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Honey has been acknowledged for its medicinal  
and healing qualities for some time. Its ubiquity  
of the sticky golden yellow liquid spans time and 
continents. The substance has been used for 
treatments of skin disease, cancer, heart diseases, 
neurological degeneration, and wound healing and 
is considered anti-inflammatory and antimicrobial.1 
These attributes have been attributed to the minor 
constituents found within, consisting of phenolics, 
flavonoids, flavones, and flavonols.2 Honey production, 
owing to the fact that bees are needed to produce  
the sticky sweet substance, lends the product to  
a high market price. As such, it is a prime target  
for adulteration with refined sugars in order to make 
the supply last longer or to create larger profits.3  
The defilement leads to a degradation of the  
product’s shelf stability as well as a decrease in  
the overall health benefits. Likewise, the complexity 
of natural honey does not lend itself well to a 
reproducible scientific signature, as each batch  
of honey made is dependent on the particular  
flowers that were used by the bees. Since no two 
flowers are the same, a different chemical profile of 
honey is created. One thing that does stay relatively 
constant is the ratio of the carbohydrates found in 
honey. The fructose, glucose, and sucrose share a 
~1.2:1:0.1 ratio.4 Large deviations from this ratio give 
scientists an idea that the honey has been debased. 

The major carbohydrate profile was explored on  
a Hamilton cation exchange HPLC column, HC-75 
Pb2+ form utilizing only DI water as a mobile phase. 
Local honey found around northern Nevada showed 
limited deviation from the carbohydrate ratio and the 
corresponding analysis of these gave correlation to  
the expected carbohydrate ratio. 

Author: Adam L. Moore, PhD, Hamilton Company

1 ) S. Hussein, K. Yusoff, S. Makpol, Y. Yosof, Molecules 16 (9) 2011, 6,378–6,395.

2 ) Karabagias, I.K., Dimitriou, E., Kontakos, S. et al. Eur Food Res Technol 242,  
2016, 1,201–1,210. 

3 ) S. Bogdanov, P. Martin, Mitt. Lebensm Hyg. 93, 2002, 232–254. 

4 ) H.I. Alijohar, H.M. Maher, J. Albaqami, M. Al-Mehaizie, R. Orfali, R. Orfali,  
S. Alrubia. Saudi Pharm. J. 26, 2018, 932–942.

Column Information

Packing Material HC-75 (Pb2+ Form), 9 µm

P/N 79438

Chromatographic Conditions

Gradient Isocratic

Temperature 80°C

Injection Volume 25 µL

Detection Refractive Index

Dimensions 305 x 7.8 mm

Eluent A Water

Flow Rate 0.8 mL/min

Compounds:   
1:  Sucrose    
2:  Fructose 
3:  Glucose

Time (minutes)

1

2

3
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For more information on Hamilton HPLC columns  
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www.hamiltoncompany.com or call (800) 648-5950 
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method development.
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Michael W. Dong

With a new free simulator, educators and students can perform virtual  
HPLC experiments under isocratic or gradient conditions applicable to  
real instrumentation and method development.
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The UHPLC–MS/MS method can accurately determine the presence of  
these illegal feed additives in swine tissues.
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Ronda Gras, Jim Luong, and Robert A. Shellie

UV spectroscopy is an effective approach for tandem or parallel detection  
in gas chromatography, particularly in separations that require narrow 
bandwidths, such as GCxGC.
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From the Chairman
Mike Hennessy, Sr.  
Chairman & Founder, MJH Life Sciences

Quinoxaline 1,4-dioxide (QdNO) has been banned 
in many countries as a feed additive because of its 

potential genotoxicity. Thus, to ensure food safety, there 
is an urgent need for a reliable method to detect this 
antibacterial agent and its metabolites in animal tissues.  
Linli Cheng and colleagues at China Agriculture Univer-
sity in Beijing have developed an ultrahigh-pressure liquid 
chromatography–tandem mass spectrometry (UHPLC–
MS/MS) method to determine QdNO and its eight main 
metabolites in swine liver. Details can be found in the paper  
featured on this month’s cover. 

Ronda Gras and Jim Luong of Dow Chemical, 
along with Robert A. Shellie of Deakin University in 
Australia, address the problem of the excessive time 
required in many gas chromatography (GC) separa-
tions. The solution they offer is more-selective detec-
tion, through the use of UV spectroscopy with a diode 
array detector (DAD). The approach has proven to 
be effective for both tandem or parallel detection 
and should be particularly useful in separations 
requiring rigorous, narrow bandwidths—such as in  
comprehensive two-dimensional GC (GCxGC). 

In “Column Watch,” guest authors Leandro Wang 
Hantao and colleagues also present work on GC, with an 
approach for profiling napthenic acids in produced water in 
the petroleum industry. The study illustrates the importance 
of column selection during GC method development.

Continuing the focus on fundamentals, in “LC Trouble-
shooting” Dwight Stoll explains how retention factor can be 
affected by pressure. As the field moves toward routine use 
of pressures well above 400 bar, the effect of pressure on 
retention should not be overlooked. Understanding when 
the effect is likely to be large enough to affect resolution is 
valuable for troubleshooting unexpected results that arise 
during both method development and the execution of 
established methods. 

In “Perspectives in HPLC,” Michael Dong discusses a 
software tool for learning HPLC that uses actual separation 
data to demonstrate the chromatography principles under 
isocratic or gradient conditions. And in “Fundamentals,” 
Emanuela Gionfriddo of the University of Toledo makes  
the case for learning the mechanisms of extraction meth-
odologies, rightly noting that this understand can enable 
chromatographers to tackle different types of samples. 

Happy reading!
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LETTERS 
TO THE 
 EDITOR

Misconceptions About 
Type-C (Silica Hydride) 
HPLC Columns
In a recent LCGC article (1), the authors 
presented a comprehensive overview of 
the bonding technology used to fabricate 
currently available high performance liquid 
chromatography (HPLC) stationary phases. 
Included in that review was the process used 
to make silica hydride–based stationary 
phases. The article described some of the 
benefits that this type of packing material 
has for chromatographic analyses, as well as 
what were described as potential drawbacks. 
However, these points were not backed by 
experimental details, and overlooked some 
of the literature that specifically addresses 
the concerns the authors identified as fac-
tors that could affect the chromatographic 
performance of silica hydride materials.  
Four specific concerns were raised, which are 
addressed here. 

Complete Removal of the 
Platinum Catalyst Reagent 
After the Bonding Reaction 
Although it seems that there is the potential 
of depositing the platinum (Pt) catalyst on a 
bonded silica hydride stationary phase, par-
ticularly the reduced form of Pt(0) this spe-
cific aspect of using hydrosilylation on a silica 
hydride stationary phase was thoroughly 
investigated a number of years ago (2,3).  
A series of electron spectroscopy for chemi-
cal analysis (ESCA) experiments showed that 
when amounts of Pt on the surface were 
0.03 atom percent or greater, the material 
had a gray color and showed some chro-
matographic effects. However, below that 
level (close to detection limit) the material 
was white and there were no chromato-
graphic effects. The deposition of Pt can 
be eliminated by using the correct catalyst-
to-organic moiety ratio. Commercial silica 
hydride materials are white and show no 

detectable Pt by ESCA and no chromato-
graphic effects like peak tailing and fluctuat-
ing retention times. 

The Catalyst’s Selective 
Functional Group Tolerance 
This point focuses on the narrow view that 
Speier’s catalyst (hexachloroplatinic acid) 
is the only available route to bond organic 
moieties to the silica hydride surface.  
This is clearly false. The classic monograph 
by Marciniec (4) describes numerous types of 
catalysts that can be used in a Speier’s hydro-
silylation reaction. These catalysts include a 
broad range of transition metal complexes 
as well as a variety free radical initiators. The 
use of alternative catalysts for hydrosilylation 
reactions on a silica-hydride surface has 
been addressed and proven to be success-
ful (5). Alternative metal ions result in different 
preferences for coordinating ligands. For Pt, 
there is a strong preference for nitrogen and 
this preference can limit the addition of nitro-
gen-containing organic moieties that might 
be bonded to the silica-hydride surface 
through hydrosilylation. Therefore, selecting 
a metal complex with another type of metal 
such as Ni, Rh, or Co will result in different 
donor atom preferences. An even clearer 
route to avoid these donor-atom issues is 
to use a free radical initiator such as t-butyl-
peroxide or azobisisobutyronitrile (AIBN). 
Because weak anion-exchange materials are 
usually based on a nitrogen-containing moi-
ety, either of these catalytic approaches is an 
effective solution to this potential problem. 

The other issue raised is the ability to 
synthesize mixed-mode phases. This pro-
posed limitation can also be solved by the 
proper choice of catalyst as described above.  
However, in many instances the need for 
mixed-mode phases is eliminated by the 
fact that all silica-hydride–based stationary 
phases can operate in both the reversed-
phase and aqueous normal-phase modes 

(6,7). Under many mobile phase composi-
tions these two retention modes can overlap 
and thus provide the same capabilities as 
mixed-mode phases. 

Sufficient Coverage of Si-H  
to Hinder Surface Silanols
The synthetic goal in the fabrication of the 
silica hydride material is to provide mono-
layer coverage of the surface, resulting in as 
complete of a replacement of silanols with 
Si-H as possible. Less than a monolayer cov-
erage leaves residual silanols and exceeding 
a monolayer results in free silanol groups 
from incomplete cross-linking. Extensive 
characterization of the material by thermal 
and nuclear magnetic resonance (NMR) 
methods indicates that under the correct 
synthetic conditions the goal of monolayer 
coverage is achieved within ±5%. This is 
within the experimental error of these tech-
niques for this type of measurement. With 
respect to the remaining silanols, even if 
there were as much as 5% in comparison to 
a bare silica surface, this is a much smaller 
amount than the amount of silanols remain-
ing after a typical organosilanization reaction 
even if that phase is extensively endcapped.  
Steric considerations created by the size of the 
organosilane molecule and the endcapping 
reagents preclude removal of silanols to well 
above the approximate level of 5% achieved 
in fabricating the silica hydride material.

Inertness of the Si-H Moiety  
During the Column Lifetime 
The stability of this material has also been 
documented. First it should be noted 
that the lifetime of all column materi-
als are related to the conditions they are  
subjected to. Extremes of pH, effects of 
additives, types of samples, and sample 
matrices are just a few examples of condi-
tions that can affect the lifetime of a col-
umn. With these considerations in mind,  
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silica hydride columns have exhibited excel-
lent lifetimes (and in some cases extraor-
dinarily long lifetimes) under a variety of 
mobile phase and sample conditions.  
Over 20 years, numerous columns with sev-
eral different bonded-phase moieties have 
shown excellent stability based on time of 
use or number of injections. 

Phase Availability and the  
Difficulty of Finding Equivalent 
Columns from Other Manufacturers
Although this might seem like a valid concern, 
this situation is really analogous to some col-
umns by other manufacturers using patents 
or trade secrets. For example, there are no 
equivalent columns for the ethylene bridged 
hybrid (BEH) line of stationary phases by 
Waters. Similar examples for specific col-
umns such as chiral materials are often only 
available from one source, so this is a com-
mon practice in the HPLC column market.  
Even for common stationary phases such 
as C18 there are differences in the overall 
synthetic procedures that companies use to 
produce their columns. In most cases column 
equivalency, while once considered impor-
tant, is not an issue that cannot be overcome; 
it is possible to stay with the same product for 
as long as possible or to make modest modifi-
cations in a method if a column substitution is 
needed. In addition, small- to medium-sized 
column companies often sustain a particular 
product line for longer periods of time while 
larger companies may discontinue a prod-
uct if it does not achieve a certain revenue 
level. The silica hydride columns have been 
on the market for 20 years and in addition to 
being sold by the manufacturer (MicroSolv 
Technology Corporation) they are available 
world-wide from large distributors such as 
VWR (Avantor) and Thermo Fisher Scientific 
as well as from many independent suppliers 
of laboratory products.

Summary
In summary, the concerns about silica hydride 
columns raised in the recent review of col-
umn chemistry can be set aside based on the 
explanations provided above. First, knowl-
edge of the basic organic chemistry (hydro-
silylation) involved in producing these phases 
demonstrates that issues related to catalyst 
contamination or lack of versatility can be 
easily overcome. Second, when the phases 

are synthesized under well-developed experi-
mental conditions, the amount of residual 
silanols is less than that of stationary phases 
manufactured on ordinary silica and those 
materials have substantial lifetimes. Finally, the 
stationary phases are widely available world-
wide from both large and small distributors of 
chromatographic supplies and the fact there 
is only one manufacturing source is compa-
rable to other columns in the market. 

 Joseph J. Pesek and Maria T Matyska, 
MicroSolv Technology Corp, Leland, NC
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The Authors Respond
The recent LCGC North America article 
entitled, “Columns—What is on Your HPLC 
Particle? A Look at Stationary Phase Chem-
istry Synthesis,” was intended as a general 
overview of bonding technologies and not 
as a deep dive into any individual approach. 
The drawbacks put forth for each of the 
topics discussed are noted as “potential”  
and were not intended to be interpreted as 
insurmountable obstacles. We acknowledge 
that someone with Professor Pesek’s vast 
experience in silica hydride techniques may 
have overcome the potential difficulties dis-
cussed and appreciate the informed perspec-
tives he has provided on this particular topic.

David S. Bell,
Column Editor, “Column Watch,” 

Restek Corporation 

Diego A. Lopez, and Ahren I. Green
Restek Corporation
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LC TROUBLESHOOTING
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Retention Factor Is  
Independent of Pressure in LC, Right?
The retention factor (k) is a valuable measure of retention in chromatography because it is independent of several method variables, 
including flow rate and column length. In reversed-phase liquid chromatography (LC), the retention factor is also nominally 
independent of operating pressure for small non-polar molecules at low pressure. However, as the field moves in the direction 
of routine use of pressures well above 400 bar, and biomolecule separations become more prevalent, the effect of pressure on 
retention should not be overlooked. Understanding when the effect is likely to be large enough to affect resolution is valuable 
for troubleshooting unexpected results that arise during both method development and the execution of established methods.

Trevor Kempen and Dwight R. Stoll

In the first few decades of the development 
of high performance liquid chromatogra-

phy (HPLC), there was quite a lot of theo-
retical consideration given to the relation-
ship between pressure and analysis time 
in LC. Several researchers, including Knox 
(1), Poppe (2) and Guiochon (3), provided 
us with ways to think about optimizing 
the speed of LC separations—for a given 
maximum pressure that can be generated 
by a LC pump, what are the best choices 
for parameters such as particle size, column 
length, and flow rate? During this same 
time period, however, there was very little 
discussion of the effect of operating pres-
sure on retention in LC. It wasn’t until the 
1990s that researchers started looking at this 
relationship closely, but the introduction of 
commercial LC instrumentation that could 
reliably operate well above 400 bar in the 
early 2000s led to many published studies 
in this area over the past 15 years or so. 
In my own laboratory, we increasingly are 
encountering situations where the effect of 
pressure on retention cannot be ignored, in 
part because we are doing more work these 
days with large biomolecules where such 
effects are more obvious. For this install-
ment of “LC Troubleshooting,” I’ve asked 
my student Trevor Kempen to join me to 
provide some background on this topic, and 

then use experimental data from reversed-
phase separations of small molecules to illus-
trate when the effect of pressure on retention 
could complicate method development, or 
even produce changes in selectivity during 
routine operation of an established method.

Dwight Stoll

Background: Pressure Doesn’t  
Affect Retention Factor…Or Does It?
In the early days of chromatography 
school, we learn that the retention factor 
(k) is an important and special measure of 
retention, because it is, in principle, inde-
pendent of certain experimental variables, 
such as flow rate (4). The retention fac-
tor is defined as the ratio of the number 
of moles of the analyte in the stationary 
phase (nA,sp) to the number of moles in the 
mobile phase (nA,mp). The larger the frac-
tion of analyte in the stationary phase, the 
larger the retention factor, and vice versa:

k =
nA, sp

nA, mp [1]

A little algebra yields the more commonly 
used relationship between k, retention time 
(tr), and the column dead time (tm):

k =
t r t m

t m

_
[2]

At this point, we can illustrate the interest 
in k. Suppose that at a flow rate of 1 mL/min 
we observe a peak A with a retention time of  
4 min., and we know that the column dead 
time at this flow rate is 1 min. Using equation 2, 
we would calculate that k = 3. Now, if we dou-
ble the flow rate, the retention time of peak A 
will decrease by a factor of two; it simply takes 
half the time for the analyte to move through 
the column if the mobile phase is moving 
twice as fast. The new retention time for peak 
A will be 2 min., and the new dead time will be 
0.5 min. From the point of view of retention 
time, the retention of peak A has decreased 
greatly. However, putting these numbers into 
equation 2, we find that the retention factor is 
still 3.0; it has not changed, even though we 
doubled the flow rate.

Similar arguments can be made to show 
that, in principle, variables including col-
umn length, column diameter, particle size,  
and flow rate have no direct effect on reten-
tion factor. This point is exceedingly valu-
able in a variety of situations in LC, not the 
least of which is troubleshooting problems 
or unexpected observations during method 
development. For example, the ideas above 
lead us to expect that when we move from 
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a 50-mm long column to one that is 150 mm 
long, keeping all other variables constant, 
retention times of our analytes will increase 
by a factor of three, but the retention factor 
will remain unchanged. If this is not what we 
observe, then something is not right—per-
haps the stationary phase in the two columns 
is different, or there is a leak in the system 

due to the higher pressure drop generated 
by the longer column. Again, the idea that 
the retention factor is independent of certain 
variables is central to many of the ways that 
we think about how LC separations work.

Although not placed in the same category 
as other variables like flow rate and column 
length, pressure is usually not considered 

in textbooks as having a major effect on 
retention, again probably because this was 
not a major focus of research prior to the  
early 2000s. However, research by several 
groups is yielding an increasingly quanti-
tative picture of how and when pressure 
does, in fact, affect retention factor in signifi-
cant ways. Given that these effects roughly 
increase in magnitude with increasing 
molecular size of the analyte, the effects can 
be dramatic (for example, retention changes 
greater than 100% when moving from 100 to  
1000 bar), and very important for biomol-
ecule and other macromolecule separations.

Brief Review of  
Recent Research in This Area
In an early study in this area in 1997, McGuf-
fin and Chen (5) measured the dependence 
of the retention factors of a homologous 
series of fatty acids on pressure, and found 
that k increased from 9.3 to 24.4% over the 
range of pressure from about 100 to 333 bar. 
In the publication describing these results,  
they proposed the following expression for 
the dependence of retention factor on pres-
sure (P) in LC that has been adopted by most 
subsequent publications:

Vln k
kref RT

P+ln
ref

=
[3]

where R is the gas constant, T is tempera-
ture, ΔV is the difference between the 
molar volume of the analyte in the station-
ary phase and mobile phase environ-
ments, and β is the phase ratio. The sub-
script ref indicates a reference condition 
at some specific pressure. If equation 3 
accurately describes the effect of P on k, 
then a plot of ln(k) vs. P should be linear, 
with a slope of RT

V
and a y-intercept of 

( )+ ln kref
ref

ln . In most published results of this 
kind for reversed-phase LC separations, 
the slopes of such plots are positive, 
which means that the ΔV terms are nega-
tive. This is usually interpreted as reflect-
ing a decrease in the solvation of the ana-
lyte as it moves from the mobile phase to 
the stationary phase (6). 

In reversed-phase LC, the magnitude of 
the ΔV term has been shown to be con-
dition specific and dependent on a large 
number of variables, including:

TABLE I: Changes in retention factor in response to pressure for different probe  
compounds

Analyte 
Percent Change in k for

ΔP = 500 Bar

Nortriptyline 30.9

N-butylaniline -17.7

Propiophenone 5.3

Toluene 2.2

4-n-butylbenzoic acid 19.1

bphplc.com
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FIGURE 2: Dependence of retention factor (plotted as natural logarithm of k) on pres-
sure calculated at the column midpoint. Chromatographic conditions: Column, 50 mm 
x 4.6 mm i.d. Agilent SB-C18 (5 µm); Flow rate, 0.8 mL/min.; Temperature, 40 °C; Mobile 
phase, 40/60 ACN/25 mM ammonium formate, pH 3.2.

FIGURE 1: Illustration of the experimental setup used to produce the data shown in 
Figures 2 and 3, and Table I. Different positions of the selector valve place different 
restriction capillaries in the flow path between the column outlet and the detector.
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• mobile-phase properties, such as organic 
solvent content and buffer pH (6)

• stationary-phase properties
o  ligand chain length for bonded  

stationary phases (6–8)
o  ligand hydrophilicity (6,7,9)

• analyte properties
o  molecular size (6,10,11)
o  dipolarity (6,10)
o  ionization state (6,12,13)
o  flexibility/rigidity (8,11).

Interestingly, the dependence of reten-
tion on pressure in hydrophilic interac-
tion chromatography (HILIC) separations 
is usually the opposite of that observed 
in reversed-phase LC separations; that is,  
ΔV is usually positive (6,9).

Experimental Data Illustrate 
Potential Consequences 
Different research groups have used vari-
ous experimental approaches to study 
the effect of pressure on retention in LC.  
One approach is to vary the flow rate through 
the column, which will change the pressure 
that the column experiences during separa-

tions. The major upside of this approach is 
that it is experimentally convenient and easy 
to do. The major downside is that changing 
the flow rate will also change column tem-
perature because of frictional heating, and 
this temperature change, in turn, will affect 

retention, making interpretation of observa-
tions more difficult. Åsberg, Fornstedt, and 
coworkers have demonstrated the use of 
column water jackets to minimize this com-
plication (13), but this is not very convenient 
experimentally. The other commonly used 
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FIGURE 3: Chromatograms show that changes in selectivity with changes in pressure can 
cause gains or losses of resolution, depending on the operating conditions and character-
istics of compounds in neighboring peaks. Conditions are the same as those described in 
Figure 2. Retention factors shown in Figure 2 were obtained from these chromatograms. 
Some of the small retention time shifts at different pressures are due to differences in 
extra-column volume when the different restriction capillaries are in the flow path.
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approach is to add different lengths of 
restriction capillaries (for example, adding 
a 50 µm i.d. capillary when operating at  
1 mL/min will significantly raise the pres-
sure the column experiences) between the 
column outlet and the detector. The major 
upside of this approach is that it does not 
require a flow rate change, and therefore the 
column temperature will not change signifi-
cantly due to changes in frictional heating. 
The major downside of this approach is that 
it requires a physical change of the restric-
tion capillary in the flow path between the 
column and detector to produce a change 
in the pressure, which is not very convenient 
and prone to irreproducibility.

For this type of study in our laboratory, we 
have primarily used the restriction capillary 
approach, but with one twist. We mount 
several capillaries having different lengths or 
diameters on a valve normally used for col-
umn selection in a LC instrument. We then 
can modulate the pressure that the column 
experiences through software control by 
changing the position of the selection valve, 
which in turn places a different restriction 
capillary in the flow path between the col-
umn outlet and detector. An illustration of 
this type of setup is shown in Figure 1.

The dependence of retention factor on 
pressure for some simple small molecules 
under reversed-phase separation conditions 
is shown in Figure 2. Among the five mol-
ecules represented are two neutrals (tolu-
ene and propiophenone), one weak acid 
(4-n-butylbenzoic acid), one relatively strong 
base (nortriptyline; pKa of protonated amine 
is about 10.5), and one relatively weak base 
(N-butylaniline; pKa of protonated amine 
is about 5.0). As expected from the data 
of other groups found in the literature, the 
strongest dependencies (that is, the steep-
est slopes) are observed for the more dipo-
lar molecules (here, the acids and bases) 
(6,10). The dependence for the small, neutral 
toluene is measurable, but very weak. The 
dependencies for the weak acid and strong 
base are both strong and positive. Interest-
ingly, the dependence for the weak base 
(N-butylaniline) is also quite strong, but neg-
ative. This, too, is consistent with observa-
tions discussed in the literature, where other 
groups have suggested that this result can 
be explained by the differential shifts in the 

dissociation constants of the different acids 
and bases involved (here, ammonium and 
formate in the mobile phase, in addition to 
the analytes) in response to changes in pres-
sure (6,14). These dependencies are quanti-
fied as percent change in retention factor per 
500-bar increase in pressure in Table I.

What Does This All  
Mean for Practical Work?
The chromatograms that yielded the reten-
tion factors plotted in Figure 2 are shown 
in Figure 3. Including uracil, there are six 
compounds in the test mixture. We see 
that at the lowest pressure of 53 bar, only 
five peaks are observed; in this instance, 
N-butylaniline and propiophenone have 
been co-eluted. As the pressure is increased,  
the resolution of this pair of peaks 
improves to the point where they are base-
line resolved at the highest pressure of  
491 bar. This dramatic shift results from the 
fact that the dependencies of retention 
factor on pressure have opposite signs for 
these two compounds. On the other hand, 
the opposite is observed for nortiptyline 
and N-butylaniline. At low pressure, they are 
well resolved, but as pressure is increased, 
resolution is lost, and, at the highest pres-
sure, the nortriptyline is barely observable 
as a shoulder on the N-butylaniline peak.

We could make a pretty long list of differ-
ent scenarios where changes in retention fac-
tor with changes in pressure on the order of 
those shown here could significantly impact 
both method development and separation 
performance during routine execution of an 
established method. Just a couple of exam-
ples will suffice to make the point here. In the 
case of method development, it is common 
to do a selectivity screen using short columns 
with different stationary phases to find one 
or a few phases that look promising in terms 
of the selectivity needed to solve a particu-
lar separation problem. In a next round of 
optimization, using a longer column close 
to the length that will likely be used in the 
final method will result in higher operating 
pressures, unless the flow rate is deliberately 
lowered when using the longer column so 
that the pressure does not change. In this 
scenario, if the retention of the compounds 
under study is sensitive to pressure, signifi-
cantly different selectivity will be observed in 

the next round of optimization compared to 
what was observed during the initial station-
ary phase screen. This could be either a posi-
tive change or a negative one (that is, more 
or less resolution), but in either case it could 
be an unexpected change that may be dif-
ficult to interpret.

In the case of an established method, an 
example of a change in the instrument that 
could precipitate a pressure-induced change 
in method performance is a change in the 
connecting tubing between the outlet of 
the column and the detector. For example, 
unknowingly replacing a 120 µm i.d. capillary 
with a 75 µm i.d. capillary could easily lead 
to a change of 50 bar experienced by the 
column. For many methods involving sepa-
ration of a few compounds and resolution to 
spare, such a change will hardly be notice-
able. However, in methods with crowded 
chromatograms, several critical pairs,  
and highly pressure-sensitive compounds, 
such a change could quickly become a big 
problem. Of course, making a change in the 
diameter of connecting tubing such as in 
this example is typically not recommended,  
but mistakes like this do happen, and it is 
helpful to be aware of the consequences that 
could follow from such a change.

Summary
In this installment of “LC Troubleshoot-
ing,” we have discussed the fact that, in 
reversed-phase LC, the operating pres-
sure that the column experiences can sig-
nificantly affect analyte retention factors.  
We briefly reviewed recent research in 
this area, which has shown that ln(k) is lin-
early dependent on P, with a slope that is 
related to the difference between the molar 
volumes (ΔV) of the analyte in the mobile-  
and stationary-phase environments. Some-
times these effects are too small to be 
noticed in chromatograms obtained at dif-
ferent pressures, but, in other cases, relative 
shifts in retention can significantly increase 
or decrease resolution of neighboring 
peaks. These effects increase in magni-
tude with increasing size and dipolarity of 
the analyte, and can be quite dramatic for 
large biomolecules and other macromol-
ecules. Understanding when these effects 
can occur is an important asset in the  

“LC Troubleshooting” toolbox (15).
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Although LC technology plays an essential part in LC-MS 
analysis, it has often been overshadowed by advances 
in mass spectrometer performance and usability. In this 
six-part series, we will uncover the crucial role of nano-, 
capillary-, and micro-flow LC separations in proteomics and 
biopharma LC-MS applications. 

LCGC: While working in the field of LC-MS, where do you see the fastest technology update 
and development progress?
BOYCHENKO: Technology innovation continues to drive LC-MS due to the demands for higher 
sensitivity, better selectivity, and more precise data requirements. And these demands are coming 
from stricter regulations for food and environmental quality but even more from biology research 
such as the development of new biotherapeutics or translational research and precision medicine. 
MS has a faster technology update cycle, as there are a lot of options to advance for the detection 
capabilities, for example, by enhancing the ion transmission or combining different ion sorting or 
accumulation options.

LCGC: Your primary focus is separation sciences and new LC technologies. Don’t you worry 
that advancements in MS will make LC obsolete in near future? 
BOYCHENKO: All the progress in MS is impressive, but there is still no way that MS can exist without 
coupling with efficient techniques for separation, especially for complex samples. In fact, the trend 
is the exact opposite. Samples are getting more and more complex, and researchers are investing 
more time into exploring options for getting maximum peak capacities, more separation power 
in the shortest possible time, and even utilizing different alternatives for classical reversed-phase 
separation columns. So, they are exploring different chemistries on a routine basis as well as multi-
dimensional separations.

LCGC: You mentioned that LC is required for MS. Can you give some examples of this?
BOYCHENKO: Yes, the first and main benefit is the separation of compounds in time. MS is a really 
powerful technique that can be used for many applications, but if you look at complex proteomics 
samples with thousands of individual peptides, there is no way an MS instrument can handle all of 
them simultaneously. Reducing the sample complexity is an important task, and it’s needed on the 
other side to eliminate the effect of ion suppression for achieving better sensitivity. 
LC separations allow us to reach a wider dynamic range of mass spectrometers, so without 
separations, quantification limits would be very high. Another benefit is related to making the 
quantification precise, as separation allows compounds to concentrate on the column and elute 
them in short times that lead to lower quantification limits and better precision. 

LCGC: Thermo Fisher Scientific recently released a new ultra-high-performance liquid 
chromatography (UHPLC) system specifically designed for low-flow LC-MS applications. 
What were the main drivers for this development?

Episode 1: Why Liquid Chromatography is  
a Must for Mass Spectrometry?

Dr. Alexander Boychenko
Product Marketing Manager
Low-Flow LC 
Thermo Fisher Scientific

BOYCHENKO: One of the main drivers was the needs of the researcher—
instrument users—in addition to application areas. We had a lot of interest 
in moving low-flow LC into the translational field or clinical research. 
Those movements are defining how the next instrument should look. We 
already have two high-performance platforms for nano-LC separations 
and proteomics applications, and they are used by thousands of LC-MS 
researchers across the globe, but the demands for better performance, 
increased robustness, analysis of large cohorts, and increased productivity 
to make this analysis a day-to-day routine are driving innovation for LC 
technologies. We spent a lot of time trying to understand what the exact 
requirements are and what is crucial to develop a next-generation platform. 

LCGC: What is making this new nano-, capillary-, and micro-flow LC 
different or maybe even unique?
BOYCHENKO: There are several LC fields where performance 
improvements are not critical. There the goal is to focus on the uptime 
increase, reduction of cost per sample, and that the systems are 
compliance-ready. On the other side, we have fast-developing areas of 
low-flow LC and LC-MS analysis, where innovations are essential to boost 
the performance and make high-sensitivity analysis accessible not only 
for high-skilled operators but also to provide access to the community of 
scientists with different backgrounds in their base education. With that, 
we focused on the development of several unique features that made 
the system robust: maintenance-free low-dispersion valves; increased 
pressure capabilities; and specific vial bottom detection technology. To 
make the analysis quantitative, we introduced multi-wash options to 
minimize carryover. All of this is needed to bring low-flow LC-MS to the 
next level, so there are no issues running it 24/7. Now not only users of the 
same instrument but also users across different laboratories can compare 
the results and complete the analysis of large sample cohorts from large 
biobanks of biofluids, for example. 

LCGC: For a long time, nano-flow LC has been the gold standard in 
LC-MS proteomics—where do you see the applicability of capillary- 
and micro-flow LC-MS?
BOYCHENKO: Nano LC-MS proteomics has allowed us to make a lot of 
discoveries already, and those discoveries are published in thousands of 
peer-reviewed papers. But the real issue is to translate those findings into 
useful applications that can then go into clinical research, for example. 
Here, the main need is to increase throughput and robustness, so those 
findings can be validated by large sample cohorts. Capillary- and micro-
flow LC-MS can be excellent tools to analyze, for example, thousands of 
clinical samples and get statistically significant results.

LCGC: Do you think the field of high-sensitivity LC-MS analysis is 
transforming? What are the recent trends?
BOYCHENKO: Yes, the technology is transforming the field and is opening 
new application areas. For example, single-cell proteomics was not 
possible a few years ago, and now we have results where thousands 
of single cells are analyzed with the identification and quantification of 
thousands of proteins in each individual cell. LC technology is critical for the 
success of such applications because it allows in many ways to improve 
sensitivity, for example, by lowering the flow rate to increase electrospray 
ionization (ESI) efficiency, as well as to maintain high-separation quality. 
Nano LC-MS will be and continue to be a gold standard for discovery 
proteomics and analysis of post-translational modifications, but the 
translational research will rapidly adopt higher flow rates like capillary-flow 
and micro-flow LC.

LCGC: With such high potential for LC-MS technologies and many 
new application areas, where do you think we will see the fastest 
adoption of low-flow LC-MS technologies? 
BOYCHENKO: The fastest adoption is happening with translating 
proteomics discoveries into clinical research. There is potential for low-flow 
LC-MS to become a standard for routine analysis.

LCGC: Do you think this will ultimately affect our lives?
BOYCHENKO: There are already some great examples of the applicability 
of LC-MS for the assessment of an individual’s status. Having this extended 
to screening purposes or the day-to-day testing will change our lives and 
how we monitor the health of individuals.

LCGC: Tell me something true in LC-MS analysis that many don’t 
agree with you on.
BOYCHENKO: There are many strong opinions and beliefs on the topic of 
sensitivity gains and LC-MS. At one point, I even gave a presentation on 
the demystifying of sensitivity-gains perception in LC-MS where ESI is used. 
It’s commonly accepted that ESI-MS behaves as a concentration-sensitive 
detector, but it is important to understand that sensitivity in this respect 
is mainly linked to better ionization efficiency and lower flow rates rather 
than reduced columns’ internal diameter. 
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different or maybe even unique?
BOYCHENKO: There are several LC fields where performance 
improvements are not critical. There the goal is to focus on the uptime 
increase, reduction of cost per sample, and that the systems are 
compliance-ready. On the other side, we have fast-developing areas of 
low-flow LC and LC-MS analysis, where innovations are essential to boost 
the performance and make high-sensitivity analysis accessible not only 
for high-skilled operators but also to provide access to the community of 
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we focused on the development of several unique features that made 
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minimize carryover. All of this is needed to bring low-flow LC-MS to the 
next level, so there are no issues running it 24/7. Now not only users of the 
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the results and complete the analysis of large sample cohorts from large 
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LCGC: For a long time, nano-flow LC has been the gold standard in 
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BOYCHENKO: Nano LC-MS proteomics has allowed us to make a lot of 
discoveries already, and those discoveries are published in thousands of 
peer-reviewed papers. But the real issue is to translate those findings into 
useful applications that can then go into clinical research, for example. 
Here, the main need is to increase throughput and robustness, so those 
findings can be validated by large sample cohorts. Capillary- and micro-
flow LC-MS can be excellent tools to analyze, for example, thousands of 
clinical samples and get statistically significant results.

LCGC: Do you think the field of high-sensitivity LC-MS analysis is 
transforming? What are the recent trends?
BOYCHENKO: Yes, the technology is transforming the field and is opening 
new application areas. For example, single-cell proteomics was not 
possible a few years ago, and now we have results where thousands 
of single cells are analyzed with the identification and quantification of 
thousands of proteins in each individual cell. LC technology is critical for the 
success of such applications because it allows in many ways to improve 
sensitivity, for example, by lowering the flow rate to increase electrospray 
ionization (ESI) efficiency, as well as to maintain high-separation quality. 
Nano LC-MS will be and continue to be a gold standard for discovery 
proteomics and analysis of post-translational modifications, but the 
translational research will rapidly adopt higher flow rates like capillary-flow 
and micro-flow LC.

LCGC: With such high potential for LC-MS technologies and many 
new application areas, where do you think we will see the fastest 
adoption of low-flow LC-MS technologies? 
BOYCHENKO: The fastest adoption is happening with translating 
proteomics discoveries into clinical research. There is potential for low-flow 
LC-MS to become a standard for routine analysis.

LCGC: Do you think this will ultimately affect our lives?
BOYCHENKO: There are already some great examples of the applicability 
of LC-MS for the assessment of an individual’s status. Having this extended 
to screening purposes or the day-to-day testing will change our lives and 
how we monitor the health of individuals.

LCGC: Tell me something true in LC-MS analysis that many don’t 
agree with you on.
BOYCHENKO: There are many strong opinions and beliefs on the topic of 
sensitivity gains and LC-MS. At one point, I even gave a presentation on 
the demystifying of sensitivity-gains perception in LC-MS where ESI is used. 
It’s commonly accepted that ESI-MS behaves as a concentration-sensitive 
detector, but it is important to understand that sensitivity in this respect 
is mainly linked to better ionization efficiency and lower flow rates rather 
than reduced columns’ internal diameter. 
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COLUMN 
WATCH

Profiling Free Naphthenic Acids in Produced Water  
Using Gas Chromatography Coupled to High-Resolution  
Accurate Mass–Mass Spectrometry (GC–HRAM-MS) 
Naphthenic acids (NAs) are naturally occurring organic acids found in crude oils. NAs are one of the main classes of acids found 
in produced water (PW). In the petroleum industry, the need to stabilize oil–water emulsions leads to a demand of reliable 
methods for compositional analysis of these emulsions. Gas chromatography coupled to mass spectrometry (GC–MS) is one 
of the most important techniques for NA profiling. Traditional methods employ a derivatization step to improve the volatility 
and detectability of NAs. In this work, we propose a simple method for profiling free NAs in PW by GC–MS. Eight analytical 
columns were carefully selected by evaluating metrics, such as normalized analyte response and select chromatographic 
parameters. The best-performing columns were used to analyze NAs extracted from a real-world PW sample. The analytes 
were detected by Fourier transform orbital ion trap mass spectrometry using chemical ionization in the negative mode (NCI). 
The combination of the selected columns and the enhanced signal-to-noise ratio (S/N) attained by the GC-NCI–high-resolution, 
accurate mass–mass spectrometry (HRAM–MS) method made it possible to detect and identify several homologous series of 
acidic oxygenated compounds ranging from aliphatic to aromatic analytes.

Juliana Crucello, Rogerio Mesquita Carvalho, and Leandro Wang Hantao

Produced water (PW) is the wastewa-
ter that comes out of the ground 

along with oil and gas during oil and gas 
extraction (1,2). PW is a complex mixture 
of organic and inorganic matter. Its exact 
composition depends on several factors,  
such as the location and age of the reservoir, 
its geological formation, the type of hydro-
carbon produced, and the recovery meth-
ods employed (such as water injection) (1).  
The oil components in PW may be found 
in a dispersed or dissolved form (Figure 1),  
and it has been reported that more than 1000 
chemical components have been detected 
in PW samples. Examples of organic species 
includes aromatic hydrocarbons like ben-
zene, toluene, ethylbenzene, xylene (BTEX), 
phenols, and naphthenic acids (NAs).

NAs are generally defined by the petro-
leum industry as naturally occurring organic 
acids derived from crude oil, comprising 
an acid-extractable fraction of petroleum 
including aliphatic, aromatic, and cyclic 

compounds, as well as organic components 
containing heteroatoms (oxygen, nitrogen, 
and potentially sulfur atoms) (4,5). However, 
the chemical definition restricts the molecu-
lar coverage of NAs to cyclic organic acids. 
NAs are described by the general molecular 
formula CnH2n+ZO2, where Z is a negative 
and even integer. The Z-value is proportional 
to the double-bond equivalent (DBE). For 
instance, linear and branched acids exhibit 
DBE values of 1 (Z = 0), monocyclic acids 
show DBE values of 2 (Z = −2), bicyclic acids 
exhibit DBE values of 3 (Z = −4), tricyclic acids 
show DBE values of 4 (Z = −6), and monoaro-
matic acids exhibit DBE values of 5 (Z = −8).

NAs are surface-active compounds, par-
ticipating in the formation and stabiliza-
tion of water and oil emulsions (4,6). It was 
reported that the structure of NAs plays 
an important role in regulating the inter-
facial tension of emulsions (7). In addition,  
NAs can significantly impact the envi-
ronment because of their toxicity (4,5).  

Recent studies indicate that larger NA spe-
cies exhibit higher toxicological potential than 
smaller ones (8,9). In this context, there is an 
increasing demand for methods to monitor 
the occurrence of NAs in complex mixtures, 
such as wastewater, to address operational 
problems and environmental issues that cur-
rently plague the petroleum industry. 

A variety of analytical methods have 
been proposed for characterizing NAs.  
However, there is still much space to stan-
dardize and develop new methods to 
improve sensitivity, precision, and accuracy 
(10). Peak or signal overlap can occur in the 
instrumental measurements because of 
sample complexity, and because over 1500 
species with a broad range of molar mass 
have been detected in a single NA mix-
ture (11). Also, some species are detected 
at trace levels (12), making it necessary to 
include a preconcentration step prior to 
instrumental analysis. In this context, gas 
chromatography coupled to high-resolution Ic
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accurate mass–mass spectrometry (GC–
HRAM-MS) is an interesting tool for analyz-
ing NAs, because of the improved (peak and 
mass) resolving power and sensitivity (13,14). 

Derivatization reactions are common in 
GC–MS methods to profile NAs to increase 
their volatility (Henry constants close to 8.56 
×10-6 atm m3/mol) (15). Although silylation 
and methylation methods may be used to 
increase the detection and improve peak 

symmetry (16), derivatization can be time-
consuming and may be bypassed for analyz-
ing some organic acids. The bottleneck of 
the direct analysis approach seems to reside 
in the selection of an adequate GC col-
umn for analyzing free organic acids (17,18).  
Even though the direct analysis approach 
may seem unorthodox, it is worth evaluating 
to provide a faster method for unambiguous 
qualitative analysis.

This work describes a method for pro-
filing free NAs by GC-HRAM-MS. The 
careful combination of adequate column 
chemistry and the selectivity of negative 
chemical ionization (NCI) mode for com-
pounds with labile hydrogens made it 
possible to detect more than 100 species 
of NAs in a real-world PW sample, proving 
to be a simpler and faster method com-
pared to methods that use derivatization.  
Furthermore, this approach also reduced 
the generation of hazardous residues.

Material and Methods
Reagents and Solutions
The cyclopentanecarboxylic acid (CAS: 
3400-45-1), cyclohexanecarboxylic acid 
(CAS: 98-89-5), benzoic acid (CAS: 
65-85-0), cyclohexaneacetic acid  
(CAS: 5292-21-7), cyclohexanebutyric acid  
(CAS: 4441-63-8), 1-adamantanecarbox-
ylic acid (CAS: 828-51-3), 1-naphthoic 
acid (CAS: 86-55-5), and myristic acid 
(CAS:544-63-8) (Sigma-Aldrich) were used 
for column evaluation. A working solution 
containing the analytes at 0.5 mg/L was 
used to determine the chromatographic 
parameters. A 10 mg/L working solution 
of n-decane (Sigma-Aldrich) was used 
to determine the normalized peak areas 
of the analytes. The technical mixture 
of NAs (Sigma-Aldrich; CAS: 1338-24-5; 
batch: BCBS3204V) was used to prepare a 
simulated wastewater sample to evaluate 
the proposed method. All solutions were 
prepared using 2,2,4-trimethylpentane 
(isooctane) (Sigma-Aldrich). A real-world 
sample of PW was provided by the Leop-
oldo Américo Miguez de Mello Research 
and Development Center (Cenpes,  
Petrobras). Methylene chloride and 
sodium sulfate (Synth) were employed 
during sample preparation.

Sample Preparation
The simulated sample was prepared by 
spiking the aqueous matrix with the tech-
nical mixture of NAs at 0.5 µg/mL. The 
aqueous phase exhibited a sodium chlo-
ride concentration of 10% (m/v) to simulate 
the composition of a real PW sample. The 
aqueous phase was acidified to a pH value 
of 2 to ensure that all NAs were found in 
the neutral form for liquid–liquid extraction.

Total Oil in
PW

dissolved

dispersed

aromatics

phenols

acids

aromatics

acids

aliphatics

BTEX

PAHs

fatty acids

naphthenic

mainly PAHs

fatty acids

naphthenic

FIGURE 1: Total oil and its fractions that can be found in produced water. Adapted from 
reference (3).

TABLE I: Columns phases and geometries evaluated for the analysis of free organic acids

#
Column 
Name

MAOT 
(°C)

Stationary Phase Geometry

1 TR5 360/370
Poly(dimethylsiloxane) with 5%  
phenyl monomer incorporation

30 m × 
0.25 mm 

i.d. (0.1 µm)

2 Supelcowax10 260/280 Polyethylene glycol
30 m × 0.25 

mm i.d. 
(0.25 µm)

3 SLB IL60i 280
1,12-Ditripropylphosphoniumdodec-
ane bistrifluoromethanesulfonylimide

30 m × 0.25 
mm i.d. 

(0.20 µm)

4 SLB IL76i 270
Tri(tripropylphosphoniumhexanamido) trieth-

ylamine bis(trifluoromethanesulfonyl)imide

30 m × 0.25 
mm i.d. 

(0.20 µm)

5 Watercol 1460 260
Tri-(tripropylphosphoniumhexanamido)-

triethylamine
trifluoromethanesulfonate

30 m × 0.25 
mm i.d. 

(0.20 µm)

6 RXI-17Sil MS 340/360
Poly(dimethylsiloxane) with 50%  
phenyl monomer incorporation

30 m × 0.25 
mm i.d. 

(0.25 µm)

7 RTX-200MS 320/340 Poly(trifluoropropylmethylsiloxane)
30 m × 0.25 

mm i.d. 
(0.25 µm)

8 RXI-1301Sil MS 320
Poly(dimethylsiloxane) with 6%  

cyanopropylphenyl monomer incorporation

30 m × 0.25 
mm i.d. 

(0.25 µm)

MAOT = maximum allowed operating temperature (in °C)
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Liquid–liquid extraction (LLE) was per-
formed with 5 mL of the PW sample and 
aliquots of 5 mL of methylene chloride.  
The extraction was repeated three consecu-
tive times. The organic phases were pooled 
in a round-bottom flask with sodium sulfate. 
The volume of the extract was reduced to 
1.5 mL of isooctane. This procedure was 
applied to both samples, simulated and 
real-world PW.
 
Column Evaluation
A total of eight columns (Restek Corpo-
ration, MilliporeSigma, Sigma-Aldrich, 
Supelco, and ThermoFisher Scientific) were 
evaluated for analyzing free NAs, as shown 
in Table I. All experiments employed the 
same GC method. The column selection 
was performed in a Trace 1310 gas chro-
matograph coupled to an ISQ transmission 
quadrupole mass spectrometer (Thermo-
Fisher Scientific). A Triplus RSH autosam-
pler fitted with a 10 µL syringe was used to 
inject 1 µL of the sample. Helium was used 
as the carrier gas at a constant flow rate of  
1.0 mL/min. The split–splitless (SSL) injector 
fitted a 4.0 mm i.d. precision liner (Restek Cor-
poration) was operated at 250 °C and a split 
ratio of 15:1. The GC oven was programmed 
as follows: isotherm at 100 °C for 5 min,  
followed by heating from 100 to the maxi-
mum allowed operating temperature 
(MAOT) at 6 °C/min—except for n-decane 
wherein the initial oven temperature was  
50 °C. The MS transfer line and ion source 
temperature were 260 and 250 °C, respec-
tively. Electron ionization (EI) was performed 
at 70 eV and 50 µA of emission current. The 
full MS spectrum was acquired with a mass 
range of 80 to 400 Da.

Sample Analysis
A Trace 1310 gas chromatograph cou-
pled to the Q Exactive HRAM–MS fitted 
with a FT-orbital ion trap mass analyzer 
(ThermoFisher Scientific) was used for 
compositional analysis. A TriPlus RSH 
autosampler fitted with a 10 µL syringe 
was used for injection of 1 µL of the liq-
uid sample. The injection was performed 
using a programmable temperature 
vaporizing (PTV) injector. The inlet was 
held at 50 °C for 0.5 min and heated 
to 300 °C at 10 °C/s. A Siltek baffled 

liner was used for sample vaporization.  
The PTV was operated in splitless 
mode at a constant flow rate of 1.0 mL/
min (helium). The three best perform-
ing columns (SLB-IL60i, RTX-17 Sil MS,  
and RXI-200 MS) were used for the qualita-
tive analysis. The GC oven was programmed 
from 50 to 250 °C at a rate of 6 °C/min.

Chemical ionization in negative 
mode (NCI) was performed using meth-
ane at 1.5 mL/min. The ion source 

and transfer line were kept at 200 and  
250 °C, respectively. Full mass spectrum  
(Full MS) acquisition was used in all 
analysis. The transmission quadrupole 
determined the acquisition window of 
m/z 80 to 500 Da. A full width at half 
maximum (fwhm) resolving power of 
60,000 (at m/z 200) was used. The C-trap 
method used an automatic gain control 
(AGC) of 3 × 106 and the ion injection 
time (IT) was set to automatic.

http://www.pss-polymer.com
mailto:info@pss-polymer.com
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Data Processing
Xcalibur (ThermoFisher Scientific) was used 
for instrument control and data collection. 
The normalized peak areas were deter-
mined by dividing the peak area of the ana-
lyte by the peak area of the n-decane.

For group-type analysis, the software 
Composer 2.0 (Sierra Analytics) was used. 
The parameters employed for elemental 
assignment were processing (without a 
signal-to-noise [S/N] filter); ion proper-
ties (allow adducts [H]); matching policy  
(5 ppm mass tolerance window, m/z range 
80 to 500, and 0.01% of minimum abun-
dance); heuristic rules mode (use hydro-
carbon rules); and element range (Pass 1: 
maximum four oxygen; Pass 2: maximum 

TABLE III: Estimated system constants based on reported values for phases with similar 
chemistries (20–22). The average values were determined at 100 °C

Column e s a b l

1 -0.029 0.338 0.257 0 0.569

2 0.228 1.442 2.182 0 0.567

3 0 1.550 1.234 0.397 0.460

4 0.112 1.670 1.688 0.277 0.416

5 NA NA NA NA NA

6 0.095 0.849 0.388 0 0.599

7 -0.369 1.117 0.198 0 0.508

8 -0.088 0.521 0.481 0 0.582

NA: not available.

TABLE II: Experimental chromatographic results for the nine naphthenic acids obtained by each evaluated analytical column

Compound Parameter
Column

1 2 3 4 5 6 7 8

Cyclopentane 
carboxylic acid

Peak area 15.0 5.1 2.6 2.4 2.9 9.6 6.0 4.8

Te (°C) 109.1 205.5 152.9 180.2 204.8 113.7 105.5 121.9

As 0.5 1.8 2.3 1.8 1.4 0.5 0.5 0.5

Cyclohexane 
carboxylic acid

Peak area 35.5 11.3 6.3 5.9 10.8 25.0 13.0 11.7

Te (°C) 124.2 218.7 166.4 189.3 214.1 130.6 119.1 138.1

As 0.5 2.3 1.5 2.3 2.1 0.5 0.5 0.6

Benzoic acid

Peak area 23.9 ND 6.5 ND ND 53.6 12.2 4.3

Te (°C) 130.6 ND 196.3 ND ND 144.9 126.2 148.2

As 0.6 ND 1.4 ND ND 0.5 0.7 0.7

Cyclohexane 
acetic acid

Peak area 36.3 11.7 7.4 6.6 12.8 15.0 15.9 12.2

Te (°C) 137.3 229.3 178.0 197.5 223.0 152.7 131.3 151.4

As 0.5 2.3 1.8 1.7 2.1 0.6 0.5 0.6

Cyclohexane 
butyric acid

Peak area 41.7 14.7 1.7 9.6 16.8 45.3 18.6 12.0

Te (°C) 167.2 250.0 200.1 215.2 238.8 171.9 158.1 179.4

As 0.6 3.2 1.4 1.5 1.2 0.6 0.6 0.6

Cyclohexane 
pentanoic acid

Peak area 29.4 23.4 13.7 11.6 ND 68.4 27.0 7.6

Te (°C) 180.7 250.0 209.1 222.1 ND 184.4 170.2 192.2

As 0.6 2.0 1.0 1.2 ND 0.6 0.6 0.6

1-Adamantane 
carboxylic acid

Peak area 29.2 10.6 16.5 11.7 26.2 54.8 20.8 8.4

Te (°C) 183.0 250.0 217.4 229.1 250.0 195.2 173.6 194.3

As 0.6 2.5 1.3 0.6 1.4 0.6 0.6 0.8

1-Naphthoic acid

Peak area 18.7 ND 16.4 5.0 ND 44.6 16.8 ND

Te (°C) 183.0 ND 250.0 248.9 ND 221.7 195.6 ND

As 0.7 ND 1.2 1.8 ND 0.7 0.7 ND

Myristic acid

Peak area 13.3 10.6 10.8 4.0 34.2 34.2 11.4 ND

Te (°C) 208.1 250.0 220.7 229.1 244.5 205.0 193.7 ND

As 0.6 2.1 1.4 1.7 1.5 0.7 0.7 ND

ND = compound not detected. As = asymmetry factor (1.0 Gaussian shape, <1 net fronting, >1 net tailing). 
Te = elution temperature. The peak area reported is the normalized value.
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four nitrogen; Pass 3: maximum four sulfur; and Pass 4: maximum 
three oxygen, three nitrogen, and three sulfur, in addition to the C 
and H ranges). Each assigned class was confirmed by matching the 
fine isotopic pattern, peak shape restriction using the extracted ion 
chromatograms (EIC), and with the available analytical standards.

Results and Discussion
Column Evaluation
Column selection is likely the most important step in method 
development. NAs are organic acids that exhibits Henry’s constant  
of ~8.56 × 10-6 atm m3/mol (4), which requires phases with ade-
quate MAOT values to perform highly efficient separations.  
Also, the presence of the acidic moieties may likely influence peak 
symmetry, which warrants careful evaluation because little to no 
data are available for free NAs. In this context, it is important that 
column selection addresses unwanted analyte adsorption and peak 
shape. Unwanted adsorption can be estimated by comparing the 
normalized areas of the analytes, whereas the peak shape may influ-
ence the overall peak capacity of the separation (19). In this work,  
we evaluated the role of the column chemistry (Table I) for analyzing 
the nine model analytes. 

The first parameter evaluated in the method development was 
the MAOT, which dictated the highest temperature that may be 
employed during separation without deteriorating the stationary 
phase (chemical breakdown or phase pooling). As seen in Table I, 
all polysiloxane-based phases exhibited superior values of MAOT 
compared to polyethylene glycol (PEG) and ionic liquid (IL)–based 
phases. Polysiloxane-based phases may be interesting choices for 

analyzing free NAs because they enable more efficient separations 
for less-volatile compounds. For instance, columns 2, 4, and 5 exhib-
ited the highest retention of the late eluted compounds (Table II). 
Conversely, the elution temperatures of the peaks were much lower 
than the MAOT of the column when using columns 1, 3, 6, 7, and 8. 
Consequently, this result narrowed the list of interesting columns for 
profiling free NAs.

Next, selectivity of the GC column was evaluated. Currently, there 
are two main approaches to describe the selectivity according to the 
polarity number or the solvation properties (20). The solvation param-
eter model (SPM) accounts for different interactions that may occur 
between the stationary phase and the analyte (solute). The model 
for retention of an analyte by gas and liquid chromatography is given 
by equation 1

log k = c + eE + sS + aA + bB + lL    [1]

where k is the retention factor for a specific compound; the upper-
case letters are the solute descriptors; and the lowercase letters 
are the system constants. The system constants characterize the 
solvation properties of the phase and may be defined as the capa-
bility of establishing e (electron lone pair interactions); s (dipole-type 
interactions); a and b (hydrogen-bond basicity and acidity, respec-
tively); and l (dispersive interactions and cavity formation). The c 
term is related to the phase ratio of the column (20). The solvation 
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The sulfate ion elutes after the phosphate ion in columns 
that use carbonate aqueous solution as the eluent. 
However, using SI-36 4D, the sulfate ion is eluted faster 
than phosphate and monovalent bromide ions. Moreover, 
the SI-36 4D does not require organic solvent to achieve 
the separation of sulfate and sulfite ions. Phosphate ions 
are eluted within 15 min, and analysis time is shortened 
for all eight common anions under gradient conditions.

TABLE IV: Number of detected peaks by GC-NCI-FT orbital ion trap 
MS using the best-performing columns

Description Columns 3 6 7

Technical 
mixture

Total peaks 150 291 299

Peaks (O2 class) 65 99 107

Real sample
Total peaks 124 211 207

Peaks (O2 class) 34 72 71

O2 class: general formula CxHyO2.

a- System constant

cyclopentanecarboxylic acid cyclohexanecarboxylic acid cyclohexaneacetic acid

cyclohexanebutyric acid 1-adamantanecarboxylic acid
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FIGURE 2: Dispersion plot of the values of a-system constant vs. 
elution temperature of model naphthenic acids using columns 
1–8. This indicated that the hydrogen-bond basicity (a) of the sta-
tionary phases played an important role in the retention of NAs.
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properties of the evaluated columns were 
estimated from previous reports (20–22) by 
considering phases with similar chemistries,  
as shown in Table III. Although this approach 
might not accurately represent the actual 
solvation properties of the columns evalu-
ated, it was acceptable to provide a solid 
discussion of the general trends observed 
in this report.

Columns 2 and 4 exhibited the largest val-
ues for the hydrogen-bond basicity, which 
is expected to generate the highest reten-
tion factors for NAs because of the pres-
ence of an acidic moiety in the analytes, as 
shown in Figure 2. In fact, the largest reten-
tions (Table II) were observed for columns 
2, 4, and 5 whereas the retention factor of 
the analytes on column 5 were the highest 
values reported in this study. For instance, 
the use of the PEG-based phase (column 2) 
resulted in elution temperatures nearly 80 

°C higher than that of polydimethylsilonaxe-
based phases (column 1). Although the sys-
tem constants are not available for column 
5, one can speculate that likely the a-system 
constant should be higher than that of col-
umns 2 and 4, because of the presence of 
amide groups in the phosphonium-based 
IL, which is also supported by the consis-
tently large values of retention factors. 

Overlapped peaks like cyclohexanepenta-
noic acid/1-adamantanecarboxylic acid (col-

umns 1 and 4) and 1-naphthoic acid/myristic 
acid (column 7) were observed. Four over-
lapped peaks were detected using column 
8, namely cyclohexaneacetic acid/benzoic 
acid and cyclohexanepentanoic acid/1-ada-
mantanecarboxylic acid. These results seem 
to indicate that columns with higher a-values 
can generally provide baseline resolution of 
the NAs. However, careful evaluation of col-
umn 4 shows that other solvation properties 
may also play an important role (e and s) in 
the separation of NAs. Furthermore, exces-
sive large a-values shifted the elution tem-
perature of the analytes toward the column’s 
MAOT, therefore narrowing the volatility 
range of the resulting method.

All columns exhibit asymmetric peaks. 
The largest asymmetry values were found 
for column 2 followed by columns 4 and 5. 
Column 3 exhibited values like polysiloxane-
based phases, despite being an IL-derived 
phase. Most importantly, the largest nor-
malized peak areas were found for columns 
1, 3, 6, and 7. This result generally indicates 
reduced unwanted analyte adsorption dur-
ing the separation (23,24). The selection of 
the best-performing columns (3, 6, and 7) 
was determined after careful consideration 
the following criteria: column inertness, 
selectivity, and the MAOT of the column. 
Thus, the selected columns were used for 
profiling free NAs in PW samples.

Produced Water Analysis
The selected columns were used in analyz-
ing two samples, a technical NA mixture 
and a real-world PW sample. Soft ioniza-
tion was selected to assign the adduct 
ion, allowing for reliable attribution of the 
elemental composition of the correspond-
ing peaks in the chromatogram. The ana-
lyte response was evaluated using both 
NCI and positive chemical ionization (PCI).  
The largest response factors were obtained 
in NCI. Also, the contribution of hydrocar-
bons (interfering compounds) was much 
lower in NCI compared to PCI. Hence, NCI 
was selected for the analysis of the free NAs.

The qualitative results showed that the total 
number of peaks detected using columns 
6 and 7 was considerably larger than that 
of column 3 (Table IV). Similarly, the number 
of peaks with the general formula CxHyO2 
(O2 class) was also consistently higher using 
columns 6 and 7 compared to column 3.  
The results obtained with columns 6 and 7 indi-
cate the presence of NAs with carbon numbers 
ranging from C6 to C16 with DBE values from 1  
(Z = 0) to 8 (z = -14). Representative com-
pounds like monocyclic, adamantane, and 
aromatic acids are illustrated in Figure 3.  
These results showcased the importance of 
proper column selection for profiling free 
NAs in produced water. Although the current 
method was successfully applied to the detec-
tion of acids found in the range of low µg/mL, 
there are many additional sample prepara-
tion strategies under investigation to further 
improve the sensitivity of the method (25). 

Conclusions
In this work, a method for qualitative analy-
sis of free NAs was successfully developed. 
Method development included careful col-
umn selection based on selectivity, chemi-
cal inertness, and chromatographic perfor-
mance. The three best performing columns 
(RXI-17Sil MS, RTX-200MS, and SLB-IL60i) 
allowed the profiling of NAs, but the most 
informative chromatograms were obtained 
with polysiloxane-based phases. Important 
classes of acids (O2 class) were detected in 
the range of low µg/mL, including monocy-
clic acids, adamantane acids, and aromatic 
acids. The hope is that this proof-of-concept 
study illustrates the importance of column 
selection during GC method development.
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FIGURE 3: Extracted ion chromatograms (EIC) of the real produced water sample ob-
tained by GC-NCI-FT-orbital ion trap MS using column 7, exhibiting the isobaric peaks for 
(a) a monocyclic acid C9H16O2 (m/z 157.12207; DBE of 2), (b) an adamantanecarboxylic acid 
C10H14O2 (m/z 167.10640; DBE of 4), and (c) an aromatic acid C7H6O2 (m/z 123.04407; DBE of 5). 
The m/z value refers to the adduct ion [M-H]-. The EIC was plotted using a 5-ppm mass range.
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The need for enhanced product quality of biomolecules has 
led to a higher level of characterization of different critical 
quality attributes. Size exclusion chromatography (SEC) has 
been widely used as a technique to provide size and purity. 
SEC coupled with multi-angle light scattering (MALS) can 
determine molecular weight and size of complex samples.

LCGC: How does light scattering relate to molecular weight (MW) and size or radius  
of gyration (R

g
)? 

HOANG: When working with polymers and biomolecules, we need to quantitate the MW and size of 
our samples for several reasons. To do this, we can take advantage of how our molecules of interest 
respond to light. Specifically, when a beam of light hits a molecule in the solution, light is scattered 
in all directions. When this takes place, we lean on two principles: the amount of light scattered 
is related to the MW; and the intensity of scattered light differs in all directions, aka angles, and 
this angular dependence is directly related to the size of the molecule. But how does that happen? 
How do we get from point A to point B? To do this, we use the well-known Rayleigh equation—a 
mathematical definition that uses several terms and constants to calculate both MW and R

g
. 

Previously in light scattering, a Zimm plot, Debye plot, or Berry plot was used to extrapolate a result, 
but new techniques and instrumentation have allowed us to simplify this calculation and more 
accurately determine the MW and R

g
.

LCGC: When is light scattering used?
HOANG: Light scattering has become a very powerful technique because it is a quantitative assay 
that allows us to characterize size. Interest in light scattering, specifically in MALS, has continued 
to grow in research and development. Not only has it been used for absolute MW determination 
of monomer species, but it is frequently used to better understand the nature of higher-order 
aggregates or other low-concentration impurities that UV or refractive index (RI) detectors 
cannot detect. Applications include the study of mAbs and proteins, and more recently, for the 
determination of MW of oligonucleotides. For many polymer applications, MALS has been combined 
with other techniques such as viscometry to characterize shape and conformation. In the biology 
research field, light scattering is becoming a critical assay, especially in the recent development of 
adeno-associated viruses (AAVs) and virus-like particles (VLPs). Here, MALS is used for the analysis 
of MW and R

g
 but can also be used for the determination of viral titers and empty-versus full-capsid 

analysis.

LCGC: Which types of liquid chromatography (LC) systems are compatible with 
MALS detectors? 
HOANG: Any LC system can be coupled or electronically configured to a MALS detector. However, 
the liquid-flow configuration, band broadening, dead volume, and detector offset—due to different 
sample dispersion times or the degree of when the solution reaches different detectors—can have a 
significant impact on data quality. As such, to get optimal results on an older system, you have to select 
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specific detectors depending on the front end, either high-performance liquid 
chromatography (HPLC) or ultra-high-performance liquid chromatography 
(UHPLC). Fortunately, with newer detectors such as the LenS®3 MALS, we 
can use a single unit and configure it to any LC system, including fast 
protein liquid chromatography (FPLC), HPLC, UHPLC, and gel permeation 
chromatography (GPC) systems. With a minor modification in tubing in both 
the LC system and the LenS3 detector, we can get the same high-quality 
results with the same detector among different chromatography systems. 
This adds to the versatility of MALS, allowing users to seamlessly move their 
methods from system to system and lab to lab.

LCGC: How do I handle shedding, especially when analyzing higher-
order aggregates?
HOANG: Shedding is a challenge with MALS when passing through the 
detector, which can cause spikes or an artifact peak. Most analytical 
columns, if not all, exhibit some form of column shedding and are very 
sensitive to changes in pressure. When analyzing with MALS, the first step 
is to equilibrate the column—from a few hours to a couple of days until a 
stable baseline is achieved and no or few shedding particles or spikes are 
seen during acquisition. One solution is to use a better data processing 
tool such as SECview for analysis. It has a better smoothing and de-spiking 
algorithm so that analysis can begin sooner. At the same time, smoothing 
and de-spiking can easily be turned off, so the raw signal can be analyzed 
to better discern whether peaks are real or artifact. 

We often see an injection peak as well—the change in pressure can cause the 
column to shed particles, which will elute in the exclusion volume, which makes 
it difficult to analyze aggregates and high MW species due to their proximity to 
the exclusion volume. To address this, use a post-column filter with a membrane 
material that is tested to have low or zero sample adsorption but is also at a 
particle size that will exclude shedding particles from analysis. Second, use 
analytical columns with larger pore sizes such as the TSKgel® UP-SW Aggregate 
column or the TSKgel G4000SWXL column. By having a larger particle size, you 
can elute your peaks of interest farther away from the void volume.

LCGC: How can I get more accurate results when it comes to MW and 
R

g
 by using MALS? 

LU: With a conventional MALS detector, MW and R
g
 determination is 

based on an extrapolation procedure using Zimm, Debye, Berry plot, or 
conformation models. Its accuracy is highly dependent on the number of 
angles used and the choice of fitting models. Now, with the LenS3 MALS, 
we can get very accurate results for both MW and R

g
 of all sizes without 

any extrapolation procedure. MW and R
g
 are determined using two 

independent methods of calculation. To directly calculate the MW, use the 
LenS3’s highly sensitive, low noise, 10-degree low-angle light scattering 
(LALS). Conventionally, LALS was more of a headache than a universal MW 
measurement tool due to its high background noise. However, Tosoh’s LenS3 
features an optic design that greatly reduces the system noise, including 
using a light-absorbing PEEK flow chamber, damping the incident beam 
from the detection range, and moving the LALS detector away from the 

incident beam. The signal is also significantly increased using a green laser 
as compared to the traditionally used red laser. As a result, LenS3 has a 
sensitivity more than 10 times higher than a conventional MALS detector. 
In addition to its high sensitivity, by combining an extreme low angle (10 
degrees), an extreme high angle (170 degrees), and a robust right angle 
(90 degrees), it can measure any minimal light-scattering intensity changes 
between them (even with 0.2% difference) and use this difference to calculate 
the R

g
 value down to 2 nm. This has greatly broken down the traditional low 

R
g
 determination limit of light scattering, which was typically 10 to 15 nm. It 

is also able to determine R
g
 of large macromolecules beyond 50 nm and up 

to 250 nm. As a common practice, you still need good chromatography, an 
accurate dn/dc for MW, and a clean analytical system to get optimal results. 

LCGC: How do I correlate, validate, or verify the R
g
 of my molecule? 

What other techniques provide sizing information?
LU: In concept, R

g
 measures the average distance of different segments 

of a macromolecule to its mass center. Other than MALS, there are more 
costly and complicated technologies that can characterize this value, such 
as small-angle neutral scattering (SANS) and small-angle x-ray scattering 
(SAXS). Our validations of R

g
 determination below 10 nm were based 

on the referenced results either from these technologies or theoretical 
calculations, which gave very consistent results but with a simpler and 
straightforward approach using the LenS3 MALS detector. 

The size information is also commonly characterized by using techniques such 
as dynamic light scattering (DLS), zeta-potential, or microscopy. However, they 
determine the values of hydrodynamic radius (R

h
), which is defined as the size 

analog to the hard sphere diffusing at the same rate. R
g
 and R

h
 are normally close 

to each other but are slightly different. The comparison between their values can 
give context to the shape and conformation of polymers or biomacromolecules.

LCGC: I have previous MW results based on calibration curves; how 
can I correlate them with the results I get now from MALS? 
LU: These are two different determination methods for MW. MW based on a 
calibration curve is a relative MW, which means the hydrodynamic size of the 
unknown sample is the same as the standard with that calculated MW. MW 
calculated from light scattering is the absolute MW that is independent of the 
elution profile or standard utilized. Although these results are different, a data 
processing software such as SECview provides the user with a simultaneous 
calculation and comparison of the results from both methods. From this 
comparison, a qualitative estimation of how different the chemical structure 
or conformation is between the sample and the standard can be achieved. 
Moreover, the R

g
 calculated from MALS can also be correlated to the size of 

the standard with the calculated relative MW from the calibration curve. 

For example, with the LenS3, we tested an eight-arm star-shaped 
polystyrene with the absolute MW of 40K that gave the relative MW of 16K 
in tetrahydrofuran (THF). Its measured R

g
 of 4.6 nm was consistent with 

that of a 16K-linear polystyrene standard. As result, we confirmed both the 
reliable R

g
 determination and the condensed architecture of this sample.

Tosoh Bioscience, TSKgel, TOYOPEARL and EcoSEC are registered trademarks of Tosoh Corporation. Ca++Pure-HA is a registered trademark of Tosoh Bioscience LLC in the USA, EU, Japan, and India. LenS is a registered trademark of 
Tosoh Bioscience LLC in the USA, India and Japan.

http://www.tosohbioscience.com
http://www.chromatographyonline.com
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The need for enhanced product quality of biomolecules has 
led to a higher level of characterization of different critical 
quality attributes. Size exclusion chromatography (SEC) has 
been widely used as a technique to provide size and purity. 
SEC coupled with multi-angle light scattering (MALS) can 
determine molecular weight and size of complex samples.

LCGC: How does light scattering relate to molecular weight (MW) and size or radius  
of gyration (R

g
)? 

HOANG: When working with polymers and biomolecules, we need to quantitate the MW and size of 
our samples for several reasons. To do this, we can take advantage of how our molecules of interest 
respond to light. Specifically, when a beam of light hits a molecule in the solution, light is scattered 
in all directions. When this takes place, we lean on two principles: the amount of light scattered 
is related to the MW; and the intensity of scattered light differs in all directions, aka angles, and 
this angular dependence is directly related to the size of the molecule. But how does that happen? 
How do we get from point A to point B? To do this, we use the well-known Rayleigh equation—a 
mathematical definition that uses several terms and constants to calculate both MW and R

g
. 

Previously in light scattering, a Zimm plot, Debye plot, or Berry plot was used to extrapolate a result, 
but new techniques and instrumentation have allowed us to simplify this calculation and more 
accurately determine the MW and R

g
.

LCGC: When is light scattering used?
HOANG: Light scattering has become a very powerful technique because it is a quantitative assay 
that allows us to characterize size. Interest in light scattering, specifically in MALS, has continued 
to grow in research and development. Not only has it been used for absolute MW determination 
of monomer species, but it is frequently used to better understand the nature of higher-order 
aggregates or other low-concentration impurities that UV or refractive index (RI) detectors 
cannot detect. Applications include the study of mAbs and proteins, and more recently, for the 
determination of MW of oligonucleotides. For many polymer applications, MALS has been combined 
with other techniques such as viscometry to characterize shape and conformation. In the biology 
research field, light scattering is becoming a critical assay, especially in the recent development of 
adeno-associated viruses (AAVs) and virus-like particles (VLPs). Here, MALS is used for the analysis 
of MW and R

g
 but can also be used for the determination of viral titers and empty-versus full-capsid 

analysis.

LCGC: Which types of liquid chromatography (LC) systems are compatible with 
MALS detectors? 
HOANG: Any LC system can be coupled or electronically configured to a MALS detector. However, 
the liquid-flow configuration, band broadening, dead volume, and detector offset—due to different 
sample dispersion times or the degree of when the solution reaches different detectors—can have a 
significant impact on data quality. As such, to get optimal results on an older system, you have to select 

What’s Light Got to Do with It? How Light 
Scattering Relates to Molecular Weight and Size 
of Biomolecules and Polymers

Philip Hoang
Technical Marketing Specialist
Analytical Chromatography
Tosoh Bioscience LLC

Wei Lu, Ph.D.
Product Specialist
GPC/SEC Instrumentation
Tosoh Bioscience LLC

specific detectors depending on the front end, either high-performance liquid 
chromatography (HPLC) or ultra-high-performance liquid chromatography 
(UHPLC). Fortunately, with newer detectors such as the LenS®3 MALS, we 
can use a single unit and configure it to any LC system, including fast 
protein liquid chromatography (FPLC), HPLC, UHPLC, and gel permeation 
chromatography (GPC) systems. With a minor modification in tubing in both 
the LC system and the LenS3 detector, we can get the same high-quality 
results with the same detector among different chromatography systems. 
This adds to the versatility of MALS, allowing users to seamlessly move their 
methods from system to system and lab to lab.

LCGC: How do I handle shedding, especially when analyzing higher-
order aggregates?
HOANG: Shedding is a challenge with MALS when passing through the 
detector, which can cause spikes or an artifact peak. Most analytical 
columns, if not all, exhibit some form of column shedding and are very 
sensitive to changes in pressure. When analyzing with MALS, the first step 
is to equilibrate the column—from a few hours to a couple of days until a 
stable baseline is achieved and no or few shedding particles or spikes are 
seen during acquisition. One solution is to use a better data processing 
tool such as SECview for analysis. It has a better smoothing and de-spiking 
algorithm so that analysis can begin sooner. At the same time, smoothing 
and de-spiking can easily be turned off, so the raw signal can be analyzed 
to better discern whether peaks are real or artifact. 

We often see an injection peak as well—the change in pressure can cause the 
column to shed particles, which will elute in the exclusion volume, which makes 
it difficult to analyze aggregates and high MW species due to their proximity to 
the exclusion volume. To address this, use a post-column filter with a membrane 
material that is tested to have low or zero sample adsorption but is also at a 
particle size that will exclude shedding particles from analysis. Second, use 
analytical columns with larger pore sizes such as the TSKgel® UP-SW Aggregate 
column or the TSKgel G4000SWXL column. By having a larger particle size, you 
can elute your peaks of interest farther away from the void volume.

LCGC: How can I get more accurate results when it comes to MW and 
R

g
 by using MALS? 

LU: With a conventional MALS detector, MW and R
g
 determination is 

based on an extrapolation procedure using Zimm, Debye, Berry plot, or 
conformation models. Its accuracy is highly dependent on the number of 
angles used and the choice of fitting models. Now, with the LenS3 MALS, 
we can get very accurate results for both MW and R

g
 of all sizes without 

any extrapolation procedure. MW and R
g
 are determined using two 

independent methods of calculation. To directly calculate the MW, use the 
LenS3’s highly sensitive, low noise, 10-degree low-angle light scattering 
(LALS). Conventionally, LALS was more of a headache than a universal MW 
measurement tool due to its high background noise. However, Tosoh’s LenS3 
features an optic design that greatly reduces the system noise, including 
using a light-absorbing PEEK flow chamber, damping the incident beam 
from the detection range, and moving the LALS detector away from the 

incident beam. The signal is also significantly increased using a green laser 
as compared to the traditionally used red laser. As a result, LenS3 has a 
sensitivity more than 10 times higher than a conventional MALS detector. 
In addition to its high sensitivity, by combining an extreme low angle (10 
degrees), an extreme high angle (170 degrees), and a robust right angle 
(90 degrees), it can measure any minimal light-scattering intensity changes 
between them (even with 0.2% difference) and use this difference to calculate 
the R

g
 value down to 2 nm. This has greatly broken down the traditional low 

R
g
 determination limit of light scattering, which was typically 10 to 15 nm. It 

is also able to determine R
g
 of large macromolecules beyond 50 nm and up 

to 250 nm. As a common practice, you still need good chromatography, an 
accurate dn/dc for MW, and a clean analytical system to get optimal results. 

LCGC: How do I correlate, validate, or verify the R
g
 of my molecule? 

What other techniques provide sizing information?
LU: In concept, R

g
 measures the average distance of different segments 

of a macromolecule to its mass center. Other than MALS, there are more 
costly and complicated technologies that can characterize this value, such 
as small-angle neutral scattering (SANS) and small-angle x-ray scattering 
(SAXS). Our validations of R

g
 determination below 10 nm were based 

on the referenced results either from these technologies or theoretical 
calculations, which gave very consistent results but with a simpler and 
straightforward approach using the LenS3 MALS detector. 

The size information is also commonly characterized by using techniques such 
as dynamic light scattering (DLS), zeta-potential, or microscopy. However, they 
determine the values of hydrodynamic radius (R

h
), which is defined as the size 

analog to the hard sphere diffusing at the same rate. R
g
 and R

h
 are normally close 

to each other but are slightly different. The comparison between their values can 
give context to the shape and conformation of polymers or biomacromolecules.

LCGC: I have previous MW results based on calibration curves; how 
can I correlate them with the results I get now from MALS? 
LU: These are two different determination methods for MW. MW based on a 
calibration curve is a relative MW, which means the hydrodynamic size of the 
unknown sample is the same as the standard with that calculated MW. MW 
calculated from light scattering is the absolute MW that is independent of the 
elution profile or standard utilized. Although these results are different, a data 
processing software such as SECview provides the user with a simultaneous 
calculation and comparison of the results from both methods. From this 
comparison, a qualitative estimation of how different the chemical structure 
or conformation is between the sample and the standard can be achieved. 
Moreover, the R

g
 calculated from MALS can also be correlated to the size of 

the standard with the calculated relative MW from the calibration curve. 

For example, with the LenS3, we tested an eight-arm star-shaped 
polystyrene with the absolute MW of 40K that gave the relative MW of 16K 
in tetrahydrofuran (THF). Its measured R

g
 of 4.6 nm was consistent with 

that of a 16K-linear polystyrene standard. As result, we confirmed both the 
reliable R

g
 determination and the condensed architecture of this sample.

Tosoh Bioscience, TSKgel, TOYOPEARL and EcoSEC are registered trademarks of Tosoh Corporation. Ca++Pure-HA is a registered trademark of Tosoh Bioscience LLC in the USA, EU, Japan, and India. LenS is a registered trademark of 
Tosoh Bioscience LLC in the USA, India and Japan.

http://www.tosohbioscience.com
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PERSPECTIVES  
IN MODERN HPLC

“Practical HPLC Simulator”:  
A Useful Freeware for Learning HPLC
The “practical HPLC simulator” is a freeware program that uses actual separation data to demonstrate the 
chromatographic principles under isocratic or gradient conditions and the impacts of instrumental, column, and mobile 
phase parameters on method performance.

Michael W. Dong

In March 2020, the University of Geneva 
suspended all face-to-face courses and 

practical works during the pandemic.  
We began to teach through distance learn-
ing and developed an Excel spreadsheet 
to simulate the chromatographic analyses 
that our students in the laboratory per-
formed. Previously, we acquired a database 
of ~4500 separation experiments (37 mol-
ecules, four columns, two organic modifiers, 
four mobile phase pH, two temperatures, 
and two gradient times) to allow the extrap-
olation of the chromatographic behaviors 
of the compounds. However, hundreds of 
hours of work were still required to inte-
grate all the experimental data with the 
fundamental chromatographic equations 
to allow reasonable simulation.

We decided to offer this useful educa-
tion tool to the scientific community as free-
ware from the School of Pharmaceutical 
Science’s website. The program has been 
downloaded 4000 times since its launch in 
November 2020. The program has received 
positive feedback from teachers and users, 
and we hope that this freeware will help the 
global practitioners to better understand 
the myriad intertwining factors in high per-
formance liquid chromatography (HPLC). 

Dr. Davy Guillarme 
Senior Lecturer and Research Associate
University of Geneva 
Author, Practical HPLC Simulator v.1.0

About HPLC 
High performance liquid chromatog-
raphy (HPLC) is a widely practiced 
analytical technique used in research 
and product quality assessments (1,2).  
Although many analytical chemists learn 
HPLC in universities by taking separa-
tion science classes, most practitioners 
acquire working knowledge from their 
laboratory colleagues or by performing 
assays. Others learn from textbooks (1–5), 
short courses at national meetings (6), 
online content providers (7,8), and train-
ing sessions by equipment manufacturers 
or consumables suppliers. Nevertheless, 
most learning platforms are fee-based 
and have pros and cons that may not sat-
isfy the needs of individual learners. 

I recently came across an HPLC simu-
lation program from the University of 
Geneva that offers a free learning plat-
form for practicing scientists in aug-
menting their understanding of basic 
HPLC concepts. This article provides 
insights on how to get started and a 
case study on its use.

An Introduction and How to 
Download the Program
The Practical HPLC Simulator v.1.0 is a free 
excel spreadsheet with macros that provides 
simulated chromatograms from several 
separation data sets. Dr. Davy Guillarme 
developed the program at the University 

of Geneva’s School of Pharmaceutical Sci-
ences with contributions from Balazs Bobaly 
and Jean-Luc Veuthey. This program can 
be downloaded from the following link:  
https://ispso.unige.ch/labs/fanal/practical_
hplc_simulator:en

Figure 1 shows the main menu and the 
download links. The user should click on the 
blue button to download the spreadsheet 
with Macro and an accompanying docu-
ment called the “Virtual HPLC work docu-
ment” (brown button) that explains the terms  
and procedures.

A Demo Example
Once downloaded, the program allows 
the user to enter a data set on the column, 
the mobile phases, and the instrument set-
tings and then observe the effects of these 
variables on the selected chromatographic 
examples. The user can “hover” the mouse 
pointed above the red triangle to view more 
information on the parameter and sug-
gested values. The user can explore freely 
and revert all entries to the original set by 
pressing the reset button on the top right 
corner of the main menu.

Here is a step-by-step demonstration 
example that allows the user to get familiar 
with the simulation process: 
1. Enter “UHPLC” system, mobile phases, 

column, and operating parameters  
(see Figure 2). The explanations and sug-
gestions for each parameter are automati-
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FIGURE 1: A screenshot of the main menu of the Practical HPLC Simulator program and 
its download links.
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FIGURE 2: A screenshot of a set of example entries on the column, operating,  
and instrumental parameters, which is useful for the initial UHPLC method develop-
ment for purity assessment of pharmaceuticals.
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FIGURE 3: A screenshot of the simulated chromatogram for sample mix #5 with output 
data and method performance assessments.

http://www.polyanalytik.com


490  LCGC NORTH AMERICA  VOLUME 39 NUMBER 10  OCTOBER 2021 WWW.CHROMATOGRAPHYONLINE.COM

cally given as .xls comments while  
entering the parameters.

2. Do simulations using data on sepa-
ration option on mix #5 (salbutamol 
and impurities). 

3. The resulting simulated chromato-
gram and method performance data 
are shown in Figure 3. 

4. The user can continue to explore 
by altering parameters such as 
mobile phase A (MPA), mobile 
phase B (MPB), ultraviolet (UV) cell 

volume, monitoring wavelength, 
column parameters, such as length 
(L), inner diameter (i.d.), particle 
size (dp), bonded phase chemistry, 
injection volume (Vinj), sample dilu-
ent, tubing dimensions, gradient 
or operating conditions, and dwell 
volume (Vd). 

5. The resulting chromatogram and 
method performance data can be 
observed, such as retention time, 
resolution, peak width, asymmetry, 

peak height, peak capacity (Pc),  
and signal-to-noise ratio (S/N). 

6. Significant contributions to the 
extra-column volume are also  
calculated.

Rationales for the  
Initial Column Choice
Figure 4 shows the initial choice of 
column dimension (L and i.d.), dp, 
and bonded phase. These parameters 
represent a rational starting point for 
initial method development used in 
a generic gradient method approach 
described elsewhere (9). The ratio-
nales for selection are as follows:
• C18 bonded phase is by far the 

most common stationary phase 
used in pharmaceutical analysis.

• The 50 mm x 3.0 mm column size 
represents an effective choice 
for initial method development 
capable of fast separations with  
reasonable resolution.

• The sub-3 μm particle (2.7 μm) is 
a compromise choice for qual-
ity control applications balancing 
efficiency performance and com-
patibility with HPLC and ultrahigh 
performance liquid chromatogra-
phy (UHPLC) equipment. 

 
The “Standard Parameters”  
and the Resultant  
Chromatographic Performance
Figure 5 displays a screenshot of the 
standard parameters and the result-
ing chromatographic performance. 
These “standard parameters” con-
stitute a convenient starting point of 
our simulation process. 

The rationales for selecting these 
parameters are as follows: 
• An acidic MPA is generally used 

to separate acids and bases with 
good peak shapes by controlling 
the ionization state of the analytes. 
A low pH of 2.7 using 0.1% formic 
acid is a common MPA in pharma-
ceutical analysis (10). 

• A UV cell volume (1 μL) is needed 
for a short UHPLC column to 
min imize  ext ra -co lumn band  
broadening (2). 

FIGURE 4: Column parameters used for initial method development in the demo sequence.
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FIGURE 5: A screenshot of the standard parameters and the resultant chromatographic 
performance.
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FIGURE 6: The effect of a longer tG of 10 min for increasing Rs and Pc.
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• A time constant of 50 ms and a fast 
acquisition rate of 5 Hz are reason-
able parameters for fast separations, 
affording enough data point collec-
tion without increasing too much the 
size of the instrumental files. 

• The selection of column parameters, 
such as dimension (50 mm x 3.0 mm) 
and dp (2.7 μm), is based on the 
intended application described 
earlier. A column temperature of  
35 °C is a “default” for column 
ovens without Peltier cooling. 

• Sample mix #5 (salbutamol, a very 
common receptor active in bron-
chodilators against asthma and its 
four impurities) is selected as a rel-
evant case study in pharmaceutical 
analysis.

• An injection volume of 2.0 μL at a 
sample concentration of 0.5 mg/
mL is found to yield sufficient 
method sensitivity (limit of quan-
titation to 0.05%) for this pharma-
ceutical assay.

• Gradient parameters, such as the 
gradient range and the gradient 
time or the time for the gradient 
segment (tG), are important consid-
erations for separation resolution 
and Pc. Note that sample analysis 
time is dependent on tG plus the 
column equilibration time. A broad 
gradient of 5–95% acetonitrile at a 
tG of 2 min is a common parameter 
set used in high-throughput screen-
ing applications (2).

• Flow rate (F) is an important parameter 
to optimize analysis time and overall 
peak resolution. An optimum flow 
rate based on dp and column i.d. 
should be selected. A higher F is 
preferred in gradient separations 
for faster analysis time. The opti-
mum F for the selected column is 
~1 mL/min (2).

• A short length of small i.d. connect-
ing tubing is preferred for UHPLC. 
A 50-mm, 100 μm i.d. connection 
tubing is optimum for UHPLC with-
out excessive pressure drop.
Figure 5 also shows output data, includ-

ing retention time, peak asymmetry, peak 
heights and peak area, and S/N ratio, as 

well as additional information on Pc and 
the contribution to extra-column volume. 

The Simulation Sequence Used for 
Demonstrating the Effect of Operating 
Parameters on Method Performance
After establishing the “standard condi-
tions” and examining the resulting chro-

matogram for the impurity analysis in mix 
#5, let’s examine a sequence of simulation 
results from changing vital parameters, 
such as tG, gradient range, UV cell volume, 
outlet connection tubing i.d., detection 
time constant, and MPA pH. After each 
alteration, we can observe the method 
performance parameters, such as Rs,  
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FIGURE 7: The effect on a narrower gradient range of 5–30% B to increase Rs without 
impacting analysis time.
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analysis time, Pc, and sensitivity, as shown 
in Figures 6–11.

Figure 6 shows the effect of extending 
tG from 2 min to 10 min to increase Pc and 
Rs. tG controls the total analysis time, which 
includes any purging step and column equili-
bration time (2 min in the following discus-

sion). As shown in the comparison below, 
the increase in Pc and Rs is dramatic but at 
the expense of a longer analysis time of  
12 min (even though all peaks elute before  
2 min). Note that the total time is the gra-
dient time plus column equilibration time 
which is about 2 min.

• Figure 5: tG = 2 min, analysis time = 4 min, 
Pc = 92, RS 1-2 =1.43

• Figure 6: tG = 10 min, analysis time =  
12 min, Pc = 164, RS 1-2 =3.33
Figure 7 shows the effect of a narrower 

gradient range to increase Rs without  
impacting analysis time.

One way to increase Rs without impacting 
analysis time is to choose a narrower gradi-
ent range of 5–30% B compared to the broad 
range of 5–95% B while maintaining a tG of 2 
min. A narrower range would increase the Rs of 
a specific range of solute hydrophobicity and 
is often used to increase resolution around the 
active pharmaceutical ingredient (API) peak in 
purity assays of pharmaceuticals (11).
• Figure 5: Range = 5–95% B, tG = 2 min, 

analysis time = 4 min, Pc = 92, RS 1-2 = 1.43
• Figure 7: Range = 5–30% B, tG = 2 min, 

analysis time = 4 min, Pc = 63, RS 1-2 = 2.97
Figure 8 shows the effect of replacing a 

small UV flow cell (1.0 μL) with a larger flow 
cell (10 μL). This simulation illustrates the 
effect of extra-column broadening from 
using an HPLC-type UV flow cell with UHPLC-
type columns. Note the substantial reduction 
of Pc and the Rs of the first two peaks.
• Figure 5: tG = 2 min, analysis time = 4 min, 

Pc = 92, RS 1-2 =1.43
• Figure 8: tG = 2 min, analysis time = 4 min, 

Pc = 69, RS 1-2 =1.05
Figure 9 shows the effect of using a larger i.d. 

outlet tubing (250 μm vs. 100 μm) on Pc and Rs. 
Similar to the band broadening effect of using 
a bigger UV flow cell, a large i.d. outlet con-
nection tubing can be deleterious to Pc and 
Rs, as shown in Figure 9. A longer connection 
tubing can have a similar broadening effect.  
In contrast, larger inlet tubing is more toler-
able in gradient analysis because of the “band 
focusing effects” in reversed-phase LC (2).
• Figure 5: tG = 2 min, analysis time = 4 min, 

Pc = 92, RS 1-2 =1.43
• Figure 9: tG = 2 min, analysis time = 4 min, 

Pc = 62, RS 1-2 = 0.94
Figure 10 shows the effect of a slower 

detector time constant (500 ms) to Pc and Rs 
for fast eluting peaks, which can be substantial.
• Figure 5: tG = 2 min, analysis time = 4 min, 

Pc = 92, RS 1-2 =1.43
• Figure 10: tG = 2 min, analysis time =  

4 min, Pc = 46, RS 1-2 = 0.67
Figure 11 shows the effect of MPA pH at 

7.0 on retention time and sensitivity at 220 
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FIGURE 9: The effect of using a larger i.d. outlet connection tubing (250 µm) on Pc and Rs.
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FIGURE 10: The effect of a slower detector time constant of 500 ms on Rs and Pc on fast 
eluting peaks.
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FIGURE 8: The effect of using a larger HPLC-type UV flow cell of 10 µL on Pc and Rs.
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nm. Replacing MPA of 0.1% formic acid at pH 
2.5 with phosphate buffer at pH 7.0 increases 
both retention time and Rs since the basic 
analytes are less ionized (therefore less polar 
and more hydrophobic). Another advantage 
is a seven-fold increase of sensitivity at 220 nm 
(S/N of 682 vs. 90) because of the higher UV 
transparency of the phosphate buffer (lower 
UV cut-off). However, there is a loss of MS 
compatibility when using phosphate buffer.
• Figure 5: analysis time = 4 min, tR 5 = 0.9 

min, Pc = 92, RS 1-2 =1.43, S/N 5 = 90
• Figure 11: analysis time = 4 min, tR 5 = 1.44 

min, Pc = 93, RS 1-2 =2.28, S/N 5 = 682

Summary and Conclusions
Table I summarizes the effects on method per-
formance from the various parameter change. 

In this article, we demonstrated the use of a 
practical LC Simulator as a learning and teach-
ing tool. We provided the rationales for adopt-
ing this common UHPLC column, operating, 
and instrument parameters as the “standard” 
conditions. We demonstrated how these oper-
ating parameters may affect the separation in 
a case study on impurity testing by observing 
the resulting chromatograms and method 
performance. The simulation case study 
sequence examines the effect of tG, narrow 
gradient range, detector cell volume, the diam-
eter of outlet tubing, detector time constant,  
and mobile phase pH and transparency.
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Peak deconvolution with photodiode array (PDA) 
detectors using a unique software function can separate 
peaks that are not resolved on-column, yield better 
detection results, and minimize method development 
and analysis time. 

LCGC: What’s the difference between 2D UV-vis data and 3D  
PDA data?
DOMANSKI: Two-dimensional UV-vis data describes the total 
absorbance of a sample versus time for a single chosen wavelength 
producing a chromatogram. This type of data only shows that a 
compound has some absorbance at the wavelength of observation 
but can’t provide much more information. There is no way to tell 
if we are observing the compound at a wavelength of high or low 
absorbance or to predict what the compound might be. When we 
collect 3D PDA data, for each moment in time during the experiment, 
we can observe and record intensity across a range of wavelengths. 
This provides useful spectrum information that can determine 
maxima that yield the best limits of detection for the compounds of 
an assay or be used for traditional PDA data analysis such as cosine-
vector peak purity.

LCGC: Beyond these uses, how does peak deconvolution unlock the 
full potential of PDA data?
DOMANSKI: While traditional PDA analysis tools may use a portion 
of the spectrum information available, peak deconvolution uses all 
the data and applies accepted mathematical techniques to separate 
peaks that are not resolved on-column. This can allow for detection 
of coeluting impurities in a potency assay, indicate an unexpected 
coeluting reaction product, or allow for characterization of a hard-to-
separate degradant. 

LCGC: What is the key to peak deconvolution, and how did this 
function get developed?
DOMANSKI: At the heart of our PDA peak deconvolution function 
is a sophisticated peak-fitting and spectrum-fitting algorithm that 
uses the multivariate curve resolution – alternating least squares 
(MCR-ALS) approach to determining solution sets, which is often used 
in benchtop spectroscopy applications such as chemometrics and 
observation of reaction kinetics. Because the technique can work with 
complex multi-component systems, it is ideal for LC-PDA data, where 
a single experiment may contain many peaks, each with associated 

Unlocking the Power of 3D  
Absorbance Data spectral data.  Making the leap from accepted 

technique to implementation in software was done 
in conjunction with Eisai Co. Ltd., a leading global 
pharmaceutical manufacturer. Their goal was to 
accelerate therapeutic development by investing in 
technologies that would reduce analysis time and 
increase awareness of coelution-related issues at 
every stage of the process.

LCGC: How does MCR-ALS deconvolution compare 
to other forms of peak purity assessment?
DOMANSKI: In contrast to traditional cosine-
vector peak purity or purity-angle assessment, 
MCR-ALS deconvolution uses the entire data set 
from the defined time and wavelength domain to 
calculate peak shape and spectrum information 
for each identified chromatographic feature. If 
users have multiple impurities, up to five peaks 
can be identified within a single deconvolution 
segment, and up to 12 segments can be set in 
each chromatogram. So not only can coelution 
be spotted, but the potential impurities can be 
characterized with the same tools as any other peak, 
including the reconstructed spectrum.

LCGC: Can the deconvoluted peaks be integrated, 
and are reconstructed spectra accurate?
DOMANSKI: The short answers are yes, and 
yes. With regards to integration, we have 
studied a three-component system of common 
pharmaceutical drugs under ultra-high-
performance liquid chromatography (UHPLC) 
conditions that result in partial separation and 
elution in less than 20 seconds. The resulting 
chromatogram produces peaks and valleys, but 
none of the peaks are baseline resolved. We then 
compared the results of PDA peak deconvolution 
with the traditional integration strategy of splitting 
the peaks with a vertical drop from the bottom of 
the valley to baseline and with separate injections of 
each standard. 

Traditional valley-to-valley definition of the 
unresolved peaks led to as much as 13.1% deviation 
from the single standard injection, whereas using 
the deconvolution result, peak area was much 
more accurately assigned to the peaks, with the 
greatest error versus single standard injection 
being 5.6%. For the same three-component system, 
the reconstructed spectra were compared with 
the observed spectra from the single standard 
injections. For all the reconstructed spectra, the 

similarity was 0.9998 or greater, indicating a near 
perfect match to empirical data. 

LCGC: With these capabilities, where do you see 
PDA peak deconvolution fitting into pharma and 
biopharma workflows?
DOMANSKI: With its ease of implementation, 
this technique can potentially replace complex 
multi-dimensional separation or time-consuming 
low-flow, high-capacity columns that cannot 
provide rapid results in a user-friendly way. As 
International Council for Harmonization of Technical 
Requirements for Pharmaceuticals for Human 
Use (ICH) and other regulatory bodies continue to 
tighten requirements for impurities detection, PDA 
peak deconvolution is an additional arrow in the 
quiver of analysis with its ability to detect low-level 
coeluting impurities. By identifying these species 
at the beginning of drug development, time can 
be saved throughout the downstream process. For 
early-stage high-throughput screening, PDA peak 
deconvolution could allow for faster injection cycles 
while maintaining the quality of data. 

In a medicinal chemistry setting, deconvolution 
could be used in UHPLC reaction monitoring to look 
for hidden peaks or coeluting intermediates or be 
applied to re-injections of purification fractions as a 
secondary check of purity. As the drug-development 
cycle continues, any in-silico testing that uses 
absorbance can be augmented by using PDA peak 
deconvolution to provide information on coeluting 
peaks without the need to spend additional time on 
LC method development. And for groups that may 
have experience with PDA peak deconvolution, such 
as analytical method research and development, 
the ability to use this powerful technique integrated 
directly into the instrument software provides 
unprecedented access and ease. 

LCGC: Is Shimadzu planning future development 
of this technique?
DOMANSKI: We are developing a new generation 
of the PDA peak deconvolution algorithm that will 
improve performance in terms of sensitivity and 
reliability for some of the most difficult use cases. 
Our international team is working in cooperation 
with pharma users to optimize the feature for lower 
detection limits, even when there is minimal on-
column separation.

For more information, visit SolutionsForPharma.com. 

Brian Domanski
Strategic Collaborations 
Scientist
Shimadzu Scientific 
Instruments

http://www.shimadzu.com
http://www.chromatographyonline.com
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Simple Purification and Ultrahigh-Pressure  
Liquid Chromatography–Tandem Mass  
Spectrometry Determination of Five Quinoxaline  
1,4-dioxides and their Metabolites in Swine Liver
In some countries, quinoxaline 1,4-dioxide (QdNO) has been banned as a feed additive because of its potential 
genotoxicity. To assess the residue levels in animal tissues, an ultrahigh-pressure liquid chromatography tandem mass 
spectrometry (UHPLC–MS/MS) method was developed to determine five QdNOs and its eight main metabolites in 
swine liver. The samples were simply extracted by 0.1% formic acid in acetonitrile (4+6, v/v) after being acidified with 
3 mol/L of 0.1% hydrochloric acid, and purified using a HLB cartridge. The UHPLC–MS/MS provided good linearity 
to the peak area, with the linear correlation coefficients of over 0.98 within the concentration range of 5–500 μg/L.  
The limit of detection (LOD) was 0.30–2.51 μg/kg, and the limit of quantification (LOQ) was 1.10–8.37 μg/kg for the 13 
target compounds. When the target compounds spiked at 10, 100, and 500 μg/kg, the recoveries ranged from 79.8 to 
96.5%. This method is suitable for the residual determination of real samples.

Yehui Luan, Junjie Zhao, Kexin Chen, Yiyan Wang, and Linli Cheng

In the husbandry industry, quinoxa-
line 1,4-dioxides (QdNOs), includ-

ing mequindox (MEQ), cyadox (CYA),  
olaquindox (OLA), quinocetone (QCT), 
and carbadox (CBX), were once effec-
tive antibacterial and growth promot-
ing agents for food animals (1–3). 
However, the toxicity of QdNOs has 
gradually been revealed, and sev-
eral countries have taken measures 
to restrict their use as feed additives. 
OLA has been banned as a feed addi-
tive in Europe and Canada because 
of its potential genotoxicity. CBX was 
banned in Europe in 1998 because of 
its mutagenic and genotoxic effects 
(4). MEQ was reported to have strong 
cytotoxicity (5). QCT was found to 
be genotoxic at high concentrations, 
whereas CYA exhibits weak potential 
mutagenicity (6,7). Recently, China 
has issued a ban on all QdNOs for 
feed additive use (8). After the intake 
of QdNOs, these are degraded to its 
metabolites, which has been reported 
to be closely correlated to the toxicity 
of QdNOs (9,10). The 3-methyl-qinox-
aline-2-carboxylic acid (MQCA) and 
qinoxaline-2-carboxylic acid (QCA) 
were identified as marker residues of 
OLA and CBX, respectively, whereas 

the marker residues of other QdNOs 
remain under debate (11–14). 

 Despite these restrictions, QdNOs 
are still illegally used in some coun-
tries. For food safety concerns, there 
is an urgent need to set up a reliable 
analysis method for detecting QdNOs 
and its main metabolites in animal 
tissues. Several methods have been 
reported that can detect some of the 
QdNOs and its metabolites. He and 
others detected CYA and its metabo-
lites in plasma by using liquid chro-
matography tandem mass spectrome-
try (LC–MS/MS) (15). Zeng and others 
detected MEQ and its metabolites in 
porcine tissues (16). You and others 
detected MEQ and its main metabo-
lites in chicken muscle, chicken liver, 
swine muscle, and swine liver using 
UHPLC–MS/MS (17).  MEQ, QCT,  
and its major metabolites in chicken 
and pork were analyzed using ultra-
high-pressure liquid chromatography 
tandem mass spectrometry (UHPLC–
MS/MS) by Li and others, and three 
QdNOs and its metabolites were also 
traced in abalone using LC–MS/MS 
(18,19). Xie and others detected OLA 
and its major metabolite in fish tis-
sues (20). Currently, the main problem 

in detecting QdNOs is determining 
its metabolites (21). Existing methods 
lack efficiency because none of those 
methods managed to detect the five 
QdNOs and its main metabolites.  
In the present study, the investigators 
developed an efficient and reliable 
UHPLC–MS/MS method, in which five 
QdNOs and eight of its metabolites 
in swine liver could be detected at 
one time. This method can be applied 
for detecting QdNOs and its major 
metabolites in real samples.

Materials and Methods
Chemicals, Reagents, and Instruments
Olaquindox and carbadox (Sigma-
Aldrich Co., both are 99%); mequin-
dox (China Institute of Veterinary 
Drug Control, 99%); and quinoxaline-
2-carboxylic acid, methyl-3-quinox-
aline-2-carboxylic acid, and quino-
cetone (Dr. Ehrenstorfer GmbH Co., 
94%, 94%, and 97%, respectively), 
were used in this study. The other 
compounds were obtained from the 
National Reference Laboratory for 
Veterinary Drug Residues of Hua 
Zhong Agriculture University. 
 The HLB sol id-phase extrac-
tion (SPE) cartridges used in this 
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study came from Waters (200 mg, 6 mL). Methyl alcohol,  
acetonitrile, and formic acid came from Dima Co. (all chro-
matographic grade). The other reagents were analytical 
grade and obtained from the Beijing Secondary Chemical 
Factory. The ultrapure water was obtained from the Milli-Q 
filtration system (Millipore). 
 An Acquity UHPLC liquid chromatograph (Waters Co.), 
equipped with a Quattro LC three-level quadrupole mass 
spectrometer (Micromass Company), was used for this 
study. This study also used a 5805R centrifuge (Eppendorf), 
a Waters solid-phase extraction device, a R200 rotary 
evaporator (Buchi), and an OA-SYS sample concentrator 
(Organomation Associates).

Sample Exaction and Cleanup
The 2.5 g homogenized swine liver was placed in a 50-mL 
polypropylene centrifuge tube. Then, 1 mL of 0.3 mol/L 
of hydrogen chloride was added to the tube. Afterwards, 
this solution was vortexed for 1 min, and 10 mL of 0.1% 
formic acid in acetonitrile (4:6, v/v) was added. Next, this 
sample was vortexed again for 1 min and centrifuged at  
8000 r/min for 5 min. Then, the supernatant was taken, 
and 10 mL of 0.1% formic acid in acetonitrile (4:6, v/v) was 
added to the precipitate to re-extract again. Two super-
natants were combined, and mixed with 5 mL of n-propyl 
alcohol. This mixed solution was evaporated to less than 
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2 mL at 60 °C using the R200 rotary 
evaporator. Then, 10 mL of 0.1 mol/L 
potassium dihydrogen phosphate 
solution was added to the evapora-
tion residue and vortexed for 30 s. 
Afterwards, the obtained solution 
served as the sample extract and was 
preserved for the clean-up process. 
 The HLB SPE cartridge was acti-
vated by 5 mL of methanol, and con-
ditioned by 5 mL of water. The sample 
extract was loaded on the cartridge 
and passed through. Then, the car-
tridge was rinsed with 3 mL of 0.02 
mol/L hydrochloric acid and 3 mL of 
3% methanol. The target compounds 

were eluted from the cartridge by 
5 mL of methanol. Afterwards, the 
eluate was collected and evapo-
rated with nitrogen at 60 °C, and the 
evaporation residue was dissolved 
with 1.0 mL of 10% acetonitrile and 
filtered through a 0.22 µm membrane.  
The obtained solution was gradually 
prepared to be injected into the LC–
MS/MS system.

LC–MS/MS Detection
An Acquity UHPLC BEH C18 (50 × 2.1 
mm i.d., 1.7 µm) column attached to 
an Acquity UHPLC liquid chromato-
graph was used for the separation. 

The mobile phase was composited 
of A (0.1% formic acid in water) and 
B (0.1% formic acid in methanol), 
with the following gradient elution:  
It started as 88% A and kept to 1 min 
before changing to 50% A at 2 min. 
It then changed to 12% A at 3.5 min 
before changing to 50% A at 4.5 min. 
The gradient elution then changed to 
88% at 5.0 min and kept to 6.0 min. 
The flow rate was 0.3 mL/min, and the 
injection volume was 10 µL. 
 The mass spectrometric detection 
was carried out using a Quattro LC 
three-level quadrupole mass spec-
trometer. Electrospray ionization (ESI) 

TABLE I: Molecular ion pairs of target compounds and their related scan conditions

Compound 
Number

Compound 
Name

Parent Ion (m/z) Daughter 
Ion (m/z)

Cone Hole 
Voltage (V)

Collision 
Energy (eV)

MRM
Channel

1 CBX 263.0
188.3 30 15

Channel 1
228.8 30 15

2 QCA 175.0
101.8 27 20

Channel 2
128.9 27 20

3 OLA 264.0
212.0 25 30

Channel 3
229.2 25 30

4 4-DCYA 256.0
156.1 40 36

Channel 4
171.9 39 32

5 CYA 272.3
238.0 40 35

Channel 5
254.4 40 32

6 BDCYA 240.0
155.9 40 35

Channel 6
173.0 40 33

7 4-DQCT 291.0
235.2 22 20

Channel 7
245.2 22 20

8 1-DMEQ 203.0
158.0 22 17

Channel 8
186.0 22 17

9 BDQCT 275.0
232.3 22 28

Channel 9
247.2 22 28

10 BDMEQ 187.0
158.9 18 25

Channel 10
187.1 18 25

11 QCT 307.0
245.1 15 25

Channel 11
273.2 15 25

12 MQCA 189.0
117.9 25 15

Channel 12
144.9 25 15

13 MEQ 219.0
159.9 18 15

Channel 13
185.5 18 15
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was used with the positive ionization 
mode of multiple reaction monitoring 
(MRM). The capillary voltage was set 
as 2.8 kV, the ion source temperature 
was 80 °C, and the desolvation tem-

perature was 350 °C. The flow rate of 
the collision gas and desolvation gas 
was 28 L/hr and 597 L/hr, respectively. 
The other detection conditions are 
shown in Table II.

Method Validation
A series of single and mixed stan-
dards (with 13 compounds mixed at 
the same concentration together) 
was prepared at concentrations of 
1, 2, 10, 20, 50, 100, and 500 μg/L.  
The single standards were initially 
dissolved with dimethyl sulfoxide to  
1000 µg/mL and subsequently diluted 
to the target concentration with 
methanol. The mixed standards were 
diluted with methanol. These stan-
dards were analyzed using LC–MS/
MS under an optimized condition.  
The quantification concentration was 
taken as the horizontal ordinate (X), 
while the peak area was taken as the 
vertical ordinate (Y). Then, linear regres-
sion analysis was performed for each 
compound, the calibrated regression 
equation was used for quantification, 
and its relevant coefficient was used to 
prove its linear level. The concentration 
of the actual samples was calculated 
through the standard curve method or 
single-point correction method. 
 The proper number of blank samples 
was placed in the tubes, and spiked 
with the proper concentration of the 
standard at concentrations of 0, 10, 100, 
and 500 µg/kg, and each concentration 
was set for five replicates. All samples 
were pretreated and injected into the 
LC–MS/MS system. This experiment 
was repeated three times on three dif-
ferent days. The recoveries and inter-
day and intraday coefficients of each 
compound was calculated.
 Next, 10 blank swine livers were 
pretreated and injected into the LC–
MS/MS system. The signal-to-noise 
ratio (S/N) of each compound in the 
samples was calculated. The limit of 
detection (LOD) is defined as triple 
the mean S/N of 10 samples of each 
compound. The limit of quantifica-
tion (LOQ) is defined as ten times 
the mean S/N of 10 samples for  
each compound. 

Results
Optimizing the Analysis Conditions
For the basic parameter values rec-
ommended by the instrument, adjust-
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ing the flow rate of both the atomized 
and dry gas was the quickest way to 
achieve the high sensitivity. 

 Several 100 µg/L mixed standard 
solutions of the 13 compounds were 
detected in different parameters.  

The results were shown that the gas 
velocity of the cone hole at 27 L/hr, 
combined with the velocity of desol-
vation gas at 597 L/hr, obtained the 
best sensitivity. The characteristic 
ion chromatograms with the worst 
parameter combinations and best 
parameter combinations were pro-
duced on the cone hole at 20 L/
hr combined with de-solvation gas 
at 502 L/hr, and the cone hole at  
27 L/hr combined with desolvation 
gas at 597 L/hr, respectively. As a 
result, the latter one was selected as 
the proper conditions (Figure 1).
 To determine the parent ion 
and daughter ion pairs for all com-
pounds in the tandem mass spectrum,  
a daughter scanning of [M+H]+ peaks 
of all compounds was carried out 
under another stable mass condition.  
Two daughter ions with the highest 
abundance and higher stability of each 
compound were selected as the daugh-
ter ions for the MS/MS analysis (Figure 
2). Afterwards, the combination of the 
voltage and collision energy of the cone 
hole was optimized to obtain the best 
daughter ions. Table I shows the final 
ion pairs and its analysis conditions.

Sample Preparation
As shown in Figure 3, when the con-
centration was 1, 10, and 50 μg/L, the 
total method recoveries ranged within 
80.3–98.7%. The HLB cartridge was 
evaluated to analyze the recovery and 
phospholipid removal from the liver 
matrix. It could be observed in Figure 
4 that when this spiked at 1,000 μg/kg, 
the measured recoveries for the SPE 
clean-up was higher than 84.1% for 
all compounds, with the recoveries 
of most compounds higher than 85%. 
For 10 of the 13 compounds, the HLB 
recoveries were numerically close to 
the total recoveries, indicating that 
the clean-up process had a minimal 
contribution to the recovery losses in 
this method.

Method Validation
According to the relationship of the 
concentration and peak area values, 

TABLE II: Linear regression equations of target compound standard curves spiked in swine liver

Compound 
Name

Concentrations of 
Standards (µg/L)

Calibration Curve Coefficient, R2

CBX 1–200 y = 7.8866x - 47.177 0.9816

QCA 1–200 y = 3.4982x + 6.099 0.9742

OLA 1–200 y = 42.583x - 51.869 0.9876

4-DCYA 1–200 y = 11.551x - 48.671 0.9757

CYA 1–200 y = 77.685x - 420.48 0.9881

BDCYA 1–200 y = 44.2x - 240.46 0.9777

4-DQCT 1–200 y = 8.0394x - 23.313 0.9927

1-DMEQ 1–200 y = 2.8798x + 11.202 0.9944

BDQCT 1–200 y = 95.916x - 263.36 0.991

BDMEQ 1–200 y = 45.938x + 35.286 0.9985

QCT 1–200 y = 109.84x - 170.17 0.9948

MQCA 1–200 y = 45.398x - 98.64 0.9934

MEQ 1–200 y = 53.495x - 172.45 0.993

TABLE III: Sensitivity of target compounds in swine liver by LC–MS/MS

Compound Name LOD (µg/kg) LOQ (µg/kg)

CBX 2.18 7.27

QCA 1.39 4.63

OLA 2.51 8.37

4-DCYA 0.76 2.53

CYA 0.71 2.37

BDCYA 0.64 2.13

4-DQCT 0.75 2.50

1-DMEQ 0.84 2.80

BDQCT 0.68 2.27

BDMEQ 0.55 1.83

QCT 0.76 2.53

MQCA 1.03 3.43

MEQ 0.33 1.10

Triple the mean S/N of ten replicates was defined as the limit of detection (LOD). Ten times the mean S/N of 
ten replicates was defined as the limit of quantification (LOQ)
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the standard curves of each com-
pound were calculated at the concen-
tration range of 5–500 μg/L (Table II).  
It could be observed that the lin-
ear correlation coefficients of these 
13 linear regression equations were 
over 0.98, proving that each cali-
bration curve had an extraordinary  
linear correlation.
 The LOD and LOQ results are 
shown in Table III. The LOD values 
of the 13 compounds were within the 
range of 0.30–2.51 μg/kg, and the 
LOQ values were within 1.10–8.37 μg/kg, 
indicating that this method is sensi-
tive for determining these 13 com-
pounds. The average recovery, lower 
intra-day coefficient variation, and 
higher inter-day coefficient variation 
of each compound spiked at 10, 100, 
and 500 μg/kg. Table IV displays these 
data. The recoveries ranged within 
79.8–96.5%, with lower intraday coef-
ficient variations of 3.7–14.0%, and 
upper interday coefficient variations 
of 5.30–15.60%. These data prove that 
this method has good accuracy.

Discussion
Among all reports of the LC–MS 
methods, researchers have generally 
focused on sample preparation, chro-
matographic separation conditions, 
and optimization of MS conditions 
(22,23). In our opinion, the solvent 
used for dissolving before the injec-
tion of samples to the LC–MS sys-
tem should be considered because 
this might be the key factor for the 
detection. A few published works 
have provided a detailed discussion 
on this subject. The solvent used to 
solubilize samples not only affects 
the solubility and stability of the tar-
get compounds, but also affects the 
molecular form of some compounds 
in the solvent, and influences its 
chromatographic separation behavior. 
Many compounds are generally cova-
lent compounds or ionic compounds 
with a certain polarity. The status 
would be affected by the solvent mol-
ecules or ions and weakly and nonco-
valently bind to the solvent molecules 

or ions to form a variety of existing 
forms, such as molecular, positive ion, 
negative ion, primary positive ion, and 
secondary ion. In the chromatographic 
separation process, these different 
forms have different partition coeffi-
cients and lead to different peak times, 
which may lead to confusion in the 
qualification and quantitative analyses. 
 The solvent with a high organic 
phase was initially adopted to dissolve 

the samples before injecting these 
to the LC–MS system. However, this 
process resulted in poor separation. 
To solve this problem, the chromato-
graphic behavior of 13 compounds in 
different organic phase–water phase 
compositions and different acid–
base conditions as loading solutions,  
were investigated. The effects of pH 
and the proportion of water in the 
desolvent solution were significantly 
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different. Although all 13 compounds 
have quinoxaline rings, regardless of 
whether the 1,4-position of their qui-
noxaline rings are connected to oxy-
gen atoms, the structure of the side 
chain at position 2, and the presence 
or absence of the side chain at posi-
tion 4 have important effects on the 
physicochemical characteristics, such 
as the aqueous solubility and disso-
ciation constant of the compounds.  
Different side chain structures resulted 
in different dissociation properties in 
the solution, which lead to different 
morphologies at different pH val-
ues, and in different proportions of 
organic and aqueous phases. The dif-
ferent morphologies ultimately lead 
to different peak forms and charac-
teristics, in terms of chromatographic 
behavior. With this consideration, 
10% acetonitrile was finally chosen 
as the solution to dissolve the sam-
ples before the injection. Among the 
liquid-phase conditions listed in the 
present study, the best mobile-phase 
components were 12% A (0.1% formic 
acid) + 88% B (acetonitrile containing 
0.1% formic acid) to 88% (0.1% formic 
acid) + 12% B (acetonitrile contain-
ing 0.1% formic acid). Compared with 
this mobile phase, 10% acetonitrile 
was a weak solvent, while acetonitrile  
(containing 0.1% formic acid), aceto-
nitrile, and 80% acetonitrile were all 
strong solvents. 
 After the sampling, the solvent 
of the sample could be regarded 
as part of the mobile phase in the 
column. When the solvent elution 
intensity of the dissolved sample 
was greater than that of the mobile 
phase, this would become the mobile 
phase. Then, the solvent band of 
the sample would migrate faster in 
the chromatographic column, while 
some samples would be dissolved 
in the mobile phase with a weak elu-
tion ability during the elution process, 
which would cause a series of prob-
lems, such as the broadening or bifur-
cation of the chromatographic peak, 
and lead to a decrease in column effi-
ciency and the accuracy of the ana-

TABLE IV: Accuracy and precision of target compounds by LC–MS/MS

Compounds
Spiked l
Levels
(µg/kg)

Mean 
Intraday 

Recoveries 
(%)

Mean 
Interday 

Recoveries 
(%)

Intraday 
CVs (%)

Interday 
CVs (%)

CBX

10 81.2 83.3 9.8 11.8

100 84.6 85.6 8.5 10.4

500 85.8 84.9 11.4 12.0

QCA

10 83.2 84.7 9.8 11.5

100 86.6 89.1 5.9 8.8

500 86.7 87.2 14.0 13.9

OLA

10 89.0 90.3 11.3 11.5

100 85.3 86.6 9.2 10.7

500 87.1 88.5 4.7 5.8

4-DCYA

10 85.0 84.3 10.5 12.5

100 85.7 84.8 5.8 6.9

500 83.6 82.8 11.4 15.6

CYA

10 89.7 89.6 11.4 9.8

100 85.2 83.9 8.8 11.2

500 83.6 81.7 9.0 9.8

BDCYA

10 81.5 82.6 8.2 13.4

100 85.8 86.4 12.7 8.7

500 83.1 85.8 10.6 7.2

4-DQCT

10 86.6 83.5 12.1 9.9

100 84.8 85.2 8.5 10.1

500 85.5 87.3 7.2 11.3

1-DMEQ

10 84.6 87.8 12.2 11.6

100 83.2 83.6 7.9 7.2

500 89.5 85.7 10.5 11.1

BDQCT

10 93.2 92.4 6.8 5.3

100 90.6 90.3 3.7 5.5

500 92.5 91.8 9.2 8.0

BDMEQ

10 98.7 96.5 11.7 10.2

100 95.3 93.7 6.5 7.8

500 94.1 92.9 7.0 8.4

QCT

10 82.6 81.7 9.5 8.8

100 83.2 82.8 13.6 11.3

500 85.5 84.6 11.2 12.5

MQCA

10 88.7 87.4 7.4 10.0

100 81.6 80.9 12.0 11.8

500 80.3 79.8 11.5 10.6

MEQ

10 80.6 81.0 9.7 8.5

100 81.5 80.5 10.9 9.7

500 82.0 83.7 13.8 11.6
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lytical method. This conclusion can be 
proven by the fact that the 13 target 
compounds were well-separated in  
10% acetonitrile.

Conclusion
An analytical method was developed 
for the simultaneous determination of 
five QdNOs and the eight metabolites 
in swine liver. The investigators pro-
vided an effective sample preparation 
for the target compounds in swine 
liver. Furthermore, the investigators 
managed to extract the target com-
pounds using acid treatment. Then, 
the simple clean-up procedure using 
the HLB cartridge removed most of 
the matrix from the liver extracts. The 
LC–MS/MS process revealed that this 
method resulted in high sensitivity and 
accuracy. The present method can be 
applied for determining QdNOs and 
metabolites in real samples.
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In the second part of this six-part podcast, Cannabis Science & 
Technology sat down with Anthony Macherone, senior scientist 
and cannabis technical lead at Agilent Technologies, to talk with 
Cree Crawford, co-founder and president of Ionization Labs, and 
Alex Andrawes, CEO of Ionization Labs, about solutions for potency 
testing, the industry’s biggest challenges, and more.

MACHERONE: What led you to start Ionization Labs and develop 
your software solution, Cann-ID?
CRAWFORD: In 2014, I was in California—I had invested in and 
developed several legal cannabis collectives—and during that 
time, cannabis testing had become more prevalent. We were 
sending samples to local testing labs, but it would take almost two 
months to get a result back. Other growers in the area also had 
similar complaints: they would divide a sample into equal parts and 
send them to a lab over a period of time, and the results would be 
inconsistent and skewed by 30+ percent. This trend has continued 
across other states and has created a lack of confidence in the testing 
results and final product labeling.

These two data points got me thinking, so I called Alex Andrawes, a 
25-year wine industry veteran with extensive experience in testing. 
We talked about creating a solution to bring in-house quality testing 
to the operations side of the industry—cultivators, extractors, and 
producers of product. We determined the highest volume test in the 
industry was potency. 

To make this solution successful, it had to be scalable for small- to 
medium-sized labs. It had to be an effective and accepted technology 
platform, simple to operate, and affordable. We explored various 
technology platforms and determined high-performance liquid 
chromatography (HPLC) was the best industry-accepted analytical 
solution for cannabinoid potency testing. To address simplicity, we 
had to engineer proprietary software that turned the versatile HPLC 
into a powerful and accessible tool. This is where the Cann-ID software 
was born. Our software integrates with the Agilent platform and gives 
access to high-grade chemical analysis to a wider range of users.

MACHERONE: How does the Cann-ID software solution help 
cannabis and hemp business operations? What companies and 
groups are benefiting from your software tool Cann-ID?
ANDRAWES: Cann-ID helps cannabis and hemp operations—small, 
medium, and large—by giving them chemical data at their fingertips. 
We believe they shouldn’t have to wait for chemical data to make 

Part 2: Expanding Access to Lab-Grade 
Cannabinoid Potency Testing …  
No Ph.D. Required

their business decisions; they should be able to 
acquire the same lab-grade chemical data in-house, 
so they can operate seamlessly and effectively. 
It’s one more layer of in-house QA/QC that exists 
across other industries and needs to exist in the 
cannabis industry because the cannabis plant itself 
is so highly variable in the last 45 to 60 days of its 
cultivation lifecycle. 

We noticed early on that just because a processor 
received a certificate of analysis (CofA) with a 
product, didn’t mean it was a representative sample 
of the entire lot. In fact, there was a large amount 
of rejected material and a lack of confidence in the 
CofA provided by a cultivator. 

We created a way to streamline operations between 
cultivator and processor where the processor could 
quickly ascertain whether the product matched 
the CofA. Cann-ID allows processors the ability to 
purchase or reject material coming in and measure 
potency at any interval without the wait. 

CRAWFORD: Cann-ID brings a precision agriculture 
and precision extraction tool to an industry in 
great need of near-real-time data. An example in 
cultivation is compliance. We’ve seen tremendous 
crop losses in states like Hawaii that didn’t have 
access to testing, so their crops went hot by the time 
they got the test results back. This caused significant 
financial loss to the farmers due to mandated crop 
destruction by the government.

On the extraction side, there are six different testing 
points throughout the process that we recommend 
for maximizing yield. Extraction machines are 
expensive. Every time you calibrate the machine, it 
is generally taken offline. During this time, which 
can take days, you have to send the samples to be 
evaluated. But if you have an HPLC unit onsite, not 
only are you getting consistency, but you’re keeping 
your extraction machine calibrated and operating at 
maximum efficiency. 

We partnered with SICPA, a fourth-generation 
Swiss security company and creator of CERTUS, 
which takes a result and encapsulates a data point 
that cannot be adulterated in the result, so you can 
follow it through the whole chain of custody—it 
can never be changed. This tool isn’t specifically 
designed for any one area of the hemp and 

cannabis ecosystem. It’s designed for every single 
layer and participant—from the cultivation sector 
to the compliance sector. And it is a true test, track, 
and trace solution.

MACHERONE: What are the cannabis and hemp 
industry’s greatest challenges?
ANDRAWES:  One of the biggest challenges is 
the lack of product consistency. If this industry is 
going to thrive into the next 10 years and be taken 
seriously as a consumable, then there needs to 
be consistency so that people know it is the same 
product every time. 

MACHERONE: What comes with the Cann-ID 
solution subscription?
CRAWFORD: We offer two different products: The 
full-solution classic model is for clients who have 
less experience with chemical analysis and want 
to have support through the whole process. The 
second subscription model is designed for those 
who already own Agilent’s hardware and only 
need the software and calibration checks shipped 
every month. The solution includes the software 
and calibration checks. The classic can be rented 
or purchased and includes the hardware, software, 
and consumables, which are shipped monthly 
depending on your volume of testing. We support 
smaller operations running 50 tests up to larger 
operations running 600+ tests with multiple HPLCs. 

ANDRAWES:  Time is money in this industry. We 
take great pride in reducing time, lowering the cost 
of operations and capital expenditure cost, and 
making it easier to use. 

MACHERONE: What’s next for Ionization Labs? 
And can you talk a little bit about your partnership 
with Agilent?
CRAWFORD: We’re in 20 states, four countries, and 
expanding, which is exciting, as is our partnership 
with Agilent. It gives us the platform and ability to 
sell our subscription anywhere in the world that the 
cannabis or hemp industry is blossoming. 

ANDRAWES: We believe that empowering  
people with chemical data solutions that enable 
product to move down the ecosystem even faster  
is where we can add tremendous value to the 
industry and where we see our partnership with 
Agilent blossoming.

Cree Crawford
Co-founder and President
Ionization Labs

Alex Andrawes
CEO
Ionization Labs 

Anthony Macherone
Senior Scientist
Cannabis Technical Lead 
Agilent Technologies

DE44343.6254513889
Agilent products and solutions are intended to be used for cannabis quality control and safety testing in laboratories where such use is permitted under state/country law.
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Selective Detection with UV  
Spectroscopy in Gas Chromatography
Using UV spectroscopy as a selective detection approach in gas chromatography (GC) has been demonstrated here 
with a diode array detector (DAD). The benefits of using an UV detector in GC were realized through effective thermal 
management and inertness improvement. The approach deployed in this study was proven to be effective for either 
tandem or parallel detection and has the potential to be used in chromatographic separations that require stringent, 
narrow bandwidths, such as comprehensive two-dimensional gas chromatography (GCxGC).

Ronda Gras, Jim Luong, and Robert A. Shellie

One-dimensional gas chromatog-
raphy (GC) with high-resolution 

capillary column technology is a first-line 
approach for volatile organic compound 
(VOC) analyses. The high-resolution cap-
illary column technology has achieved 
much, yet more capability for separation 
is desired. Challenges continue to exist 
in several areas, especially when dealing 
with increasingly complex matrices (1,2). 
One of the approaches that can be used 
to address the excessive time required 
for separation caused by a lack of col-
umn selectivity is selective detection. 
This analytical strategy can substantially 
ease the burden of separation imposed 
on the separation column and achieve 
higher sample throughput. By design, 
selective detection also offers improved 
sensitivity for targeted compounds.  
This feature can be quite beneficial 
because the improved sensitivity can 
reduce or eliminate the need for time-
consuming sample preconcentration. 
The strategy of distributing the separa-
tion power requirements amongst the 
separation and detection steps is criti-
cal for the continued development of 
GC as a highly capable and sustainable 
analytical technique.

UV Detection for GC
Among the selective detection schemes, 
UV spectrophotometry is a viable option 
because it has several essential capa-
bilities. First, UV detection operates 
without the requirement for reduced 
pressure environments. Ambient pres-
sure operation can lead to fast ana-
lytical system start-up and stabilization.  

Second, many organic compounds 
amenable to chromatographic separa-
tions show an absorption spectrum in 
the UV-vis regions. Therefore, successful 
hyphenation of UV detection to GC is 
indicated for both qualitative and quan-
titative analysis. Third, the nondestruc-
tive nature of UV detection is amenable 
for serial and multidetection approaches. 
Also, gas-phase spectra can be gener-
ated, which can be helpful for provisional 
structural elucidation, especially when 
UV spectrophotometry is deployed as an 
adjuvant technique with mass spectrom-
etry (MS). Finally, GC-UV has respectable 
analyte detectability with detection limits 
in the nanogram range, which is compat-
ible with many current requirements. 

Since the early 1960s, efforts to 
employ UV detection with GC have been 
explored and reported in the literature 
by technology pioneers and early adopt-
ers (3–15). With UV detection, increased 
sensitivity and selectivity can be achieved 
for many classes of compounds with 
chromophores. Recently, new endeav-
ors to expand this field of practice by 
exploiting the vacuum UV (VUV) region 
in addition to the traditional UV range 
with a dedicated analytical detection 
system have also been reported (16–18).  
Some of the barriers to UV being adopted 
as a detection technique include the per-
formance and reliability of the light source 
and the successful commercialization of 
alternative technologies such as bench-
top MS. Our goal is to advance the use 
of UV as a selective gas-phase detector 
through the interfacing of a current diode 
array detector (DAD) initially designed 

for liquid chromatography (LC) to a GC 
instrument. The detector was based on 
a cartridge cell design with optofluidic 
waveguides that improve light transmis-
sion with full spectral detection. 

Conceptually, DAD can be highly 
advantageous for use with narrow 
chromatographic peaks encountered 
in GC with several positive attributes,  
such as a high data-sampling rate 
of up to 240 Hz and the capability to 
track up to eight wavelengths simulta-
neously. The nondestructive nature of 
DAD permits the incorporation of a sec-
ond detector in series, which provides 
information-rich chromatography (dem-
onstrated later in this article), without 
incurring extra analytical time nor col-
umn effluent splitting, which can reduce 
overall detectability. DAD brings UV-vis 
spectroscopy (190–640 nm) onto the 
capillary GC timescale, enabling spec-
trophotometric detection of analytes 
with peak widths as narrow as 450 ms.

Critical modifications and improve-
ments to the existing detector design 
and performance were made to 
overcome known challenges com-
monly encountered in GC. Specifically,  
the detector requires an effective strat-
egy for heat management and inertness 
improvement. In GC, heat manage-
ment is essential for intercomponent 
integration and to safeguard optimal 
individual chromatographic compo-
nent performance. A novel heated cell 
was constructed and implemented to 
preserve the excellent chromatography 
obtained with high-resolution capillary 
columns. Concepts and strategies of 
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heating the detector cell were investigated to improve reli-
ability and to simplify thermal process control. Heating the 
detector cell typically involves using multiple components, 
such as a heater, a feedback-and-control mechanism, and a 
safety device to prevent overheating. Among many options 
explored, the discovery and implementation of a positive 
temperature coefficient (PTC) thermistor as a heater was the 
most efficient (19). The use of PTC heaters offers substantial 
benefits such as energy efficiency, protection against over-
heating, size, and scalability. 

Achieving a highly inert sample flow path is another essential 
criterion (20–22). Although analyte flow path inertness is not a 

central issue for other chromatographic techniques because of 
the liquid mobile phase, in GC, it is imperative to achieve the 
most inert flow path possible. Effective deactivation schemes 
were applied to ensure analytes are not absorbed or adsorbed 
in the optical cell employed by the DAD. 

By incorporating positive temperature coefficient technology 
into a commercial DAD detector and through successful pas-
sivation of the optical cell, the detector was made suitable for 
coupling with GC (19). The detection strategy can be incorpo-
rated into a standard GC system configuration, including one-
dimensional GC and multidimensional GC, including GCxGC. 
Two chromatographic configurations with polarized separa-
tion power are shown here to illustrate the versatility of the  
detection strategy.

UV Detection in GC-DAD-FID
The nondestructive feature of the DAD allows a flame ionization 
detector (FID) to be incorporated so that it can provide informa-
tion-rich analyses. This arrangement delivers near-simultaneous 
selective and universal detection without increasing analytical 
time and recourse to column flow splitting. Figure 1a shows a 
chromatogram of a mixed standard of 1000 ppm (v/v) each of 
alkanes from C1 to C6 and carbon disulfide in air with a DAD 
in tandem with an FID. A suppressed response of more than 
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FIGURE 1: Chromatogram of a mixed standard of 1000 ppm (v/v) 
each of alkanes and carbon disulfide in air by GC-DAD-FID on the 
FID channel. (b) Overlay of chromatograms of a mixed standard 
of 1000 ppm (v/v) each of alkanes and carbon disulfide in air by  
GC-DAD-FID on the DAD channel at 191 and 214 nm. Conditions 
for (a) and (b) are as described in reference (21,22).
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FIGURE 2: Color plot of a mixed standard of alkenes, 1,3-butadiene, 
and aromatics in nitrogen using GC×GC. Conditions are as 
described in reference (21,23).
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200 times was noted for carbon disul-
fide by FID compared to hexane with 
the same detection means. This lack 
of response is because of the limited 
formation of CHO+ by carbon disulfide 
in a hydrogen flame. 

Meanwhile, only the presence of carbon 
disulfide was detected by the DAD at two 
simultaneously monitored wavelengths 
of 191 nm and 214 nm, as shown in Fig-
ure 1b. No response was observed for the 
alkanes on both wavelengths. The selec-
tivity gained can be quite advantageous 
to shorten the analytical time required if 
monitoring of carbon disulfide in a hydro-
carbon matrix is required. Using the DAD, 
a substantial improvement in signal detect-
ability for carbon disulfide of at least one 
order of magnitude was realized as com-
pared to the response generated using 
the FID (22). With the capability to conduct 
simultaneous multiwavelength monitoring 
and with this combined detection strat-
egy, extra analytical information on the 
chemicals can be obtained to enhance 

detectability and improve the accuracy of  
structural elucidation. 

UV Detection in GC×GC
We have demonstrated the potential 
suitability of the strategy with chromato-
graphic techniques having the most strin-
gent requirements on band broadening, 
such as high-resolution gas chromatog-
raphy with columns having an internal 
diameter of 150 µm and particularly with 
GC×GC. Figure 2 shows a color plot of 
a mixed standard comprising alkenes, 
1,3-butadiene, benzene, and toluene in 
nitrogen by GC×GC with a DAD operat-
ing at 191 nm in tandem with an FID. An 
average peak width at a half-height (PWh) 
of 450 ms was achieved without extensive 
system optimization. When combined with 
a selective and nondestructive detector, 
such as the DAD, and a universal organic 
carbon compound detector, such as the 
FID, the enhanced separation power of 
GCxGC provides a practical approach for 
the analyst with additional insight into the 

chemical composition of the sample. 
The adoption rate of UV detection for 

GC by practitioners has been slow to 
moderate. Plausible barriers that may 
have limited development include chal-
lenges associated with constructing suit-
able detector–GC interfaces, the chal-
lenges encountered with light sources 
like additional time to reach stability and 
the regressive decay of light intensity 
over time, and the design of the flow cell 
to achieve new limits of detection. 

With the advent of advanced electron-
ics, effective heating management, novel 
high power, and a light source with selec-
tive wavelength, UV detection has great 
potential as a highly reliable and effec-
tive approach for gas chromatography.
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Sufficient evidence of analytical similarity between a biosimilar 
candidate and the reference biologic can significantly reduce 
the burden of clinical approval of a biosimilar. In this study, 
a method for rapidly assessing the structural similarity of 
a biosimilar with the reference biologic (innovator) using 
microfluidic CE-ESI-MS is presented. The separation method is 
requires no optimization and can be used for rapidly assessing 
charge heterogeneity of biologics under native conditions.

Monoclonal antibodies (mAbs) are an important class of biologics for the 
treatment of critical diseases. Assessment of the heterogeneity of mAbs 
is essential for product quality control, especially for biosimilars. Before 
in-depth characterization, a quick study for fast assessment of charge 
heterogeneity comparison between the innovator and biosimilar can help 
save time and reduce bottlenecks with mass spectrometer usage for busy 
analytical laboratories.

Capillary zone electrophoresis (CZE) coupled with mass spectrometry 
(MS) is well suited for the assessment of mAb heterogeneity with the ability 
to assess important product quality attributes, such as molecular weight, 
N-glycan profiling, and C-terminal lysine variant differences between 
samples. While capable of in-depth mAb characterization (1), CZE–MS 
can also be used to quickly assess the quality and authenticity of a mAb (2).

In this study, cetuximab samples were analyzed to compare structural 
similarity and heterogeneity (an innovator cetuximab, and a biosimilar). 

Rapid assessment was accomplished with minimum method 
development for both the CE separation and MS detection methods.

Materials and methods

Sample Prep 
Innovator cetuximab and biosimilar were buffer exchanged into 
Native Antibodies BGE assay kit and were further diluted to  
2 mg/mL and 1 mg/mL respectively using the BGE.
Instruments
A ZipChip® (908 Devices Inc.) was used as the microfluidic  
CZE inlet. The mass spectrometer used was the Orbitrap Exploris 
240 MS with BioPharma Option (Thermo Fisher Scientific).

ZipChip Method 
ZipChip Protocol: Intact Charge Variant Analysis (3) 
Assay Kit: Native Antibodies BGE
Chip type: ZipChip HRN
Injection volume: 1 nL
Analysis time: 20 min

MS Method
Scan Range (m/z):   2500–8000
Resolution setting:   30,000 at m/z 200
Sheath gas:    2
In source-CID (V):    125
Normalized AGC target (%):  300
RF lens (%):    60
Microscans:    5

Results and Discussion
Cetuximab is a highly complex mAb due to the presence of four 
glycosylation sites—two in the Fc region and two in the Fab region.  
The Fab glycans on cetuximab are larger, more complex, and sialylated. 
The presence of several sialic acid groups on the N-glycans, together with 
other modifications of the primary sequence, are responsible for a very 
complex charge variant profile of cetuximab.

Figure 2 shows a comparison of charge variant profiles and 
deconvoluted mass spectra for biosimilar and innovator cetuximab.  
Based on the charge variant profile alone, the biosimilar appeared to be 
similar to the innovator—in that the molecule showed both acidic and 
basic species in the base peak electropherogram. Six baseline-resolved 
variants were observed in the biosimilar as opposed to eight variants in  

Rapid Assessment of Biosimilarity of 
Therapeutic Proteins Using ZipChip
Adi Kulkarni, PhD, 908 Devices

Figure 1: ZipChip mounted to a Thermo Scientific Orbitrap  
mass spectrometer.

http://www.908devices.com
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the innovator. There was a single basic variant with a relative abundance 
(<5% in comparison with the main variant) that was much lower than 
the relative abundance of the basic variants (~15–20%) for the innovator 
cetuximab. The profile also showed four acidic variants with varying 
abundances. The deconvoluted mass spectral data revealed that there 
were differences between the two samples. For example, the molecular 
weight of the main variant was less than that of the innovator by 1541 
Da, indicating that they were different species. Biosimilar 2 shared only 
30% of all the detected and deconvoluted masses with the innovator.  
These differences indicated that the two molecules had different 
glycosylation profiles and possibly different amino acid sequences as well.

Conclusion
A CZE–ESI–MS-based rapid charge variant profiling of a cetuximab innovator 
and its biosimilar under native conditions was performed with ZipChip-
Orbitrap Exploris 240 MS. Quick assessment and comparison of different 
mAb samples was easily achieved without optimization of separation.  
This demonstrates that the ZipChip-MS is an easy and efficient technique 
for quick analysis of biologics for quality control and assessing biosimilarity.
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Separation science is an intriguing 
and challenging interdisciplinary field.  

Many of our daily rituals depend on effec-
tive chemical separations. This includes 
our much-needed morning coffee or tea! 
Among the separation science subdisciplines, 
chromatography has surely played a domi-
nant role in enabling separations of complex 
mixtures by exquisitely coupling fundamental 
knowledge with technological advancement. 
In my opinion, one of the major strengths of 
chromatography is the solid, fundamental 
understanding that many research groups in 
the world have tirelessly worked on building 
for the scientific community.

In the realm of separation methods, ana-
lytical extraction and sample preparation can 
be considered the “Cinderella” subfield—it 
is often overlooked, and its attributes and 
value are unrecognized. Everyone needs to 
prepare and extract their samples prior to 
introduction into separation or detection 
systems; however, a lesser number of users 
fully understands the fundamental concepts 
and the fascinating interplay of chemistry, 
physics, engineering, and material science 
that govern analytical extraction processes.

After starting my independent academic 
career and being responsible for mentor-
ing graduate and undergraduate students, 
the words of my post-doctoral advisor,  
Professor Janusz Pawliszyn, still resonate 
loudly in my mind: “You need to under-
stand the fundamentals!” 

Understanding the fundamentals of 
extraction methodologies is in fact critical for 
research and development in academia as 
well as in industrial settings, and can enable 
chromatographers to find smart solutions to 
tackle the complex composition of different 
types of samples.

To achieve this understanding, it is impor-
tant to focus not only on the number of 
applications that a certain extraction meth-
odology can accomplish, but also on what 

drives the performance of that methodology 
in terms of extraction efficiency, selectivity, 
and compatibility to separation and detection 
platforms. Concepts of mass transfer, analyte 
and extraction phase interactions, adsorption 
isotherms, matrix effects, and matrix compat-
ibility must be very well studied and under-
stood to properly tune extraction methods to 
diverse samples and analytical needs.

In this context, educators play a critical role 
in raising awareness about the science behind 
analytical extraction methodologies. The lack 
of understanding of the role of sample prepa-
ration goes beyond the educational aspect, 
however. When I interact with peers, a ques-
tion that often comes up is, “Why would I 
spend time on sample prep, when I can just 
use an advanced separation system or the 
powerful high-res mass spectrometer?” 

My take is this: Why wouldn’t you spend 
some time on your sample preparation to 
avoid “garbage in, garbage out” effects and 
repetitive maintenance on your system after 
injecting dirty samples? Why wouldn’t you 
want to get a clean chromatogram when you 
can? If you have access to very sophisticated 
instrumentation or to a very talented instru-
ment repair person, lucky you, but not every 
laboratory can.

We all too often see analytical sample prep-
aration tools sold as a “kit” to extract specific 
analytes from defined samples and aimed to 
simplify the analyst’s work. While this approach 
works very conveniently for routine analysis,  
it has given the wrong impression over the 
years that all sample prep researchers do are 
easy and repetitive protocols, such as pass-
ing a sample through a solid-phase extraction 
(SPE) cartridge, or immersing a solid-phase 
microextraction (SPME) fiber in a liquid.

The potential of extraction methodolo-
gies goes beyond the traditional miscon-
ceptions. Simply optimizing and validating 
analytical methods is not all that scientists 
devoted to sample prep should and can do.

Today’s scientific community has access to 
a very diverse “sample prep toolbox” that 
includes exhaustive and non-exhaustive tech-
niques, micro-scale approaches, and more. 
Let’s make the effort not to limit sample 
prep research to the analysis of n analytes in 
n+1 samples, and utilize what every sample 
preparation technique has to offer to study 
more in-depth biological phenomena, chem-
ical and physical transformations, and phase  
distribution, to mention a few applications.

I also want to emphasize here that strat-
egizing the proper extraction approach can 
facilitate complex chromatographic separa-
tions as well. In fact, I strongly agree with my 
colleague Flavio A. Frachina when he men-
tions that coupling the proper extraction 
method with chromatographic separation 
platforms is “the most powerful analytical 
alliance” in modern separation science (1).

I would like to conclude by saying that it 
is important to acknowledge that no sam-
ple preparation or extraction technique is a 
panacea. Therefore, to know what’s best for 
your specific analytical needs,“You need to 
understand the fundamentals!”
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