +41 62 388 55 05 
E-Mail: sales-ch@mn-net.com

FR:
Tel.: +33 388 68 22 68 
Fax: +33 388 51 76 88 
E-Mail: sales-fr@mn-net.com

ISO 9001
ZERTIFIZIERT

MACHEREY-NAGEL GmbH & Co. KG · Neumann-Neander-Str. 6–8 · 52355 Düren · Deutschland

www.mn-net.com

www.mn-net.com
DE / International:
Tel.: +49 24 21 969-0
Fax: +49 24 21 969-199 
E-Mail: info@mn-net.com

CH:
Tel.: +41 62 388 55 00 
Fax: +41 62 388 55 05 
E-Mail: sales-ch@mn-net.com

FR:
Tel.: +33 388 68 22 68 
Fax: +33 388 51 76 88 
E-Mail: sales-fr@mn-net.com

ISO 9001
ZERTIFIZIERT

MACHEREY-NAGEL

Columns and supplies

C
hr

om
at

og
ra

ph
y

Your solutions at www.mn-net.com

MACHEREY-NAGEL GmbH & Co. KG · Neumann-Neander-Str. 6–8 · 52355 Düren · Deutschland

www.mn-net.com

www.mn-net.com
DE / International:
Tel.: +49 24 21 969-0
Fax: +49 24 21 969-199 
E-Mail: info@mn-net.com

CH:
Tel.: +41 62 388 55 00 
Fax: +41 62 388 55 05 
E-Mail: sales-ch@mn-net.com

FR:
Tel.: +33 388 68 22 68 
Fax: +33 388 51 76 88 
E-Mail: sales-fr@mn-net.com

ISO 9001
ZERTIFIZIERT

http://www.mn-net.com


578  LCGC NORTH AMERICA  VOLUME 38 NUMBER 10  OCTOBER 2020 WWW.CHROMATOGRAPHYONLINE.COM

slope =

Kci /Rθ,i

1/Mi

R 2
g,i 16π2/(3λ2Mi

2)

0°

45°

90°

135°

sin2θ/2

FIGURE 4: A snapshot of a partial Zimm plot from an SEC/multiangle light scattering 
detector at elution volume increment i. Note the absence of a concentration dependency 
slope; as a result, A2 cannot be measured unless several higher polymer concentrations are 
injected.

angle, the two polymer concentrations 
are extrapolated to zero concentra-
tion (dashed red lines). In a similar man-
ner, each of the two concentrations are 
extrapolated to zero angle (dotted blue 
lines). Finally, the extrapolated zero-con-
centration and zero-angle data points 
are tied together with red dashed and 
blue dotted lines, respectively. The fol-
lowing results are thus obtained: The 
molecular weight is equal to the recip-
rocal of the y-axis intercept of the two  
extrapolated slopes: 

lim
θ→0
c→0

intercept=1 ⁄ M              [11a]

For a polydisperse sample: 

lim
θ→0
c→0

intercept=1 ⁄ Mw            [11b] 

 Provided that the polymer exhib-
its measurable dissymmetry, Rg is com-
puted from the angle-dependency 
slope, extrapolated to zero angle  
(red-dashed line):

For a monodisperse polymer:

lim
θ→0

slope = R 2
g  [16π2/(3λ2M)]      [12a]

For a polydisperse polymer:

lim
θ→0

slope = R 2
g,z [16π2/(3λ2Mw)]  [12b]

 If the polymer concentrations are suf-
ficiently high, the second virial coefficient 
can be measured from the concentration-
dependency slope, (blue dotted line):

lim
c→0

slope = 2A2                 [13]

Light Scattering as an SEC Detector
Online light scattering detectors are ide-
ally suited for SEC because they have suf-
ficient sensitivity for detecting low polymer 
concentrations. Based on the fact that light 
scattering detectors measure the absolute 
molecular weight at each elution volume 
increment, peak broadening corrections are 
usually not required, provided that the scat-
tering volumes are small. Even for columns 
with poor resolution, a reliable weight-aver-
age molecular weight of the injected sam-
ple can be obtained, as well as a weight-
average cumulative distribution. The only 
requirements for this detector are that the 
corresponding concentration of each elu-
tion volume increment must be measured, 
and the lag time between detectors must 
be corrected. UV and differential refractive 
index detectors are typically used for SEC.
 As for any light scattering measure-
ment, the refractive index increment of 
the polymer in the mobile phase, and 
the refractive index of the mobile phase 
must be accurately known. Owing to the 
molecular weight dependency of the 
specific refractive index, errors can occur 
when analyzing polymers that contain low-
molecular-weight components, especially 
if less than 104 g/mol. Also, care must be 
taken to use the correct specific refractive 
index when analyzing copolymers that are 
chemically heterogeneous. Furthermore, 
because detector sensitivity is proportional 
to molecular weight, the low-molecular-
weight region of the distribution may not 
have adequate light scattering response, 
thereby skewing the results. A discussion 
of these and other limitations are detailed 
in references 7–10. 
 There are two modes for light scatter-
ing detectors: multiangle light scattering 
(MALS) and low-angle (LALS) light scatter-
ing. Some detectors can measure scatter-
ing only at low angles while others include 
both capabilities. As described in the fol-
lowing sections, data analysis will differ 
depending on the type of instrument used.

Multiangle Light Scattering  
(MALS) Measurements
In this example, measurements are made 
at 45°, 90°, and 135°, and a concentration 
detector is placed in series with the light 

slope =

Kc/Rθ

R 2
g,z16π2/(3λ2M2)

1/Mw

slope = 2A2

sin2θ/2 + kc

0.00 0.50 1.0 mg/mL
135°

90°

45°

0°

FIGURE 3: An example of a typical Zimm plot of a polydisperse polymer, in which  
Kc ⁄ R θ  is plotted against sin2 (θ/2)+kc, where R θ is the excess Rayleigh ratio, K is an optical 
constant, c is polymer concentration, k is an arbitrary constant, and λ is the wavelength of 
light through the polymer solution. In this example, R θ values of two polymer concentrations, 
measured at three angles, are extrapolated to zero concentration and zero angle. The 
weight-average molecular weight, Mw, z-average radius of gyration, Rg,z and second virial 
coefficient, A2, are obtained from the y-axis intercept and the two extrapolated slopes. 
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scattering instrument. Elution volumes of 
both detectors are temporally merged 
by using the time lag between detectors. 
Polymer concentrations that enter the 
detector cell are quite low because of the 
separation process and peak broadening; 
as a result, the second-virial-coefficient 
term, A2c, in equation 10 can usually be 
ignored. Therefore, a modified Zimm plot 
is used, in which the computer generates  
Kci ⁄ Rθ,i versus sin2(θ/2) for the three angles, 
where ci and Rθ,i are the polymer concen-
tration and excess Rayleigh ratio, respec-
tively, at each elution volume increment, i, 
as shown in Figure 4. Values of Mi and Rg,i 
are obtained from the intercept (equation 
11a) and slope (equation 12a), respectively. 
With these data, the molecular weight dis-
tribution of the injected sample is obtained, 
from which statistical average values are 
calculated as follows: 

Mn = ∑ci ⁄ ∑(ci /Mi )                [14]

Mw = ∑ciMi /∑ci                     [15]

Mz = ∑ciMi
2/∑ci Mi                [16]

In a similar manner, the radius-of-
gyration distribution, Rg = f (MW), also 
can be plotted, and radius-of-gyration  
averages computed: 

R 2
g,n  = ∑(ci /Mi )R

2
g,i /∑(ci /Mi )       [17]

R 2
g,w  = ∑ciR

2
g,i /∑ci                    [18]

R 2
g,z  = ∑ciMiR

2
g,i /∑ciMi               [19]

The radius of gyration can only be 
obtained if there is a quantifiable slope; 
that is, a polymer within a given elution 
volume range must be sufficiently large 
to result in a measurable angular dissym-
metry. This means that Rg values in the 
low-molecular-weight end of a distribution 
may be unreliable, yielding biased radius-
of-gyration averages. 

With a known radius of gyration data, an 
average long-chain branching index, g, can 
be measured, including a branching index 
distribution, g = f(MW). This is accom-
plished by comparing the mean-square-
radius of gyration of a branched polymer,  

R 2
g,b , to that of a corresponding linear poly-

mer, R 2
g,l , of the same molecular weight:

g = [R 2
g,b /R 2

g,l ]M                     [20]

For a comprehensive review of these 
and other applications of SEC/light scatter-
ing, see references 7–10. 

Low-Angle Light Scattering
(LALS) Measurements
LALS, by themselves, cannot be used for 
determining radius-of-gyration measure-
ments; nevertheless, data analysis with this 
technique is greatly simplified; the Rayleigh 
equation (equation 10) is reduced to:

Kc/Rθ = 1⁄M               [21a]

Thus, at each elution volume increment,
 

Mi = Rθ,i ⁄Kci                [21b]

from which the molecular weight distribu-
tion and statistic averages are computed 
via equations 14 to 16.

Summary
Light scattering is the ideal detector 
for SEC, because it provides molecular-
weight and radius-of-gyration distribu-
tions, in addition to corresponding statis-
tical averages without column calibration. 
With this detector, the only information 
that is required is the specific refractive 
index of the polymer and the refractive 
index of the mobile phase. 
  By using low injection concentrations, 
the Rayleigh equation is reduced from 
three (M, Rg, and A2) to two unknowns  
(M and Rg), greatly facilitating data analy-
sis. Moreover, if low-angles measure-
ments are used, molecular weight can 
be determined directly without resorting 
to graphical analysis, however, molecular 
size information is lost. 
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Chromatography Advances at EAS 2020

Previewing the 2020 Eastern Analytical Symposium. The theme of this virtual event is “Analytical Science: Cornerstone 
of Innovation.”

Mary Ellen P. McNally

The 2020 Eastern Analytical Symposium 
has gone virtual for 2020, and although 

we will miss the camaraderie of face to face 
interaction, the theme of this year’s confer-
ence “Analytical Science: Cornerstone of 
Innovation” indicates the strength of the 
separation sciences and the talks that you 
will not want to miss. 

EAS Award Symposium for 
Outstanding Achievements in the 
Fields of Analytical Chemistry
This year, Susan Olesik from The Ohio State 
University is the EAS Awardee for Outstand-
ing Achievements in the Fields of Analytical 
Chemistry. Best known for her chromatogra-
phy as well as mass spectroscopy expertise, 
Olesik will present a plenary lecture entitled 

“The Fascinating Impact of Nanoscale Struc-
ture on Chromatography and Mass Spectral 
Ionization.” The full session for her award 
includes a group of separation scientist 
leaders, including University of Buffalo’s 
Luis Colón, University of Waterloo’s Janusz 
Pawliszyn, Lisa Holland from West Virginia 
University, and Jared Anderson from Iowa 
State University. Their talks will bring novel 
and innovative chromatographic and sam-
ple preparation technology presentations 
to the program at EAS. 

Invited Talks: Green Chemistry, 
Forensics, Cannabis, Bioanalysis, 
Biologics, Pharmaceutical 
Analysis, and More
Invited speaker sessions are the strength 
of EAS; this year will be no exception. In 
two green chemistry sessions sponsored 
by the Chromatography Forum of the 
Delaware Valley, advances in sustainabil-

ity using liquid and supercritical fluid 
chromatography along with the robust 
application of gas chromatography will 
be discussed. From reaction monitoring 
of pharmaceutical processes, the use 
of enhanced fluidity as a more sustain-
able solvent through the evaluation of 
alternative solvents in sample prepara-
tion followed by comments on volatile 
organic compound (VOC) emission test-
ing, to embracing sustainable freshness 
and looking at more efficient gas chro-
matography processes, the direction is 
toward greener chromatographic sys-
tems. Additionally, invited presentations 
by experts on the challenges of canna-
bis testing, handwriting and drug analy-
sis in the field of forensics, bioanalysis 
of sensitive and accurate biologic thera-
peutics and biomarker analysis, life cycle 
management of analytical methods, and 
pharmaceutical forensics for safe manu-
facturing, supply and counterfeit screen-
ing will contribute to the separation sci-
ence scope of EAS.

New Technical Powerhouse 
Sessions on Hot Topics with 
Live Audience Virtual Roundtables
Of special note are the new invited tech-
nical powerhouse sessions, where leaders 
on the current hot topics of technical and 
industrial interest will speak, and attend-
ees will have the opportunity to engage 
in virtual round table discussions with the 
experts, as well as fellow conferees. The hot 
separation topics in 2020 are “Impurities in 
the Pharmaceutical Industry” and “Analyti-
cal Challenges and Opportunities in Drug 
Product Development.”

EAS Separation Science Award Session 
In the EAS Separation Science Award 
Session, 2020 awardee Joe Foley from 
Drexel University will tell us whether 
two columns are better than one, via a 
discussion on the hydrophobic subtraction 
model. Included in this session are a 
presentation by Isiah Warner of Louisiana 
State University (“Materials Approach to 
Separation Science”), a lecture by Andre 
Striegel from NIST (“Determination of 
Polymer Molar Masses when Using Mixed 
Solvents”), and “Capillary Columns Versus 
Traditional Packed Beds for Biomolecular 
Analysis,” presented by Mark Schure of 
Kroungold Analytical.

Contributed sessions will touch on a wide 
variety of applications used in the chromato-
graphic world. Included are dozens of papers 
in sessions on tradition and innovation in 
bioanalytical and pharmaceutical analysis, as 
well as method development, instrumenta-
tion, and pharmaceutical applications in  
modern chromatography.

Presentations Available  
November 16 through December 31
The advantage of being virtual in 2020 is 
that all presentations are available from 
November 16 through December 31, 2020 
for your viewing pleasure. Please join EAS 
on November 16th, and experience the lat-
est developments in the field of separations.
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PRODUCTS & RESOURCES

Polymeric HILIC columns
iHILIC-Fusion(P) and iHILIC-(P) Classic, two lines of polymeric HILIC 
columns from HILICON AB with different surface chemistries, are 
designed to provide complementary selectivity and ultra-low 
column bleeding. According 
to the company, the columns 
are suitable for liquid 
chromatography–mass 
spectrometry (LC–MS)-based 
analysis of hydrophilic and 
polar compounds at pH 1–10. 
HILICON AB,  
Umeå, Sweden. 
www.hilicon.com

Low-bleed GC columns
Silarylene-stabilized polysiloxane columns such as OPTIMA 5 MS 
Accent, 1301 MS, 1701 MS, 35 
MS, and 17 MS are available 
from Macherey-Nagel. Accord-
ing to the company, the col-
umns are commonly used in the 
fields of food, drugs of abuse, 
and environmental analysis. 
Macherey-Nagel Inc., 
Bethlehem, PA.
www.mn-net.com

Headspace sampling system
Chromatotec’s airmoVOC WMS headspace sampling system 
is designed to extract 
representative compounds from 
the liquid phase. According to 
the company, the vaporized 
sample is preconcentrated, 
using a trap to achieve 
quantification of VOCs at 
trace and ultra-trace levels.
Chromatotec America Inc., 
Houston, TX. 
www.chromatotec.com 

Hydrogen generator
The Precision Hydrogen SL from Peak Scientific is designed for gas 
chromatography with flame-
ionization detection (GC-FID). 
According to the company, the 
laboratory-grade hydrogen 
generator produces hydrogen 
at the single push of a button.  
Peak Scientific, 
Scotland, UK.
www.peakscientific.
com/precisionSL 

SPE microplates and cartridges
Microlute CP 96-well solid-phase extraction microplates and 
cartridges from Porvair Sciences are designed with a hybrid structure 
that is a solid interconnected 
network of evenly distributed 
pores combined with retentive 
media. According to the 
company, the design enhances 
the flow-through of samples to 
maximize interactions between 
analytes and the solid phase. 
Porvair Sciences, Wales, UK.  
www.microplates.
com/microlute-cp 

Chromatography data system software
Thermo Fisher’s Chromeleon 7.3 Chromatography Data System (CDS) 
software is designed to provide 
automation and workflow 
support for analytical scientists 
across a range of sectors. 
According to the company, the 
software uses cloud-based 
technology to allow operation 
from remote locations across 
global laboratory networks.  
Thermo Fisher Scientific
San Jose, CA
www.thermofisher.com

Column lifetime extension manual
An instruction manual from Tosoh Bioscience titled “Regeneration of 
TSKgel SEC-SW HPLC Columns” 
details the cleaning procedure 
to regenerate TSKgel SEC-SW 
columns. According to the 
company, the frequency of 
cleaning depends on the 
nature of the sample and the 
total number of injections. 
Tosoh Bioscience LLC, 
King of Prussia, PA.
www.tosohbioscience.com 

EC-MS compendium
Antec’s Reference List Electrochemistry-MS (EC-MS), is a free 
compendium of scientific publications using the ROXY EC System. 
According to the company, the publications cover applications in fast 
prediction and mimicking of drug metabolism, drug stability testing and 
controlled degradation, rapid 
environmental degradation and 
persistent organic pollutants, 
reduction of disulfide bonds in 
proteins, and biopharmaceuticals 
including electrochemical 
synthesis.  
Antec Scientific, Boston, MA. 
www.antecscientific.com

Reference List
Electrochemistry-MS 

(EC-MS)

ROXY reference list #210_016_06

Compendium of >130 publications 
using the ROXY EC System

                              Electrochemistry  Discover the difference

http://www.chromatotec.com
http://www.peakscientific.com/precisionSL
http://www.microplates.com/microlute-cp
http://www.thermofisher.com
http://www.tosohbioscience.com
http://www.antecscientific.com
http://www.hilicon.com
http://www.mn-net.com
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ß-Glucuronidase enzyme
Abalonase Ultra ß-glucuronidase enzyme from UCT is designed 
for real-time and room-
temperature hydrolysis for 
high-throughput screening. 
According to the company, 
the enzyme has activity 
levels at upwards of 150,000 
Fishman units/mL. 
UCT, LLC,
Bristol, PA.
www.sampleprep.unitedchem. 
com/products/reagents/
abalonase-ultra

Field-flow fractionation system
The Postnova EAF2000 simultaneous electrical and asymmetrical flow 
fieldflow fractionation system is designed to enhance separation and 
characterization of biopharmaceuticals, environmental compounds, 
and nanomaterials. According to the company, electrical and cross-
flow fields are applied simultaneously, enabling separations by particle 
size and particle charge based on electrophoretic mobility, for char-
acterizing complex proteins, 
antibodies, and viruses, as well 
as environmental and charged 
nanoparticles or polymers.  
Postnova Analytics GmbH, 
Landberg, Germany. 
www.postnova.com

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

Method translation software
The Pro EZLC method translation software from Restek is designed 
to simplify and streamline the process of properly adjusting liquid 
chromatography (LC) conditions. According to the company, the 
translator allows users to input their current column dimensions and 
method conditions and specify the 
dimensions of the new column that 
the user wants to try, automatically 
generating new injection volumes and 
isocratic or gradient program conditions.  
Restek Corporation,  
Bellefonte, PA.  
www.restek.com/ezlc
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Determination of Pesticide Residues in  
Cannabis sativa Using an Optimized QuEChERS Method
Hans Rainer Wollseifen, Torsten Kretschmer, Johannes Brand, and Detlef Lambrecht,  Macherey-Nagel GmbH & Co. KG

This application note describes the determination of 
pesticide residues in Cannabis sativa using a QuEChERS 
method for most effective sample clean-up. Interfering 
substances (for example, lipids and pigments) that 
were also extracted with the organic layer are almost 
completely removed with clean-up salt mixes with 
high amounts of GCB (graphitized carbon black) and 
CHROMABOND® C18 ec adsorbents. The organic extracts 
are finally analyzed by HPLC–MS/MS.

While medical and recreational use of cannabis is legalized 
in more and more countries, the markets for cannabis and 
cannabis-based products (such as concentrated oils, soda, 
candy, and other edible forms) have grown year by year in 
North America and other countries (1). A huge demand for 
marijuana has led to professional cultivation of hemp to improve 
growth yields. The use of pesticides is a common tool for 
this monoculture plant production. Therefore, interest in the 
determination of pesticide residues in marijuana has grown.

New quality control methods have to be developed to ensure 
product safety and to reduce health risks by chronic exposure 
to pesticides. These methods have to be quick, easy, cheap, 
effective, rugged, and safe like the QuEChERS extraction 
approach (2).

Interfering substances (such as lipids and chlorophyll), that 
are also extracted with the organic layer, are nearly completely 
removed by using clean-up salt mixes with high amounts of GCB 

and of CHROMABOND C18 ec adsorbents. On the other side, 
the composition of the clean-up salt mixes also has to ensure 
sufficient recovery rates for these pesticides. This work presents 
a QuEChERS method for the simultaneous analysis of more than 
160 pesticides from Cannabis sativa (3). The organic extracts 
are then analyzed by HPLC–MS/MS.

Dispersive Solid-Phase Extraction (dSPE)

Extraction
• Weigh out 1 g of homogenized sample (milled in a grinder) 

into a 50 mL centrifuge tube.
• Add 100 μL of standard solution (ß = 1 μg/mL for each 

analyte in acetonitrile) for determining recovery rates.
• Add 10 mL water and shake.
• Add 10 mL 1% acetic acid in acetonitrile and shake for 30 min.
• Add the CHROMABOND QuEChERS extraction mix I  

(Macherey-Nagel REF 730970) or the competitor mixes (3).
• Shake vigorously for 2 min, and cool down the mixture in an 

ice bath.
• Centrifuge the mixture at 4500 rpm for 5 min, at 4 °C.

Clean-up
• Add 6 mL of acetonitrile supernatant to the CHROMABOND 

QuEChERS clean-up mix XLVII (Macherey-Nagel REF 730845) 
or to the competitor mixes (3).

• Shake vigorously for 60 s.
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Figure 1: Separation of pesticides on Bluebird RP 18 column (QuEChERS extract of Cannabis sativa spiked with ß = 100 μg/g).
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• Centrifuge the mixture at 4500 rpm for 5 min, at 4 °C.
• Take acetonitrile extract for injection.

Subsequent Analysis: HPLC–MS/MS
HPLC column: NUCLEOSHELL® Bluebird RP 18, 50 × 4.6 mm, 
2.7 μm (Macherey-Nagel REF 763432.46)
Eluent A: 0.1% formic acid in water
Eluent B: 0.1% formic acid in acetonitrile
Gradient: in 5 min from 5% to 100% B, hold for 1.0 min
in 0.1 min to 5% B, hold 5% B for 3.9 min
Flow rate: 0.7 mL/min
Temperature: 30 °C
Injection volume: 2 µL
MS/MS detection: AB Sciex QTRAP 5500; acquisition mode: 
SRM; interface: ESI; polarity: positive; curtain gas: 35 psig; 
collision gas: medium; ion spray voltage: 5000 V; temperature: 
450 °C; ion source gas 1: 45 psig; ion source gas 2: 45 psig; 
detection window: 60 s; MRM transitions: (3)

Results
The presented QuEChERS method leads to an average recovery rate 
for pesticides of 92.3% for 162 pesticides. Most of the pesticides 
(138 analytes) show recovery rates between 70% to 120%. On 
the other side, high matrix reduction yields were also possible by 
using the presented clean-up mix. The amount of dry substance 
after cleanup is reduced to less than 70% of raw acetonitrile 
extracts. With this clean-up approach, interfering substances (like 
such as lipids and pigments) are successfully removed due to high 
amounts of GCB and CHROMABOND C18 ec adsorbents. 

The chromatographic separation of pesticides was performed 
using core-shell particles that are well known to provide fast 
and high-efficient separations combined with a reasonably 

low back pressure. In this work, a subsequent analysis was 
developed on a NUCLEOSHELL Bluebird RP 18 column.

Conclusion
This application note shows the reliable and successful 
determination of pesticide residues from marijuana samples 
with an optimized QuEChERS method. The optimized 
composition of QuEChERS salt clean-up mixes leads to high 
reduction of matrix components and to high recovery rates for 
pesticides.
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FOCUS ON 
DATA HANDLING
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There’s a lot of interest in moving data 
to the cloud for security, centraliza-

tion, and collaboration. Doing so, how-
ever, has implications for data integrity 
and audits. To understand more, we 
spoke to Monica Cahilly, the president 
and founder of Green Mountain Quality 
Assurance, in a podcast interview. Cahilly 
has more than 25 years of consulting 
experience, with specialized interest and 
enthusiasm for data integrity assurance 
and data governance. A short excerpt of 
that interview is presented here. 

The cloud is an exciting area. It helps 
lower cost, for example, for smaller 
organizations. Although it is an excit-
ing area, I think what we have to be 
mindful of is that the cloud, in some 
instances, still poses some significant 
risks. I think we have to really under-
stand the implications of moving into 
that environment, and then make sure 
that an audit team knows what those 
implications are, so that they can cor-
rectly qualify these environments, and 
then continuously monitor them at an 
appropriate frequency. 

Cloud providers are, in fact, per-
forming GXP-regulated work. What’s 
important for us to recognize is that 
these vendors may be inspected 
by authorities under certain circum-
stances, such as when a significant 
problem occurs in their GXP work 
that may impact patient safety, prod-
uct quality, or the integrity of critical 
data. If there’s a problem that occurs 
because of something that is done by 
a vendor or one of their employees, 
then we obviously would be account-
able for that as the contract giver. So 
we really have to understand that this 

is a contract acceptor–contract giver 
relationship and requires that the 
partnership be an active one. And 
we have to ensure that we are, in fact, 
doing adequate data monitoring. 

When we think about 21 CFR Part 
11, we have to remember that it was 
written back in the 1990s, well before 
these cloud environments became 
what they all are now, I think there 
was already some early virtualization 
of them back in that timeframe, but it 
has grown so much since then. Now 
we’ve got many cloud opportunities. 

In 21 CFR Part 11 it say that when 
you place your data in the hands of 
a third party, you have additional risk. 
So, in the context of Part 11, that 
system would be referred to as an 
open system as opposed to a closed 
system (one where you’re managing 
your data under your own governance 
structure within your company). So, 
if the third party is a cloud provider, 
that is, in fact, an open system. 

The text of 21 CFR Part 11 is not 
explicit on what to do with regard 
to open systems in a cloud environ-
ment. There are some suggestions; 
for example, we can encrypt the data 
in transit. We also might consider 
encrypting the data if we have con-
fidentiality, security, data privacy, and 
intellectual property concerns that we 
need to be mindful about. As a result, 
we have to remember that we have 
additional risks in these environments. 
The audit team also needs to under-
stand what those risks are and how 
to manage them. It is not just about 
quality systems and verifying that the 
cloud provider has a documented 
quality system framework that they 

follow, but it also requires that we include 
a cybersecurity specialist on our audits so 
that a designated person can assess how 
the cloud provider is managing the more 
challenging aspects of the current risks 
and the cybersecurity. This also requires 
that we institute data monitoring and 
data analytics. 

One of the things that I think is impor-
tant to remember is that in a cloud 
environment, on the user side, you are 
typically only going to be able to see 
the audit trails that are visible through 
the front end, if this is a software as a 
service. But even though you are only 
going to be able to see the audit trails 
that are visible to that front-end or 
application environment, you are also 
responsible for any activities that are 
taking place in the back-end environ-
ments. For example, in infrastructure 
environments that may have an impact 
on the integrity of our data that’s within 
that system, we may not be able to see 
those logs through the front end. How 
then do we get at that information so 
that we can really govern the risks that 
are potentially coming to bear on the 
data in these platforms? 

There are a lot of risks that we want to 
be mindful of, and we want to try to make 
sure that we do not move into these 
environments until we have a proper 
governance program in place for those 
risks. However, I think that if we have a 
proper governance program in place, 
and a really good data analytics, data 
monitoring, and data governance team, 
the opportunities available through the 
cloud are really exciting.

This interview has been lightly edited for 

style and space.

Ensuring Data Integrity in the Cloud 
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