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Tips for Liquid Chromatography Coupled 
with Charged Aerosol Detection
Charged aerosol detection (CAD) is a powerful complement to ultraviolet (UV) absorbance and mass spectrometric (MS) detection 
for liquid chromatography (LC), particularly for analytes that have no UV chromophore, or do not ionize well by electrospray 
ionization. As with all detector types, successful implementation requires an understanding of behavior and characteristics of the 
detector. In this installment, we discuss the characteristic nonlinear response of CAD, and approaches to deal with this, as well as 
mobile-phase requirements to consider for successful separations involving CAD.

Imad A. Haidar Ahmad and Dwight R. Stoll

Ultraviolet (UV) absorbance and mass 
spectrometry (MS) detectors are by 

far the most commonly used detectors 
for liquid chromatography (LC). They work 
exceptionally well for both qualitative and 
quantitative methods in many application 
areas. However, a significant weakness of 
UV-absorbance detection is that not all mol-
ecules of interest have chromophores (that 
is, a part of a molecule that absorbs UV 
light) that absorb strongly enough to make 
UV detection a viable option, especially in 
applications where detection sensitivity is 
an important performance metric. Over the 
years this weakness of UV detection has 
motivated research and development aimed 
at more “universal” detection schemes for 
LC (1), including refractive index detection 
(RID), evaporative light scattering detec-
tion (ELSD), and charged aerosol detection 
(CAD). Although these detection schemes 
have the tremendous upside that they are 
less dependent on the presence of a chro-
mophore in our analytes compared to UV 
detection, they have their own weaknesses, 
including significant response dependencies 
on temperature, nebulization process, ana-
lyte volatility, and mobile-phase composition, 
as well as occasional nonlinear dependence 
of the detector response on analyte concen-
tration. For users who were trained using UV 
or MS detection, these characteristics of RID, 

ELSD, and CAD can be challenging. For this 
month’s installment of “LC Troubleshooting,” 
I have invited Dr. Imad Haidar Ahmad, Asso-
ciate Principal Scientist at Merck & Co., Inc., 
to join me in sharing some tips and tricks he 
has found useful for the routine use of CAD 
in the research and development laborato-
ries where he has worked.

Dwight Stoll

Charged aerosol detection (CAD) is a detec-
tion method that is widely and routinely 
used in the pharmaceutical and biophar-
maceutical industries for analyses involving 
analytes with weak or no UV chromophore. 
Some well-known applications of CAD in 
these contexts are analyses for organic and 
inorganic counterions (2), sugars (3), and 
lipids (4). In addition to the characteristic 
of responding more uniformly to a broad 
range of analytes, CAD has other strengths, 
including ease of use, reliability, and wide 
dynamic range. These characteristics have 
earned CAD a place on the benches of 
many research and development laborato-
ries. Moreover, CAD-based methods are also 
used in regulated quality control laboratories 
where methods are validated according to 
demanding ICH guidelines. Success in this 
environment requires good performance as 
measured by metrics—including accuracy, 
repeatability, sensitivity (as measured by 

limits of detection [LOD] and quantitation 
[LOQ]), and response linearity. However, as 
stated earlier, there are some characteristics 
of CAD in particular that require familiariza-
tion for those of us who were trained on 
UV and MS detectors. An excellent source 
of information on CAD is the recently pub-
lished book edited by Gamache (5).

Coping with the  
Nonlinear Response of CAD
Modern UV-absorbance detectors used for 
LC exhibit a linear response over an ana-
lyte concentration range of more than four 
orders of magnitude (powers of ten). This 
makes quantitation very straightforward, 
as simple two-parameter equations (the 
slope and intercept of a line) can be used 
to describe the calibration curve. With CAD, 
however, the detector response to analyte 
concentration is not linear, and more com-
plex relationships must be used to describe 
calibration curves. Several approaches 
have been used to overcome this limita-
tion for quantitative applications. These 
include using localized linear fitting over a 
narrow concentration range, and plotting 
the response data on a logarithmic scale 
(log[response] vs. log[concentration]), fol-
lowed by a linear fit of the data over the 
entire concentration range. Neither of these 
are particularly attractive from a practical 
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point of view, especially in regulated environ-
ments. The former approach is limited to a 
narrow concentration range, or establishing 
multiple calibration functions and choosing 
one that is most appropriate to the analyte 
concentration in each sample that is ana-
lyzed. The latter approach involves elec-
tronic data processing and transformation 
in spreadsheets, and these processes need 
to be reviewed, validated, and approved.

An alternative approach to expand the 
linear dynamic range of CAD is to transform 
the signal using a power function. Typically, 
a power function is implemented by raising 
the signal stream of the detector to a power 
n. This approach can yield highly linear plots 
of peak area vs. analyte concentration; how-
ever, in practice, it has been a challenge to 
determine the value of n (referred to here-
after as the power function value [PFV]) that 
yields the best quantitative performance in 
terms of accuracy and precision. The opti-
mum PFV can be obtained by studying the 
variation in the detector response factor (RF 

= peak area/analyte concentration) with ana-
lyte concentration. Specifically, we can look 
at the slope of RF vs. analyte concentration, 
and the relative standard deviation (RSD) of 
RF values over the range of concentrations 
studied. If the PFV were to perfectly linear-
ize the detector response, we would expect 
both the slope and RSD to be zero. Figure 
1 shows experimental results from a study 
of the dependence of this slope and RSD 
on PFVs. We see that the optimum PFV in 
this case is about 1.4, corresponding to the 
lowest RSD value and a slope that is closest 
to zero. 

Figure 2 shows that, at the optimum PFV 
of 1.4, the relationship between peak area 
and analyte concentration is clearly more 
linear than when a PFV of 1.0 is used (that is, 
the default value in the software).

The conventional approach to obtain the 
optimum PFV involves acquiring peak areas 
for a standard at several concentrations, 
using several different PFVs, as shown in 
Figure 1. In our own work we have demon-
strated the ability to predict the optimum 
PFV using only the CAD signal acquired 
with PFV =1.0 (6). Recently, changes to 
commercially–available software for use 
with CAD have made determination of the 
optimum PFV much more user friendly.

Mobile Phase Considerations  
that Promote Success with CAD
As discussed above, a significant virtue of 
CAD is that it can “see” some compounds 
that are practically invisible to UV-absorbance 
detectors. The flipside of this characteristic of 
CAD, though, is that it will also “see” impu-
rities in the mobile phase, or interferences 
in the sample, that would otherwise not be 
detected by UV-absorbance detectors if 
they do not contain chromophores. This is 
similar to the dilemma we often face with 
MS detection with electrospray ionization for 
LC separations—that it is exquisitely sensi-
tive for detection of low concentration iono-

genic compounds, but it is also very prone 
to detection of mobile-phase impurities that 
can give rise to high levels of detector back-
ground. Given that CAD is most sensitive 
to nonvolatile compounds, the background 
signal in CAD is strongly affected by the 
concentration of nonvolatile impurities in the 
mobile phase. Therefore, many of the rec-
ommendations made regarding use of LC 
systems with MS detection and preparation 
of mobile phases for LC–MS also apply when 
using CAD. These are listed below:
1. When switching from the use of non-vola-

tile buffers with UV-absorbance detection 
to volatile buffers and CAD, be sure to 
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FIGURE 1: Plot for determining the optimum power function value (PFV). The left y-axis refers 
to the slope of a plot of response factor (RF) vs. analyte concentration (black circles), while 
the right y-axis refers to the relative standard deviation of the response factors calculated at 
different concentrations (blue circles). Waters Cortecs C18 (150 × 4.6 mm, 2.7 µm). Eluent A, 
0.1% trifluoroacetic acid in H2O; Eluent B, 0.1% trifluoroacetic acid in acetonitrile; Gra-
dient: 5–100%B (0–15 min), 100%B (15–20 min), 100-5%B (20–20.1), 5%B (20.1–25 min);  
F = 1.5 mL/min; Injection volume = 20 μL; Column temperature = 40 oC; CAD evaporative  
temperature = 35 oC.
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A new analyzer, ProfilerF, quantifies all fluorine, both 
organic fluorine and inorganic and fluoride

LCGC: Why perfluoroalkyl substances (PFAS) – why now?

GANDHI: They are manmade chemicals, and what makes them so 
attractive is their ability to repel water, oil, stains, grease, and heat. 
Because of these unique properties, they are found in a number 
of consumer products such as non-stick cookware, car waxes, food 
packaging, firefighting foams, furniture coating, etc. They have 
become an integral part of our lifestyle globally and get disposed of in 
the environment.

Unfortunately, once they are in the environment, they are very 
persistent, and their byproducts end up in the food chain and water 
supply, causing adverse health effects. This is becoming a widespread 
problem with over 1,300 locations impacted in the United States. As 
a result, there have been more than 30 bills introduced in the House 
and Senate to monitor the scope of PFAS contamination, with a focus 
on addressing both PFAS contamination and cleaning up legacy 
PFAS pollution. There is also an increased global environmental focus 
on fluorine and fluorinated compounds and the EPA is working to 
establish new validated methods for measuring PFAS.

LCGC: What regulatory methods are available?

GANDHI: There are two major methods specifically designed 
for selected PFAS analysis in drinking water: The United States 
Environmental Protection Agency (US EPA) Method 533 and 537.1 
using liquid chromatography with mass spectrometry (LC-MS). These 
methods provide a path forward and building blocks to analyze and 
detect other PFAS chemicals. Regarding solid waste, EPA Method 
8327 and ASTM D7979 are available as a guideline. However, all of the 
regulatory methods focus solely on targeted analytes that  
lead to serious limitations when it comes to understanding the total 
organic fluoride impact.

LCGC: What are the limitations to existing techniques, such as  
LC-MS/MS?

GANDHI: For any chromatography technique, separating and 
analyzing thousands of PFAS chemicals is next to impossible. Recent 
research also demonstrates that we are seeing 1 - 2% of the total 
organic fluoride (TOF) impact, which means we are missing 98+% of 
the total impact. Currently, out of 4,000 compounds, only about 35 
compounds are chromatographically separated and analyzed by LC-

ProfilerF – The newest innovation 
to quantify total fluorine content

MS/MS, leaving the vast majority of the compounds 
unaccounted for, which is a serious limitation.

LCGC: Is there a different approach?

GANDHI: Yes, many researchers around the globe 
are developing various analytical techniques for 
non-targeted analysis. A commonly used technique 
is TOPS (total oxidizable precursor assay). This 
qualitative or semi-quantitative method involves the 
oxidation of PFAS precursors to perfluorocarboxylic 
acids (PFCA) that can be measured using 
commercially available LC-MS and LC-MS/MS 
methods. However, TOPS may not capture a 
complete picture of total PFAS, as the number and 
type of precursors used is not standardized. This 
process is also not preferred, as it is tedious, time-
consuming, uncertain, and results can be difficult to 
repeat from lab to lab. 

However, Metrohm has a different, more 
streamlined, approach using combustion ion 
chromatography (CIC). For the screening of PFAS, 
the concept is simple: Covalently bonded fluoride 
atoms or organic fluoride are thermally broken 
by high-temperature furnace and the collected 
fluoride ions are analyzed using ion chromatography 
(IC). This analytical technique is completely 
automated and very sensitive. There are three major 
thought processes for CIC in the industry, and the 
terminology is frequently used interchangeably. 
However, the techniques are not the same, and it is 
important to understand the differences.

The first and most widely accepted technique 
is adsorbable organic fluoride (AOF), commonly 
referred to as capture and combust. With this 
technique, a sample passes through an activated 
charcoal, capturing organofluoro chemicals on 
the carbon, burning the carbon material into the 
combustion oven, and analyzing the released 
fluoride ions by IC. 

Another common technique is extractable organic 
fluoride (EOF), commonly referred to as capture and 
elute. With this technique, the sample is passed 
through a weak anion exchange resin material. The 
organic fluoride chemicals are then eluted with 
methanol and then concentrated down to 1 mL 
of organic solvent. The extracted sample is then 
injected into the combustion IC. 

Although these techniques are common, there 
is an innovative, emerging technique, TOF, that 
provides a true indicator of overall impact. This 
technique quantifies all fluorine, both covalently 
bound organic fluoride and inorganic and free 
fluorine in solution. The Metrohm Profiler-F analyzer 
makes this analysis easy and allows you to capture 
the complete profile by injecting a single liquid 
sample. The system completes both a free fluoride 
analysis using direct IC and a total fluorine analysis 
incorporating proprietary combustion technology. 

LCGC: Can water samples by analyzed with  
this approach?

GANDHI: Yes, any type of water such as surface 
water, ground water, wastewater, etc., can be 
analyzed using this technique. Most recently, EPA’s 
Office of Research and Development and Office of 
Solid Waste have been actively developing organic 
fluorine screening methods for drinking water 
and wastewater, respectively. One of the methods 
involve the capturing of the PFAS on activated 
charcoal and combusting the charcoal in a CIC.

LCGC: What other samples can be analyzed?

GANDHI: This technique can be considered for 
solid samples where you can analyze samples 
such as soil for remediation projects, biosolids 
for water treatment, sludges for safe disposal, 
waste management of textiles, carpets, etc. The 
Combustion IC AOF configuration can also be 
adapted to analyze air monitoring samples. Gen X 
chemicals are known to be thermally degradable 
and form plumes of perfluoro chemicals that go into 
the air. Many state- and federal-level researchers 
are performing analysis to capture the air plumes 
of perfluoro chemicals and using the CIC AOF 
technique for analysis. 

https://www.metrohm.com/en-us/
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the environment.

Unfortunately, once they are in the environment, they are very 
persistent, and their byproducts end up in the food chain and water 
supply, causing adverse health effects. This is becoming a widespread 
problem with over 1,300 locations impacted in the United States. As 
a result, there have been more than 30 bills introduced in the House 
and Senate to monitor the scope of PFAS contamination, with a focus 
on addressing both PFAS contamination and cleaning up legacy 
PFAS pollution. There is also an increased global environmental focus 
on fluorine and fluorinated compounds and the EPA is working to 
establish new validated methods for measuring PFAS.

LCGC: What regulatory methods are available?

GANDHI: There are two major methods specifically designed 
for selected PFAS analysis in drinking water: The United States 
Environmental Protection Agency (US EPA) Method 533 and 537.1 
using liquid chromatography with mass spectrometry (LC-MS). These 
methods provide a path forward and building blocks to analyze and 
detect other PFAS chemicals. Regarding solid waste, EPA Method 
8327 and ASTM D7979 are available as a guideline. However, all of the 
regulatory methods focus solely on targeted analytes that  
lead to serious limitations when it comes to understanding the total 
organic fluoride impact.

LCGC: What are the limitations to existing techniques, such as  
LC-MS/MS?

GANDHI: For any chromatography technique, separating and 
analyzing thousands of PFAS chemicals is next to impossible. Recent 
research also demonstrates that we are seeing 1 - 2% of the total 
organic fluoride (TOF) impact, which means we are missing 98+% of 
the total impact. Currently, out of 4,000 compounds, only about 35 
compounds are chromatographically separated and analyzed by LC-

ProfilerF – The newest innovation 
to quantify total fluorine content

MS/MS, leaving the vast majority of the compounds 
unaccounted for, which is a serious limitation.

LCGC: Is there a different approach?

GANDHI: Yes, many researchers around the globe 
are developing various analytical techniques for 
non-targeted analysis. A commonly used technique 
is TOPS (total oxidizable precursor assay). This 
qualitative or semi-quantitative method involves the 
oxidation of PFAS precursors to perfluorocarboxylic 
acids (PFCA) that can be measured using 
commercially available LC-MS and LC-MS/MS 
methods. However, TOPS may not capture a 
complete picture of total PFAS, as the number and 
type of precursors used is not standardized. This 
process is also not preferred, as it is tedious, time-
consuming, uncertain, and results can be difficult to 
repeat from lab to lab. 

However, Metrohm has a different, more 
streamlined, approach using combustion ion 
chromatography (CIC). For the screening of PFAS, 
the concept is simple: Covalently bonded fluoride 
atoms or organic fluoride are thermally broken 
by high-temperature furnace and the collected 
fluoride ions are analyzed using ion chromatography 
(IC). This analytical technique is completely 
automated and very sensitive. There are three major 
thought processes for CIC in the industry, and the 
terminology is frequently used interchangeably. 
However, the techniques are not the same, and it is 
important to understand the differences.

The first and most widely accepted technique 
is adsorbable organic fluoride (AOF), commonly 
referred to as capture and combust. With this 
technique, a sample passes through an activated 
charcoal, capturing organofluoro chemicals on 
the carbon, burning the carbon material into the 
combustion oven, and analyzing the released 
fluoride ions by IC. 

Another common technique is extractable organic 
fluoride (EOF), commonly referred to as capture and 
elute. With this technique, the sample is passed 
through a weak anion exchange resin material. The 
organic fluoride chemicals are then eluted with 
methanol and then concentrated down to 1 mL 
of organic solvent. The extracted sample is then 
injected into the combustion IC. 

Although these techniques are common, there 
is an innovative, emerging technique, TOF, that 
provides a true indicator of overall impact. This 
technique quantifies all fluorine, both covalently 
bound organic fluoride and inorganic and free 
fluorine in solution. The Metrohm Profiler-F analyzer 
makes this analysis easy and allows you to capture 
the complete profile by injecting a single liquid 
sample. The system completes both a free fluoride 
analysis using direct IC and a total fluorine analysis 
incorporating proprietary combustion technology. 

LCGC: Can water samples by analyzed with  
this approach?

GANDHI: Yes, any type of water such as surface 
water, ground water, wastewater, etc., can be 
analyzed using this technique. Most recently, EPA’s 
Office of Research and Development and Office of 
Solid Waste have been actively developing organic 
fluorine screening methods for drinking water 
and wastewater, respectively. One of the methods 
involve the capturing of the PFAS on activated 
charcoal and combusting the charcoal in a CIC.

LCGC: What other samples can be analyzed?

GANDHI: This technique can be considered for 
solid samples where you can analyze samples 
such as soil for remediation projects, biosolids 
for water treatment, sludges for safe disposal, 
waste management of textiles, carpets, etc. The 
Combustion IC AOF configuration can also be 
adapted to analyze air monitoring samples. Gen X 
chemicals are known to be thermally degradable 
and form plumes of perfluoro chemicals that go into 
the air. Many state- and federal-level researchers 
are performing analysis to capture the air plumes 
of perfluoro chemicals and using the CIC AOF 
technique for analysis. 

https://www.metrohm.com/en-us/
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thoroughly flush (30–60 min) the LC sys-
tem with the new, volatile buffers before 
connecting the CAD to the column outlet.

2. Use ultrapure water with low conductiv-
ity (18.2 MΩ∙cm and less than 5 ppb total 
organic carbon [TOC]) for mobile-phase 
preparation to minimize the concentra-
tion of non-volatile impurities. It is recom-
mended to use fresh water rather than 
water stored in bottles because of the 
possibility of sodium leaching from glass.

3. Use high purity organic solvents to pre-
pare the mobile phase to minimize the 
concentration of non-volatile impurities. 
We find that LC–MS-grade solvents are 
generally adequate.

4. Use volatile, low molecular weight 
acids and bases for buffer constituents 
(examples include, but are not limited to, 
formic acid, acetic acid, ammonium for-
mate, and ammonium acetate).

5. Filter samples prior to analysis whenever 
large particulate matter may be present 
in the sample.

6. Use flow rates within the recommended 
range of the detector.

7. Adjust the evaporation temperature of 
the detector to ensure efficient and con-
sistent nebulization for different mobile-
phase conditions.

8. Choose chromatographic conditions (such 
as temperature, mobile phase pH, or 
organic solvent) that minimize the likelihood 
of stationary phase bleed from the column.

9. Avoid sources of contamination from 
glassware, filters, stir bars, pH electrodes, 
and laboratory equipment.

If a high background signal is observed, 
we recommend to start troubleshooting 
by removing the column while running LC–
MS-grade mobile phase without additives. 
Once the background has returned to 
normal, the other components (buffer and 
column) can be added back one at a time 
while tracking the signal until the source 
of the higher-than-expected background 
is discovered. 

Figure 3 shows the impact on the CAD 
background signal of flushing the LC sys-
tem and detector with high purity metha-
nol and water after a period of use with 
buffered mobile phase. Comparing the 
background after flushing (black trace) to 
that before flushing (red trace), we see that 
there are decreases in short-term noise, 
magnitude of the background signal, and 
long-term drift of the signal.

Summary
Many LC practitioners were trained 
using UV absorbance or MS detectors. 
Other detectors, including CAD and 
ELSD, which are attractive for the analy-
sis of semi- and non-volatile compounds 
because they do not require that ana-
lytes have a light-absorbing chromo-
phore, have increased in prominence 
in recent years. In this installment of  

“LC Troubleshooting,” we have high-
lighted some of the ways that CAD in par-
ticular is different from UV-absorbance 
detection, including nonlinear response 
to analyte concentration, and sensitiv-
ity to mobile-phase impurities. We hope 

that these tips are especially helpful for 
those new to CAD, and lead to devel-
opment and implementation of suc-
cessful methods involving this powerful  
detection technique.
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FIGURE 3: CAD background signal before (red trace) and after (black trace) flushing the 
detector with pure methanol and water.
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Adeno-associated viruses (AAVs) are increasingly used for gene therapy due 
to their versatility and safety. One of the biggest concerns for manufacturing 
a uniform AAV suspension is the presence of viral aggregates, which 
can create problems with transduction efficiency, biodistribution, and  
immunogenicity. These large AAV aggregates are challenging to separate 
and characterize by traditional column-based chromatography techniques 
such as size exclusion chromatography (SEC).

Asymmetrical Flow Field-Flow Fractionation 
with Multi Angle Light Scattering (AF4-
MALS) can separate and size large AAV 
aggregates, and discern a difference in  
aggregate concentration due to the  
stressing protocol. Some or all of the large  
aggregates would be filtered out by SEC,  
resulting in incorrect determination of the  
aggregate content or the false conclusion 
that no aggregates are present.
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COLUMN 
WATCH

Applying Liquid Chromatography (LC) 
and Liquid Chromatography–Mass 
Spectrometry (LC–MS) Methods to the 
Characterization and Analysis of rAAV
Because of advances in the fundamental understanding of gene therapy treatments and the 2017 regulatory approval 
of a recombinant adeno-associated viral therapy (rAAV), interest in developing rAAV-based therapies has increased. 
However, for patients worldwide to truly benefit from these therapies, significant improvements in the efficacy and 
manufacturing efficiency of rAAV are essential. We have recently seen substantial increases of inquiries regarding liquid 
chromatography (LC) and liquid chromatography–mass spectrometry (LC–MS) methods for the characterization and 
analysis of rAAV from scientists who are supporting advancements in product development. This edition of “Column 
Watch” highlights selected LC and LC–MS methods that can be applied to the analysis of these complex products. 

Stephan M. Koza, Ximo Zhang, Hua Yang, and Weibin Chen

Gene therapy involves altering of the 
genome of selected cells within a 

patient (1). Although CRISPR/Cas9 has 
received widespread attention because of 
the groundbreaking work done by Emman-
uelle Charpentier and Jennifer A. Doudna 
that resulted in their receiving the 2020 
Nobel Prize in Chemistry, there are a num-
ber of other gene therapy methodologies 
currently being studied and developed (1). 

One such approach is the in vivo delivery 
of a genetic payload to specific patient cells 
through the use of a non-replicating virus 
(viral vector). In this approach, the primary 
functions of the virus capsid are to shield 
the encapsulated RNA or DNA from enzy-
matic degradation and to deliver it to the 
interior of the cell. The predominant virus 
types adopted for therapeutic develop-
ment are recombinant adeno-associated 
virus (rAAV), lentivirus, as well as adenovirus. 
In this article, we focus on liquid chroma-
tography (LC) and liquid chromatography–
mass spectrometry (LC–MS) characteriza-
tion and analysis of rAAV, which continues 

to be the most widely used viral gene ther-
apy platform (2). This focused perspective is 
predicated on the wide use of rAAV and our 
direct experience with rAAV samples.

Before considering analytical approaches, 
it is not only useful to study the nature of 
rAAV structure, but to also understand the 
general manufacturing process. A rAAV 
consists of a ~25 nm diameter icosahedral 
protein shell or capsid that is composed of 
three different viral proteins (VP1, VP2, and 
VP3) arranged in pentameric substructures 
and in its entirety each capsid contains 
60 VP proteins in a 1:1:10 proportion of 
VP1:VP2:VP3 (3). The VP proteins are highly 
homologous, where VP2 (~65 kDa) is com-
posed of the entire amino acid sequence 
of VP3 (~60 kDa) with an N-terminal exten-
sion, and VP1 (~80 kDa) is an N-terminal 
extension of VP2. The entire rAAV pro-
tein capsid shell has a molecular weight 
of approximately 3.7 MDa. Although also 
homologous, the varied serotypes of AAV 
are defined by variation in their capsid 
protein primary structures. It is these differ-

ences that can dictate viral tropism resulting 
in a gene therapy more selectively target-
ing the desired cells of a patient. The single-
stranded DNA (ssDNA) of therapeutic rAAV 
is located in the interior of the capsid struc-
ture and is composed of only the thera-
peutic gene and sequence regions that are 
required for the expression of the protein 
encoded by the therapeutic gene. Because 
of its size, the natural ssDNA packaging 
limit of rAAV is restricted to 4.7 kilobases 
(kb) with a molecular weight of approxi-
mately 1.55 MDa and extending that limit 
has been shown to be problematic (4). With 
the protein and ssDNA the total molecular 
weight of rAAV is approximately 4.3 MDa.

The rAAV production process can be 
quite varied and is a highly active area of 
study. A common production method is to 
transiently transfect a suspended host cell 
culture with plasmids that, when incorpo-
rated into the host cell, are designed to 
result in the host cell producing the rAAV 
capsid containing the desired therapeutic 
gene as ssDNA. In this approach, the plas- Ic
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mids used for the transient transfection may be considered critical 
reagents in the manufacturing process. As a result, these plasmid 
preparations may need to be well characterized and controlled (4). 
The harvesting and purification of rAAV generally includes cell lysis, 
clarification, and purification. Purification steps include a variety of 
extraction, immunoaffinity, chromatographic, and filtration steps (5). 
The influences that such a broad range of cell culture and purification 
steps can have on therapeutic rAAV quality are an important consid-
eration when developing a structural characterization and product 
testing strategy.

In addition to the complexity of the rAAV structure, there are several 
additional challenges that are presented by rAAV samples compared 
to typical recombinant protein analyses. The low productivity of the 
rAAV manufacturing process results in limited sample quantities, and 
although this may not be a major issue for the final commercialized 
product, it can be very problematic when assessing process develop-
ment samples where often only microgram quantities of protein and 
ssDNA components of rAAV are available to the analyst. Another 
challenge of rAAV samples is their low concentrations. As examples, 
a formerly approved intramuscular rAAV therapy was formulated at a 
concentration of 3 X 1012 vector genomes per milliliter (vg/mL) and 
the concentration of a current ocular rAAV therapy is 5 x 1011 vg/mL. 
This translates into protein concentrations of 20 μg/mL and 3 μg/mL, 
and ssDNA concentrations (assuming 4.7 kb ssDNA) of 13 μg/mL and 
2 μg/mL, respectively. To add further complication, VP1 and VP2 each 
account for 8% of the total number of proteins, resulting in single to 
submicrogram levels of these two proteins in the formulated samples.

Although an in-depth review on all of the methods that may be 
included as part of rAAV product characterization and analysis is 
well beyond the scope of this article, we highlight several LC and 
LC–MS methods that we have applied to characterize rAAV, as well 
as some related studies. Included in this column are the anion-
exchange chromatography (AEC) and size-exclusion chromatog-
raphy (SEC) analyses of intact virus, the LC–MS analysis of intact VP 
proteins, and peptide mapping of VP proteins.

Anion-Exchange Chromatography 
for Intact Capsid Analysis
During the rAAV biomanufacturing process, empty capsids that do 
not contain the desired ssDNA are also produced. Without a consis-
tent ssDNA payload, the efficacy and safety of rAAV therapies may 
be compromised (6). Several techniques have been used to quan-
tify empty capsids in AAV samples, including analytical ultracentrifu-
gation (AUC), static spectrophotometry, cryogenic electron micros-
copy (Cryo-EM) and charge detection MS (CDMS) (7–10). However, 
various challenges are presented by these methods including the 
cost of instrumentation, the expertise needed, the sample amounts 
required, low sample throughput, and susceptibility to interferences. 
As a result, the development of analytical methods to measure 
empty capsid levels remains an active area of research.

AEC was reported to have the potential of separating empty 
and full capsids based on differences in surface charge (9, 11,12). 
It was also shown that compared to UV absorbance detection, flu-
orescence detection not only increases signal-to-noise ratio, but 

also has much less response bias between empty and full capsids, 
which is in part due to minimal intrinsic fluorescence of DNA (2). 
Figure 1 shows the optimized separation of AAV8 empty and full 
capsids using 5 µm non-porous strong anion-exchange particles 
with a quaternary ammonium ligand. It was also observed (data not 
shown) that AEC retention varied by rAAV serotype indicating that 
optimized method conditions are serotype dependent. In addition, 
the percentage of empty capsids in a sample can be determined 
once the relative intrinsic protein fluorescence response between 
the empty and full capsids is determined.

In the chromatographic overlay, we also observe that for the 
98.5% empty sample (as confirmed by CDMS, data not shown) 
that a substantial portion of the empty capsids were coeluted with 
the full capsid fraction (13). This is presumed to be because of the 
charge heterogeneity of the empty capsid proteins or the presence 
of oligonucleotide fragments on the empty capsid surface (14). 
These results indicate that an accurate assessment of partially full 
AAV8 capsid may not be possible to obtain via AEC. Despite this 
potential limitation, AEC may provide a useful approach to guide 
the process and product development and monitor product quality 
because of its simplicity, low sample demand, and precision.

SEC for Aggregate, Fragment, and Concentration Analysis
The levels of virus aggregation may be considered to be a critical 
quality attribute (CQA) in therapeutic rAAV preparations (4,15). SEC 
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is most often employed for the analysis of 
aggregation and fragmentation of proteins 
such as IgG, due in large part to the preci-
sion and sample throughput of the analysis. 

There are limited reports of its use for the 
analysis of rAAV; in contrast, the routine use 
of dynamic light scattering (DLS) has been 
more reported (4,16,17). It is important to 

recognize that the upper analyte size limi-
tation for SEC separations is approximately 
100 to 200 nm in diameter, which is in the 
subvisible range (18). Above these limits, 
resolution will be low, and the analyte may 
be altered because of on-column shear 
forces, or trapped by the column. Therefore, 
these subvisible entities in rAAV prepara-
tions are analyzed using DLS, nanoparticle 
tracking analysis (NTA), and asymmetric 
flow field-flow fractionation (AF4) methods,  
among others (18,19).

As previously noted, rAAV has a total pro-
tein and ssDNA molecular weight of 4.3 MDa. 
However, the compact icosahedral structure 
has a diameter of only 25 nm (20). By com-
parison, IgG protein has a reported maxi-
mum lateral dimension of approximately 15 
nm and its dimer and lower valency high 
molecular weight forms (HMW) are well 
resolved on a column packed with 200 Å 
pore-size diol-bonded silica-hybrid SEC par-
ticles (21). Therefore, it was predicted that a 
high efficiency 450 Å pore-size version of that 
column should provide the required separa-
tion of rAAV HMW forms ranging in valency 
from dimer to tetramer. In addition to an 
increase in precision, SEC analysis can also 
provide information on the capsid fragments 
and other proteins in rAAV preparations in 
comparison to other methods.

Figure 2 shows the optimized non-dena-
turing SEC separations for several rAAV-
CMV-GFP serotypes containing ssDNA with 
CMV as the promoter sequence and green 
fluorescent protein (GFP) as the insert gene 
(22). To accommodate the low concentration 
of the rAAV samples, a detector monitoring 
intrinsic protein fluorescence was deployed 
(23). Fluorescence provides approximately 
10-fold greater signal-to-noise in compari-
son to UV absorbance at 280 nm or 260 nm. 
Alternatively, the addition of a multiangle 
light scattering (MALS) detector to the SEC 
analysis of rAAV has also been shown to 
provide enhanced sensitivity for virus aggre-
gates and in addition can provide accurate 
information on the capsid concentration 
and an estimate of empty capsid levels (17). 
Rapid estimates of these two sample char-
acteristics can also be derived from an SEC 
separation using an UV absorbance detec-
tor or a fluorescence and UV absorbance 
detector in series (24,25).
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FIGURE 2: Shown are SEC separations of a series of AAV serotype control samples contain-
ing ssDNA coding for green fluorescent protein (CMV-GFP). The peak percentages for dimer 
(D), multimer (M) and fragments (F) are provided. The chromatogram baselines are zoomed 
approximately 50X versus the full-scale chromatogram shown in the inset. Injection volumes of 
3 µL injections of the AAV-CMV-GFP serotype ranging in concentration from 1.6 X 1012 to 6.7 X 
1013 vg/mL were made.  The column was a Waters XBridge Protein BEH SEC Column, 450 Å, 3.5 
µm, 7.8 mm X 300 mm and the mobile phases used were 10 mM NaH2PO4, 10 mM NaH2PO4, 
pH 6.6 (HCl) with KCl ranging in concentration from 200 to 400 mM.  The flow rate was 0.6 mL/
min and the column temperature was 25 ˚C . Intrinsic protein fluorescence was monitored with 
excitation at 280 nm and emission at 350 nm. (a)  AAV1_GFP (200 mM KCl), (b) AAV6-GFP (350 
mM KCl), (c) AAV2-GFP (350 mM KCl), (d) AAV8-GFP (400 mM KCl), (e) AAV5-GFP (250 mM KCl), 
(f) AAV9-GFP (250 mM KCl).
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methylammonium chloride gradient in 20 min at 0.4 mL/min. A 2.0 µL sample was injected 
onto a Protein-Pak Hi Res Q (4.6 mm x 100 mm) column and was detected by a fluorescence 
(excitation: 280 nm, emission: 350 nm). Samples were  prepared from serial dilutions of two 
samples with estimated concentrations of 2.4  X 1012 and 1.67 X 1012  capsids/mL and percent-
ages of empty capsid of 2.1% and 98.5%, respectively as determined by CDMS. The correla-
tion plot shows good agreement between the measured and the predicted percent empty 
capsid values for the dilution series. The equation in the inset shows the calculation of percent 
empty capsid considering the fluorescence response difference of empty versus full capsid.
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LC–MS for Intact  
VP Protein Analysis
Interrogation of proteins that compose 
the capsid of rAAV is an integral aspect 
of rAAV characterization. At a most basic 
level, the 1:1:10 proportion of VP1:VP2:VP3 
proteins that comprise the capsid correlate 
with the effectiveness of an rAAV prepara-
tion (26). Changes  in this proportion are 
not only observed for different cell culture 
systems but can also be a measure of 
process consistency. Traditionally, sodium 
dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS-PAGE) has been used to 
evaluate the relative VP protein abundance 
and more recently the use of SDS–capillary 
gel electrophoresis (SDS-CGE) has been 
adopted. In contrast, LC–MS separations 
of VP capsid proteins can not only confirm 
consistent VP1:VP2:VP3 ratios but can also 
provide useful information on VP degrada-
tion (such as deamidation and oxidation), 
post-translational modifications (PTMs) 
such as phosphorylation and SUMOylation, 
and engineered point mutations that may 
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FIGURE 3: The separation of six AAV serotypes (a) with fluorescence detection and (b) deconvo-
luted MS spectra of VP1, VP2, VP3, and VP3 clip in AAV8 are presented. Peaks annotated with * are 
observed variants with the same mass of VP3 in each AAV8 sample.  The separation conditions 
included an Acquity BEH C4 column, 2.1 x 100 mm, 1.7 µm, 300 Å column. The mobile phases 
were 0.1% DFA in water (a) and 0.1% DFA in acetonitrile (b) and a separation was performed with a 
gradient from 32% to 36% B in 16 min at a flow rate of 0.2 mL/min. The column temperature was 
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The data were collected using the system and software as described in the article. 
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Virtual laboratory work may exist beyond COVID-19. 

Organizations in all industries have found ways to pivot their 
business models or face extinction. The life sciences industry 
is no exception. LCGC and Cannabis Science and Technology 

recently spoke with Dr. Winfred Sanders, president of Neta Scientific, 
about the company’s sustainability strategy during the COVID-19 
pandemic and beyond, as well as emerging business opportunities.

LCGC/CST: What has led to the success of a small business like  
Neta Scientific?

SANDERS: What has made us successful is our focus on the customer, 
backed by the strength of diversity and women in leadership roles. 
We tried to build a name and reputation using approaches based in 
integrity and flexibility towards our clients. Essentially, this was achieved 
by listening to the customer, which is paramount to our success.

LCGC/CST: What has been, and continues to be, Neta  
Scientific’s challenge?

SANDERS: Currently, our biggest challenge is the COVID-19 pandemic. 
Many of our major corporations and companies have reduced their 
work staff for social distancing, so we now are trying to find other 
avenues where we can take the same business model and apply it to 
the laboratory supplies business. One thing Neta has done is to start 
providing personal protection equipment (PPE) products, which is 
good for the country and good for the business.

LCGC/CST: How are markets and customers changing in this  
new norm?

SANDERS: Before COVID-19, laboratories could be fully staffed. 
Today, many people are working remotely and only the critical few 
are necessary to keep the laboratory operations functioning. Neta is 
providing them with PPE products, such as the N95 mask and  
nitrile gloves and gowns, so they can continue to do their work in  
 safe environment.

LCGC/CST: What is Neta Scientific’s citizen and social  
responsibility commitment?

SANDERS: Our social and citizenship responsibility commitment is to 
be a part of the community in which we work and live. We do this by 
supporting programs like Big Brothers and Sisters. We also support 
the Susan G. Komen Cancer Walk, as well as make contributions 
to other local programs. In addition, we contribute to the Seeding 

Pivoting During a Pandemic: 
Condujcting Business in the Time  
of COVID-19

Labs Program, a global program in which we 
donate supplies and instruments to several African 
countries and to other developing nations to enable 
them to build their technology out in the laboratory 
supplies area.

LCGC/CST: In the era of COVID-19, who will be  
the winners and losers in the laboratory  
supplies business?

SANDERS: The winners are going to be the 
ones who follow Centers for Disease Control and 
Prevention guidelines—those who have not taken 
extraordinary risks. The winners are also going to 
be the ones who can pivot to other businesses and 
markets to generate revenue and to build new 
business models. They will be small businesses who 
apply early for and receive government-funded 
assistance via the Small Business Administration 
Paycheck Protection Program loan. During the 
COVID-19 pandemic, these loans have been critical 
to keeping small businesses afloat by assisting in 
paying employee salaries.

The losers will be those who try to go through the 
pandemic following their own intuitions. The new 
normal does not allow for old working environments 
or habits where people remain in close physical 
contact. Thus, remote learning, remote working, and 
using technology like Zoom are all critical. Going 
forward, the utilizing of these technologies is key for 
long-term success.  

LCGC/CST: What does globalization mean to Neta 
Scientific and how are you responding to the 
opportunities and challenges that it presents?

SANDERS: Globalization brings about new financial 
and logistical challenges, and with new challenges 
come new opportunities. The way to respond to 
globalization is by actively acknowledging that we 
are in a global economy, and that what happens on 
one side of the world will definitely have an impact 
on the other side. In response to the challenges and 
opportunities instigated by the new normal, we are 
finding ways to supply products to companies not 
only in the United States, but in Europe and other 
parts of the world. This approach is how we aim to 
accommodate the new global supply chain. 

Neta has been trying to follow our customers’ lead, 
considering most of the customers in the pharma 
industry are global companies. Therefore, we are 
seeking new partnerships and collaborations to help 
us navigate through this new normal. Being a small 
business has allowed us to be more agile in such 
uncertain times. While we remain true to our core 
business, laboratory equipment and supplies, we are 
equip to quickly seek out the new opportunities that 
will allow our business moderate growth.

Neta Scientific, Inc. has been a leading distributor of laboratory supplies and solutions to the life 
sciences and pharmaceutical industries for 20 years. Founded by Winfred and Garnetta Sanders, Neta 
Scientific, Inc. is a family-owened and operated business based in Haniesport, NJ. 

http://netascientific.com/
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impact the efficacy of rAAV products (26,27). 
For rAAV sub-serotypes with engineered 
point mutations, LC–MS analysis of the VP 
proteins may also find utility as a subsero-
type identity test.

The most commonly used LC–MS sepa-
ration method for the analysis of proteins is 
reversed-phase LC (RPLC), which has been 
effectively applied to the analysis of rAAV (28). 
Building on this work, a method was devel-
oped for the RPLC-MS analysis of several rAAV 
serotypes as shown in Figure 3 (29). The sepa-
ration was optimized for a set of rAAV sero-
types using a 300 Å pore size C4 column and 
difluoroacetic acid (DFA) as a mobile-phase 
modifier and analyzed using a compact time-
of-flight LC–MS system (LC–TOF-MS). When 
deployed, fluorescence optical detection was 
favored over UV absorbance due to the nearly 
50-fold greater sensitivity. Figure 3 also shows 
representative mass spectra for the major 
components observed, including significant 
levels of phosphorylation of the VP1 and  
VP2 proteins.

A well-executed alternative approach to 
LC–MS analysis of the VP proteins using a 
hydrophilic interaction liquid chromatogra-
phy (HILIC) separation with MS detection 
has also been reported (30). This separation 
makes use of a 300 Å pore size, silica-hybrid 
based amide HILIC column that was opti-
mized for the separation of glycosylated 
peptides and proteins (31,32). The reported 

HILIC separation can be applied to a wide 
range of rAAV serotypes, and although tri-
fluoroacetic acid (TFA) is used as a mobile-
phase modifier, MS sensitivity is enhanced 
by modifying the MS desolvation gas with 
propionic acid and isopropanol.

LC–MS for VP Protein  
Peptide Mapping
As discussed for intact VP proteins, the 
LC–MS identification and analysis of PTMs 
and protein degradation can provide use-
ful information to both guide rAAV product 
development and monitor product qual-
ity (27). However, to evaluate site-specific 
variants, peptide mapping may likely be 
required. Additionally, a peptide mapping 
procedure can also be deployed to moni-
tor for host cell proteins (HCP) that may be 
of concern in rAAV products (33). A peptide 
mapping procedure involves the proteolytic 
digest of a protein and may also include 
disulfide bond reduction and alkylation 
steps. The LC or LC–MS analysis of the 
digested sample can be comprehensive 
to cover as much of the protein amino acid 
sequence as possible or be focused on the 
peptides and peptide variants of interest.

In comparison to typical recombinant 
protein therapeutics, rAAV samples present 
several significant challenges during pep-
tide map development. As noted previously, 
these samples are much lower in concentra-

tion in addition to presenting the difficulties 
presented by the homology and relative 
abundance of the VP proteins. Furthermore, 
the amount of sample that can be used for 
these analyses is often limited and rAAV 
samples are often formulated with surfac-
tants that can significantly degrade rAAV 
MS signal quality. Another choice that can 
be made for this analysis is whether to map 
the capsid proteins as a single digest or to 
purify VP1, VP2, and VP3 prior to digestion. 

Given the limited amounts of sample 
that are often available, a single-digest 
mapping method was developed. The dis-
advantage of this approach is that variants 
in the conserved sequence domains cannot 
be attributed to a VP protein type. The use 
of a single digest also presents a dynamic 
range challenge for UV absorbance detec-
tion of the peptide map given the greater 
than 10-fold abundance of VP3 domain 
peptides versus the peptides that comprise 
the N-terminal extensions of VP2 and VP1. 
With these considerations, a tryptic digest 
of 1.25 μg of rAAV was optimized and then 
analyzed using an LC–TOF-MS system with-
out a UV absorbance detector and resulted 
in sequence coverages of greater than 95% 
for VP1, VP2, and VP3 (Figure 4). 

Conclusions
As the clinical interest in rAAV gene thera-
pies increases it will be critical to optimize 
the product efficacy and the efficiency of the 
rAAV manufacturing process. LC and LC–MS 
technologies have a long history of use in the 
development, characterization, and quality 
testing of recombinant protein therapies and 
will likely be valuable tools in the advance-
ment of rAAV-based gene therapies, as well 
as other viral and nonviral gene therapy 
development. Indeed, as fairly recently intro-
duced therapy modalities, the regulatory 
analytical requirements for these products 
are only starting to mature (34). This article has 
provided a brief introduction to the potential 
application of some of these LC and LC–MS 
methods to rAAV characterization and analy-
sis. In addition, we have also seen that in 
comparison to recombinant protein analysis, 
the deployment of LC and LC–MS methods 
is further complicated by numerous factors 
such as more complex samples and limited  
sample amounts.
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How innovation is addressing the challenges of 
unintended interactions due to non-specific binding and 
non-specific adsorption.

LCGG: What is the challenge of non-specific binding and non-
specific adsorption?

HAYNES: When we think about chromatography, the goal is to create 
interactions among the stationary phase, mobile phase, and analytes 
in the mixture.. But there are challenges with non-specific binding or 
non-specific adsorption when we have unintended retention of the 
compounds of interest.

We generally think of non-specific binding as hydrophobic 
interactions. For example, a hydrophobic peptide may stick to 
another hydrophobic surface such as polypropylene. Conversely, 
non-specific adsorption typically involves ionic interactions where 
opposite charges attract. Both types of unintended interactions can 
be problematic.

LCGG: What is the impact of non-specific adsorption on  
analytical results?

HAYNES: The impact of non-specific adsorption can be lengthy 
and complex column and system passivation steps, and poor 
reproducibility, peak shape, and sensitivity. If you inject your analyte 
onto a separation system and experience non-specific adsorption, you 
may have a hard time detecting your analyte, or you may have high 
variability between injections. To overcome this loss or variability, the 
column needs to be thoroughly saturated to cover all binding sites, 
and only then can you reliably analyze your compound of interest.
But it may take hours, or even days, to reach the point in which the 
collected data can be used reliably.

The time lost during passivation and conditioning has an obvious 
consequence, loss of productivity. However, as I mentioned, there 
is another consequence: poor reproducibility. When you're running 
gradients on a chromatographic system, the gradient can alter the 
amount of analyte that saturated the column, which can lead to 
variability in your analytical results, i.e., you’re having reproducibility 
problems from injection to injection and even day to day. 

LCGG: What does that mean to scientists?

HAYNES: It means uncontrolled non-specific adsorption is going 
to cost them time. If a column goes bad on the system, it gets 
contaminated or stops performing. They then need to install a new 

Reducing Unpredictable Adsorptive 
Losses Due to Metal Interactions column and passivate or condition it to prevent 

binding losses. It also means they may not have the 
level of confidence they would like in their analytical 
results due to variability. Non-specific adsorption 
can also create problems with linearity, in that 
obtaining accurate, linear quantitative data can be a 
challenge, especially at the lower limits. Ultimately, 
they could spend a lot of extra time, rework, and late 
nights in the lab trying to figure out the best way to 
solve these challenges.

LCGG: What is Waters doing to address these 
challenges, and why?

HAYNES: We have been looking at the problems of 
non-specific binding and non-specific adsorption 
for many years. The first product we developed 
to address the challenge of non-specific binding 
was QuanRecovery vials and plates. When Waters 
created QuanRecovery, we also created a technology 
brand, MaxPeak High Performance Surfaces (HPS), 
designed to improve analyte recovery, sensitivity, 
and peak shapes by reducing uncontrolled analyte/
surface interactions. The second product we created 
is the PREMIER class of chromatography columns.  
These include a MaxPeak HPS technology to reduce 
the interactions of analytes with metal surfaces. In 
this way, we have a family of technologies to control 
non-specific binding and non-specific adsorption 
losses. This unique set of products was a necessary 
innovation to make our own scientists’ lives easier 
and also to help other scientists who are battling 
analyte/surface interactions and unintended losses.

LCGG: What do you think this will mean  
to scientists?

HAYNES: It’s going to mean a lot. Our own scientists 
are extremely excited about the results they can 
generate with these technologies. We needed 
to create an environment in chromatographic 
separations where we could control the unintended 
interactions, and that's where MaxPeak HPS comes 
in—when we give scientists the ability to do that, 
we're giving them a lot more confidence and control 
over their analytical results because they will be more 
predictable. This eliminates a lot of re-work, guess 
work, and unpredictability from their daily analyses

LCGG: Have you received any feedback about 
these technologies?

HAYNES: We officially launched the ACQUITY 
PREMIER columns on Oct. 14, with a smaller release 
on June 1. We recognized a lot of our customers 
were having challenges with non-specific 
adsorption, so during our soft release, we selectively 
introduced the PREMIER columns with MaxPeak 
HPS technology to these customers to see if it 
would solve some of their challenges. We received 
tremendous feedback from customers ranging in 
applications from acidic peptides, where they were 
able to get sharper peaks and better detection 
of deamidations, to oligonucleotides with better 
detection and better reproducibility. With TCA cycle 
metabolites, which are organic acids, customers saw 
better detection with less complex mobile phases. 
So, the feedback has been great.

LCGG: What do you think the future holds in this 
area of innovation?

HAYNES: As I mentioned, we started looking at this 
several years ago because the inability to control 
these unintended interactions was problematic. 
And this problem extends even beyond what 
we've already addressed with the areas of non-
specific binding in plates and vials and non-specific 
adsorption in columns.

We've been focused on reversed-phase separations. 
Moving forward, there are many other types of 
separations that scientists rely on to get answers, 
so this is an area we’ll continue to work on. And 
there are many different surfaces involved in 
these separations, so we’ll continue to see a lot of 
innovation in this area.

https://www.waters.com/nextgen/us/en.html
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Improved Aroma Profiling of Foods by 
High-Capacity Sorptive Extraction
High-capacity sorptive extraction is a sampling technique that involves using a probe to extract volatile and semi-volatile organic 
compounds (VOCs and SVOCs) from samples for analysis by thermal desorption–gas chromatography–mass spectrometry (TD–
GC–MS). Samples can be taken from the headspace of a liquid or a solid, or by immersing the probe in the liquid. This study 
demonstrates how the technique can improve on traditional methods in the analysis of VOCs that contribute to the aroma and 
flavor of a breakfast cereal and in identifying other compounds of interest, such as food additives, contaminants, and potentially 
toxic compounds at trace levels.

Rachael Szafnauer and Elinor Hughes

Within the food industry, there is 
an increasing need to monitor 

product quality and safety to understand 
flavor composition and product contami-
nation, and to determine how these relate 
to both consumer satisfaction and effects 
on human health. This analysis requires a 
detailed understanding of individual com-
ponents of a product, but conventional 
approaches to sample preparation and 
gas chromatography–mass spectrometry  
(GC–MS) analysis can struggle to provide the 
necessary level of sensitivity.

Traditionally, solid-phase microextrac-
tion (SPME)—in which a fiber coated with 
an extracting phase (known as the sorptive 
phase)—has been used to sample volatile 
organic compounds (VOCs) from foods and 
beverages. SPME offers simple, solvent-
less sampling, and is easily automated for 
high-throughput applications. However, it 
is limited by the amount of sorptive phase 
(to ~0.5 µL) and the fragility of the fiber (1). 
More recently, thicker sorptive films and stir 
bars with a sorptive phase have been used 
to enhance sensitivity; however, the latter 
approach is limited in scope, due to the 
manual interactions required by the user (2).

High-capacity sorptive extraction can 
overcome these issues. Firstly, the use of 
strong, metal-core probes supporting a 

higher amount of sorptive phase (~65 µL) 
means they are less prone to damage and 
provide a more robust extraction technique 
with improved sensitivity (3). The technique 
can also be fully automated, from sample 
extraction and post-sampling probe washing 
and drying through to desorption and GC 
injection. It is also possible to preconcentrate 
multiple extractions onto a single focusing 
trap prior to GC analysis, a process known 
as multi-step enrichment (MSE) (Figure 1). 
This increases the extraction efficiency of the 
technique, which leads to a higher column 
loading of analytes, enhancing the sensitivity 
and number of compounds detected.

In this study, the volatile organic chemi-
cal profile of a breakfast cereal was ana-
lyzed using high-capacity sorptive extraction 
first, and then combining it with MSE. This 
enabled a broad range of VOCs contributing 
to the flavor and aroma of the product to be 
identified. Additionally, food contaminants, 
potentially from the product’s packaging and 
the original cereal crop, were detected. 

Experimental
Sample Preparation and Extraction
A store-bought breakfast cereal (1g) was 
homogenized prior to addition of NaCl 
(2.5 g) and distilled water (10 mL). Headspace 
extraction of VOCs was performed on the 

Centri extraction and enrichment platform 
(Markes International Ltd.) using two modes: 
(a) HiSorb, a single-vial extraction for analysis 
and (b) HiSorb with MSE, loading four extrac-
tions from different, replicate sample vials 
to the trap prior to analysis. HiSorb probe: 
Short-length (48 mm) stainless steel (Markes 
International Ltd., part no. H1-XXABC); Incu-
bation: 75  °C (20 min); Probe desorption: 
250 °C (10 min); Flow path: 180 °C; Focus-
ing trap: Materials Emissions (U-T12ME-
2S) (Markes International Ltd.); Purge flow: 
50 mL/min (1 min); Trap low: 20 °C; Trap high: 
280 °C (5 min); Heating rate: MAX (>100 °C/s);  
Split flow: 5 mL/min.

Gas Chromatography (GC): Instrument
Agilent 7890 GC system (Agilent Technolo-
gies); Column type: TG-624, 30 m × 0.25 mm 
× 1.4-μm (Thermo Fisher); Column flow: 
Helium, 1.5  mL/min (constant flow); Oven 
program: 50 °C (5 min), 15 °C/min to 240 °C 
(10 min).

Mass Spectrometry (MS)
Instrument: BenchTOF-Select mass spec-
trometer (SepSolve Analytical); Mass range: 
m/z 33–300; Acquisition rate: 8 Hz.

ChromSpace GC×GC software (SepSolve 
Analytical) was used for full instrument con-
trol and data processing.
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Results and Discussion
Volatile and Semi-Volatile Organic  
Compounds (VOC/SVOC) Profile Analysis
Cereal samples were extracted using sorp-
tive extraction probes, initially for a single-
vial analysis, followed by MSE, where four 
headspace extractions were taken from 
separate vials for one GC analysis. Figure 2 
shows the total ion chromatogram (TIC) for 
both the enriched (upper black trace) and 
single (lower inverted red trace) extractions. 
It is clear that an enhancement in sensitivity 
is achieved across the entire sample profile 
when using enrichment compared to a sin-
gle extraction, with no compromise in peak 
symmetry or resolution. MSE provided a 
more comprehensive sample profile so the 
results using this technique are discussed in 
the following sections.

In total, 150 VOC/SVOC compounds 
were detected by MSE. The identification 
of compounds that had a peak area >1% of 
the TIC and with a NIST match factor >750 
are shown in Table 1, with odor descriptors 
(where available) and odor threshold values 
(the concentration at which an aroma or taste 
can be detected).

In a sample this complex with significant 
chromatographic co-elutions (where two or 
more compounds do not separate chro-
matographically so they are difficult to see), 
spectral deconvolution is critical for a more 
confident identification of VOCs present. 
Deconvolution is a data processing tech-
nique that can be applied to complex elution 
profiles. It was carried out in this study using 
data analysis software with resulting spectra 
compared to compounds in the NIST 2017/
EPA/NIH mass spectral library (6). The inset 
in Figure 2 shows an example of this. In this 
instance, the deconvolved peaks were iden-
tified as the SVOCs dibutyl phthalate (DBP, a 
plasticizer) and tris(2-chloroisopropyl) phos-
phate (Amgard TMCP, a flame retardant).

Other compounds of interest from a food 
toxicity or contamination perspective (text 
labelling in Figure 2) were also detected, and 
will be discussed in more detail later. 

The range of VOC/SVOC compounds 
identified is wide, as demonstrated in Figure 
3. The bar chart shows the distribution of the 
number of components for each compound 
class. The profile was dominated by alde-
hydes, alkanes, alcohols, heterocyclics, and 

aromatics. Within these classes, the most 
abundant compounds were hexanal (green, 
grassy) at 5.6% of the TIC, piperonal (cherry, 
sweet) at 5.5% of the TIC, and vanillin (sweet 
vanilla) at 5.3% of the TIC. During the pro-
duction (heating) process of the cereal, Mail-
lard reactions (chemical reactions between 
amino acids and reducing sugars) occur, 
and therefore a large amount of these com-

pounds would be expected. Several com-
pounds that are known to give an unpleasant 
or off odor were also detected, for example, 
four thiols or organo-sulfurs and three phe-
nols (Figure 3), albeit at relatively low levels.

Trace-Level Compound Identification
Principal component analyses for VOCs and 
SVOCs are important for characterizing the 

Extraction: The sample is 
incubated/agitated with the 
sorptive extraction probe 
inserted.

Preconcentration: The probe 
is desorbed, transferring the 
analytes to the focusing trap.

Trap desorption: The analytes 
are injected into the GC–MS.

Multi-step enrichment: 
The process of extraction 
and preconcentration is 
repeated (in this case 
three times from different 
vials) to increase the 
analyte response.

 Sorptive extraction probe

Sample

Centri 
injection 
port

GC–MS

Sorbent-packed 
focusing trap

1

2

3

FIGURE 1: High-capacity sorptive extraction with multi-step enrichment workflow.
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aroma and flavor profiles of food products, and 
the odor threshold value (OTV) is an associated 
parameter. Therefore, detection and identifi-
cation of trace VOCs can be significant, par-
ticularly for compounds with medium and low 

OTVs, or for problematic compounds (such as 
malodors) with low values, so that subsequent 
remedial action can be taken if necessary.

MSE provides a mechanism to increase 
the amount of each compound intro-

duced to the GC, thus increasing the 
number of compounds detected, extend-
ing down to trace-level components. As 
representative examples, compounds 
such as dihydro-5-pentyl-2(3H)-furanone 
(γ-nonalactone), anethole, and γ-terpinene 
were detected in the single extraction 
but at very low levels where their spectral 
quality was not sufficient for a good library 
match. Figure 4 demonstrates how MSE 
enabled a more confident identification for 
these compounds, and this is indicated in 
the NIST values shown in parentheses in 
Table 2.

Other components, such as eucalyp-
tol, phenyl ethyl alcohol, and α-farnesene 
were only detected in the enriched sample, 
meaning they could have been missed 
had only a single extraction been used for 
analysis (Figure 5). Eucalyptol is an impor-
tant component in the sample with a rela-
tively low OTV (12 ppb), imparting a herbal 
or camphor aroma to the product. These 
compounds are listed in Table 2. The NIST 
values represent the enriched sample with 
comparison to the single point extraction 
in parenthesis when a partial response  
was observed.

Additives and Compounds with
Potential Toxicity
Along with VOCs related to odor and taste, 
several additional compounds were identi-
fied in the breakfast cereal (Figure 2, Table 
3). These include the antioxidants butylated 
hydroxytoluene and 2,6-di-tert-butylphenol, 
known to be added to food to prevent 
spoilage, and several compounds that 
potentially originate from the food packag-
ing as contamination: styrene, two phthal-
ates, and two cyclic lactams. Interestingly, 
compounds that are usually associated 
with combustion were also detected in this 
sample (benzene, toluene, ethylbenzene, 
and xylene), with the possibility that these 
are present due to contamination of the  
original cereal crop. 

Furthermore, compounds present on 
the US EPA Toxic Substances Control Act 
(TSCA) list (7) were tentatively identified 
(Figure 2, Table 3), such as butyphos (tri-
butylphospine oxide), a herbicide, Amgard 
TMCP (tris(2-chloroisopropyl) phosphate), 
a flame retardant, and naphthalene, a PAH. 
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Although this analysis was only qualitative, 
so no indication of the concentration can 
be inferred from the data, the detection 
and tentative identification of these com-
pounds demonstrates that high-capacity 
sorptive extraction can provide the abil-
ity to extract and analyze a wide range of 
compounds in addition to the main flavor 
and odor-active compounds of interest.

Conclusions
In this study, we have demonstrated the 
use of a fully automated high-capacity 
sorptive extraction technique for profiling 
the VOCs present in the headspace of a 
breakfast cereal using preconcentration 
with a single-vial extraction and multiple 
extractions. A wide range of compounds 
pertaining to taste and odor were found. 
Several components were found only 
in the enriched sample, demonstrating 
how multi-step enrichment provides a 
more comprehensive extraction, which 
leads to a more accurate VOC profile 
of a food sample. The fast MS acquisi-
tion combined with data processing 
further enhanced the identification of 
compounds, enabling co-eluted peaks in 
the complex profiles to be distinguished 
into individual analyte peaks. Moreover, 
the ability to discover compounds pres-
ent in the sample that either contribute 
to off odors, have migrated from the 
packaging, or are contaminants from the 
original food commodity is important 
because they have potential toxicity and 
could affect human health. This breadth 
of compounds discovered demonstrates 
the enhanced capability of the extrac-
tion methodology. Lastly, the automated 
extraction and enrichment process means 
that no human interaction is required from 
sample extraction through to GC injec-
tion, allowing faster sample throughput. 
This ensures high productivity is achieved 
in industrial laboratories, such as contract 
service or food research.
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Peak 
No.

RT Compounds
% 

TIC
Odor 

Description

Odor 
Threshold 
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(OTV)

1 6.17 Acetic acid 1.1 Vinegar 9.9 x 104

2 6.28 3-Methyl butanal 1.5 Malty 0.5

3 9.06 1-Pentanol 1.9
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14 12.32 Benzaldehyde 1.3
Almond, 
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15 12.48 Limonene 2.2 Lemon, orange 10

16 12.49 Octanal 2.0 Soap, lemon 0.7
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18 13.12 3-Octen-2-one 1.4
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bug

19 13.34 1-Octanol 1.7
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room
110
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21 13.55 3,5-Octadiene-2-one (Isomer 1) 3.2 Fruity, grassy

22 13.72 Nonanal 3.1 Citrus, soapy 1

23 13.87 3,5-Octadiene-2-one (Isomer 2) 1.9

24 14.77 Hydroxydihydromaltol 1.1

25 15.60 (E )-2-Decenal 1.1
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31 18.29 Cyclododecanone 3.5
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TABLE III: Identification of trace-level potentially toxic/contaminant compounds

Peak Label RT Compounds % TIC

BTEX+styrene

B 5.98 Benzene 0.02

T 8.50 Toluene 0.11

E 10.24 Ethylbenzene 0.02

X 10.37 Xylene isomer 0.08

S 10.84 Styrene 0.06

Flame retardant

TMCP 22.68 Tris(2-chloroisopropyl)phosphate 0.79

Antioxidants

BHT 17.73 Butylated hydroxytoluene 0.24

#30 18.01 2,4-Di-tert-butylphenol 3.09

Pesticide/defoliant

BuP 21.17 Butyphos 0.45

PAH

PAH 14.95 Naphthalene 0.05

Phthalate

DBP 22.90 Dibutylphthalate 0.13
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FIGURE 5: Example peak profiles for compounds only detected using MSE (upper traces) com-
pared to a single extraction (lower traces). Time (x-axis) vs. Abundance (y-axis).

TABLE II: Examples of compounds only detected/identified in enriched samples and those detected with poor response/spectral 
quality for single-vial extraction (NIST statistics in parentheses)

RT Compound % TIC Odor Description

Odor 
Threshold 

Value (OTV) 
ppb (µg/L 

Water)

MF NIST (%) Hit Nos

12.67 Eucalyptol 0.25 Herbal, camphor 12 795 80 1

17.36 α-Farnesene 0.23 Woody, green 829 62 1

14.32 Phenylethyl alcohol 0.03 Sweet floral 750 860 85 1

12.83 γ-Terpinene 0.02 Sweet citrus 735 (581) 35 (16) 1 (1)

15.79 Anethole 0.07 Anise, licorice 15 738 (563) 46 (18) 1 (3)

17.19 γ-Nonalactone 0.18 Creamy, coconut 812 (552) 62 (12) 1 (3)

https://sciencesolutions.wiley.com/solutions/technique/lc-ms/nist-epa-nih-ms-ms-mass-spectral-library-2017/
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Ionization Efficiency for Environmentally Relevant 
Compounds Using Atmospheric Pressure 
Photoionization Versus Electrospray Ionization
For solution-phase samples, the world of mass spectrometry defaults to electrospray ionization (ESI). ESI is used for the analysis 
of a broad variety of compounds, ranging from polar to moderately nonpolar. However, ESI possesses limitations that prevent 
the ionization of certain analytes—particularly nonpolar compounds. This study aims to compare the ionization efficiency of 
complementary ionization techniques, and to demonstrate that multiple methods can improve the analytical results with respect 
to limits of detection and matrix tolerance. Atmospheric pressure photoionization (APPI) is an ionization method that complements 
ESI, excelling in the analysis of nonpolar and moderately polar analytes. In this study, we optimized methods using APPI and ESI 
for the detection and quantitation of pharmaceuticals frequently detected in the environment, including antibiotics, beta blockers, 
and selective-serotonin reuptake inhibitors, and tested their matrix tolerance relative to artificial wastewater. While most of these 
compounds ionized preferentially by ESI, some performed significantly better using APPI.

Prakriya Shrestha, Katherine A. Maloof, Alayna Stephens, Clayton P. Donald, and Kevin R. Tucker

E very day, in the world of analytical chem-
istry, we strive to discover better ways 

to analyze, to achieve goals such as lower 
limits of detection,  broader dynamic ranges, 
and techniques that tolerate greater interfer-
ences. Along with the need for improved 
methods of quantitation, there is pressure on 
the field of mass spectrometry (MS) to be able 
to successfully detect multitudes of analytes 
of interest from single injections. The ques-
tion becomes, “How do we improve upon 
the detection of analytes?” However, some-
times using a single injection leads to reduc-
ing performance because it limits us to using 
a single ionization method. When you can 
optimize not only your separation, but also 
your ionization method, your method may 
truly improve. The basic principle of MS is to 
ionize molecules under study into gaseous 
ions, separate these ions in accordance with 
their mass-to-charge (m/z) ratio, and detect 
them (1). Today’s commercial instruments are 
capable of transferring 97–99% of ions suc-
cessfully from the source to the detector, so 
the greatest improvements in detection and 
methods today are focused on the source. 
The ultimate question is, “When ionizing 
a sample, will the use of complementary 
ionization techniques improve the figures 
of merit of the individual analyses, or not?”  
Note: All tables and figures for 
this article are posted online at  
https://www.chromatographyonline.com. 

ESI and APPI: Complementary 
Ionization Techniques
By choosing the appropriate ionization 
source, liquid chromatography with tan-
dem mass spectrometry (LC–MS/MS) can 
be used for the detection of trace levels of 
contaminants, such as antibiotics and endo-
crine disrupting compounds (EDCs) from 
environmental samples. The electrospray 
ionization (ESI) source has been used as a 
powerful soft ionization technique for the 
analysis by MS of a wide array of sample 
types, ranging from polar to nonpolar, and 
has also be used for the analysis of thermo-
labile molecules of high molecular weight 
(MW) (2). Although ESI is popularly used for 
the analysis of environmental pollutants, it 
may not be able to ionize all contaminants 
efficiently. Certain contaminants are either 
poorly ionized, or not ionized at all. ESI is 
limited to analytes that are of low to high 
polarity and moderate to high MW (3). 

Atmospheric pressure photoionization 
(APPI), introduced in 2000, is also a soft ion-
ization technique. APPI was found to have 
success with the analysis of compounds 
with low to no polarity, and compounds of 
low to moderate MW, but cannot be used 
on thermolabile compounds. These param-
eters are what makes APPI and ESI comple-
mentary to each other (4). This complemen-
tarity opens new doors for studies already 
utilizing the ESI method, because APPI 

can be used for complementary analysis of 
compounds that may not be detected by 
ESI. Additionally, APPI has shown tolerance 
to matrix components beyond what ESI has, 
due to its ionization pathway (5). APPI can 
be used for the analysis of a wide range 
of compounds, including drugs, human 
endogenous compounds, lipids, natural 
compounds, pesticides, synthetic organics, 
and petroleum derivatives (6). There are very 
few research papers reporting comparative 
studies of ionization efficiencies in MS for 
the detection of antibiotics and EDCs (7–9).

A triple-quadrupole mass analyzer was 
used in this study, utilizing both the full-
scan mode optimization and multiple-
reaction monitoring (MRM) quantitation. 
Full-scan mode can give qualitative analy-
sis of a sample’s composition under study, 
and MRM mode is a highly selective mass 
monitoring mode with a wider linearity 
dynamic range, improved limit of quan-
titation (LOQ), increased sensitivity, and 
superior accuracy. One of the advantages 
of the MRM scan mode is an increase in 
signal-to-noise ratio because of removal of 
non-analyte ions and isobaric precursors 
by monitoring fragments.

There are different MS acquisition param-
eters that affect the signal intensity of ions. 
The MassHunter Data Acquisition soft-
ware sets a default value for all acquisition 
parameters for each ionization source (S1).  
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There is a sheath gas flow chamber in the 
electrospray ionization source that is absent 
in the atmospheric pressure photoioniza-
tion source. As a result, the sheath gas tem-
perature and sheath gas flow rate param-
eters are present only for ESI while APPI has 
an additional vaporizer parameter that is 

not present in ESI. Fragmentor voltage, col-
lision energy, cell accelerator voltage, gas 
temperature, vaporizer, gas flow (L/min), 
nebulizer (psi), sheath gas temperature, 
and sheath gas flow rate were all optimized 
for each analyte prior to data acquisition in  
this study. 

Analytes of Interest
The current global population is growing at 
the annual rate of 1.09%, and pharmaceu-
ticals are continuing to be prescribed and 
consumed at an alarming rate. In 76 coun-
tries across the globe, antibiotic consump-
tion as described in defined daily doses 
(DDD) increased by 65%—from 21.1 billion 
doses in 2000 to 34.8 billion doses in 2015—
and the overall antibiotic consumption rate 
has increased by 39% (10). In addition to 
antibiotics, beta blockers and antidepres-
sants are two classes of pharmaceuticals 
gaining popularity. Beta blockers are a class 
of drugs frequently used to treat hyperten-
sion, heart disease, and other cardiovas-
cular events. Although the true nature of 
their efficacy remains to be questioned in 
certain studies, beta blockers are still highly 
prescribed due to the diverse range of clini-
cal symptoms they can successfully treat 
(11,12). In addition, according to 2017 data 

TABLE I: Physicochemical characteristics of antibiotics and EDCs (24)

Class Compound
Chemical 
Formula

Molecular 
Weight (g/mol)

Water 
Solubility 
(mg/mL)

pKa Log Kow

Beta-lactam antibiotics

Ceftriaxone C18H18N8O7S3 554.6 0.105 2.5 0.68*

Cephalexin C16H17N3O4S 347.4 0.297 5.2 0.65*

Ampicillin C16H19N3O4S 349.4 10.1 2.5 1.35*

Penicillin G C16H18N2O3S 334.4 0.285 2.74 1.83*

Macrolide antibiotics
Erythromycin C37H67NO13 733.9 2 8.9 3.06

Tylosin C46H77NO17 916.1 5 7.73 3.5

Sulfonamide antibiotics
Sulfamethoxazole C10H11N3O3S 253.3 0.61 1.6 0.89*

Trimethoprim C14H18N4O3 290.3 0.4 7.12 0.91*

Tetracycline antibiotics
Oxytetracycline C22H24N2O9 460.4 0.313 9.5 -0.92*

Tetracycline C22H24N2O8 444.4 0.231 3.3 -1.37*

Nitroimidazole antibiotics
Metronidazole C6H9N3O3 171.16 9.5 14.58 -0.02*

1,2 dimethyl-5-nitroimidazole C5H7N3O2 141.13 18.3 2.81 0.31*

β1-selective
beta-blocker

Acebutolol C18H28N2O4 336.43 0.259 9.57 1.77*

β1-selective
beta-blocker

Metoprolol C15H25NO3 267.36 0.402 9.68 1.95*

β -adrenergic blocker Propranolol C16H21NO2 259.34 0.0794 9.45 3.48

β1-selective
beta-blocker

Atenolol C14H22N2O3 266.34 0.429 9.6 0.16*

SSNRI Venlafaxine C17H27NO2 277.40 0.230 10.09 3.20

SSRI Citalopram C20H21FN2O 324.39 0.00588 9.78 3.74

SSRI Paroxetine C19H20FNO3 329.37 0.00853 9.6 1.37*

* A compound with Log Kow less than 2.5 means the compound is hydrophilic and readily found in the aqueous phase.
SSNRI: selective serotonin & norepinephrine reuptake inhibitor
SSRI:selective serotonin reuptake inhibitor

Optimized MS

Parameters for

Precursor Ion

Optimized MS

Parameters for

Product Ion

Selection of precursor ion from full scan

Run the sample at various fragmentor voltages and 
optimize the fragmentor

Run the sample at gas temperatures and optimize the 
gas temperature

Run the sample at various gas �ow rates and optimize the
gas �ow rate

Run the sample at various cell accelerator voltages and 
optimize the fragmentor

Select 2-3 product ions

Run the sample at various collision energies and optimize
the collision energy

FIGURE 1: Flow chart of method optimization strategy.
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from the National Center for Health Statistics (NCHS), the rate of 
antidepressant use in America has increased by 65% since 1999 (13). 

Unfortunately, this increase in pharmaceutical use means more 
pharmaceutical waste is likely to end up in the environment. While 
there is an urgency to know the exact harm this excess will cause, 
the priority is to increase our ability to detect as many pharmaceu-
ticals in environmental samples as possible. This will then allow for 
proper removal techniques to be employed before the harmful sub-
stances have a chance to contaminate the environment (14).

Low Concentrations, Large Impact
Numerous studies have shown that some pharmaceuticals are not 
completely removed during wastewater treatment, and ultimately 
enter the environment in low concentrations. Important effects of 
pharmaceuticals entering the environment in low concentrations 
include antibiotic resistance, genotoxicity, acute or chronic toxicity, 
and endocrine disruption (15). Antibiotics and EDCs are emerging 
pollutants detected throughout the world, yet they remain unregu-
lated by the U.S. Environmental Protection Agency (EPA) (16).

Sir Alexander Fleming, the British bacteriologist, discovered 
penicillin in 1928 from the fungus Penicillium notatum, spurring a 
novel era of antibiotics derived from microorganisms and antibiotic 
synthesis (17). The ability antibiotics have to eradicate a wide range 
of bacterial infections led to their increased use over time. Unfor-
tunately, these bacteria have developed mechanisms to combat 
the actions of antibiotics. Thus, the over-prescribing of antibiotics, 
along with a lack of patient knowledge regarding the importance 
of correct antibiotic administration, has become an insidious issue 
that is known as antibiotic resistance. Antibiotic resistance arises as 
microorganisms develop the ability to survive against the action of 
antibiotics, meaning that when antibiotic-resistant bacteria infect 
animals and humans, the antibiotic regimen that would normally 
eradicate the bacteria becomes useless. This is the reason being 

able to successfully detect antibiotics from wastewater samples is 
so important. In this study, five different classes of antibiotics were 
used: beta-lactams, macrolides, nitroimidazoles, sulfonamides,  
and tetracyclines.
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TABLE II: Limits of detection by ionization source for antibiotics

Class Antiobiotics
ESI APPI Efficient Ionization 

SourceLOQ (ppb) LOQ (ppb)

Beta-lactams

Ampicillin <0.001 <0.001 -

Ceftriaxone <0.001 - ESI

Cephalexin <0.001 <0.001 -

Penicillin G 139.1 <0.001 APPI

Macrolides
Erythromycin 1.158 162.5 ESI

Tylosin 5.337 3401 ESI

Sulfonamides
Sulfamethoxazole 226.1 70.87 APPI

Trimethoprim 81.1063 <0.001 APPI

Tetracyclines
Oxytetracycline <0.001 - ESI

Tetracycline <0.001 <0.001 -

Nitroimidazoles

Metronidazole <0.001 2.945 ESI

1,2 dimethyl-5-ni-
troimidazole

169.2 19.91 APPI

http://www.sonntek.com
mailto:sales@sonntek.com
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Antibiotics can either be bacteriostatic, 
meaning they prevent the growth of bac-
teria, or they can be bactericidal, meaning 
that they destroy the bacteria entirely. How-
ever, an antibiotic’s mechanism of action is 
more important when considering treat-
ment options. Beta-lactams inhibit the bio-
synthesis of bacterial cell walls by making 
penicillin-binding proteins unavailable for 
new peptidoglycan synthesis, which causes 
the lysing of bacteria. The beta-lactams 
used in this study are ampicillin, ceftriaxone, 
cephalexin, and penicillin G. Macrolides 
inhibit protein synthesis during transloca-
tion in bacteria by dissociating peptidyl-
tRNA from the middle of the 23S rRNA of 
the ribosome’s 50S subunit, causing early 
detachment of unfinished peptide chains. 
The macrolides used in this study are eryth-
romycin and tylosin, an antibiotic popularly 
used in farm animals. Tetracyclines prevent 
the attachment of aminoacyl t-RNA to the A 
site in bacterial ribosomes by acting on the 
16S rRNA of the 30S subunit inhibiting pro-
tein synthesis. Oxytetracycline and tetracy-
cline were used in this study. Sulfonamides 
prevent the multiplication and growth of 
bacteria by inhibiting certain steps in the 
metabolism of folic acid. Sulfamethoxazole 
and trimethoprim were the sulfonamides 
used in this study. Nitroimidazole antibiot-
ics inhibit nucleic acid synthesis that occurs 
in bacterial cells by disruption of the DNA 
in microorganisms. Metronidazole and 1,2 
dimethyl-5-nitroimidazole were the nitro-
imidazoles used in this study (18).

EDCs are natural compounds or synthetic 
chemicals that mimic natural hormones in 
the body and interfere with the action of the 
natural hormones (19). These compounds 

most profoundly cause adverse effects on 
reproduction, developmental, neural, and 
immune systems of human beings and ani-
mals. Research suggests that EDCs reduce 
fertility, and increase the risk of cancer, 
diabetes, obesity, and endometriosis (20). 
Among various EDCs, beta blockers (ace-
butolol, atenolol, metoprolol and propran-
olol) and SSRI antidepressants (citalopram, 
paroxetine and venlafaxine) were used in 
this study.

Make or Break for Successful Analysis: 
Matrix Effects and Wastewater
Properly dealing with impurities is a neces-
sary complication in every field of research. 
In MS, matrix effects variability in ionization 
efficiency of analytes of interest as co-eluted 
species serve to either enhance or inhibit 
the ionization process for an analyte. This 
issue becomes increasingly problematic 
when trying to discern analytes of interest 
from wastewater. Water that is obtained as a 
byproduct of agricultural, industrial, domes-
tic, and commercial activity is termed waste-
water. Wastewater contains nutrients such 
as calcium, iron, nitrogen, phosphorus, and 
potassium, and components such as fats, 
sugars, and proteins. In this study, synthetic 
wastewater was made to mimic the waste-
water from the influent of a “typical” waste-
water treatment plant, with its composition 
designed to imitate the dissolved inorganic 
solids and dissolved organic solids of real 
wastewater. The synthetic wastewater pre-
pared in this study followed the protocol 
described by H. E. Gray, 2012 (21).

APPI has been found to be less suscep-
tible to matrix effects compared to ESI. This 
is likely due to the fact that APPI is more 

selective in ionization. The photon emitted 
from the krypton lamp, at 10.6 eV, can ionize 
analytes, but potentially not the matrix com-
ponents; the difference in how a sample is 
ionized can be the difference between more 
or less matrix interference (22). Using APPI 
involves the ejection of an electron from the 
analyte molecule to produce the gaseous 
radical cation (23). It is also possible, how-
ever, that the matrix component can act as a 
dopant and ionize sample components with 
high ionization energy through electron 
transfer, leading to signal enhancement.

Although matrix effects cannot be 
removed completely, they can be mini-
mized by optimizing the sample prepara-
tion procedure and LC–MS parameters. 
Solid-phase extraction (SPE) with an appro-
priate sorbent can reduce matrix effects by 
eliminating interfering matrices. The for-
mula for calculation of the matrix effect is:

Matrix effect = [( ) – 1] * 100
analyte in matrix

same conc. of analyte in neat solvent

[1]

Physicochemical characteristics of anti-
biotics and EDCs help to determine the 
environmental fate of these compounds. 
Table I contains important physicochemi-
cal characteristics of antibiotics and EDCs 
under study, including solubility, pKa, and 
log Kow. A compound with log Kow less than 
2.5 means the compound is hydrophilic and 
readily found in the aqueous phase. 

Methods
Specific Analytes Used
A total of 12 antibiotics and 7 EDCs were 
analyzed in this study. Ceftriaxone sodium 

TABLE III: Limits of detection by ionization source for EDCs

Class Antiobiotics
ESI APPI Efficient Ionization 

SourceLOQ (ppb) LOQ (ppb)

Beta blockers

Acebutolol 14.81 38.37 ESI

Atenolol 9.68 22.44 ESI

Propranolol <0.001 <0.001 -

Metoprolol 8.690 21.700 ESI

Selective serotonin 
reuptake inhibitors

Paroxetine <0.001 <0.001 -

Citalopram 166.2 <0.001 APPI

Venlafaxine <0.001 3788 ESI
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salt hemi(heptahydrate) and erythromycin 
with a purity of >98% were purchased from 
Acros Organics. Propranolol hydrochloride 
(99%), metronidazole (99%), acebutolol 
hydrochloride, metoprolol tartrate (98%), 
tetracycline hydrochloride (96%) and oxy-
tetracycline hydrochloride were purchased 
from Alfa Aesar. TCI Co. was the main sup-
plier of chemicals: cephalexin monohydrate 
(>98%), sulfamethoxazole (>98%), penicillin 
G potassium salt (>98%), atenolol (98%), 
venlafaxine hydrochloride (>98%), trim-
ethoprim (>98%), citalopram hydrobromide 
(>98%) and 1,2 dimethyl-5-nitroimidazole. 
Ampicillin sodium salt was procured from 
Affymetrix Inc. Tylosin tartrate (95+%) and 
paroxetine hydrochloride (98+%) were 
bought from Ark Pharm Inc. All antibiotics 
and EDCs were used without further purifi-
cation. All the solvents used in the analysis, 
like acetonitrile, methanol, and toluene, are 
of HPLC grade and purchased from Fisher 
Chemical. Potassium phosphate monobasic 
(99.8%) was purchased from EK Industries 
Inc. Sodium acetate trihydrate (100.7%), 

magnesium sulfate heptahydrate (99.9%), 
ammonium chloride (99.7%) and calcium 
chloride dihydrate (99.9%) were bought 
from Fisher Scientific. All solvents and chem-
icals were used without further purification. 

Optimized Parameters
The MS parameters were optimized as fol-
lows: 1.00 ppm sample of each analyte was 
analyzed for the selection of the precursor 
ion, optimization of fragmentor voltage, 
optimization of cell accelerator voltage, 
optimization of gas temperature, optimiza-
tion of gas flow rate, and optimization of 
collision energy. All the ions formed were 
analyzed for intensity. Ions with m/z equal 
to and greater than the MW of each analyte 
were considered to determine the precur-
sor ion. See Figure 1 for the flowchart of 
optimization strategy.

A calibration curve for each analyte was 
obtained by the internal calibration method 
using the optimized MS parameters. Cali-
bration was performed in the range of 1.00 
ppt to 10.0 ppm for each analyte under 

study. Each of the standard solutions for 
antibiotics was spiked with the mixture of 
internal standards of antibiotics (azithro-
mycin d3, cephalexin d5, ciprofloxacin d8, 
penicillin G d5, sulfamethoxazole d4, and 
trimethoprim d3) to produce a final concen-
tration of 100 ppb of each internal standard. 
Each of the standard solutions for EDCs was 
spiked with the mixture of internal standards 
of EDCs (metoprolol d7 and paroxetine d6) 
to produce a final concentration of 10.0 ppb 
of each internal standard. 

A synthetic wastewater matrix solution 
was prepared by dissolving potassium 
phosphate monobasic, sodium acetate tri-
hydrate, magnesium sulfate heptahydrate, 
ammonium chloride, and calcium chloride 
dihydrate in MilliQ water. The concentra-
tion and quantity of reagents used for 
synthetic wastewater matrix preparation is 
given in S2.

Analysis of the antibiotics and EDCs was 
performed in triplicate for each parameter 
using an Agilent Technologies 1290-6460 
Triple Quadrupole LC–MS/MS instrument 
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using two ionization sources: a Jet Spray 
ESI source and an APPI source operated 
in positive mode. Full-scan mode was 
used for the optimization of MS param-
eters and MRM mode was used for cali-
bration and analysis of wastewater. Data 
interpretation was performed using the 
instrument’s MassHunter Workstation 
Software. HPLC parameters for analysis 
are given in S3. 

Calibration was performed in the 
range of 1.00 ppt to 10.0 ppm in matrix 
for all the analytes under study. Internal 
standards were added as described pre-
viously. Limits of quantitation were cal-
culated based on the quadratic regres-
sion lines and were calculated in the 
instrument software. LOQs lower than 
1.00 ppt were reported as <1.00 ppt as 
they were below the lowest calibrator. 

A setup of Waters Oasis Prime HLB 
cartridges and a SPE vacuum manifold 
was used for offline SPE to extract anti-
biotics and EDCs from the synthetic 
wastewater matrix calibration sample. 
Waters Oasis PRIME HLB cartridges, 1 
mL barrel syringe with 30 mg univer-
sal polymeric reversed-phase sorbent, 
were employed. SPE pretreatment was 
performed by washing the column with 
2 mL of HPLC grade methanol, 2 mL 
of Millipore deionized water, and 2 mL 
of Millipore deionized water at pH 2 
under gravity. Then the samples were 

loaded on the column under vacuum at  
10 to 20 mL/min rate.

Washing and Elution Step  
for Antibiotics Sample
After loading the sample on the column, the 
cartridge was washed with 2 mL Millipore 
deionized water for antibiotic sample. The 
column was then eluted first with 2 mL of 
methanol, and then with 1 mL of methanol: 
acetone (1:1) under gravity and collected 
and combined in test tubes. 

Washing and Elution Step for  
EDCs Sample 
EDCs sample cartridges were washed with 
1 mL of methanol:water (5:95) solvent. After 
the first washing step, the column was 
dried for 15 to 30 min under a vacuum. The 
column was eluted first with 1 mL of ethyl 
acetate:methanol (9:1) under gravity (this 
eluate was collected in a test tube labeled 
as fraction 1), then washed with 1 mL of 5% 
methanol/2% acetic acid in water, then with 
1 mL of 5% methanol/2% NH4OH in water 
under a vacuum and dried for 10 to 15 min 
under a vacuum. After drying, the column 
was eluted with 1 mL of 2% NH4OH in 
methanol and combined with eluate pres-
ent in the test tubes labeled as fraction 1.

Wastewater Sample
Wastewater samples were collected from 
the influent of the aeration treatment at the 

Environmental Resources Training Center 
(ERTC), a training center for drinking water 
and wastewater treatment at Southern Illi-
nois University–Edwardsville. The samples 
were analyzed for the presence of antibiot-
ics and EDCs to demonstrate the effective-
ness of the method development on real 
wastewater samples.

The wastewater samples were sequen-
tially filtered through VWR 417 (40 µm) 
filter paper, then through VWR 696 (1.2 
µm) glass microfiber filter paper, and then 
through Ahlstrom 193 (0.7 µm) microfiber 
glass filter. The filtrate was separated into 
six bottles each with 250 mL of filtrate, 
three samples for analysis of antibiotics and 
three for EDCs. All samples were spiked 
with appropriate internal standards as  
described previously.

Samples were adjusted to pH 3.0 using 
6.0 M sulfuric acid before performing the 
SPE. Waters Oasis Prime HLB cartridges (6 
mL, 200 mg universal polymeric reverse-
phase sorbent) were used for wastewater 
sample analyte extraction. The SPE method 
for wastewater was identical to the synthetic 
matrix sample preparation, except the 
quantity of reagent solvents used was five 
times greater, due to the increased volume 
and cartridge bed mass. 

Results and Discussion
The optimized MS parameters for the pre-
cursor ion of antibiotics for ESI as an ion-

TABLE IV: Antibiotic detected in real wastewater samples using ESI and APPI

Antiobiotics
With Matrix (ppm) Without Matrix (ppm)

ESI APPI ESI APPI

Trimethoprim 1.36 1.08 6.20 6.92

Ampicillin 0.125 <LOD <LOD <LOD

Ceftriaxone 0.860 - 8.92 -

Cephalexin 0.13* 11.2* 0.0747* 4.04*

Erythromycin 6.23 0.316 4.96 0.819

Oxytetracycline 0.317 - 2.58 -

Penicillin G 0.168* 4.62* 0.562 0.939

Sulfamethoxazole 0.748* 0.181* 2.89* 0.949*

Tetracycline 0.311 >LOL 3.13 >LOL

Tylosin 0.496 0.273 <LOD 0.889

Metronidazole 0.0330 0.0170 0.309 0.0200

1,2 dimethyl-5-nitroimidazole 0.0857 <LOD 0.136 0.00310

*t-test p-value < 0.05
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ization source can be found in S4 and S5, 
while parameters for APPI are shown in S6 
and S7. Ions with the highest intensity peak 
with a m/z equal to or greater than the MW 
of the analyte were selected as potential 
precursor ions and MS parameters were 
optimized using these ions.

The optimized MS parameters for the 
product ion of antibiotics for ESI as an ion-
ization source can be found in S8 and S9, 
while parameters for APPI are shown in S10 
and S11. At most, three ions with m/z less 
than the MW of the analyte and with the 
highest ion abundance were optimized to 
determine the optimized collision energy of 
the product ions.

The regression equations for antibiotics 
and EDCs without matrix were selected 
such that they were equivalent for the cali-
bration curve performed with and without 
matrix. The calibration curve correlation 
coefficient (R2) criteria were established as 
higher than 0.99 for all the antibiotics and 
EDCs without matrix using ESI, shown in 
S12 and S13. Ampicillin, ceftriaxone, ceph-
alexin, sulfamethoxazole, oxytetracycline, 
tetracycline, and metronidazole have lim-
its of detection lower than 1 ppt using ESI 
and sulfamethoxazole has the highest LOQ 
among the antibiotics analyzed (226.1 ppb). 
All standard calibration curves are shown in 
the Supplemental Information (See S13). 
Paroxetine, propranolol, and venlafaxine 
have a limit of detection lower than 1 ppt 
using ESI, and acebutolol has the highest 
LOQ (14.81 ppb).

Ampicillin, cephalexin, penicillin G, tri-
methoprim, and tetracycline have limits of 
detection lower than 1 ppt using APPI as 
the ionization source, and tylosin has the 
highest LOQ among the antibiotics ana-
lyzed (3,401 ppb), as shown in S14. Cita-
lopram, paroxetine, and propranolol have 
limits of detection lower than 1 ppt using 
APPI as the ionization source and venla-
faxine has the highest LOQ (3,788 ppb) as 
shown in S15.

The efficiency of both ionization sources 
was determined by comparing the LOQ 
for each of the pharmaceuticals obtained 
using ESI and APPI. LOQ less than 1 ppt 
in both the ionization sources means the 
most efficient ionization source could 
not be determined. Many compounds 
that are thermolabile will degrade using 
APPI, meaning the compound will not be 
detected by APPI and ESI was the ioniza-
tion source that was preferred here. Eryth-
romycin, tylosin and metronidazole ionized 
efficiently by ESI based on the compara-
tive LOQ result. This is hypothesized to be 
due to the pKa of each compound (Table 
I) being greater that the pH of the mobile 
phase (3.80) used in the analysis of antibiot-
ics, allowing it to protonate easily. Acebu-
tolol, atenolol, metoprolol, and venlafaxine 
were ionized efficiently by ESI based on the 
comparative LOQ results obtained from 
the calibration curve performed with and 
without matrix. A complete breakdown of 
this analysis can be found in Table II and 
Table III.

Penicillin G, sulfamethoxazole, and 1,2 
dimethyl-5-nitroimidazole have lower LOQs 
when ionized by APPI; APPI is the preferred 
ionization source for these analytes. The 
pKa values of these compounds (Table I) are 
less than the pH of the mobile phase (3.80), 
leading them not to be protonated in solu-
tion. In addition, sulfamethoxazole and 1,2 
dimethyl-5-nitroimidazole each have a high 
degree of conjugation in their structures, 
facilitating the absorption of photons and 
molecular radical ion formation (M+•) (24). 
This specific trend was not observed in the 
case of trimethoprim, indicating that some 
other preferred ion formation pathway must 
be present. Citalopram also has a higher 
degree of conjugation in its structure, facili-
tating the absorption of photons and M+•, 
making the APPI source highly efficient for 
the analysis of these compounds. 

Paired t-tests were conducted at a sig-
nificance level (α) of 0.05 on the data of the 
calibration curve performed with an artificial 
matrix and without a matrix. S16 provides 
the p-values of the test for both the ESI and 
APPI ionization sources for analysis of antibi-
otics and shows that all population means are 
equal; therefore, there is no significant differ-
ence between data obtained with or without 
a matrix. S17 shows the population means 
are also equal between the data obtained 
with and without artificial matrix for EDCs.

The matrix effects on antibiotics and 
EDCs using ESI and APPI was calculated 
using the LOQ obtained from calibration 
curves performed with and without matrix. 

TABLE V: EDCs detected in real wastewater sample using ESI and APPI

Antiobiotics
With Matrix (ppm) Without Matrix (ppm)

ESI APPI ESI APPI

Acebutolol 0.235 2.78 0.0344 0.925

Atenolol <LOD 0.0234 <LOD <LOD

Citalopram <LOD 0.0388 0.144* 0.419*

Metoprolol 0.0830 0.0006 0.167 <LOD

Paroxetine <LOD <LOD 0.229 7.67

Propranolol 0.474* 0.932* 0.906 2.50

Venlafaxine 0.0503* 2.48* 0.0271* 4.00*

*t-test p-value < 0.05
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The trends can be seen in Tables S18 
and S19.

Real wastewater samples from the 
ERTC were analyzed for the detection 
of antibiotics and EDCs. Table IV shows 
the concentration of antibiotics in real 
wastewater samples and Table V shows 
the EDCs calculated using the calibration 
curve equation obtained from the cali-
bration curve performed with and with-
out synthetic matrix using ESI and APPI.

Paired t-tests were used to compare 
the concentration of antibiotics and 
EDCs in sample, calculated using the 
calibration curve performed with artificial 
matrix and without matrix. Paired t-tests 
were conducted at a significance level (α) 
of 0.05 to determine if there was a signifi-
cant difference between the concentra-
tion of antibiotics and EDCs in the real 
wastewater samples collected from the 
ERTC wastewater treatment plant using 
the calibration equations obtained with 
artificial matrix and without matrix. Only 
three of the p-values, shown in S20 and 
S21, demonstrated a statistical differ-
ence between using the matrix calibra-
tion curve versus the water curve shown 
in S22, illustrating that while important 
for some analytes, overall it had insignifi-
cant effect in this specific study. 

Conclusions
There are few studies comparing the 
efficiencies of ionization sources for the 
MS analysis of low MW pharmaceutical 
analytes. While many researchers are 
limited to using ESI as their only ioniza-
tion source, the use of complementary 
ionization techniques produces better 
results for the quantitation of analytes, 
and should thus be considered for future 
studies. When purchasing an instrument 
costing $250,000 and up, the addition 
of a $25,000 additional ion source to 
improve analyte coverage in the analysis 
should be viewed as a reasonable added 
cost, considering that it nearly doubles 
the analytical capabilities of the instru-
ment in terms of analyte coverage.

It was found that ESI is preferable for 
the analysis of pharmaceuticals, such as 
antibiotics, beta blockers, and SSRI anti-
depressants. However, ESI is not suitable 

for the ionization of all the pharmaceuti-
cals with high sensitivity. APPI is an excel-
lent complement to ESI, as it is highly 
efficient in the ionization of analytes that 
ESI is unable to ionize. 

There was no significant difference 
observed in the presence of matrix 
effects at very low analyte concentra-
tions. With higher concentrations of 
analytes, however, matrix effects should 
be taken into consideration when using 
these methods due to the significant 
difference observed. Since the LOQ of 
most of the analytes was less than 1 ppt, 
further study is needed to determine 
the ionization efficiency of ESI and APPI 
for these compounds by calibrating at  
lower concentrations.

By determining the ionization energy 
of an analytes using the appropriate 
software, it can be predicted which com-
pounds will ionize by APPI or ESI prefer-
entially. This determination will aid in the 
analysis of other classes of environmen-
tal pollutants, including other groups of 
pharmaceuticals and pesticides. 

Using ESI and APPI as complemen-
tary ionization techniques yields a more 
complete picture of what compounds are 
present when analyzing in full scan mode, 
as well as better quantitation of analytes 
when appropriately optimized. This infor-
mation holds value because employing 
multiple ionization techniques is an easy 
fix that creates a cost-effective method 
for analyte detection that can improve 
the outcome of future research studies. 
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FOCUS ON 
DATA HANDLING
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The concept of data integrity is 
straightforward. Actually ensur-

ing data integrity in practice, how-
ever, is a more complex topic, and 
involves many elements, such as the 
right corporate culture, good stan-
dard operating procedures, and 
the right laboratory setup. A key 
step is also second-person review 
of data. To understand more, we 
spoke to Monica Cahilly, the pres-
ident and founder of Green Moun-
tain Quality Assurance, in a pod-
cast interview. Cahilly has more 
than 25 years of consulting expe-
rience, with specialized interest in 
and enthusiasm for data integrity 
assurance and data governance. A 
short excerpt of that interview is 
presented here. 

What is the importance of having 
multiple reviewers to ensure data 
integrity?
Second-person review is a data-integ-
rity requirement that goes back funda-
mentally to the inception of the GXP 
regulations. It takes into account the 
principle that humans are error prone. 
Because the work we are doing in 
GXP-regulated industries is so impor-
tant and can potentially affect the 
lives of our customers (patients), it is 
important to ensure that we have a 
risk reduction strategy. Having a sec-
ond person review what we do is an 
important element of that risk reduc-
tion strategy. 

Historically, if we were filling out a 
laboratory worksheet or a laboratory 
notebook on paper, we would always 
have a second person review what 
we did to make sure they did not see 

any mistakes, and to make sure we 
are following procedures or analytical 
methods correctly, and to make sure 
we are properly trained. That reviewer 
would  also look to see if there were 
things that required additional inves-
tigation and corrective and preven-
tative actions. Maybe we deviated 
from our procedures or our analytical 
methods, or maybe there was some-
thing odd in the data set. Perhaps, in 
some extreme cases, there may be 
the potential of someone falsifying 
the data. 

Therefore, we need to have a sec-
ond person reviewing data to look for 
these mistakes, whether they’re inten-
tional or unintentional. In my experi-
ence, the vast majority of data integ-
rity risk actually is not intentional. 
It isn’t that people come to work 
intending to do something incorrectly. 
I believe that most people come to 
work trying to do the best they can, 
but we’re all human beings and we 
all make mistakes. It’s really benefi-
cial for both the individual and the 
larger entity that we have someone 
who looks over our work, and helps 
us catch those mistakes and correct 
them before they turn into something 
that could potentially affect one of 
our patients.

Why is it important to lock the 
data set of results while it is 
going through the review and  
approval process? 
Locking data during a data process 
is one of the principles of good data 
process design. When you think about 
good data process design, one of the 
things I try to ask myself is, “How can I 

prevent risk, and where in my data pro-
cess are opportunities to prevent risk?” 
Because I know that when I leverage 
prevention and controls that prevent 
risk, it makes my life a lot easier on the 
detection side. As an example scenario, 
imagine that someone is entering data, 
and, as they enter that data, it’s going 
from a chromatography data system 
(CDS) into a laboratory information 
management system (LIMS). Then the 
reviewer comes in, and starts looking at 
the data that are in the LIMS and com-
paring them back to the data that are in 
the CDS. Or the reviewer might be look-
ing directly at the data in the CDS and 
going through all the different ways that 
the original analyst processed the data. 
If, as the reviewer is doing the review, 
they are locking the data behind them, it 
prevents additional changes from taking 
place later that would undermine the 
review. It creates a secure link between 
the signature and the data set. 

Also, once data are locked in a way 
that people can no longer modify data 
or delete data, it means that there are 
going to be fewer entries in audit trails. 
In other words, if, as an ordinary user, 
I am unable to modify, delete, or con-
tinue to create more data, then there 
are no audit trails that will be triggered 
by me after that locking process. 

Locking processes are never 100%. 
There always is going to be someone 
who can, in fact, unlock data. However, 
locking data will reduce that residual 
risk to a much lower level, when the 
locking process is done concurrently 
with the review and approval processes.

This interview has been lightly edited for style 

and space.

Understanding the Review Process 
in Ensuring Data Integrity 
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Optimizing Gas Chromatography Using  
Column Dimensions
These tips will help you navigate choices about GC column dimensions to achieve significant improvements in resolution.

Tony Taylor

FUNDAMENTALS

Optimizing gas chromatography (GC) 
separations typically involves making 

informed choices around stationary‑phase 
chemistry and column temperature programs. 
However, judicious initial choices of GC col‑
umn dimensions, and even a change of 
column dimension during method develop‑
ment, can lead to significant improvements in 
resolution. Some knowledge of the relation‑
ships between resolution and column length, 
internal diameter, and film thickness can lead 
to the best column choice to begin method 
development or to get you out of trouble 
when your stationary‑phase chemistry choice 
or temperature program optimization do not 
produce the required results.

The primary relationships between resolu‑
tion and column dimensions are outlined in 
equation 1 and Table I:

R(s) = √N
4

k
k+1

α-1
α(     )(     ) (       )          [1]

Efficiency (N) is a function of carrier gas type, 
column length (L), column internal diameter 
(dc). Retention factor (k) is a function of tem‑
perature, film thickness (df), and column inter‑
nal diameter (dc). Selectivity (a) is a function of 
temperature (T) and stationary‑phase chem‑
istry. So how can we relate the various GC col‑
umn dimensions to resolution (Rs)? Combin‑
ing equation 1 with the information in Table I, 
we can summarize the overall effects of col‑
umn dimensions on chromatographic resolu‑
tion using the following general relationships  
and caveats.

Column Length (L)
Doubling column length doubles efficiency 
(N), improving resolution by a factor of 1.4, 

and doubles analysis time (by ~1.5 to 1.75x 
for gradient‑temperature programming). It 
also  increases column costs, and encour‑
ages the need to consider the effects of 
elution temperature with increasing column 
length; you may need to adjust the oven  
temperature program.

Column Internal Diameter (dc)
Column internal diameter (dc) affects effi‑
ciency, retention, carrier flow rate, capacity, 
and pressure drop across the column. It is  
inversely proportional to column efficiency—
halve the column diameter, and double 
efficiency, increasing resolution by a factor 
of 1.4. Column head pressure is an inverse 
square function of column radius, so halving 
column diameter will increase head pressure 
(for an equivalent linear velocity) by a factor 
of 4. Column capacity increases with column 
internal diameter; however, capacity is also 
dependent on the stationary‑phase type, 
film thickness, and the nature of the analytes. 

Stationary-Phase Film Thickness (df)
Stationary‑phase film thickness affects reten‑
tion, inertness, capacity, resolution, and bleed. 

It is directly proportional to retention time (or 
a ratio of 1.5:1 for gradient temperature pro‑
gramming). Thick stationary‑phase films give 
retention for highly volatile analytes. Increas‑
ing film thickness allows retention of volatile 
analytes at temperatures at or above ambi‑
ent. Doubling stationary‑phase film thickness 
gives an increase of ~20 °C in elution tem‑
perature. Retention of late eluted (high boil‑
ing point) analytes is reduced using thinner 
film columns. Early eluted analytes (k < 2) are 
better resolved using thicker‑film columns. 
Resolution may decrease for analytes with 
retention factor (k) values greater than ~5 with 
increasing film thickness. Thicker films bleed 
more; upper temperature limits of thick film 
columns will be lower. Thicker‑film columns 
are more inert because the film shields the 
analyte from active sites on the silica tubing 
(therefore, better peak shape for polar and  
active  compounds).  Thicker film columns have 
higher analyte capacity, and so may reduce  
peak fronting.

This is an excerpt of a blog entry with the 
same title. See the full blog entry on our 
website (www.chromatographyonline.com)
for real-life examples to illustrate these points. 

TABLE I: The relationship between each chromatographic variable of the resolution 
equation and GC column dimensions

Chromatographic 
Parameter

Length (L) Internal Diameter (dc)
Film Thickness 

(df)

N Increases Increases with reducing diameter -

k - Increases with reducing diameter
Increases with 
increasing film 

thickness

α - - -

http://www.chromatographyonline.com
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