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1.1 Control of genotoxic impurities

Trace analysis of potential genotoxic impurities (PGIs) is one of the greatest challenges 
in pharmaceutical analysis. Traces of toxic impurities, i.e. process impurities or 
degradation products, may be present in pharmaceutical products originating 
from either the active pharmaceutical ingredient (API) or excipients used in the 
formulation. Many starting materials and intermediates used in the synthesis of the 
API are reactive compounds. Depending on the process conditions, the residues of 
these components or by-products from the reaction may remain in the final active 
compound and end-up in the drug product. In addition, degradation may result in 
potentially toxic components such as aldehydes or epoxides.
The presence of well-defined functional groups in impurities is indicative for potential 
genotoxicity [1,2]. Direct or indirect reaction of these components with DNA can 
result in genetic mutations with the risk of the development of cancer. Since 2007, 
new pharmaceutical products need to comply with the EMA [3] or FDA guideline [4] for 
control of genotoxic impurities, and in 2014 the ICH M7 guideline was released [5]. For 
genotoxic impurities without sufficient evidence for a threshold-related mechanism, 
the guidelines proposes the control of levels to “as low as reasonably practicable”. 
The guidelines recommend a “threshold of toxicological concern” (TTC) for all besides 
highly potent subset of compounds. Depending on the dose and duration of the 
treatment a threshold of toxicological concern is set. For the lifetime use of a product 
a maximum daily intake of 1.5 µg of a PGI is considered acceptable. This threshold 
corresponds to an incremental of 1 in 100.000 lifetime risk of cancer, a risk level that 
is considered as justified because of the benefits from pharmaceutical treatment.
For a product with a maximum dose of 1500 mg per day the level of control for 
the PGI would be 1 ppm, which is 500-fold lower than for regular impurities. 
Routine control on regular impurities down to 0.05 % (500 ppm) relative to the 
active compound is mainly performed using LC-UV analysis. Typically analytical 
methods for pharmaceutical purity are able to detect known impurities and have 
the possibility of detecting unknowns compounds at this level. For PGIs however, in 
many cases orthogonal methods are needed to control the limits required for this 
type of compounds. Even though the matrix of a pharmaceutical product seems to 
be relatively simple compared to e.g. biological matrices, the separation of impurities 
from a large excess of the API is challenging. Therefore, analytical screening 
for any impurity at ppm level is far outside the current scope of pharmaceutical 
analysis. Resulting from these difficulties, in contrast to regular impurity profiling, 
the coverage of PGIs currently fully relies on theoretical assessment. According to 
the guideline [5], all components that might reasonably be expected to be present 
in the final product should be assessed. Software, such as DEREK [6], is used to 
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evaluate the structures for functionalities that are suspected of genotoxicity, i.e. the 
so called altering structures [1]. The presence of these altering structures and the 
likelihood that the associated impurity is present in the final product should be further 
evaluated. If components were missed in the assessment, these are not covered in 
this control strategy.
The evaluation process has to be carried out for the first batch used in clinical studies 
and should be repeated following any significant change in the production process. 
When a PGI is probably present, a small quantity of reference material is produced to 
perform a biological toxicity test, i.e. an Ames test, and/or to apply analytical testing 
on the actual presence or absence of the PGI. In general limit testing for the target PGI 
down to 30 % of the control limit is pursued to demonstrate its absence. Controlling 
PGIs in intermediate steps of the API production is generally preferred over control in 
the final product (API) [7, 8].
PGIs being common starting materials or formed in well-known side reactions or 
degradation pathways can be easily assessed and controlled. In addition to such 
common PGIs, compounds that are structurally related to the API, such as by-products 
or degradation products, may be less easy to assess. The completeness of coverage 
of the number of PGIs following from assessment obviously strongly depends on the 
information available and subject matter expert knowledge. As production of starting 
materials, intermediates, APIs and even drug products is more and more outsourced 
information on genotoxic impurities is sometimes less easily accessible. Consequently, 
relying on external partners and with limited process knowledge, the quality of the 
assessment may be at risk. In addition, even a decade after implementation of the 
guideline, the potential presence of potentially toxic degradation products require 
more attention. Known degradation products at levels above 0.1 % may be found, 
but components that may be formed at levels of concern for genotoxicity are hardly 
included in the assessments. For this purpose prediction software is being developed 
[9] but the effectiveness of such software has to be demonstrated. As such, detecting 
the presence of PGIs at trace levels remains a challenging task. If in addition to the 
theoretical assessment, analytical screening would be applied, exposure of patients 
to genotoxic impurities could be minimized. In addition to targeted analysis, currently 
applied to monitor PGIs based on process knowledge, untargeted or semi-targeted 
screening would be required to detect any PGI present, especially if there is limited 
prior knowledge. Development of such methods for trace levels in pharmaceutical 
products has not been reported and is very challenging to achieve.
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1.2 Target analysis of PGIs

Depending on the development phase of the pharmaceutical product, different 
requirements are valid for the analytical method. The general control strategies and 
the majority of the publications primarily focus on methods that are easy accessible 
such as liquid chromatography (LC) with ultraviolet absorbance detection (LC-UV) 
and gas chromatography with flame ionization detection (GC-FID) [7, 10]. Although 
assumed to be fit for purpose, in general these methods have limited selectivity. Using 
high concentration samples or large injection volumes, the sensitivity is sufficient 
but interference with unspecified impurities can easily result in false positives. In 
pharmaceutical development LC or GC hyphenated with mass spectrometry (MS) 
has become the state of the art approach in trace analysis. Resulting from its high 
selectivity and sensitivity the majority of challenges for target analysis encountered 
with the traditional techniques can be overcome by hyphenation with MS [10]. This 
is facilitated by the fact that in the last 10 years mass spectrometers have become 
widely available in pharmaceutical industry. For targeted PGI analysis, the majority 
of problems that were recognized at the implementation of the guidelines have been 
addressed applying such a systems.
Direct analysis of the PGIs is in general the most favorable approach. Depending 
on the characteristics of PGI and the matrix the most suitable separation and 
detection technique can be selected. Applying the separation method developed 
for the determination of the regular impurities and using MS detection is most 
straightforward if volatile mobile phases are applied. As the analysis of PGIs in a 
pharmaceutical product is often under time pressure availability of an alternative 
method is considered beneficial. Therefore, preferably generic methods are developed 
for each class of PGI, each method covering PGIs over a wide range of polarities. With 
such generic methods, only chromatographic resolution for the PGI and the API needs 
to be confirmed and adjusted if necessary.
Especially for polar PGI alternative approaches are required as both GC and LC, 
using common C18 columns, show limited performance. For the separation of polar 
components the use of Hydrophilic Interaction Liquid chromatography (HILIC) has 
gained in popularity. In addition to interaction with the stationary phase, separation 
is achieved by partitioning of the analytes between the mobile phase and a water-
enriched liquid layer on the stationary phase. Different interactions, such as hydrogen 
bonding, dipole-dipole or ionic interactions, may play a role in the retention behavior 
of the analytes.
Also capillary electrophoresis (CE) is very suitable for the separation of polar 
components and can be used as an orthogonal technique to liquid chromatography 
for impurity profiling [11]. CE is well known for its highly efficient separation power, 
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however for the separation of impurities in the presence of a large excess of API often 
highly concentrated and non-volatile background electrolytes (BGEs) are applied. 
When hyphenated with MS, this high separation efficiency is often compromised for 
selection of an MS friendly low concentrated volatile BGE. Furthermore, the limited 
amount of sample that can be injected into a CE capillary often results in limited 
sensitivity. Therefore, CE is hardly applied for PGI analysis.
If, due to poor stability or sensitivity, direct analysis of a PGI is not feasible, 
derivatization is commonly applied. The characteristics of the PGI can be adapted 
to obtain more attractive properties regarding analyte stability, separation and 
detection. For targeted MS-based applications reagents have also been developed to 
optimize sensitivity and specificity of the fragmentation. Moreover, resulting from the 
presence of an identical structural element (the derivatization reagent attached) the 
derivatives tend to show more similarity in terms of retention behavior and response 
in detection. This strongly improves possibilities to develop generic method.

1.3 Analysis of alkylating compounds

Alkyl halides and alkyl esters of sulfonates are the two classes of alkylating compounds 
of interest in the work presented in this thesis. The common PGIs in the class of alkyl 
esters of sulfonates are resulting from the reaction of sulfonate counter ion with 
alcohols. Methyl, ethyl, propyl and isopropyl esters of mesylate (or methyl sulfonate), 
besylate (or benzene sulfonate) and tosylate (or p-toluene sulfonate) are formed. A 
broad range of methods is available to perform target analysis of these compounds 
at ppm level in different matrices, e.g. based on headspace (HS)-GC-MS, GC-MS and 
LC-MS [12]. However, for less common sulfonate esters, i.e. components structurally 
related to the API, methods are lacking.
Alkyl halides are commonly used as reagents in pharmaceutical synthesis and are 
therefore one of the major PGI classes of interest. Alkyl halides can also be formed 
as byproducts e.g. resulting from the conversion of alcohols and ethers in processes 
where concentrated hydrochloric or hydrobromic acid is applied. A known (side) 
reaction is the conversion of tetrahydrofuran (THF), often used as solvent in API 
production, into 4-chloro-1-butanol.
For common alkyl halides, i.e. low weight starting materials, mainly GC methods are 
applied [13]. A high concentration of API (e.g. about 50 mg/ml) and MS detection in 
SIM mode are in general required to achieve the desired sensitivity. Due to the high 
concentration of API, which often has poor characteristics for GC analysis, and the 
need to detect in selected ion monitoring (SIM) mode generic applicability of these 
GC-MS methods is limited. Electron capture detection (ECD) is very sensitive for 
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halides, however it cannot distinguish potentially genotoxic alkyl halides from other 
regular non-toxic halides.
For API related PGIs, mainly LC-UV methods are applied. In contrast to other classes 
of PGI, generic methods for less volatile alkyl halides are not available. In a review 
on analysis of alkyl halides it was suggested that methods applied for other classes of 
alkylating components, which are often based on derivatization, could also be applied 
for alkyl halides [13]. Yang et.al demonstrated an LC-MS approach for an alkyl halide, 
which was found to be more sensitive when compared to an alternative GC approach. 
To address the instability of 4-fluorobenzyl chloride in plasma, derivatization with 
4-dimethylaminopyridine (DMAP) was used [14]. After clean-up and removal of the 
excess of DMAP by solid-phase extraction (SPE) and HILIC separation, the intrinsically 
positively charged derivative could be quantitatively determined down to 0.5 ng/
ml using MS/MS detection in SRM mode. Without being mentioned in this article, 
the highly efficient transition of m/z 231 to 109, corresponds with the neutral loss 
of the reagent. If this behavior is typical for DMAP derivatives of alkyl halides this 
would imply a potential to perform neutral loss screening of PGIs. The system for 
the targeted bioanalytical application using derivatization for compound stabilization 
may be used for a sensitive and selective analytical screening strategy for PGI in 
pharmaceutical products.

1.4 Screening analysis of PGIs

Although not requested by authorities for the assessment of PGIs in pharmaceutical 
products, developments in analytical instrumentation and related approaches offer 
possibilities to perform fully untargeted screening. Especially the use of accurate 
mass is considered as state of the art for untargeted screening analysis in the 
field of small molecules, e.g. for pesticide - and drug residue analysis and for 
metabolomics. Due to the strong differences in characteristics of the PGIs which 
may be present in pharmaceutical products, obtaining high coverage of all PGIs 
in an untargeted approach is a very demanding task. Moreover identification and 
toxicity assessment of all the components observed is very challenging in such a 
comprehensive approach. Derivatization based semi-targeted screening offers a 
high potential for effective screening of PGIs resulting from the common structural 
element introduced by the derivatization reagent. Focusing on that common 
structural element, the number of components and the uncertainties in detectability 
can be significantly reduced as compared to untargeted screening. Moreover, the 
reactivity of the PGIs towards the specific reagent already provides an indication of 
their potential genotoxicity.
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The derivatization of the functional group responsible for the genotoxicity and 
subsequent MS/MS detection of the derivatives, based on fragmentation related to 
the derivatization reagent, enables screening in a semi-targeted approach. MS based 
functional group analysis relies on the presence of specific markers in MS/MS, i.e. 
fragments or neutral losses. In principle, if a reagent related marker is observed this 
correlates with the presence of the functional group derivatized and thus with a PGI 
in the class characterized by that group. Precursor ion or neutral los scanning using 
triple quadrupole instruments is especially suitable to perform this type of functional 
group analysis. In contrast to triple quadrupole instruments, other instruments lack 
either the correlation of the product ion or the neutral loss with the precursor or 
the ability to generate fragmentation of unknowns at trace level, i.e. when applying 
data dependent analysis. In both precursor ion and neutral loss scanning, the first 
quadrupole is used in scan mode while subsequent fragmentation takes place in the 
collision cell. In a precursor ion scan the third quadrupole is fixed at the fragment 
of interest (the selective product ion), whereas in a neutral loss scan- the third 
quadrupole is scanning with a difference of the loss of interest compared to the first 
quadrupole. In this set-up both fragmentation at trace levels and correlation with the 
precursor are guaranteed if a suitable collision energy is applied. For all positives 
found in such a screening, a tentative identification can be performed by combining 
process knowledge and complementary accurate mass data.
The selection of the separation method also plays an essential role in screening 
analysis. Co-elution of the PGI with the API (present at up to a million fold excess), or 
with any other matrix constituent may result in ionization suppression, thus decreasing 
detectability. Ideally, the derivatives of unknown PGIs should be separated from any 
API, or at least from a class of APIs, e.g. acidic, neutral or basic APIs. For a class of 
PGIs with significant diversity, various generic methods may be required to achieve 
sufficient separation using one method or the other.
The efficiency of the screening approach strongly depends on the selectivity of the 
derivatization, the separation and the detection for a class of PGIs. Lack of selectivity 
in the derivatization reaction or non-specific MS/MS fragmentation will result in false 
positives which limits the efficiency of the screening approach. Low sensitivity for the 
diagnostic ion, e.g. due to poor recovery of derivatization, inefficient fragmentation 
or matrix interference caused by co-elution with the API can result in false negatives. 
Optimization of the derivatization reaction, sensitive and selective MS detection and 
the availability of orthogonal separation methods are important from this perspective.
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1.5 Scope of the thesis

The goal of this thesis is to improve the strategy for control of potentially genotoxic 
impurities (PGIs) in pharmaceutical products, focusing on alkylating compounds such 
as alkyl halides and alkyl sulfonate esters. At the start of the study, a generic method 
for the target analysis of alkyl halides at trace levels was not available. Screening for 
PGIs in pharmaceutical products had also not been studied. The goal of this study is 
to develop a generic semi-targeted screening approach in order to make the coverage 
of PGIs less dependent on the theoretical assessment.
The primary goal is to set up a generic method for less volatile alkyl halides and 
for alkylating compounds in general. The approach focuses on achieving sensitivity 
and specificity with minimum sample handling as this may be time consuming and 
strongly dependent on the matrix. Determination of 4-fluorobenzyl chloride in plasma 
based on derivatization with DMAP, HILIC separation and MS/MS detection was found 
to be a starting point with high potential for the set-up of such a method [13]. In 
order to achieve the goal of the present work, the method has to be made suitable 
for detection of a wide range of alkyl halides in different types of API. So far the 
method was only proven to be suitable for the analysis of a single compound in 
a biological matrix after a sample clean-up. To be effective for generic screening 
for any alkylating PGI in a variety of APIs, many factors need to be studied and 
optimized. The derivatization should be selective for the class of PGI, a diagnostic 
ion must be detectable at significant levels and the derivatives should be separated 
from a large excess of API. For effective screening these requirements should be 
achieved at generic test conditions with minimum sample handling. The potential 
for target analysis and semi-targeted screening is evaluated by investigation of the 
derivatization reagent and conditions, the development of complementary separation 
methods, and the optimization of the specificity and sensitivity of MS/MS detection.
Derivatization is applied to enhance sensitivity and selectivity of detection. To meet 
this objective, a high derivatization recovery in a short reaction time is desired, while 
aiming for MS/MS screening put requirements on the uniqueness and the efficiency 
of the formation of the diagnostic ions. Based on the commercially available DMAP, 
a new reagent (butyl 1-(pyridinyl-4yl) piperidine 4-carboxylate, BPPC) is developed 
for higher selectivity of MS detection and thus enhanced coverage in screening. The 
main objective for the development of the new reagent is to reduce the number of 
false negatives, i.e. PGI missed in screening because of non-efficient formation of 
diagnostic ions. If in addition efficient fragmentation can be obtained at the standard 
operation conditions, this will result in an improved sensitivity for the diagnostic 
marker and improve detectability. When reagent the number of false positives can 
also be more than one unique makers can be included in the minimized.

Chapter 1

12



To allow derivatives to be detected in MS screening, besides compatibility two major 
other requirements for the hyphenated separation method have to be met. First 
sufficient retention of the derivatives needs to be obtained and secondly matrix 
interference has to be minimized, i.e. interference originating from the API and 
the excess of reagent should be decreased. If the API elutes in the same retention 
window as a derivative the detectability of the associated PGI may be reduced due to 
ionization suppression. An (unpublished) study showed that HILIC was more suitable 
than RPLC. However, interference with detection of the positively charged derivatives 
can be expected from basic pharmaceuticals and the excess of the reagent. To reduce 
the possibility of co-elution, HPLC screening can be performed, e.g. using different pH 
values and / or columns. As both PGIs and APIs are unknown components in a generic 
approach, the development of generic LC methods is focused on obtaining different 
retention behavior for the derivatives and various classes of APIs. When in a method 
the retention range of the derivatives has little overlap with the retention range of 
a class of APIs, the suitability for generic application is high. Use of complementary 
methods will increase the possibility of separation in one of the methods. Instead of 
applying various LC methods, the application of a true orthogonal method such as CE 
is considered more desirable. However, for CE-MS to be applicable for PGI analysis 
major challenges regarding separation efficiency and sensitivity must be overcome.
A generic CE-UV method available for the separation of basic compounds provides 
highly efficient separations of related substances in the presence of an excess of 
basic API. However the separation efficiency is highly dependent on the high buffer 
concentration in the BGE. For generic application, a BGE consisting of 100 mM TRIS 
adjusted to pH 2.5 with phosphoric acid was found to be very suitable. To be effective 
for impurity profiling in general, and the positively charged derivatives of PGIs in 
particular, this method needs to be hyphenated with MS without compromising 
separation efficiency. So far hyphenation of CE with MS is mainly approached from 
an MS perspective, i.e. avoiding high concentrations of BGE and non-volatile buffers. 
For the hyphenation of the CE system with apparently low compatibility with MS 
detection, the sheath-liquid interface is an important part. The sheath-liquid provides 
the electric contact on the outlet side of the CE capillary and increases the flow-rate 
for efficient coupling with MS. In addition, the sheath-liquid can be used to modify 
the electrospray process, e.g. by addition of a volatile acid or an organic modifier to 
improve nebulization and evaporation.
For CE-MS many parameters need to be addressed to allow stable and sensitive 
operation, such as the positioning of the CE capillary, the sheath-liquid flow and 
composition and the nebulizer gas pressure. The use of a sheath-liquid interface and 
a volatile sheath liquid tolerates non-volatile BGE to some extent, however with a 
significant dilution as disadvantage. As already noted, the detection limits required 
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for PGIs are a factor of 500 below 0.05 %, which is the goal for CE-UV analysis of 
regular impurities. Consequently, a significant gain in sensitivity would be required to 
meet the quantitation thresholds.
Hydrodynamic injection, injecting a sample plug by pressure, is generically applied 
in CE. Due to the limited volume that can be injected, typically the threshold of 
0.05 % for regular impurities can only just be met. Sensitivity enhancement can be 
obtained by electrokinetic injection where the ions are introduced electrophoretically. 
This injection mode however is hardly used in pharmaceutical analysis as for 
impurity profiling selectivity in the CE injection can prevent detection of a part 
of the impurities. Moreover, the sample matrix can have a large influence on the 
efficiency of the injection. Most successful applications using electrokinetic injection 
for signal enhancement are developed for low conductivity samples, e.g. for trace 
analysis of water. In pharmaceutical impurity profiling high sample concentrations 
are required, making the use of this injection mode more challenging. However using 
the characteristics of the derivatives, electrokinetic injection combined with stacking 
is explored to accomplish preconcentration and significantly improve the detection 
limits for PGI analysis.
To demonstrate generic applicability the methods developed are applied using 
both DMAP and BPPC reagents and orthogonal LC and CE separation methods for a 
range of PGIs at relevant concentration levels (sub-ppm) in different types of APIs. 
This strategy- consisting of a selective derivatization, separation and detection, as 
developed for alkylation compounds, may be applied to other classes of PGIs. A 
literature study is performed to show this potential.

An overview of the applications with high potential for screening of different PGI 
classes is given in chapter 2. The use of derivatization reagents for targeted PGI 
analysis and their potential for MS based semi-targeted screening of PGIs is described. 
Most GC-MS or LC-MS applications are developed for targeted analysis but common 
fragmentation patterns in MS/MS show potential to extend this to functional group 
based semi-targeted screening. The potential applicability is demonstrated with 
examples from various application areas.

In chapter 3 the optimization of the derivatization of a range of alkyl halides with DMAP 
is described. The concentration of the reagent, the temperature and the derivatization 
time are investigated. Separation of the charged derivatives is obtained by a HILIC 
separation using a silica column. The fragmentation behavior of the derivatives for 
a wide range of alkyl halides is studied for reagent related markers in MS/MS using 
parent or neutral loss scanning with a triple quadruple MS/MS. The detection limits for 
targeted analysis are compared to those obtained in screening analysis.
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The development and performance of a new derivatization reagent, i.e. BPPC, is 
presented in chapter 4. The reagent is based on DMAP, but has an additional side 
group attached to promote reagent specific fragmentation. The level of reagent 
specific fragmentation and the conditions required to obtain efficient fragmentation 
are investigated and evaluated for coverage and sensitivity in neutral loss scanning. 
Derivatization conditions, i.e. pH and derivatization time, are further optimized for 
BPPC derivatization to achieve acceptable recovery for both alkyl bromides and alkyl 
chlorides. Results obtained with the new reagent are compared to the results obtained 
with DMAP.

Chapter 5 describes the development a CE-MS method for screening of impurities 
in basic pharmaceuticals allowing the use of specific and sensitive MS detection 
without compromising separation efficiency. A sheath-liquid interface is used for the 
coupling of high ionic non-volatile background electrolytes with MS. Parameters such 
as the positioning of the capillary, the sheath liquid composition and the nebulizer 
gas pressure are investigated to obtain sensitive and stable operation. The influence 
of the TRIS concentration in the BGE on separation and MS sensitivity is studied for 
a number of APIs. Finally the system is tested for impurity profiling of an API under 
development.

In chapter 6 this method is evaluated for (semi-) targeted screening of trace levels of 
derivatized alkyl halides. Derivatives are intrinsically charged which offers potential 
to a selective pre-concentration of the PGI from the high pH sample solution that 
resulted from the development in chapters 3 and 4 by using electrokinetic injection 
instead of hydrodynamic injection. Optimization of injection voltage, injection time, 
water content of the sample and TRIS concentration in the BGE is carried out by a 
design of experiments. The selectivity and sensitivity of both hydrodynamic as well 
as electrokinetic injection are studied and also compared to the results obtained with 
HILIC-MS applying the method described in chapters 3 and 4.

Chapter 7 provides the summary and general conclusions on the systems developed 
for the screening of PGI. In addition perspectives to future PGI analysis are presented.
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Abstract

The potential for mass spectrometry (MS) based screening of potentially genotoxic 
impurities (PGIs) in small molecule pharmaceutical products has been evaluated. In 
addition to the common analytical approaches applied for target analysis of PGIs, a 
new semi-targeted screening strategy has been proposed. Semi-targeted screening 
based on derivatization of the functional groups, specific for the individual classes 
of PGIs, and subsequently using mass spectrometric monitoring of isotopic labels or 
diagnostic ions for the derivatization reagent is particularly amenable.
The study has been performed for a number of important classes of PGIs, i.e. 
(alkylated) aminoaryls, nitro compounds, aldehydes, epoxides, hydrazines, alkyl esters 
of sulfonates and primary halides. For each class an overview table is presented of 
the derivatization and MS based applications, mainly using gas chromatography (GC) 
or liquid chromatography (LC), including the reagent applied, the specific markers 
and detection limits. The review shows that, based on assessment of mainly targeted 
methods, for the majority of classes of PGIs systems for semi-targeted screening 
are conceivable. Limitations such as lack of specificity in the derivatization reaction 
and non-specific fragmentation in MS/MS detection should be taken into account. 
Moreover the possibilities to further improve the strategy are highlighted.

Chapter 2

20



1. INTRODUCTION

The registration of pharmaceuticals requires a comprehensive assessment of the 
genotoxic potential of the active ingredient as well as of the presence of genotoxic 
impurities. Since 2007 EMA [1] and FDA guidelines [2] on control of genotoxic impurities 
have been implemented and more recently the ICH M7 guidance was released [3]. 
The strategy provided for genotoxic compounds focuses on preventing the presence 
or reducing impurities to levels lower than a safety concern [4-10]. Often limits in the 
range of 1 - 10 ppm in the final product need to be complied with.
In contrast to ICH Q3A and Q3B for impurities in general, a comprehensive analytical 
screening for low level toxic impurities in intermediates or final product is not 
prescribed. Instead, target analysis and control for a potential genotoxic impurity 
(PGI) will only be initiated if a component’s presence is plausible and it is recognized 
as a PGI based on a theoretical assessment. Current guidance only requests for 
assessment based on impurities known to be present in starting materials and 
intermediates and “reasonably expected” by-products, which is left for interpretation 
by the applicant. The depth of evaluation of the chemical synthesis route producing the 
active pharmaceutical ingredient (API) and the ability to predict degradation products 
are critical from this perspective [11, 12]. As such, the quality of the assessment, 
and thus the coverage of PGIs in the final product, strongly depends on information 
available and “subject matter expert” (SME) interpretation. Timely detection of any 
PGI, including those that may be missed in the assessment could be achieved when in 
addition to the theoretical assessment an analytical screening is performed. As such, 
an approach based on actual screening for PGIs is much less biased.
Since the implementation of the guidance on genotoxic impurities in 2007 there 
has been a great progress in technology to perform various types of screening for 
trace levels of components. Although this technology is available in pharmaceutical 
development, it is not as commonly used for this purpose as compared to its application 
in other disciplines such as environmental, food and bioanalysis. In addition to the 
quantitative target analysis of PGIs following from a theoretical assessment, a 
comprehensive evaluation can be performed using generic methods, i.e. applying 
targeted analysis for a range of common PGIs (e.g. starting materials), but also 
applying untargeted or semi-targeted screening for less common PGIs (API related 
PGIs, such as by-products or degradation products).
Targeted analysis focuses on a number of explicitly predefined components for which 
the method can be optimized individually. Any component outside the selection will 
necessarily be missed in the analysis. Target analysis at trace level has been established 
for a long period of time, e.g. for the analysis of pesticides in various matrices. In 
this area, traditionally targeted liquid chromatography-mass spectrometry (LC-MS) 
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methods based on selected reaction monitoring (SRM) will allow hundreds of 
components to be analyzed in a single run, e.g. as applied for pesticide analysis [13]. 
The application of target analysis for assessment of PGIs in pharmaceuticals is limited 
to known PGIs, such as common starting materials, alkyl esters of sulfonates and low 
weight aldehydes.
In untargeted screening a comprehensive coverage of all components present in 
the sample is intended. Covering such a wide range of components, with different 
characteristics and concentration levels, sets high requirements for sample 
preparation, separation, detection and data processing. Applying high resolution MS 
may allow for detection of a very large number of components with a single analysis 
[14]. Development of selective, sensitive and accurate mass spectrometers based on 
e.g. Time of flight (TOF) or orbitrap technology, has already proven value in other 
disciplines and presents the opportunity to perform screening analysis for trace level 
impurities [13, 15, 16]. When using a number of orthogonal approaches the chance 
of detection of components will increase, however to obtain full coverage remains 
challenging. Moreover, subsequent identification of each component and assessing its 
toxicity is a very demanding task.
Semi-targeted MS screening focuses on a characteristic that is specific for a class of 
components. Within the target class of components screening can be perceived as 
untargeted. A characteristic representing a class of components can be the presence 
of a specific isotope pattern or a set of fragments. In case of PGIs, the presence 
of a specific functional group that is related to its potential toxicity would be the 
desired target for screening. Derivatization of these functional groups often results in 
enhanced specificity and sensitivity, as well as stabilization of reactive components for 
the target class of components. Typically semi-targeted screening using derivatization 
can be regarded especially amenable for PGIs as these are characterized by the 
reactivity represented by the presence of a specific functional group. As such, specific 
derivatization of a particular class of PGIs, and subsequent detection based on the 
characteristics of the derivatization reagent, allows detection of components within a 
class of PGIs without prior knowledge. This semi-targeted approach essentially allows 
detection of any class related component, while minimizing the analytical effort as 
e.g. would be required for untargeted screening.
A large number of applications for PGIs that are based on derivatization approaches 
have a high potential for semi-targeted screening. However, the majority has been 
developed for targeted analysis and therefore often does not meet the needs for 
semi-targeted screening. In derivatization based targeted analysis, the specificity of 
the derivatization reagent for a specific functional group and subsequent detection of 
a reagent related signal are not necessary, while these are essential in semi-targeted 
screening.
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This review gives an overview of methods applied for target analysis of PGIs with 
potential to be used for MS based semi-targeted screening. If detection is based 
on the specific functional group of interest, e.g. if reagent related fragmentation is 
observed and derivatization is sufficiently specific for the functional group targeted, 
applications can be considered to have potential for semi-targeted screening as well. 
The aim of this review is not to provide an overview of target analysis methods for 
PGIs. Only those targeted methods that may be applied for semi-targeted screening 
of PGIs are included.
The assessment has been performed for a number of important classes of PGIs, 
i.e. (alkylated) aminoaryls, nitro compounds, aldehydes, epoxides, hydrazines, alkyl 
esters of sulfonates and primary halides. Due to the limited number of publications 
of pharmaceutical applications with potential for screening, also methods from other 
application areas, such as environmental, food and in methods applied in bioanalysis 
are evaluated. These methods, which target for the same functionalities, often achieve 
detection limits lower than would be required in pharmaceutical applications and have 
been developed for more complex matrixes. Implementation of the methodology for 
PGI screening in pharmaceutical products could therefore be quite straightforward, 
although some adjustment of sample preparation and separation from the excess of 
API may be required.
An evaluation of the analytical strategies for PGIs in general and especially for 
derivatization and MS based semi-targeted screening is described in the section 
analytical approaches.

2. ANALYTICAL APPROACHES

2.1 Targeted analysis
In recent years strategies have been developed that showed that targeted analysis 
of PGIs at low-ppm level can be achieved [12, 17-20]. The different physicochemical 
properties of the analytes and matrices require a variety of analytical approaches in 
order to provide the selectivity desired for their assessment. A systematic strategy 
for method development, shown in Figure 1, was published by Sun, Liu and Kord in 
2008 [17].
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Figure 1: Flow scheme for PGI method selection [17]

Due to the low regulatory threshold the stability, sensitivity and selectivity are of 
higher importance in strategies for PGIs as compared to regular related substances 
in pharmaceutical analysis. The selection of separation technique, i.e. gas 
chromatography (GC) or high performance liquid chromatography (HPLC), is based 
on volatility of the PGIs. For volatile PGIs, headspace (HS)-GC has a strong advantage 
over GC due to the fact that the high amount of non-volatile matrix may be excluded 
from injection. Reversed phase (RP)-HPLC methods are the most popular for the 
analysis of non-volatile components. Hydrophilic interaction liquid chromatography 
(HILIC) is complementary to RP-HPLC and can be used for separation of polar 
components [17]. The strategy presented in Figure 1 shows a preference in selection 
of the conventional methods, such as LC with ultraviolet (UV) detection and GC with 
flame ionization detection (FID), which are easily accessible for routine analysis. 
These are gradually being replaced by targeted MS methods based on selected ion 
monitoring (SIM) in GC-MS and LC-MS or selected reaction monitoring (SRM) in LC-
MS/MS. MS based methods are favored as in general these do not only provide higher 
sensitivity and specificity, but also can provide essential information or confirmation 
of the identity of the PGI.
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Figure 1 shows that derivatization plays an important role in the strategy for target 
analysis of PGIs. Changing the analytes characteristics by derivatization can be applied 
to improve stability, sensitivity and selectivity in sample preparation, separation and 
detection. In this context derivatization of amines to allow their GC analysis is classic 
methodology to enhance selectivity [21, 22]. A large number of reviews has been 
published on derivatization for a wide range of functional groups [23-31]. Summaries 
provided by Zaikin and Halket [25], Santa [27], Xu [28] and most recently by Qi et 
al. [30], demonstrate that reagents can be designed to improve the characteristics of 
the analytes for mass spectrometric analysis. Commonly, substituents are included 
to enhance ionization efficiency. Specific functional groups promote MS detection in 
GC-MS or LC-MS.
One way to achieve higher selectivity in MS detection is by adding an isotopic label to the 
reagent. In addition to the common use of isotope labeling for quantitative purposes, 
peak recognition can be aided by monitoring peaks with a distinct difference between 
the monoisotopic peak and the isotope containing peak [32]. The most common way 
to achieve selectivity is by monitoring one or more MS/MS transitions that are specific 
for the component. For derivatives, in many cases efficient fragmentation of the 
reagent related part of the derivative is observed. Reagents have been designed to 
promote efficient MS/MS transitions by including specific good leaving groups. This 
does not only enhance target analysis, which is usually the goal of such development, 
but the presence of common fragments also enables semi-targeted screening [33, 34]. 
Derivatization of the functional group responsible for the genotoxicity and subsequent 
detection of the derivatives e.g. based on an isotopic label or fragmentation related 
to the derivatization reagent has potential for screening for PGIs in a semi-targeted 
approach.

2.2 Screening analysis
Nowadays, screening based on accurate mass is often considered to be state of the 
art [13, 16, 32, 35]. In case of screening for isotopic labels the use of accurate mass 
enhances the selectivity in full scan MS. For detecting common fragmentation patterns 
in MS/MS however, the traditional precursor-ion or neutral loss scanning using triple 
quadrupole instruments is especially suitable. Fragmentation of the compound of 
interest is a prerequisite in MS/MS screening, followed by direct correlation of the 
resulting unique product ion or neutral loss with the precursor. In contrast to triple 
quadrupole instruments, other instruments either lack this direct physical correlation 
or the ability to generate fragmentation of unknowns at trace level, i.e. when applying 
data dependent analysis. 
Although due to the use of accurate mass approaches their popularity is somewhat 
decreasing, semi-targeted LC-MS/MS approaches based on neutral loss or precursor-
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ion scanning aiming for screening of analytes within a certain chemical class have 
been applied in different application areas such as metabolite profiling and drug 
residue screening. For example, glycerol phosphatidylcholine phospholipids can be 
identified and differentiated from other phospholipid classes in complex mixtures 
by performing a constant-neutral-loss scan of 59 Da [36]. Screening of unknown 
synthetic steroids in human urine was performed using precursor ion scanning of a 
number of diagnostic product ions, i.e. m/z 109, 187, 199, 227 and 241 [37, 38]. LC-
ESI-MS/MS methods were developed for screening of residues of antibiotics in fish 
and meat tissue, using precursor ion scanning of the diagnostic product ion of m/z 
156 for sulfamides, m/z 154 for tetracyclines, m/z 160 for penicillins and m/z 163 
for aminoglycosides, allowing also non-targeted compounds to be determined [32, 
39]. Figure 2 shows that using the precursor ion scan at m/z 154, 100 ppb of the 
spiked chlortetracycline (CTC) can be detected in screening. In addition other related 
compounds in the class can be detected.

Figure 2: top: TIC of precursor ion scan of m/z 154 and the extracted ion of 100 ppb 
of chlortetracycline (CTC) spiked to fish tissue. bottom: Full scan MS and MS/MS 
spectrum of CTC [39].
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Components that lack the diagnostic ion will obviously be missed in screening. When 
screening is performed on derivatized components, in the approach that is aiming 
to achieve reagent related fragmentation, the potential for screening is strongly 
enhanced. Several derivatization based applications have been developed for semi-
targeted screening in environmental matrixes such as for aldehydes in air [40, 41] and 
for isocyanates in polyurethane [42]. Other authors suggest applicability for semi-
targeted screening based on detection of known PGIs spiked to the matrix, using 
the diagnostic ions found selective for the class. For example; aldehydes in biological 
samples [33] aromatic amines in food [43] or alkylating agents in pharmaceutical 
products [34, 44].
The use of isotopic labeling was successfully applied for profiling of carboxylic acid-
containing metabolites [45] and amines [46]. Performing derivatization with a 1: 1 
ratio of 13C/12C label enabled detection of a high number of metabolites in urine 
samples using Fourier-transform ion cyclotron resonance (FTICR) MS. This approach 
is especially suitable for components with low fragmentation efficiency.
To be relevant for screening the methods should be generically applicable, e.g. suitable 
for the detection of a range of components within a class as well as for different 
matrices. To perform MS based screening in an effective way such would require 
a selective derivatization reaction, diagnostic MS/MS ions and generic separation 
methods to be available. As screening may result in a high number of suspects, the 
availability of spectral databases may strongly speed up confirmation or identification 
of these components [47-49].
For the development of generic methods for semi-targeted screening, the applicability 
of the method needs to be demonstrated for a range of PGIs within the targeted class 
and preferably for different matrixes. A special point of attention for pharmaceutical 
applications as compared to applications in other disciplines is the huge excess of API, 
which is present at up to a million fold higher concentration relative to the analytes 
of interest. Co-elution may result in a decreased detectability due to e.g. ionization 
suppression [50]. This can be prevented in the development of a method for target 
analysis, but is not possible when developing a method for screening purposes. To 
enhance the chance to separate PGIs from the excess of API, but also given the 
diversity in the characteristics of the PGIs, the application of orthogonal methods is 
important.
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3. APPLICATIONS

PGIs cover a broad range of components that contain a specific functional group 
shown Figure 3 [5]. For the most prevalent classes of PGIs in pharmaceuticals, an 
assessment of MS based applications with potential for targeted or semi-targeted 
screening was performed. These are mainly GC-MS or LC-MS applications, but where 
reported in literature other MS based options are also included. Methods for PGIs 
other than pharmaceutical applications can be included as long as the detection limits 
reported are in the relevant range.
The majority of publications report the quantitative target analysis of PGIs, using SIM 
or SRM to achieve optimum sensitivity. If the methods have potential for screening, 
i.e. if reagent related diagnostic ions are shown, these are summarized per class of 
PGIs. For each class a summary table is presented showing the reagents applied with 
the corresponding diagnostic ion for a typical PGI. The detection limit reported is 
representative for a range of compounds tested.

Figure 3: Overview alerting structures [5]

N
A

OH

N

A

A

O

N
+ O

- N
A

A

A H

O

A
N

A

OH

A
N

NO

A

A
NO2 O NH2

O

A

O

RR

N
H

RR O

O

O

S
O X

NH2

X

SH
N N

R

A

A

A

EWG
OPO

R O
S

O R

X A
X

N-Hydroxyaryls N-Acetylated aminoaryls Aza-aryl N-oxides Aminoaryls and alkylated aminoaryls

aldehydes N-Methylols N-Nitrosamines Nitro compounds Carbamates (Urethanes)

Epoxides Aziridines Propiolactones
Propiosultones

N or S Mustards
(beta haloethyl)

Hydrazines and
azo compounds

Michael-reactive
Acceptors

Alkyl esters of
phosphonates or sulfonates

Halo-alkenes Primairy Halides
(alkyl and aryl-CH2)

Group 1 : Aromatic Groups

Purines or Pyrimidines, Intercalators, PNAs or PNAHs

Group 2 : Alkyl and Aryl Groups

Group 3 : Hetroatomic Groups

Chapter 2

28



3.1 Aminoaryls, alkylated aminoaryls and nitro components
Aminoaryls, alkylated aminoaryls and aromatic nitro components are used as 
intermediates in chemical synthesis of API. These components can be further 
converted in vivo to other PGIs that are categorized in the other aromatic group 
classes such as hydroxylamines or nitroso compounds [51]. Both GC as well as LC 
methods are applied for the target analysis of aminoaryls. Moreover the methods 
developed for aromatic amines can also be applicable for nitro aromatics. A rapid 
and selective conversion of the nitro group into an amine can be achieved using zinc 
catalyzed reduction of the nitro group with ammonium formate [52]. To distinguish 
from amines already present, this approach would require a control sample without 
conversion.
The relative stability of aromatic amines and their good response in MS allow direct 
analysis. However, to improve separation efficiency and / or specificity of detection 
many different derivatization approaches for amines, both aromatic and aliphatic, have 
been described [21, 22]. The specificity of some derivatization reactions can even be 
used to distinguish between primary, secondary and tertiary amines. Furthermore, 
resulting from the large difference in pKa values between aliphatic and aromatic 
amines selective derivatization can be applied by selection of pH of the extraction 
medium [42]. Approaches for the detection of aromatic amines are described below 
and an overview of the derivatization applications with potential for semi-targeted 
screening is shown in Table 1.

3.1.1 GC
GC of free amines is generally unsatisfactory owing to the adsorption and decomposition 
of the solutes on column. Derivatization of amines is often employed to reduce polarity 
and to improve GC properties [21]. Chloroformates have been widely applied as 
derivatization reagents for the analysis of polar components such as aromatic amines 
[53]. In addition to aromatic amines, the chloroformate reagent tends to react with 
any polar oxygen susceptible to derivatization such as to those in carboxylic acid and 
hydroxyl groups. As a result often multiple derivatized solutes are obtained. Resulting 
from their relatively low chemical selectivity the first generation derivatization reagents, 
such as ethylchloroformate (ET) and n-hexyl chloroformate (HCF), has been modified 
to improve specificity of detection.
Maurini compared the derivatization of highly hydrophilic components in aqueous 
solutions using HCF and 2,2,3,3,4,4,5,5,-octafluoropentyl chloroformate (OFPCF) [53]. 
As a result of multiple additions of the OFPCF reagent distinctive high mass fragments 
in the range of m/z 500-800 are obtained, which is generally beneficial as it minimizes 
interference and increases signal-to-noise. Although their mass is relatively high, the 
highly fluorinated components generally elute at low oven temperatures with strongly 
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increased sensitivity in electron capture negative ion (ECNI) MS detection. In MS 
detection of the derivatives mainly fragments related to the loss of the reagent, i.e. 
the octafluoropentylcarbonylgroup [M-259], are observed which is advantageous for 
screening purposes. In an improved reagent, 5-chloro-2,2,3,3,4,4,5,5,-octafluoropentyl 
chloroformate (ClOFPCF), one of the fluorine groups is replaced by chlorine [55]. In 
addition to the desired reagent related fragmentation, the chlorine isotope ratio adds 
to improve specificity of detection and clearly provides indication of how many polar 
hydrogens of the analyte undergo derivatization. The method was successfully applied 
in screening mode, resulting in the identification of 13 unknown polar components in 
drinking water. The authors describe the difficulties in performing identification from 
GC-MS data based on ClOFPCF derivatization, or other chloroformate derivatization 
reactions. The development of ClOFPCF via OFPCF, HCF and ET showed that 
characteristics desirable for the detection of the derivatives can be built into the 
reagent. However the lack of selectivity in the chemical reaction of these reagents is 
likely to result in a high number of false positives when screening for aromatic amines.
In the GC-EI-MS analysis of dansylchloride (DNSCl) derivatives of amines the molecular 
ion as well as a distinctive marker at m/z 170 which relates to the part of the reagent is 
observed [56]. For this reagent also the isotope labeled reagent is available [46], which 
could further improve selectivity of the detection. However, similar to the acid chlorides 
discussed above, the specificity of the derivatization reaction is low, thus limiting the 
potential for screening.
Weiss developed a method for the target analysis of various aromatic amines in urine 
at trace levels. After liquid-liquid extraction with hexane the analytes were derivatized 
with pentafluoropropionic acid anhydride (PFPA). GC-MS analysis using selected ion 
motoring (SIM) for quantitative detection resulted in detection limits of 50-400 ng/l 
for the majority of the components. The spectra of the components presented showed 
a common reagent related loss of 119 Da, which indicates potential of the method for 
screening [51] provided that selective derivatization of the amines would have been 
possible.
A functional group assay, that assigns aromatic amines based on derivatization with 
pentafluorobenzoylchloride (PFBCI) and GC-MS analysis, was applied on Nylon cooking 
utensils [43]. The derivatives of aromatic amines in this screening assay show a 
characteristic ion at m/z 195 related to the pentafluorobenzoyl group of the reagent. 
Figure 4 shows the extracted ion chromatogram of this diagnostic ion indicating the 
presence of a number of known but also unknown aromatic amines in the sample. As 
PFBCI is a powerful reagent and probably reacts with other functional groups, additional 
work is required to increase the specificity for aromatic amines. Acid chlorides and 
acid anhydrides are expected to suffer similar lack of specificity as described for the 
chloroformates.

Chapter 2

30



Figure 4: The extracted ion chromatogram of m/z 195, the diagnostic ion for the 
PFBCl-derivatives of 20 aromatic amines standards; 1: aniline; 2-o-toluidine;  
3, 2-chloroaniline: 4: o-anisidine, 5: 4-chloroaniline, 6: 2-methoxy-5-methylaniline,  
7: 4-chloro-o-toluidine , 8: 2-naphtylamine , 9: 4-aminobiphenyl,  
10: p-phenylenediamine,  11: 2,4-toluenediamine, 12: 2,6-toluenediamine,  
13: m-phenylenediamine, 14: 4,4 diaminodiphenylether, 15: 4,4-methylenedianiline, 
16: benzidine , 17: 4,4-dimethylenedi-o-toluidien, 18: 3,3-dimethylbenzidine,  
19: 3,3-dichlorobenzidine and 20: 4,4-diaminodiphenylsulfide [43].

A method specific for the analysis of aromatic primary amines was developed by 
Jain [53]. The analytes were converted into their isothiocyanates using a specific 
derivatization reaction with carbon disulfide catalyzed by Zinc (II). Applying a 
Headspace-solid phase micro extraction GC-EI-MS method, detection limits of 25-
240 ng L-1 were obtained. For the selected 14 primary amines the spectra obtained 
showed that about 2/3 of the derivatives displayed a loss of 58 Da, related to the 
loss of the NCS-group. This diagnostic ion may be used to screen for unknown class 
related components. In addition matching factors of 93-96 % with the NIST library 
were obtained for the derivatives of the target components.

3.1.2 LC
Vanhoenacker developed a LC-UV-MS/MS application for the target analysis of 10 
common aminopyridines in API. Using direct analysis in MRM mode detection limits 
at sub ppm level were obtained for 9 components [57]. Typically in LC applications 
the same chloroformate derivatization reagents are used as in GC applications. 
Derivatization of the same aminopyridines with hexylchloroformate (HCF) resulted 
in better chromatography and provided data complementary to those obtained with 
underivatized analysis. Detection limits of better than 1 ppm were obtained when using 
SIM on a single quadrupole instrument. The methodology, consisting of a dual run on 
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respectively a non-derivatized and a derivatized sample, was validated and applied for 
the quantitative target analysis in a selection of APIs [58]. For generic application, i.e. 
analysis of a wide range of PGIs in a wide range of API, the chromatography may have 
to be tuned to avoid ion suppression due to co-elution of PGIs with the excess of API.
LC-MS/MS analysis of aromatic amines on thermal degraded PUR foam was 
demonstrated by Karlson [42]. Derivatization with ethylchloroformate (ET) resulted in 
a yield of better than 95 % for the targeted amines. For the ET-derivatives diagnostic 
ions of M-46 and M-92 are observed in MS/MS resulting from the elimination of one 
or two ethanol groups, showing the method’s potential for neutral loss screening for 
unknown amines. Johnson investigated the methods for the determination of aromatic 
amine leachables from polyurethane foam using PFPA and ET as derivatization 
reagents [59]. Derivatization resulted in an improved stability and allowed detection 
at the ng/ml level. It was demonstrated that both HILIC and RPLC can be used as 
complementary methods in the analysis of derivatives of aromatic amines.
Dansylchloride (DNSCl) is also commonly used for the determination of amines by 
LC-MS (/MS) [46, 60]. This application is described for amines in general and not 
specific for aromatic amines. For metabolite profiling a mixture of unlabeled and 
13C-labeled reagent is used for isotope-coded ESI-enhancing derivatization (ICEED). 
Derivatization aids both the chromatographical separation as well as a signal 
enhancement of a factor of 1-3 orders of magnitude over the underivatized analytes. 
Based on the difference between the isotopes the DNSCl-derivatives can be extracted 
from the accurate mass full scan data. In MS/MS a reporter ion at m/z 171 is found to 
be distinctive for DNSCl derivatives. This approach allows for semi-targeted screening 
on isotope label as well as reagent related fragmentation. The reagent is also used 
for GC-MS applications, however as already noted the chemical selectivity is low, 
therefore complicating efficient screening for PGIs.
Derivatization with PFPA was also used in LC-MS determination of aromatic amines in 
urine and plasma [61]. LC-MS/MS analysis of the PFPA-derivatives in ESI in negative 
mode was done in SRM mode on the transition of [M-H]- to [M-H-120]- or [M-H]- to 
m/z 119, resulting in detection limits of 0.2-8 fmol. As both transitions relate to 
the reagent, either neutral loss or precursor-ion scanning would allow semi-targeted 
screening analysis.
Straube compared acetylation and pentafluorbenzoylation for the determination of 
ambiphilic polyaromatic amines to enhance separation and improve sensitivity in 
LC-MS [62]. Compared to the untreated analytes, both derivatizations resulted in 
improved separation and peak shapes. Due to the addition of a more apolar group 
the PFBCI derivatives showed increased retention and high sensitivity especially 
using atmospheric pressure chemical ionization (APCI). Figure 5 shows that 
pentafluorbenzoylation, in contrast to the underivatized and acetylated component, 
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results in distinctive reagent related fragmentation. In negative mode a high intensity 
ion at m/z 167 was observed for the PFBCI derivatives, resulting in the lowest limit 
of detection (LOD) when comparing the different reagents and ionization modes. 
Despite these desired characteristics for semi-targeted screening, the specificity was 
lacking in the biological matrix tested. For this application acetylation was found to 
be best suitable for targeted analysis. For compound identification the LC-MS method 
was found to be more specific compared to the more sensitive GC-negative chemical 
ionization MS method available for the same application [62].

Figure 5: ESI product ion spectra of 1,6 diaminopyrene without derivatization (top), 
after acetylation (middle) and after pentafluorbenzoylation (bottom) [62].
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Table 1: Applications with high potential for screening of aromatic amines

(typical structure for the class of PGI)

Reagent Derivative / marker Method Matrix LOD Ref

LC-MS/MS urine 0.2-8 fmol 42

GC-MS Aqueous 
solutions 3-30 fmol 54

LC-MS/MS API < 1 mg/kg 58

GC-NCI-MS Aqueous 
solutions

3-90 *

10-15 mol
54

GC- EI/CI 
MS

Aqueous 
solutions < 1 µg/L 55

GC-EI-MS urine <2 ng/ml 56

LC- MS/MS
Bio-

logical 
samples

<<5 pM 42, 
60

GC-EI-MS
urine 50 ng/L 51

plasma <0.1µg/L 62

LC-MS/MS

plasma 1-10 µg/L 62

PUR 1 µg/L 59

urine, 
plasma 2-70 fmol 61

GC EI-MS Nylon 
extract < 20 µg/L 47

LC-MS/MS plasma 0.1-5 pg 62

GC-EI-MS Aqueous 
solutions

25-240
ng/L 53
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3.1.3 Evaluation
Derivation approaches have been demonstrated for a wide range of aromatic amines. 
For the target analysis of aromatic amines various chloroformate, acid chloride and 
acid anhydride derivatization reagents are available. As in both GC and LC generally 
the same reagents are used, orthogonality in separation modes is easily obtained. 
Depending on the volatility of the matrix the most suitable separation technique and 
reagent can be selected.
Selective reagent related fragmentation is possible and isotope labels are available, 
showing the analytical potential for semi-targeted screening from a detection 
perspective. However the selectivity of the reagents applied in chemical derivatization 
is poor. The reagents react with aromatic amines, but also with aliphatic amines, 
hydrazine and hydroxyl groups, which makes the applicability of these reagents for 
PGI screening difficult.
The degree of unsaturation of the PGI, i.e. the double bond equivalence (DBE) 
obtained when using accurate mass detection, may be used to differentiate analytes 
with aliphatic amine functionality from those with a more aromatic character.

3.2 Aldehydes
Aldehydes are one of the most studied classes of PGIs in environmental and biological 
samples [63]. Aldehydes found as vehicle emissions or as a result of oxidative stress 
in biological samples can react directly with the DNA bases, resulting in genotoxic or 
mutagenic actions. A review from 2005 on malondialdehyde (MDA), a typical marker 
of lipid peroxidation, showed the most common methods of detection available at 
that time were insufficiently sensitive, prone to interference from related species 
or inaccurate due to the formation of MDA resulting from the stressful analysis 
conditions applied [64]. Since then, the development of derivatization reagents to 
allow specific MS detection became more popular. A condensation reaction with 
hydrazine containing reagents is most often applied. Derivatization may also result in 
conversion of other carbonyls, such as ketones or carboxylic acids, therefore limiting 
specificity of the method applied.
Pharmaceutical applications are focusing either on low weight aldehydes in excipients 
or compound related products [65]. In the final product, aldehydes may be present 
as residual process impurities but more often as a result of oxidative degradation.
Some applications are based on direct analysis but most of the methods rely on pre-
column derivatization to improve sample stability or to enhance detectability. An 
overview of applications with high potential for semi-targeted screening is provided 
below and summarized in Table 2.
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3.2.1 GC
In a semi-targeted GC-MS approach, using derivatization of the carbonyls with 
O-2,3,4,5,6-pentafluorobenzylhydroxylamine (PFBHA), a number of 36 carbonyls 
were identified in vehicle emissions [40]. The EI spectra showed m/z 181 as a common 
ion for carbonyls representing the pentafluorobenzyl moiety from the derivatization 
reagent. The results first time showed the presence of MDA in the ambient atmospheric 
environment.
For the determination of low weight aldehydes in pharmaceutical excipients, Li et al 
also used PFBHA in GC-MS [66] and HS-GC-MS [67] approaches. PFBHA was selected 
as most suitable given that the oxime reaction products are extremely volatile and 
result in superior sensitivity in GC-MS analysis, but also when ECD is applied. As 
thermal decomposition of the excipients is likely to occur, the derivatization was 
carried out under mild conditions, i.e. for 4-6 hours at room temperature. GC-MS 
analysis, using negative mode chemical ionization (NCI), showed a fragment of m/z 
181 related to the loss of the reagent, i.e. C6F5CH2-, which was shown to be the most 
intense for all products tested. In addition two common neutral losses of 20 Da (loss 
of HF) and 50 Da were observed for the target components. SIM analysis on the m/z 
181 ion resulted in detection limits of better than 0.1 mg kg-1 in both the GC as well 
as the HS-GC method. The latter could be advantageous as this injection technique 
minimizes interference of sample matrix. Although these two publications describe 
analysis in target mode, this principle is very amenable for untargeted screening as is 
clearly highlighted by the screening type set-up in the first application [40], i.e. based 
on precursor-ion scanning and/or neutral loss scanning.

3.2.2 LC
A number of derivatization approaches for HPLC has been described for analysis of 
aldehydes. Derivatization approaches using hydrazine based reagents are most widely 
used. For the determination of low weight aldehydes Zurek and Karst investigated 
the use of the Hantzsch reaction [68]. This reaction is characterized by cyclization 
of β-dicarbonyl components and the aldehyde in the presence of ammonia, to form 
fluorescent derivatives (see Table 2). The increasing fluorescent background and 
poor stability of the derivatives limits the use of fluorescence for target analysis. 
The application of this reaction for LC-MS/MS analysis showed a characteristic 
fragmentation pattern for the derivatives of aliphatic aldehydes [69]. For low weight 
aldehydes m/z 273 was found as base peak while for larger aldehydes a fragment of 
m/z 274 was observed. In both cases the fragment is related to the reagent allowing 
the potential to perform screening. For some aldehydes less distinctive fragments 
were detected due to fragmentation of the originating aldehyde, as a consequence 
these components would be missed in case of screening.
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A quantitative method most frequently used for specific determination of carbonyls, 
i.e. aldehydes and ketones, is based on derivatization with 2,4-dinitrophenylhydrazine 
(DNPH). The 2,4-dinitrophenylhydrazone derivatives are separated by reversed-
phase liquid chromatography and detected by UV or MS [64,70]. In negative mode 
APCI MS/MS experiments the DNPH derivatives of aldehydes generated a strong 
m/z 163 fragment ion, related to the reagent (see table 1), which can be used as a 
selection criterion for their identification. For 30 reference carbonyls, the fragment 
ions obtained and their relative abundance, allows distinguishing the different classes 
of carbonyls are shown in Figure 6 [71]. Based on the fragmentation pattern ketones 
can be distinguished from aldehydes as for ketones the m/z 179 fragment ion is more 
intense than m/z 163. In addition information on the identity of the aldehyde (i.e. 
unsaturated compared to saturated aldehydes) can be extracted from the spectra.
A commercial approach INLIGHTTM is applied to detect N-linked glycans using 2 
(4-phenethylphenyl) acetohydrazine and its 13C6 labelled analog as reagent [72]. The 
reagent contains a reactive hydrazine group and a hydrophobic extension region with 
the stable isotopes incorporated. The hydrophobic group enhances response in ESI-
MS and allows the use of RPLC. The distinctive mass difference between the light 
and heavy weight derivative can be used to extract the components containing the 
aldehyde functionality from the full scan LC-MS trace. Compared to MS/MS screening 
the sensitivity may be limited. Although detection limits are not reported, the 
approach is considered to have potential for screening of PGIs.
 

Figure 6: Structure elucidation scheme for the identification of different substructures 
in carbonyl-DNPH by APCI (-). A selection of structure significant ions is given [71].
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For dedicated mass spectrometric applications for determination of carbonyls, 
the use of Girard reagent T (GirT) is more popular [73]. GirT is natively positively 
charged, as it contains a quaternary ammonium moiety, which enhances sensitivity 
in mass spectrometry. Hong and Wang applied the derivatization approach to detect 
the aldehyde 5-formyl-2deoxyuridine in a targeted approach with detection limits of 
3-4 fmol, increasing sensitivity with a factor of 20 compared to the underivatized 
analysis [73]. Johnson modified GirT to obtain 4-hydrazino-N-N-N, trimethyl-4-
oxobutanaminium iodide (HTMOB), which has increased spacing between hydrazine 
and quaternary ammonium in the reagent. This increased spacing results in higher 
ionization efficiency for the analysis of derivatized aldehydes and ketones. In addition, 
in contrast to the GirT derivatives, a specific and universal ESI-MS/MS neutral loss of 
59 Da is observed resulting from loss of trimethylamine (TEA) from the reagent part 
of the derivative. This neutral loss allows semi-targeted screening. The additional 
use of deuterium labeling in the reagent allowed addressing matrix effects and false 
positives for the rather common neutral loss of 59 Da [74].
The approaches described are lacking reaction specificity for aldehydes as in 
addition also ketones and carboxylic acids are derivatized. Eggink et al developed 
a derivatization reagent, 4-(2-(trimethylammonio) ethoxybenzeaminium dibromide 
(4-APC) for the specific quantitation of aldehydes [75]. A secondary reagent, i.e. 
NaBH3CN, was used at a controlled pH of 5.7 to result in specific conversions of the 
aldehydes, leaving ketones intact. Derivatization was carried out at low temperature 
which is required for aldehydes due to their high volatility. Similar to GirT the charged 
quaternary ammonium group incorporated in the reagent improved MS sensitivity, 
resulting in detection limits of 3 nM for the majority of aldehyde derivatives tested. 
As a result of the design of the reagent, high abundance of related neutral loss of 
59 and 87 Da (see table 2) enable selective screening for aldehydes. This desirable 
characteristic was further optimized to enhance the detectability of aldehydes 
in MS/MS screening [33]. A next generation reagent, 4-(2-((4-bromophenethyl) 
dimethylammonio)ethoxy) benzeneaminium dibromide (4-APEBA), contains a 
bromophenylethyl group to incorporate an isotopic signature to the derivatives and 
to add additional fragmentation identifiers, enhancing the detectability of unknown 
aldehydes in screening. In addition to the reagent related neutral losses of 227 
and 255 Da corresponding with 59 and 87 Da in APC, and intense reagent related 
fragmentation product at m/z 183 is observed, allowing detection of aldehydes with 
high specificity. Figure 7 shows the overlaid extracted ion for 4 -APEBA derivatives of 
a series of aldehydes, ranging from butanal to decanal), the neutral loss scan at 227 
Da and precursor ion scan at m/z 183. The presence of the diagnostic markers for 
all components demonstrates that the aldehydes could be detected if semi- targeted 
screening would be applied.
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Figure 7: LC-MS/MS 
traces of the 4 -APEBA 
derivatives of butanal, 
pentanal, hexanal, 
heptanal, octanal, 
nonanal and decanal. 
Top: combined extracted 
ion chromatogram 
of the compound 
specific fragments, 
Middle: neutral loss 
chromatogram at 227 Da 
and bottom: precursor 
ion scan at m/z 183 [33].

The applicability of the method was demonstrated for a range of aldehydes showing 
detection limits of better than 20 nM. Changing of the secondary reaction reagent 
allows distinguishing between aldehydes and carboxylic acids.

Sun et.al developed a new derivatization reagent, d0/d3-4-(1-methyl-1H-
phenanthro[9,10-d]imidazole-2-yl) phenylamine (d0/d3-MPIA), for the LC-MS/
MS analysis of aldehydes in water samples [76]. The isotope labeling is utilized for 
quantitation but could also be applied for peak detection. Moreover, for a range of 
linear aldehydes intense reagent related fragmentation at m/z 165 and 322 were 
obtained under very similar fragmentation conditions. Therefore from a detection 
point of view this reagent has high potential for semi-targeted screening on both 
isotopic labeling as well as MS/MS fragmentation.

3.2.3 Other methods
An application based on reactive paper spray ionization MS for the determination of 
aldehydes, without the use of chromatography, is described by Bag et al. [77]. In-situ 
derivatization of the aldehydes with 4-aminophenol during ionization was applied to 
achieve detection limits of 2.2 ng for n-nonanal. Tandem MS showed a characteristic 
fragmentation which relates to the reagent allowing screening of aldehydes. Moreover 
resulting from the presence of a specific marker it can distinguish between straight 
chain aliphatic and aromatic aldehydes, i.e. respectively the fragment with m/z 122 
or m/z 120.
In chemical synthesis scavengers can be applied to remove traces of reactive 
components, such as PGIs. Like derivatization reagents, the scavengers contain a 
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Table 2: Applications with high potential for screening of aldehydes

(typical structure for the class of PGI)

Reagent Derivative / marker Method Matrix LOD Ref

GC-EI-MS Excipients
< 0.1 

mgkg-1
66
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67

LC-MS/MS
biological 
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5 pg 69

LC-MS/MS Air
< 10 

ng/m3

70, 

71
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analysis
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reactive group to bind the target PGI. The reactive group is attached to a carrier 
which can be easily removed from the process [78]. In practice the decrease of the 
PGI in the solution will be evaluated by means of a targeted analysis of the PGI. All 
PGIs present, either known or unknown, are concentrated on the carrier which offers 
potential to perform screening. Next to a pre-concentration of the PGIs, the matrix 
can be effectively removed which is a big advantage in further analysis.

(typical structure for the class of PGI)

Reagent Derivative / marker Method Matrix LOD Ref

LC-MS/MS Urine 3 nM 75

LC-MS/MS plasma 5 nM 33

LC-MS/MS water
0.2-16

pg/mL
76
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standards 2.2 ng 77
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Table 2: Applications with high potential for screening of aldehydes (continued)
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3.2.4 Evaluation
Derivatization applications have mainly been demonstrated using a range of common 
linear aldehydes. For these aldehydes several GC and LC derivatization approaches 
are available which have high potential for screening. Due to the importance of these 
components in different application areas extensive research was done to improve 
the sensitivity and selectivity of the applications.
The development of reagents for aldehydes shows that selectivity can be built into 
the reagent. This is typically demonstrated by the modifications of the Girard reagent 
that finally resulted in 4-APEBA. For this reagent very distinctive reagent related 
markers are observed. In addition a commercially available LC/MS based screening 
approach (INLIGHTTM) using an isotope labeled reagent can be applied. Interference 
in the screening for aldehydes can be expected from other carbonyls. For 4-APEBA 
introduction of a co-reagent allows distinguishing between aldehydes and carboxylic 
acids. For DNPH derivatives the MS/MS fragmentation patterns can be used to 
distinguish aldehydes from other carbonyl-containing compounds.

3.3 Epoxides
Epoxides are reactive by ring opening and therefore commonly used as intermediates 
in pharmaceutical production [79]. Epoxides can also result from oxidative 
degradation. In addition to control of epoxides in pharmaceuticals they are widely 
studied in biological matrices were they result from biodegradation of lipids or 
fatty acids. For the latter purpose hyphenated techniques such GC-MS or LC-MS 
are applied. Specific detection of epoxides in the presence of hydroxyl groups is 
challenging when direct analysis is performed. Making advantage of the reactivity of 
the epoxides, derivatization can be used to distinguish between the two [80]. As the 
ring can open in two different ways, derivatization results in two isomeric structures. 
An extensive pharmaceutical review of analytical approaches for the detection of 
epoxides in API, drug products and herbals showed mainly HPLC-UV methods are 
applied [81]. An overview of applications with high potential for screening is provided 
below and summarized in Table 3.
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3.3.1 GC
Newman and Hammock described an approach for the determination of epoxy 
fatty acids in plants using GC-EI-MS after derivatization with different thiol based 
derivatization reagents. Different thiol reagents were evaluated for mass spectral and 
chromatographic properties. 2,3,5,6 tetrafluorobenzenethiol (TFPS) was found to be 
the most suitable reagent for the intended use based on fragmentation behavior. In 
addition to TFPS derivatization, subsequent silanisation of hydroxy groups improves 
both separation and fragmentation [80]. The fragmentation was useful for identifying 
the fatty acids but did not result in efficient formation of fragments solely related 
to the reagent. Therefore the application in biological matrices is limited to target 
analysis.
Aminolysis of epoxides using 2,3 fluorobenzylamine (DFBA) shows to result in 
derivatives with high potential for GC-EI-MS identification [82]. Moreover all 
components showed reagent related fragments at m/z 156, 142 and 127, providing 
options for semi-targeted screening. In control samples though, a number of 
identifiable peaks were detected that were related to the derivatives of aldehydes, 
showing the limitation for semi-targeted screening resulting from lack of specificity 
in the chemical reaction. Nevertheless, the authors indicate that the true epoxides 
can potentially be distinguished from carbonyls by further evaluation of the spectra.

3.3.2 LC
In addition to direct analysis several derivatization approaches for HPLC analysis 
of epoxides are described. The most common methods are based on the Meerwein 
reaction. In 1955 Meerwein reported a three-to-five-membered ring expansion 
reaction for epoxides (see Table 3) [83]. Eberlin and Morales [79, 84] investigated 
the Meerwein reaction in gas phase for a large number of reagents that could be 
used to optimize the specific detection of epoxides. The gas phase Meerwein reaction 
was also applied for the targeted LC-APCI-MS/MS analysis of two epoxides in an 
active pharmaceutical ingredient [85]. When acetonitrile is used as mobile phase, 
the ethylnitrilium ion formed during ionization quantitatively reacts with the trace 
amounts of epoxy compounds present. The method was set-up in SRM for the optimum 
transition of the gas phase derivatized epoxides. For one component the optimum 
transition at m/z 271 to 212 corresponds with the loss of 59 Da which relates to the 
reagent. As shown in Figure 8 for the other component this loss was also shown, i.e. 
at m/z 306 to 247, and therefore has high potential for screening. This very elegant 
approach could be further exploited by adding dopants post column.
Julien used a derivatization approach for the determination of 1,2-epoxy-3-butene 
(EB) in biological matrixes with N,N-diethyldithiocarbamate (DTC) as reagent [86]. 
After derivatization, the excess of reagent was selectively removed by acid treatment, 
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and analysis was performed via LC-UV. The identity of the EB-DTC derivative was 
confirmed by GC-EI-MS. The most intense fragment observed, i.e. m/z 116, relates 
to the DTC reagent therefore showing the potential for semi-targeted screening when 
applying MS detection.
In addition to application for GC, DFBA was also used as a derivatization reagent in 
HPLC. For the determination of trace levels of epichlorohydrin (ECH) in drinking water 
derivatization was required to determine this polar, low molecular weight component 
with an intrinsic low MS response [87]. The most abundant fragment ion in LC-MS/MS 
was found to be the 2,3 fluorobenzyl ion at m/z 127, which was also found to be 
one of the main reagent related fragments in GC-EI-MS [82]. Sensitivity obtained in 
LC-MS was similar to GC-MS. Therefore they can be applied as orthogonal separation 
methods for semi-targeted screening.

3.3.3 Evaluation
For the analysis of epoxides several derivatization approaches are available. DFBA is 
used as a derivatization reagent in both GC and LC applications, if volatility of the PGIs 
and the matrix is sufficient, making orthogonal separation more easily accessible.
Most epoxide derivatives show an MS fragment allowing selective detection for 
applicability in semi-targeted screening. Due to intensive fragmentation of the fatty 
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(typical structure for the class of PGI)

Reagent Derivative / marker Method Matrix LOD Ref

GC-EI-MS standards 5 ng/L 80

GC-EI-MS water 5-10 ng/L 82

LC-MS/MS water 0.03 µg/L 87

n.a. red blood 
cels

0.5 ng/10 
10 cells 83

LC-MS/MS API 1 ppm 85

LC-UV
278nm

GC-EI-MS 
for ID

serum 5 pmol 86

n.a. not applicable

A

O

A

SH

F F

FF

S

F

F

F

F

A

A

O
Si

CH3

CH3

CH3

TFPS
+ TMS

no marker reported

NH2
F

F

NH

F

F

A

O

A

Si

CH3

CH3

CH3

m/z 127

m/z 156

m/z 142

NH
F

F

A

OH

A
m/z 127

DFBA

+ Fe3+

+ BSTFA

CH3

O

O

R O
+

OA
R

A+ BF3
no marker reported

CH3

C
+

NH

N
H

+

OA
CH3

A

NL 59
ACN

CH3

N

CH3

S
-

S

CH3

N

CH3

S

S A

OH

A

m/z 116

DTC

Table 3: Applications with high potential for screening of epoxides
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acid backbone, the TFPS derivatives lack reagent related fragmentation. For other 
epoxide derivatives screening for thiol-based derivatives might be successfully 
applied. Resulting from the fact that the product of the Meerwein reaction for 
epoxides is distinctive, this application shows high potential for screening. The other 
derivatization reactions may discriminate between epoxides and hydroxyls, however 
interference from aldehydes may limit the selectivity for semi-targeted screening.

3.4 Hydrazines
Hydrazines can be present as impurities or degradation products in the API as well 
as in excipients such as povidone. An extensive review on the analysis of hydrazines 
in pharmaceutical products was done by Elder, Snodin and Teasdale [88]. About 
2/3 of the applications mentioned in this review focused on the analysis of common 
PGIs, i.e. hydrazine (N2H4) and methylated analogs. Due to extreme volatility and 
instability, analysis of these components is challenging. A wide variety of LC and 
GC methods was reported, often in combination with derivatization, including a 
number of pharmacopeial methods [89]. The majority of the applications rely on 
derivatization using aldehydes, such as benzaldehyde or salicylaldehyde. A review 
by Smolenkov [90] indicates that with current state of the art technology, in general 
the direct chromatographic determination of hydrazines and alkyl substituted analogs 
is preferred over derivatization. An overview of applications with high potential for 
screening is provided below and summarized in Table 4.

3.4.1 GC
Sun et.al. developed an in situ derivatization HS-GC-MS method using both acetone 
and its deuterated analog simultaneously as reagents [91]. The method is able to 
detect down to 0.1 ppm of hydrazine when the API concentration is at 10 mg/ml. 
The excess of non-volatile components remains in solution and does not interfere 
with separation. The fragments at m/z 56 for the acetone derivative and m/z 62 for 
the deuterated analog are markers for the hydrazine containing components. These 
markers are related to the reagent providing potential for semi-targeted screening 
of volatile hydrazines. Selectivity is enhanced by the specific isotope ratio. As the 
method was set-up for target analysis, potential interference (e.g. with amines) when 
applied for screening analysis was not investigated.
A GC-MS method for the determination of hydrazine in water was developed by Oh 
[92]. Derivatization of hydrazine via a Schiff reaction with ortho-phthaldehyde (OPA) 
in water results in a fluorescent OPA-hydrazone, which is extracted with methylene 
chloride prior to injection. Quantitation using SIM results in detection limits in the 
range of 0.002 µg/L. Potentially, making use of the fluorescence label, extending 
the method to LC-Flu-MS would provide interesting options for screening analysis. 
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OPA is commonly used as reagent for derivatization of e.g. primary amines, and 
therefore the selectivity of the derivatization is limited. However the reaction 
products for hydrazine differ from the amine derivatives. The amine derivatives are 
isoindole analogs, including the nitrogen (resulting from the amine) in a 5-membered 
ring, while for the hydrazine both nitrogens are in a 6-membered ring (see table 4). 
Therefore differentiation may be made based on MS spectra. Instead of a diagnostic 
ion at m/z 118 (for the fragment related to the isoindole [93]), found for amines, an 
ion at m/z 130 may be expected for the hydrazine derivative, however practical data 
to support this statement is missing.
Gionfriddo used derivatization with ethyl, propyl and isobutyl chloroformate for the 
determination of hydrazine in drinking water [94]. After an optimized solid-phase 
microextraction the bi, tri and tetra substituted derivatives formed were injected on 
GC-EI-MS. The propyl chloroformate (PCF) was found to give most sensitive results. 
For quantitative purposes a triple quadrupole GC-MS was used in SRM mode on 
transition m/z 204-103 resulting in quantitation limits of 4-8 ng/L. In addition an 
intense fragment at m/z 118 is observed, which relates to the loss of the reagent (NL 
88 Da). Although this specific marker is observed, the derivatization with acid chloride 
based reagents is known to be non-specific.
Paramonov used ethyl and allyl isothiocyanates as derivatization reagents for the 
determination of dimethylhydrazine (DMH) by GC-EI-MS [95]. Compared to phenyl 
isocyanate, used for derivatization of amines, no typical oligourea byproducts were 
formed. Study on the characteristic ions showed the most intense ion at m/z 60 was 
due to elimination of a part of the reagent (NL 87 Da) and thus shows potential for semi-
targeted screening. This type of reagent is also applied for the GC-MS analysis of aromatic 
amines and therefore not specific for the class. In addition not for all components the 
molecular ion was observed, disabling the option to correlate the neutral loss.

3.4.2 LC 
Less volatile hydrazines, e.g. intermediates or degradation products related to the 
API, are mainly analyzed using LC without derivatization. Six API related impurities 
containing the hydrazine functionality were analyzed using HILIC-MS in SRM mode 
[96]. Although components were structurally related, little similarity in fragmentation 
was observed. As cleavage occurs on the N-N bond of the hydrazine functionality, no 
specific hydrazine markers are observed.
Kondo developed a method for the determination of genotoxic hydrazines in mushrooms 
by LC-MS without the use of derivatization [97]. The presence of a common fragment 
at m/z 122 allowed precursor ion scanning for other agaritine analogs with expected 
similar toxicity. As this precursor is not directly related to the hydrazine functionality, 
the method is not suitable for generic semi-targeted screening approaches.
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3.4.3 Evaluation
Methods described are mainly applied for common PGIs such as hydrazine and 
common alkyl analogs. Therefore mainly GC methods are evaluated. Potentially the 
same reagents can be used in LC-MS applications, thus also allowing screening for 
less volatile hydrazines.
Different derivatization reagents are available that show reagent specific fragmentation 
and therefore show a potential for semi-targeted screening. The use of deuterium 
labeled acetone enhances the detectability of hydrazine applied in HS-GC-MS. 
Interference of amines may be expected for most reagents applied, limiting effective 
screening for hydrazines. For OPA derivatives the hydrazines may be distinguished 
from amines based on MS fragmentation.

Table 4: Applications with high potential for screening of hydrazines

(typical structure for the class of PGI)

Reagent Derivative / marker Method Matrix LOD Ref

HS-GC-MS API 0.1 ppm 91

GC-EI-MS water 0.002 
µg/L 92

GC-EI 
MS/MS water 4-8 ng/L 94

GC-EI-MS n.a n.a. 95

n.a. not applicable
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3.5 Alkyl Halides
Alkyl halides and other halogenated organic components are a general concern 
resulting from their potential toxicity, common use and persistence in the environment. 
In pharmaceutical synthesis alkyl halides are commonly used as reagents and are 
therefore one of the major PGI classes of interest. Alkyl halides can also be formed 
as byproducts e.g. resulting from the conversion of alcohols in processes where 
e.g. concentrated hydrochloric or hydrobromic acid is applied. A similar known side 
reaction in this context is the conversion of tetrahydrofuran (THF), often used as 
solvent in API production, into 4-chloro-1-butanol [98].
A review of methods applied for analysis of alkyl and benzyl halides by Elder et al. 
showed most GC and LC applications for pharmaceutical purposes are developed for 
targeted control of a single component [99]. Most of the analytical attention has been 
on volatile PGIs using GC methods and for the remaining less volatile components 
LC is most commonly used. Although MS is highlighted being state of the art for PGI 
analysis, most of the LC applications summarized use UV detection. It is noted that the 
analytical strategies applied for a closely related class of alkylating components, alkyl 
sulfonates esters (discussed in the next section), should theoretically also be applicable 
for the reactive organohalides; as well as vice versa. An overview of applications with 
high potential for screening is provided below and summarized in Table 5.

3.5.1 GC
The generic applicability of GC-MS for the analysis of a wide range of volatile chlorinated 
organic components has been demonstrated in environmental analysis for a long time 
[100]. A large number of components show amenable GC separation and the GC-EI 
spectra can be effectively applied for structural confirmation. Also in pharmaceutical 
applications generic target analysis methods have been developed applying GC-ECD, 
GC-FID or (HS) GC-MS [99]. In general GC-MS in SIM mode is necessary to achieve the 
required levels of detection for genotox analysis, often using relatively high API sample 
concentrations around 50 mg/ml [101, 102]. As a result of the relatively poor sensitivity 
for alkyl halides in general, the potential for semi-targeted analysis is limited.

3.5.2 LC
A generic targeted HPLC-MS/MS screening method was developed for a selection 
of 12 alkyl halides [103]. A direct-EI interface was applied to overcome sensitivity 
problems encountered with ESI for this type of components. Using SRM, detection 
limits between 0.02-1.5 µg.g-1 were obtained. Although suitable for target analysis, 
there is no potential for semi-targeted screening.
Chemical derivatization of alkyl halides and subsequent LC-MS analysis has been 
successfully applied to improve sensitivity. From the options for derivatization as 
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described [26], two show potential for semi-targeted screening. The first is the 
reaction with thiourea resulting in positively charged derivatives giving high sensitivity 
in LC-ESI in positive mode. When the thiourea derivatives are treated with sodium 
hydroxide, alkyl sulfide anions are formed which can be detected in negative ion 
MS. The main ions observed for the thiourea derivatives are related to the mass of 
the original alkyl halide (M) and the halide (X) as (M+76-X) + in positive mode and 
(M+33-X) – in negative mode. Although specific reagent related fragmentation is 
not reported, (accurate) mass detection of peaks with a 44 Da difference between 
positive and negative mode could potentially be applied for semi-targeted screening 
for these alkyl halide derivatives.
The second way to obtain intrinsically charged derivatives which allow reagent related 
semi-targeted screening, is the use of tertiary amine or phosphine reagents [26]. For 
the derivatization of alkyl halides a wide number of tertiary amines can be applied 
such as triethyl amine (TEA), 4-dimethylaminopyridine (DMAP) and Butyl 1-(pyridinyl-
4yl) piperidine 4-carboxylate (BPPC) [26, 34, 44, 104]. Neutral loss based semi-
targeted screening was demonstrated using DMAP as a reagent. A large number of 
the applied model components showed a neutral loss for the DMAP reagent at 122 Da. 
Using a HILIC separation, detection limits of 0.1-1 mg kg-1 in targeted SRM and 1-10 
mg kg-1 in neutral loss scanning were obtained using an API concentration of 0.5 mg/
mL [44]. Figure 9 shows the neutral loss scan and the extracted chromatograms of 
the derivatives spiked at 10 mg kg-1

Figure 9: Neutral loss total ion 
chromatogram of a derivatized 
sample spiked with PGIs 
at 10 mg kg-1. TIC; Neutral 
loss of 122 Da and extracted 
precursors of 6 spiked PGIs to 
a paracetamol drug product. 
Ethyl 4-bromomethyl)
benzoate (S2), methyl 
4-bromomethyl)benzoate 
(S3), 4-(bromomethyl)
benzoic acid, 9-chloromethyl-
anthracene (S10), 
3-(bromomethyl)-1,1 biphenyl 
(S16) and 2,6-dichlorobenzyl 
bromide (S20) [44].
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BPPC, a DMAP analog, was developed to enhance reagent specific fragmentation. 
A butyl side group was built in the reagent resulting in a neutral loss of 56 Da in 
addition to the 262 Da for the loss of the whole reagent [34]. Compared to DMAP, the 
desired reagent related fragmentation was observed for a larger number of PGIs. In 
addition, the MS/MS conditions preferring the loss of the side group were found to be 
very similar for the PGIs tested, thus allowing more generic test conditions.
The authors demonstrate - as outlined in the introduction - that indeed this analytical 
strategy can also be applied for a closely related class of alkylating components, i.e. 
alkyl sulfonate esters. Resulting from loss of the sulfonate group in the derivatization, 
methyl sulfonates could not be distinguished from methyl iodide (which loses the 
Iodine in the derivatization). More generally, because of the loss of the halide group 
(or sulfonate), information about the originating halide (or sulfonate) is lost in the 
derivatization.
The availability of different reagents for the same target, i.e. TEA, DMAP and BPPC, 
may be used to select the chromatographic separation and minimize the interference 
with excess of API. The retention of the derivatives of alkyl halides (and sulfonate 
esters) is mainly determined by the reagent part in the derivative and thus by the 
reagent applied [34, 105].

3.5.3 Other methods
For the analysis of DMAP and BPPC derivatives a sensitive orthogonal CE-MS method 
was developed [106]. Optimally making use of the compound characteristics after 
derivatization, selective pre-concentration of the charged derivatives allows sensitive 
determination of the PGIs. Detection levels of better than 1 mg kg-1 are obtained for 
alkyl bromides. Mainly due to this pre-concentration the sensitivity in full scan mode for 
this method, determined in a direct comparison, was better than the LCMS method [34].
Fabriz et.al. developed a sensitive method for detection of alkyl halides using a multistep 
enzyme assay for the UV determination of low weight alkyl halides in environmental 
samples [107]. Conversion of the alkyl halide to the corresponding alcohol and 
subsequent oxidation yields an aldehyde and generates peroxide as a detectable by-
product. Alternatively, the aldehyde can be derivatized applying 2,4-DNPH and analyzed 
with UV or MS detection.
For targeted determination of 4-chloro-1-butanol the selectivity of inductively coupled 
plasma (ICP) was exploited. An LC-ICP-MS method was developed with a detection limit 
of 0.2 ppm [98]. Following derivatization with 3-iodobenzoylchloride the resulting ester 
was detected based on elemental iodine at m/z 127. As derivatization targets the hydroxyl 
group the method is not generically applicable for the class of alkyl halides. However, the 
application shows that inclusion of specific elemental groups in a derivatization reagent 
in general may provide opportunities to apply LC-ICP-MS based screening.
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Table 5: Applications with high potential for screening of alkyl halides

3.5.4 Evaluation
Generic GC methods are available for targeted analysis of common volatile alkyl 
halide PGIs, but as these are based on SIM the options for semi-targeted screening 
are limited. For semi-volatile PGIs the reaction with tertiary-amine based reagents, 
such as DMAP or BPPC, results in charged derivatives. Using the characteristics of 
the derivatives, selective preconcentration allows highly sensitive PGI analysis using 
CE-MS in addition to HILIC-MS/MS.
Semi-targeted screening can be performed using neutral loss scanning. Compared 
to DMAP the selectivity of the fragmentation was optimized to achieve high coverage 
with BPPC. BPPC was designed for efficient loss of the side group of the reagent.

(typical structure for the class of PGI, X=Cl or Br)

Reagent Derivative / marker Method Matrix LOD Ref

LC-MS

(pos)
n.a. n.a.

26

LC-MS
(neg) n.a. n.a.

LC-MS n.a. n.a. 26

LC-MS/MS API 1-10
mg.kg-1

99, 
104

CE-MS API < 1 mgkg-1
106

LC-MS/MS API 1-10
mgkg-1 44

CE-MS API < 1 mgkg-1 106

n.a.: not applicable
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The approach shows to be specific for alkylating compounds in general, i.e. applicable 
for both alkyl halides and alkyl sulfonate esters. As derivatization approaches 
applied for the sulfonate esters probably are applicable for alkyl halides, potentially 
derivatization based screening can also be applied for GC applications.

3.6 Alkyl esters of sulfonates
Since excess levels of ethyl methane sulfonate (EMS) were detected in the API of 
Viracept® [108], alkyl esters of sulfonates have been one of the most widely analyzed 
classes of genotoxic components in pharmaceutical products. In Viracept® EMS 
was formed resulting from the reaction of the mesylate counterion of the drug with 
ethanol. The majority of PGIs in this class are commonly applied components, such 
as the methyl, ethyl, propyl and isopropyl esters of mesylate (or methyl sulfonate), 
besylate (or benzene sulfonate) and tosylate (or p-toluene sulfonate). Already before 
the Viracept® incident several direct and derivatization approaches for the analysis 
of this class of PGIs have been developed, initially mainly GC applications. In a later 
stage the potentials of LC applications were successfully explored. An extensive 
review on the analysis of this class of PGIs was done by Elder, Teasdale and Lipczynski 
in 2008 [109]. Direct analysis of the PGI gives information on the actual PGI structure 
while derivatization approaches only give information on the alkyl group of the PGI. 
In derivatization the reactive alkyl group, responsible for the toxicity of the PGI, is 
attached to the derivatization reagent. As a result the information on the sulfonate 
group of the originating PGI is lost, limiting further identification. Direct targeted 
analysis for this class, with mainly common PGIs, seems to be most straightforward. 
Only for uncommon components screening may be applied. An overview of applications 
with high potential for screening is provided below and summarized in Table 6.

3.6.1 GC
The first methods developed for the analysis of alkyl sulfonate esters were using GC-
FID with direct injection of highly concentrated API, e.g. 40 mg/ml, in organic solvents 
[110]. Colón and Richoll developed a generic targeted GC-MS limit test for the analysis 
of 7 common alkyl sulfonate esters. Detection in SIM mode allows determination of 
the PGI in API at the 5 ppm level [111]. In order to eliminate interference from excess 
of API solid phase microextraction (SPME) was applied. Matrix interference, however, 
can only be effectively removed for APIs that are ionized under the sample preparation 
conditions. Wollein used liquid extraction with hexane after conscientiously crushing 
the solid dosage form [112]. These examples show that for direct GC methods true 
generic application is limited by the sample preparation.
HS-GC is a more efficient method to circumvent incompatible non-volatile matrix. 
Derivatization with thiocyanate followed by headspace GC-EI-MS has been applied for 
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the analysis of alkyl sulfonate esters by Lee et al.[113]. The derivatization results in 
both the alkylthiocyanate as well as alkylisothiocyanate. The method was successfully 
applied for target analysis of methyl methanesulfonate (MMS) and EMS but yielded 
low recovery for isopropyl methanesulfonate (IMS). Detection limits better than 1 
µg/g were obtained. No specific data was presented on the GC-MS fragmentation 
of the derivatives. The derivatization reagent is known to be used for derivatization 
of amines and hydrazine [95] and therefore specificity in semi-targeted screening 
analysis is expected to be limited.
Alzaga applied an in situ derivatization-HS-GC-MS determination for common 
alkylation agents using pentafluorothiophenol (PFTP) as derivatization reagent [114]. 
Diagnostic molecular ions for methyl - [reagent + CH3], ethyl - [reagent + C2H5], and 
isopropyl esters [reagent + C3H7] were obtained allowing detection of the PGIs at 
levels in the range of 0.03 to 0.12 ng/ml. In practice the detection of the methylated 
reagent correlates with the sum of methyl esters and methyl halides. In MS spectra in 
addition to the molecular ion, also the diagnostic ion at m/z 199, correlating with the 
reagent, can be observed. This ion can be used for semi-targeted screening.
Derivatization however prohibits distinguishing between e.g. methyl iodide, methyl 
mesylate, methyl tosylate or methyl besylate. For PGIs containing other alkyl groups, 
e.g. ethyl or propyl the same applies. 

3.6.2 LC
A sensitive direct targeted LC-ESI-MS/MS method was developed and validated for the 
determination of MMS and EMS impurities in both Lopinavir and Ritonavir API. Using 
MRM, detection limits of 2 mg/L were obtained for MMS and EMS [115]. A generic 
targeted LC-MS/MS method for the determination of the 12 most common alkyl 
sulfonate esters has been developed by Guo [116]. Under negative APCI conditions the 
strongest response was obtained for the [M-alkyl]- ions. The alkyl group responsible 
for the potential toxicity is lost by in-source fragmentation, leaving the sulfonate part 
of the PGI as negative charged ion. As a result each group of sulfonate esters can be 
detected using the same transitions, i.e. m/z 95→80 for methane sulfonate esters, 
m/z 157→93 for benzene sulfonate esters and m/z 171→107 for p-toluene sulfonate 
esters. MS/MS detection of these in-source fragment ions allows detection limits of 
2-4 ppm to be achieved. The separation of different alkyl esters using detection of 
the MS/MS product ions is shown in Figure 10. Depending on the selectivity of the 
separation, other PGIs within the class could be detected, however any component 
outside the class will be missed.
LC-MS approaches based on derivatization with amines have shown to be very 
suitable for determination of trace level alkyl sulfonate and dialkyl sulfate genotoxic 
impurities. As a result of the derivatization with trimethylamine (TMA) [105], DMAP 
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[44] and BPPC [34], intrinsically positively charged derivatives are obtained allowing 
low detection limits in MS. For the TMA derivatives detection limits down to 0.2 mg/L 
were obtained by LC-MS in SIM mode, based on an API concentration of 5 mg/ml. 
The method described is aiming for target analysis of common PGIs. The specificity 
of detection in SIM mode may be limited; therefore MS/MS detection may be applied.  
As for the TMA derivatives common losses are expected in fragmentation, the potential 
to perform semi-targeted screening is limited. This could be improved by using a 
reagent with a more distinctive fragmentation. For this purpose, DMAP can be applied 
for derivatization of alkyl sulfonates, however low efficient MS/MS fragmentation is 
obtained for the derivatives of the most common PGIs. The BPPC reagent, which is 
structurally related to DMAP, contains a side group that is easily fragmented. Not only 
does this allow sensitive MS/MS detection for common PGIs in targeted analysis, but 
it also allows screening for unknown PGIs down to 1 mg/kg based on the neutral loss 
of 56 Da. The detection limit for target analysis, based on an API concentration of 0.5 
mg/kg, is a about 10-fold lower. 

3.6.3 Other methods
Direct detection of methyl p-toluene sulfonate (MTS) was demonstrated by atmospheric 
pressure thermal desorption extractive electrospray mass spectrometry (AP/TD EESI-
MS) [117]. Using an in-house designed thermal desorption probe, the MTS was desorbed 
form the matrix at 200 °C and ionized by extractive electrospray ionization in the presence 
of 0.01 M sodium acetate. Using accurate mass detection, MTS could be detected in an 
artificial matrix at levels down to 0.1 ppm without requiring sample preparation.

Figure 10: HPLC-APCI-MS/
MS chromatograms for the 
detection of potentially 
genotoxic impurities of 
twelve sulfonate esters 
[116].
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Table 6: Applications with high potential for screening of sulfonates

(typical structure for the class of PGI)

Reagent Derivative / marker Method Matrix LOD Ref

HS-GC-MS API < 1 µg/g 113

HS-GC-MS API 0.11 µg/g 114

LC-MS API 0.2 ppm 105

LC-MS/MS API

0.05-2
mgkg-1

(SRM)

1-10
mgkg-1

(NL)

44

CE-MS API < 1mgkg-1 106

LC-MS/MS API
1-10

mgkg-1

(NL)
34

CE-MS API n.a. 106

n.a. n.a n.a. 118

n.a. not applicable
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Similar to what was shown for aldehydes in paragraph 2.2, scavengers can be applied 
to remove alkyl sulfonate esters from a reaction mixture. [118]. As PGIs are chemically 
bound to the surface of the scavenger, analysis of this surface could allow detection 
of the alkyl group of the alkylation agent.

3.6.4 Evaluation
Analysis of alkyl sulfonates focuses on a relatively high number of common PGIs. 
Several approaches, i.e. HS-GC-MS, GC-MS and LC-MS, are available, but also direct 
analysis with EESI-MS can be applied. The available number of orthogonal methods 
will probably permit the analysis of these PGIs in any API.
The methods developed for common PGIs have low potential for semi-targeted 
screening of less common PGIs. For the PFTP derivatives in HS-GC a marker at 
m/z 199 is observed. The use of BPPC as reagent in LC-MS/MS allows neutral loss 
screening of the alkyl group responsible for toxicity. However, in both cases, as a 
result of derivatization, the sulfonate group is lost. Subsequent analysis without using 
a derivatization would be required for identification of the original PGI. These reagents 
are also applied for alkyl halides, therefore the approach shows to be specific for 
alkylating compounds in general, instead of for alkyl sulfonate esters only.

4. CONCLUSION AND DISCUSSION

For the classes of PGIs evaluated it is demonstrated that several target analysis 
methods are available with sufficient sensitivity to detect sub-ppm levels. For 
common PGIs such as aromatic amines, low weight aldehydes and hydrazines, 
volatile alkyl halides and alkyl sulfonate esters, generic (semi-) quantitative targeted 
analysis can be performed in any API, either with or without derivatization. Moreover, 
for most of the classes of PGIs, derivatization based applications are available with 
high potential for semi-targeted screening. In these applications, isotopic labeling is 
applied or reagent related fragmentation is observed that could enable discovery of 
less common PGIs without prior knowledge. When applying derivatization, in addition 
to the improved stability and sensitivity, a similar detection response is obtained for a 
whole class of targeted PGIs. Taking into account that the difference in MS response 
is one of the main difficulties in screening in general, this is an important advantage 
of applying derivatization for screening analysis.
Requirements for selectivity in semi-targeted screening include specificity of the 
derivatization reaction for the functional group and the distinctiveness of the common 
diagnostic markers. The better these requirements can be met, the lower numbers 
of false positives or negatives are found. A high level of false positives results in an 
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inefficient procedure as any hit above a certain threshold requires investigation of 
the identity and may limit the practical implementation of the screening method. 
Designing the reagent to achieve higher selectivity in MS and/or MS/MS, as done for 
aldehydes and alkyl halides, can contribute to minimize the level of false positives or 
negatives resulting from the detection. This review shows the possibilities to modify 
the reagent to enhance specificity of the detection, by MS/MS fragmentation or 
addition of isotopic labels, are almost unlimited.
Control on the selectivity of the chemical reaction is harder to achieve, however if 
the selectivity cannot be achieved in chemistry, the selectivity of MS detection may 
be further utilized. Several options could be applied to distinguish PGIs from regular 
impurities. Evaluation of fragmentation patterns may distinguish from toxic and 
non-toxic components, as demonstrated for derivatives of carbonyls. Differentiation 
between aromatic and aliphatic amines may be made based on level of unsaturation, 
i.e. the determination of the double bond equivalence (DBE) by accurate mass 
detection. In addition, the use of generic methods and spectral databases could 
speed up evaluation of components detected in screening.
Apart from specificity in detection, availability of orthogonal analytical methods is 
considered to be important to obtain sufficient coverage in screening analysis. GC 
and LC are the most generally used separation methods for PGI analysis, generally 
hyphenated with MS, and can be considered to be orthogonal. In addition invaluable 
alternatives are available, such as LC-ICP-MS, EESI-MS and CE-MS. Applicability may 
strongly be dependent on e.g. analyte, matrix or the availability of instrumentation. 
Another way to achieve orthogonality is by applying derivatization with different 
reagents in parallel. In such case the characteristics and thus the retention behavior 
of the analytes change. Separation from the matrix, that is unaffected by the 
derivatization, can therefore more easily be obtained. This strategy is effectively used 
in both biological [62] and pharmaceutical applications [106]. Reaction of PGIs with 
reagents on carriers, as applied in scavengers, also represents interesting options 
for analytical application. With these materials the PGIs are pre-concentrated on 
the surface allowing easy clean up. In this way matrix interference may be avoided 
and sensitivity may significantly be improved. When using a cleavable linker the PGI 
could be detected in a direct MS-based approach or alternatively, the PGI could be 
solubilized from the surface for further analysis by analytical separation techniques 
hyphenated with mass spectrometry.
Currently, the selectivity and effectiveness for the majority of the targeted methods 
published with potential for semi-targeted screening are hardly assessed, i.e. often 
only assessed for a very limited number of analytes and matrices. To fully assess the 
potential for semi-targeted screening a more extensive evaluation should be done. 
Even when using state-of-the-art technology full coverage would be very hard to 
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achieve. Control of genotoxic impurities in pharmaceutical products will remain a 
risk based approach. Moreover, the exposure of PGIs resulting from administration 
of medicine may be less significant compared to other sources, such as food and 
environment. The need for untargeted and semi-targeted screening approaches is 
higher in these application areas, resulting in an increased number of publications in 
recent years. The evolution in analytical technology will likely result in a change of the 
current control strategy of PGIs in pharmaceuticals.
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Abstract

A generic LC-MS/MS method was developed for the analysis of potentially 
genotoxic alkyl halides. A broad selection of alkyl halides were derivatized using 
4-dimethylaminopyridine (4-DMAP) in acetonitrile. The reaction conditions for 
derivatization, i.e. solvent, reaction time, temperature and concentration of alkyl 
halide, active pharmaceutical ingredient (API) and reagent, were optimized for 
sensitivity and robustness. The interference of the matrix and the API and the 
presence of water on the derivatization reaction were investigated for a model drug 
product (paracetamol/caffeine tablets). Hydrophilic interaction liquid chromatography 
(HILIC) was used to allow quantitative determination of the derivatives by tandem 
mass spectrometry.
The derivatization reaction was shown to be selective for alkyl halides, although 
some reactivity was also observed for an aromatic sulfonate, which is also genotoxic. 
Even though differences in reaction efficiencies have been observed, the enhanced 
sensitivity obtained by the derivatization allows the majority of the alkyl halides to 
be detected by MS/MS at relevant levels for genotoxic impurity evaluation, i.e. 10 
mg kg-1. Another key advantage is that for the majority of derivatives, reagent related 
fragments are produced which allows low level screening for alkyl halides. Highly 
specific MS detection can be performed using neutral loss and precursor ion scan 
experiments. The applicability of a generic screening method will make the genotox 
evaluation less dependent on the quality of assessments based on predictions only 
and it will provide essential information during the development of new chemical 
entities. 
In addition to screening, target analysis in the low mg kg-1 range can be performed. 
A similar response of the derivatized compounds was obtained in the range of 1 - 
100 mg kg-1 with a reproducibility of better than 10 %, which is sufficient for the 
determination of alkyl halides in APIs and drug products.
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1. INTRODUCTION

Alkyl halides are often used in organic synthesis as alkylating agents. However, alkyl 
halides are also one of the major classes of compounds that are potentially genotoxic. 
The use of this type of compounds cannot always be avoided. Therefore, guidelines 
[1,2] prescribing the control of genotoxic impurities using more stringent limits than 
for regular impurities were established [3, 4]. The levels of control are often in the 
mg kg-1 range, depending on the dosage of the active pharmaceutical ingredient (API) 
and the duration of the intake [5, 6, 7]. Therefore, gas chromatography (GC) or liquid 
chromatography (LC) hyphenated with (tandem) mass spectrometry (MS) are generally 
needed to meet the required specificity and sensitivity. Different approaches using 
these techniques for the target analysis of genotoxic impurities have been described 
in literature [8-11]. The applicability of the technique may be limited by compound and 
matrix characteristics. Although derivatization is preferably avoided in pharmaceutical 
analysis, it can be used to circumvent specific limitations, such as poor sensitivity in 
LC-MS analysis [12, 13]. The reaction of alkyl halides with 4-dimethylaminopyridine (4-
DMAP) is used in organic synthesis, often only to catalyze a reaction [14, 15, 16], but 
it has also been applied for improvement of detectability of alkyl halides in analytical 
methods [17]. Replacement of the halogen group of the alkyl halide by the polar 4-DMAP 
group significantly improved sensitivity in MS detection, allowing the determination of 
4-fluorobenzylchloride in plasma down to 0.5 ng/ml.
Current approaches for the determination of genotoxic impurities only focus on the 
target analysis of known compounds. The analytical coverage for genotoxic impurities is 
therefore fully dependant on a-priori knowledge resulting from the genotox assessment, 
which is based on a theoretical exercise. This approach can easily overlook potentially 
genotoxic impurities. A more effective approach to analyze potentially genotoxic 
impurities (PGIs) would require a more generic screening procedure implicitly based on 
the genotoxic activity of these compounds. 
This paper describes the use of a highly selective derivatization reaction for alkyl halide 
compounds with 4-DMAP and subsequent analysis with LC-MS/MS detection. The polar 
derivatization products are separated from the matrix using hydrophilic interaction 
liquid chromatography (HILIC). The specificity of the derivatization reaction can be 
used to detect reactive alkylating compounds in general. With some exceptions, MS/MS 
fragmentation of the alkyl halide derivatives shows loss of DMAP, either as a fragment 
ion or as a neutral loss. As a result the method described allows for screening of alkyl 
halides simply based on their intrinsic alkylating reactivity towards the derivatization 
reagent and the possibility to detect the derivatives using MS/MS without prior 
knowledge. In addition, low level target analysis of the derivatives of interest by 
selected reaction monitoring (SRM) is possible.

73

3

A new approach for generic screening and quantitation  
of potential genotoxic alkylation compounds by pre-column derivatization and LC-MS/MS analysis



2. MATERIALS AND METHODS

2.1 Chemicals
All reagents were analytical reagent-grade. Formic acid, ammonium formate, HPLC 
grade water and acetonitrile were obtained from Baker (Deventer, Netherlands). The 
selected test compounds were obtained from the suppliers referred to in table 1. 
Paracetamol / caffeine 500 / 50 mg tablets were used as model drug product, Brand 
DA, batch 08J11.B, exp date 10-2013. Ingredients are microcrystalline cellulose, 
starch, polyvidone, glycerol, sodium dioctylsulfosuccinate, sodium carboxymethyl 
starch, colloidal silicon dioxide, magnesium stearate.

2.1.1 Sample preparation
The standards and API samples were dissolved in acetonitrile at a concentration level 
of 5 mg/ml. The drug product samples were extracted in water / acetonitrile in a 
1:1 ratio. The stock solution of 4-DMAP in acetonitrile was prepared at 15 µg/ml 
i.e. at 3 % m/m of the level of the sample concentration. For the determination 
of alkyl halides in samples, 1.00 ml of the sample stock solution and the 4-DMAP 
stock solution and 8.00 ml of acetonitrile were transferred into a 20-ml headspace 
vial, resulting in a level of 0.5 mg/ml for the API. The vial was capped, shaken and 
heated at 60 ºC for 4 hours. For spiking experiments the volume of acetonitrile was 
replaced by a stock solution of the alkyl halide to be tested. When investigating the 
most suitable solvent for derivatization acetonitrile was replaced by other solvents, 
i.e. dimethylsulfoxide (DMSO), dimethylformamide (DMF), dioxane, tetrahydrofuran 
(THF) and chlorobenzene. To simulate real matrix conditions a model drug product 
was used. For the model drug product, there is no relation with the genotoxic 
compounds tested.

2.1.2 Apparatus and conditions

2.1.3 HPLC
Separation was performed by HPLC analysis using an Agilent 1200 LC. The analytical 
column is a 3-µm particle size Waters Atlantis HILIC column with a length of 100 mm 
and an i.d. of 3 mm. The syringe wash solution is a water/acetonitrile solution at 
1:1 ratios with 0.1 % of formic acid added. A 20 second washing time was applied. 
A generic LC-MS method for the analysis of derivatized alkyl halides was set-up. 
Sufficient separation between the compounds of interest and the model API’s, i.e. 
paracetamol and caffeine and reagent was obtained. A 100 mM ammonium formate 
buffer at pH 2.8 was prepared by dissolving 0.65 g of ammonium formate in 1 L of 
water, which was adjusted to pH 2.8 using formic acid. The mobile phase A is a buffer/
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Table 1: Overview of test compounds of different compound classes: alkyl halides (1); halides (2); 

sulfonates (3); azides (4) and aldehydes (5).

Code name Class Supplier* formula mass

S1 4-(di bromo-methyl)-benzoic acid ethyl ester 1 5 C10H10Br2O2 322

S2 Ethyl 4-(bromo methyl)benzoate 1 2 C10H11BrO2 243

S3 Methyl 4-(bromo methyl)benzoate 1 5 C9H9BrO2 229

S4 4-(Bromo methyl)benzoic acid 1 5 C8H7BrO2 215

S5 Component A 1 - n.a. 377

S6 Ethyl 4-(chloro methyl)benzoate 1 - C10H11ClO2 198

S7 Methyl 4-(chloro methyl)benzoate 1 2 C9H9ClO2 184

S8 4-(chloro methyl)benzoic acid 1 5 C8H7ClO2 170

S9 Component B 1 - n.a. 332

S10 9-Chloromethyl-anthracene 1 5 C15H11Cl 226

S11 9,10-bis-chloromethyl-anthracene 1 5 C16H12Cl2 275

S12 4-chlorobenzoic acid 2 5 C7H5ClO2 156

S13 Methyl-4-chlorobenzoate 2 5 C8H7ClO2 170

S14 Ethyl 4-chlorobenzoate 2 5 C9H9ClO2 184

S15 Methyl Iodide 1 5 CH3I 142

S16 3-(bromomethyl)-1,1’-biphenyl 1 5 C13H11Br 247

S17 Clindamycin B (HCl) 1 5 C18H33ClN2O5S 424

S18 2-chloro-N,N-diethylamine 1 5 C6H14ClN2 135

S19 1-(3-chlorophenyl)-4-(3-chloropropyl) piperazine 1 3 C13H18Cl2N2 272

S20 2,6 dichloro benzyl bromide 1 2 C7H5BrCl2 240

S21 Chloroacetyl chloride 1 3 C2H2Cl2O 112

S22 2 chloroethyl methyl ether 1 5 C3H7ClO 94

S23 Isopropyl methane sulfonate 3 1 C4H10O3S 138

S24 Methyl p-toluene sulfonate 3 5 C7H8O3S 172

S25 4-azidoaniline (HCl) 4 3 C6H7ClN4 134

S26 1-(4-azidophenyl)-2-bromoethanone 1/4 5 C8H6BrN3O 240

S27 N,N dimethylformamide 5 4 C3H7NO 73

S28 tertiary Butyl bromo acetate 1 5 C6H11BrO2 195

- 4-(Dimethylamino)pyridine (4-DMAP) n.a. 4 C7H11N2 122

* suppliers: Acros (1); Alfa Aesar (2); Fluca (3); Merck (4); Sigma Aldrich (5).

Table 1: Overview of test compounds of different compound classes: alkyl halides 
(1); halides (2); sulfonates (3); azides (4) and aldehydes (5).
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water/acetonitrile solution at a ratio of 10:80:10 while mobile phase B has a buffer/
acetonitrile ratio of 10:90. The first 5 minutes were run at a mobile phase ratio of 
5:95 (A/B), followed by a two minute linear gradient run to 50:50 (A/B). After flushing 
at 50:50 (A/B) for three minutes, the mobile phase ratio was returned to its initial 
settings and the column was conditioned for three minutes. The flow rate is 0.8 ml 
/min and an injection volume of 10 µl was applied. Prior MS detection the flow was 
split in a 4:1 ratio. For the investigation of the derivatization conditions, an isocratic 
method was applied using mobile phase A and B in a ratio of 30:70 and an injection 
volume of 1 µl. 

2.1.4 Mass spectrometry
Experiments were performed with a Thermo scientific LTQ Orbitrap mass spectrometer 
and a TSQ Vantage triple quad mass spectrometer.
For LTQ Orbitrap the Instrument control, data acquisition and data analysis were 
performed using Xcalibur software version 2.07 (Thermo, San Jose, CA, USA). 
Electrospray ionization was used in positive mode using the ionmax source. Instrument 
setting were as follows: sheath gas flow rate (arb), 25; auxiliary gas flow rate (arb), 
5; sweep gas flow rate (arb), 5; spray voltage, 5 kV; capillary temperature, 350 ºC; 
capillary voltage, 29 V; MS parameters ion trap; mass range, normal; scan rate, 
normal; scan type, full; data type, centroid; tube lens, 70.V; scan range, m/z 100-
600 ; max. inject time, 250 ms; microscans,1; activation type, CID; isolation width, 
m/z 1.5; normalized collision energy, 25 (default). MS parameters FTMS (Orbitrap) 
were: mass range, normal; resolution, 15,000; scan type, full; data type, profile; scan 
range, m/z 100-600; max. inject time, 250 ms; microscans,1
For TSQ Vantage triple quadrupole the instrument control, data acquisition and 
data analysis were performed using Xcalibur software version 2.10 (Thermo Fisher 
Scientific). Electrospray ionization was used in positive mode using the ionmax source 
and the heated ESI probe. Pre-cursor ion scans of m/z 121 and 123 were obtained in 
an alternating experiment. Instrument setting are as follows: vaporizer temperature, 
235 ºC; sheath gas flow rate (arb), 55; auxiliary gas flow rate (arb), 25; sweep gas flow 
rate (arb), 30; spray voltage, 3 kV; capillary temperature, 235 ºC; MS parameters; 
Q1 peak width (FWHM), 0.70; cycle time, 0.5 s; S-lens, 90 (default); collision energy 
(arb), 25 (default).

2.1.5 Statistical analysis
Design-Expert v7.1 (Stat-Ease Inc., Minneapolis, USA) was used to systematically 
study the effect of six reaction parameters and their interactions.
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3. RESULTS AND DISCUSSION

3.1 Derivatization reaction
The SN2 reaction of alkyl halides and sulfonates with 4-DMAP is shown in figure 1. 
The positively charged derivative is very amenable to LC-MS. The expected mass of 
the derivatized alkyl halide is Mw – X + DMAP (122), where Mw is the molecular weight 
of the compound and X can be Cl (35), Br (80) or I (127), respectively. Alkyl fluoride 
compounds have not been investigated as these are not prone to SN2 reactions. For 
analytical purposes in general the derivatization reaction should preferably be fast 
and complete. For a limit test the highest priority is to achieve the required detection 
limit instead. A recovery of 10 % may be sufficient as long as it is reproducible. 
Apart from the type of compound and its concentration, many parameters such as 
solvent composition, pH, reagent concentration, matrix composition, temperature and 
reaction time can influence the derivatization reaction. These need to be controlled 
to allow the use of the reaction for analytical purposes. For example at low pH the 
DMAP is protonated and therefore the reaction is significantly hindered. At elevated 
temperate and basic conditions elimination of the newly formed side-chain, under 
formation of a double bond, is possible for alkyl halides with at least one abstractable 
hydrogen in the alpha position [18]. This could limit the applicability of the reaction or 
the stability of the samples after derivatization.

3.2 Reaction parameters
For the derivation reaction, an aprotic polar solvent is preferred [12]. A number of 
these solvents were selected to investigate solvent effects for the derivatization on 
a typical alkyl bromide, i.e. 4-bromomethylbenzoic acid (S4) at 40 ºC. After 4 hours 
of reaction time, DMSO, DMF and acetonitrile showed a plateau in the response at a 
similar level, while the response in dioxane, chlorobenzene and THF was 40 to 80 % 
lower. Although the reaction is faster in DMSO, acetonitrile was preferred because of 

N

N
CH3CH3

N

N
+

CH3

CH3

R

R

X

X
-

+
+

N

N
CH3CH3

N

N
+

CH3

CH3

CH3
R

S

O
O

O

CH3

R

S

O
-O

O
+ +

A:

B:

Figure 1: Reaction of 
4-DMAP with (A) )alkyl 
halides (X = Cl, Br or I); 
(B) a sulfonate ester

77

3

A new approach for generic screening and quantitation  
of potential genotoxic alkylation compounds by pre-column derivatization and LC-MS/MS analysis



its compatibility with HPLC analysis and cleaner MS background.
After selection of the solvent, the concentration of PGI, 4-DMAP and additional water, 
as well as temperature, reaction time and the presence of matrix were investigated 
in an experimental design for the model compound, methyl 4-bromomethylbenzoate 
(S3). The set-up shown in table 2 was designed for optimization of the level of 
detection of the potential genotoxic impurity (PGI) in the range of 10-1000 mg kg-1 
in a matrix of model API, i.e. paracetamol. To promote the completeness of the 
reaction, an excess of reagent should be added and in this study an excess of at least 
a 3-fold was applied. The effect of water content was investigated as in practice water 
may be needed for extraction of the samples and compatibility with HPLC analysis. 
However addition of water may affect the desired aprotic solvent conditions as well 
as the pH. To make sure that the influence of the matrix is correctly studied, the 
HPLC method was developed to separate the derivatized PGI from the model API and 
the derivatization reagent. Therefore differences between samples can be ascribed 
to reaction conditions alone instead of to possible additional effects of ionization 
suppression resulting from poor separation.
Combinations of 6 factors, at 2 levels, were tested in a Fractional Factorial Design, 
requiring 32 experiments. Two center points, i.e. intermediate conditions, were added 
to investigate the robustness of the design, yielding a total of 40 experiments. To 
investigate the effect of the concentration level of the API, the randomized design was 
carried out for model API concentrations of 0.05 and 0.5 mg/ml, using the same relative 
amounts of reagent and PGI. The amount injected on column for these experiments 
was kept constant by injecting 10 and 1 µl, respectively. The MS peak areas of the 
derivative are normalized to the concentration of PGI as this would otherwise be 
the most significant effect in the design. Coefficients of variance of about 6 % were 
achieved for the center points of the design showing that the repeatability of the 
derivatization and the analysis was sufficient.
For the derivatization at the API level of 0.5 mg/ml, the effect of all individual factors 
and second order effects, determined using Design-Expert software, are shown in 
table 2. The effects exceeding the Bonferroni limit are considered to be significant 
and relevant. These effects are far more likely to be valid than the much larger set 
of effects exceeding the standard t-value limit. The Bonferroni correction accounts 
for the problem of multiple testing of effects equal to the total number (n) tested. It 
simply requires that the individual significance level be divided by n. So the Bonferroni 
significance for an individual test in e.g. a 24 factorial at e.g. 5 % (the default value) 
is obtained via division by the total number of 15 effects, giving a result of 0.3 %. 
This conservative adjustment causes the critical t value to increase greatly and point 
out only the most significant effects. Values below the Bonferroni limit, but above 
the standard t- value limit, are significant but not considered to be relevant. Within 
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the selected design space, no significant effects are observed for the concentration 
of PGI (A), the temperature (E) and the reaction time (F), showing the robustness 
towards these parameters. For target analysis these could be further optimized to 
minimize sample preparation time. As expected an increase of the concentration of 
reagent (B) shows a significant positive effect. Both matrix (C) and water (D) showed 
to be a significant negative factors. In addition the increase of water together with the 
concentration of reagent was shown to have a negative combination effect (BD) above 
the Bonferroni limit. If the use of water cannot be avoided it should be minimized. 
When the amount of water is increased, acid or base properties of reagent and/or 
matrix constituents may induce a pH effect. In the design of experiments the effect 
of pH was not measured. To account for potential pH effects, the robustness of the 
derivatization was tested in solvents at different apparent pH’s, by adding acid or 
base to a mixture of acetonitrile water 90:10 (% v/v). A very low response for the 
alkyl bromide (S3) was observed at the extreme pH values, i.e. in solvents containing 
1 % formic acid or 1 % NH4OH. Significantly better recoveries were obtained similarly 
for pure acetonitrile, 0.1 % acetic acid and 0.1 % NH4OH, showing that derivatization 
is robust over a sufficiently broad pH range. It was noted that the experiments for the 
experimental design were all in this robust range. As genotox analysis is performed 
by limit testing, potential adverse effects on response such as a pH effect can be 
accounted for by taking recovery ratios between spiked samples and standards.
From the results of the experimental design, the best practical conditions were 
chosen for the determination of methyl 4-bromomethylbenzoate (S3). Derivatization 
of the PGI in acetonitrile at the concentration of 0.5 mg/ml of API, using 15 µg/ml of 
DMAP, was chosen as most suitable. The amount of water is preferably minimized, 
e.g. to about 10 % v/v.  Although the reaction time and temperature may be further 
minimized, a 4 hour reaction at 60 ºC shows reproducible results for the test 
compound in the range of 10-1000 mg kg-1. The experiments performed at the lower 
API concentration levels (with corresponding lower levels of PGI and reagent) resulted 
in a 2 – 12 fold decrease in the normalized response. The 2-fold decrease is obtained 
for the optimal conditions found, showing that although dilution negatively influences 
the derivatization efficiency it may be applied if the solubility of the API is limited.

3.3 Selectivity of the reaction
The reaction should be specific for highly reactive genotoxic compounds, but ideally 
for the class of alkyl halides only. In order to show such selectivity, the derivatization 
of all compounds shown in table 1 was investigated. Alkyl halides containing either Cl, 
Br or I in various positions (primary / secondary, aliphatic / aromatic), covering a wide 
area in reactivity were selected together with other classes of compounds. Sulfonate 
esters, azides, an aldehyde and aromatic halides were selected as anticipated 
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unreactive control groups. Samples were derivatized at the 1000 mg kg-1 level at 
the optimum conditions established for compound S3, as presented in the previous 
paragraph, and analyzed by LC-MS/MS using the LTQ ion trap and Orbitrap. The 
derivatives were identified by accurate mass (within a 1 ppm mass tolerance).
The results in table 3 show that next to the vast majority of alkyl halides, methyl 
p-toluene sulfonate was shown to be reactive as well. Similar to the reaction described 
by Jiangou et al [10] the methyl group in S24 is attached to DMAP, as shown in figure 
1B. All other compounds from the control group, i.e. S12-S14, S23, S25 and S27, 
were shown to be inert to derivatization with DMAP. After derivatization with 4-DMAP, 
the masses of the derivatives are identical for chloride and bromide analogs, e.g. for 
compound S2 and S6 or for S15 and S24 (the latter leading to methylated DMAP in both 
cases). The method will thus not indicate which alkylating halide analog was originally 
present in the sample and knowledge of the process is required. Alternatively, further 
analysis without derivatization is needed.
The reaction was shown to be especially efficient for benzylic alkyl bromides (S2-
S5, S20 and S26). Relative to purely aliphatic compounds the susceptibility for 
derivatization improves due to the electron donating ability of the aromatic ring. 
This also explains the reactivity of the aromatic methyl p-toluene sulfonate (S24) in 
contrast to the aliphatic isopropyl methyl sulfonate (S23). The reactivity is lower for 
alkyl chlorides than for alkyl bromides. An order of magnitude difference in response 
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determination of methyl 4-bromomethylbenzoate (S3). Derivatization of the PGI in 

acetonitrile at the concentration of 0.5 mg/ml of API, using 15 µg/ml of DMAP, was chosen 

as most suitable. The amount of water is preferably minimized, e.g. to about 10 % v/v. 

Although the reaction time and temperature may be further minimized, a 4 hour reaction at 60 

ºC shows reproducible results for the test compound in the range of 10-1000 mg.kg-1. The 

experiments performed at the lower API concentration levels (with corresponding lower 

levels of PGI and reagent) resulted in a 2 – 12 fold decrease in the normalized response. The 

2-fold decrease is obtained for the optimal conditions found, showing that although dilution

negatively influences the derivatization efficiency it may be applied if the solubility of the 

API is limited.

Table 2: Parameters investigated for derivatization with 4-DMAP and the evaluation of the significance 

and relevance of the effects as described in the text of the different factors.

factor parameter level Effect

low Center high Sign Significance and relevance

A PGI (mg.kg-1) 10 100 1000 n.a. Not significant

B DMAP (%)* 0.3 1.5 3 pos Significant - relevant 

C Drug substance no yes neg Significant - relevant

D 0 25 50 neg Significant - relevant

E

Water (v/v %)

20 40 60 n.a. Not significant

F Reaction time 4 24 48 n.a. Not significant

BC

Combined factor

n.a. n.a. n.a. neg Significant - not relevant

BD n.a. n.a. n.a. neg Significant - relevant

EF n.a. n.a. n.a. neg Significant - not relevant
* Percent relative to the level of the main compound, n.a. not applicable

Temperature (ºC)

Table 2: Parameters investigated for derivatization with 4-DMAP and the evaluation 
of the significance and relevance of the effects as described in the text of the 
different factors.
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was shown for bromide (S2-S5) versus chloride (S6-S9) analogs. As the derivatives of 
the halide analogs are identical, the low response for alkyl chlorides is a consequence 
of reactivity and not of MS response. Experiments for alkyl halides S2-S10 showed 
that after a reaction time of 18 hours, no significant increase in recovery relative to 
a 4 hour reaction was observed for the alkyl bromides. For alkyl chlorides slower 
reactions and consequently lower efficiencies are found and longer reaction times 
or higher temperatures may be required whenever sensitivity needs to be improved.
In two cases the compounds were shown to be less suitable for derivatization. For 
compound S1 and S21, the compounds as well as their derivatives are instable in 
an aqueous environment. On reaction with water, the compounds transform to an 
aldehyde and an acid, respectively. Therefore these compounds can be easily missed 
when e.g. the derivatization can not be performed under water free conditions 
or if water is present in the mobile phase of the LC-MS method. Note that under 
water free conditions, infusion experiments showed the compounds are amendable 
to derivatization. Steric hindrance may have been an additional limitation for the 
reaction of DMAP with alkyl chloride S17 [19].

3.4 Screening analysis
Specific fragmentation of the derivatives obtained in this study can be used to monitor 
selected MS/MS transitions representative of the derivatives in general, rather than 
detecting the individual targeted halides. The fragment resulting from the DMAP group 
being cleaved off with preservation of charge can be found at m/z 123. Occasionally a 
fragment of m/z 121 is observed [20], when back-transfer of hydrogen is required to 
stabilize the leaving group. Moreover, in many cases a loss of DMAP can be observed 
as a neutral loss of 122 Da. These transitions would indicate the presence of any 
molecule that has reacted with DMAP, thus allowing screening for unknown potentially 
genotoxic impurities. Other fragmentations resulting from the same parent will offer 
additional structural information to elucidate the originating compound.
Table 3 shows the m/z values of the derivatives, the fragmentation specific for the 
originating compound and the DMAP related fragments in ion trap fragmentation. 
The optimum collision energy required for efficient fragmentations is found to be 
very similar for all compounds. In addition to the observed values, the neutral loss 
of 122 Da in MS2 or MS3 is shown. The majority of compounds show either a DMAP 
related fragment or a neutral loss. MS/MS performed on a triple quadrupole instrument 
showed similar results, however in general more excessive fragmentation is observed 
relative to ion trap fragmentation. This fragmentation is related to scission of bonds 
in the originating compound instead of the fragmentation resulting from the loss 
of DMAP as shown for the derivative of compounds S5 and S9. These show no high 
abundant fragments at m/z 123 or 121, nor neutral loss of 122 Da, to recognize them 
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Table 3: Overview of the compounds amendable to derivatization and subsequent mass information 

obtained by orbitrap detection. 

component Fragment (m/z) Loss of 122 Da in MS2

(Y/N)
code name derivative Specific 

fragment

DMAP-

related 

fragment
S1 4-(di bromo-methyl)-benzoic acid ethyl ester 363 *1 n.a. n.a. n.a.
S2 ethyl 4-(bromo methyl)benzoate 285 257, 135 123 Yes

S3 methyl 4-(bromo methyl)benzoate 271 149 121 Yes

S4 4-(bromo methyl)benzoic acid 257 135 123 Yes

S5 component A 419 391, 253 n.d. No*2

S6 ethyl 4-(chloro methyl)benzoate 285 163 123 Yes

S7 methyl 4-(chloro methyl)benzoate 271 149 121 Yes

S8 4-(chloro methyl)benzoic acid 257 135 123 Yes

S9 component B 419 391, 253 n.d. No*2

S10 9-chloromethyl-anthracene 313 191 n.d. Yes

S11 9,10-bis-chloromethyl-anthracene 361 239 123 Yes

S15 methyl iodide 137 n.d. 121 No

S16 3-(bromomethyl)-1,1’-biphenyl 289 167 n.d. Yes

S17 clindamycin B n.d. n.a. n.a. n.a.

S18 2-chloro-N,N-diethylamine 222 100 n.d. Yes

S19 1-(3-chlorophenyl)-4-(3-chloropropyl) 359 237 n.d. Yes

S20 2,6 dichloro benzyl bromide 281 159 123 Yes

S21 chloro acetyl chloride 199*1 n.d. 123 No

S22 2 chloroethyl methyl ether 181 149 123 No

S24 methyl p-toluene sulfonate 137 n.d. 121 No

S26 1-(4-azidophenyl)-2 bromoethanonone 282 254 n.d.*3 No

S28 tertiar butyl bromo acetate 237 181 123 No
The m/z values of the major fragments indicate if the potential for MS-MS precursor ion and neutral loss 

scans on DMAP related signals.

n.a.

n.d.

not applicable

not detected 

only under water free conditions

fragment m/z 269, i.e. neutral loss of 122 Da in MS3

fragment m/z 123 in MS3

*1

*2

*3

Table 3: Overview of the compounds amendable to derivatization and subsequent 
mass information obtained by orbitrap detection.
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as DMAP derivatives. Fragmentation of the derivative of compounds S15 and S24 
(both m/z 137) to yield m/z 123 or 121 is poor, while the detection of a potentially 
more efficient neutral loss is hindered by the fact that the resulting daughter ion at 
m/z 15 is outside the normal mass range of the mass spectrometers.
The specific derivatization reaction together with specific fragmentation gives the 
opportunity for setting up a screening analysis. The compounds selected for this 
experiment represent a realistic case study with an inherent risk of missing some 
potentially genotoxic impurities. Explicitly, target analysis on benzoic acid (S4) alone 
may show absence of the genotoxic impurities, while in the presence of alcohols 
benzoic acid ester formation may have taken place. When only relying on an a-priori 
assessment such potential modifications might not have been taken into account. As 
a consequence, these of the potentially genotoxic compounds can easily be missed. 
Furthermore the information on starting materials might be limited. Performing a 
neutral loss or precursor ion scan on a DMAP derivatized sample, though, would reveal 
the presence of the related compounds, such as the methyl ester (S3) or the ethyl 
ester (S2), and even other less expected secondary compounds. One test mixture of 
alkyl bromides (S2-S5, S16 and S20) and methyl iodide (S15), and another mixture 
containing alkyl chlorides (S7-S9 and S10) and methyl p-toluene sulfonate (S24) were 

Figure 2: Ion trap mass 
chromatograms of a derivatized 
sample of paracetamol spiked 
with alkyl halides at 100 
mg kg-1, TIC and extracted 
ion chromatograms of the 
derivatives, respectively S10; 
m/z 313, S16; m/z 289, S20; 
m/z 281, S2; m/z 285, S3; m/z 
271, S4; m/z 257 and S15; m/z 
137.
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derivatized at 1, 10 and 100 mg kg-1 level, both in the absence and in the presence of 
a model matrix (500 mg paracetamol / 50 mg caffeine tablet formulation). 
To avoid excessive ionization suppression, chromatographic separation of the 
derivatized compounds from matrix and excess of reagent is required. The reaction 
products are polar with low retention in reversed phase chromatography; therefore 
HILIC was used for separation. The matrix and other impurities have a tendency to be 
significantly less polar and in general elute in the solvent front as shown in figure 2. 
Most derivatized aromatic compounds are slightly less polar than 4-DMAP and elute 
in front of the 4-DMAP peak while the more polar alkyl halides are retained more 
effectively and need a higher concentration of water to elute. As MS detection is 
applied and the individual derivatized PGI are only present at very low concentration, 
separation between these is less stringent.

Figure 3: Neutral loss total ion chromatograms of a derivatized spiked sample at 10 
mg kg-1, TIC of 122 Da and extracted precursors of respectively S10, m/z 313; S16, 
m/z 289; S20, m/z 281; S2, m/z 285; S3, m/z 271 and S4, m/z 257. B: Precursor ion 
chromatograms of a derivatized spiked sample at 100 mg kg-1 level, TIC of m/z 121 
and extracted precursor of S3, m/z 271 and C: Precursor ion chromatograms of a 
derivatized spiked sample at 100 mg kg-1, TIC of m/z 123 and extracted precursor of 
S2, m/z 285.

Chapter 3

84



Triple quadrupole methods for neutral loss (losing the DMAP fragment) and parent 
ion scan (for the DMAP daughter ions) were set up, using generic ionization and 
fragmentation conditions. Using these methods, the derivatized samples were 
analyzed to demonstrate applicability for screening as shown for a test mixture 
containing alkyl bromides in figure 3. The spiked compounds can easily be traced in 
the total ion current. Underivatized control samples can be analyzed, to correct for 
signals in neutral loss or precursor ion scans resulting from known high abundant 
compounds present; i.e. the API(s) paracetamol and caffeine and the excess reagent. 
No further false positive results are observed in this case study, strengthening the 
pplicability of the approach.

The results in table 4 show that for alkyl bromides, compounds can be detected at 
levels of 1 - 10 mg kg-1 in a screening analysis in neutral loss and 10 - 100 mg kg-1 in 
a precursor ion scan. The limit of quantitation presented represents a worst case as 
the potential genotoxic impurities are spiked to a combination of API and excipients. 
The mass chromatogram of a neutral loss scan at the 1 mg kg-1 level is shown in 
figure 4. Analysis of the alkyl chloride analogs shows the limitations due to a lower 
derivatization efficiency of about a factor of about 10 relative to the bromine analogs. 
The low sensitivity for compounds S5, S9 and S15, S24, which are identical after 
derivatization, is due to the non-specific fragmentation, as discussed earlier.
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Table 4: Limit of quantification (mg.kg-1) in a generic screening analysis for derivatized PGI using parent 

scan on m/z 121 and 123 and neutral loss scan on 122 Da using a triple quad (TSQ Vantage).

code Related to 
compound Halide

Neutral loss Precursor ion

122 Da m/z 121 m/z 123

S2 - Br 1 n.a. 10

S3 S7 Br 1 10 n.a.

S4 S8 Br 10 n.a. 100

S5 S9 Br >100 10 n.a

S7 S3 Cl 10 10 n.a

S8 S4 Cl >100 n.a n.a

S9 S5 Cl > 100 >100 n.a

S10 - Br 1 n.a n.a

S15 S24 I n.a. > 100 n.a

S16 - Br 1 n.a. n.a

S20 - Br 1 n.a 100

S24 S15 sulfonate* n.a > 100 n.a
n.a. not applicable, i.e. not expected based on fragmentation  in table 3.

* no alkyl halide

Figure 4: Neutral loss chromatogram, extracted precursor of m/z 313 (left) and SRM, transition m/z 313-

191, of a derivatized spiked sample containing compound S10 at 1 mg.kg-1.

Table 4: Limit of 
quantification (mg 
kg-1) in a generic 
screening analysis 
for derivatized 
PGI using parent 
scan on m/z 121 
and 123 and 
neutral loss scan 
on 122 Da using a 
triple quad (TSQ 
Vantage).
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3.5 Target analysis
The LTQ ion trap and the TSQ Vantage triple quad were used to set up a target MS/
MS analysis for the test mixtures of for the screening. Samples, derivatized at a 1, 
10 and 100 mg kg-1 level, were analyzed in 3-fold and the compounds were evaluated 
based on area (for reproducibility) and height (for signal-to-noise) of the most intense 
SRM transition.
The results in table 5 show that for the selected compounds, based on the analysis 
of spiked samples, a limit of quantitation can be obtained in the range from 0.05 
- 10 mg kg-1, which is about an order of magnitude lower compared to screening 
analysis. The limit of quantitation is defined as the level at which the compound can 
be quantified with a signal-to-noise ratio of 10 and a CV of 10 %. In general, for both 
sensitivity and reproducibility analysis on the TSQ is preferred, however also LTQ 
analysis complies to the requirements. In case of compounds S4 and S8, the efficient 
fragmentation of the ion trap allows better quantification limits. Even at the lowest 
levels, reproducibilities (n=3) of better than 3 % are obtained on the TSQ compared 
to about 10 % on the LTQ. Figure 4 shows a SRM mass chromatogram of compound 
S10 at 1 mg kg-1 spiked to the model drug product.
As no standards for the derivatives are available, the recovery was calculated based 
on the area response of the spiked samples relative to the peak area of the derivatized 
standards (without matrix present) at the same level. For the majority of compounds 
recoveries of better than 70 % were obtained over the range of 1-100 mg kg-1, as 
shown in table 5. For the calibration lines of the derivatized standards regression 

Figure 4: Neutral loss 
chromatogram, extracted 
precursor of m/z 313 (left) and 
313 - 191 (right) SRM, transition 
m/z 313-191, of a derivatized 
spiked sample containing 
compound S10 at 1 mg kg-1.
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coefficients of better than 0.992 were obtained, demonstrating that the linearity 
extends over a range of at least tree orders of magnitude. Although no absolute 
recovery was determined, the results show that similar responses are obtained at the 
different levels with an acceptable reproducibility. The method is therefore considered 
to be suitable for limit testing and semi-quantitative analysis. In general the lower 
responses are observed when matrix is present. Additional testing of a 10 and a 100-
fold diluted solution of the 100 mg kg-1 spiked samples showed that the responses 
of the diluted samples were proportional to the dilution. Thus, the lower recovery in 
samples containing matrix is considered to be a consequence of the lower efficiency 
of the derivatization rather than due to ionization suppression by matrix constituents. 
For compounds S4 and S8, suppression resulting from co-elution with the excess of 
DMAP reagent results in poorer detection limits and as a result no representative 
recoveries can be reported. Avoiding suppression for these two compounds would 
require removing the excess of DMAP [17] or adjusting the separation method to 
alleviate co-elution.

Table 5: Limit of quantification (mg kg-1) and MS transitions for derivatized PGI using 
different mass spectrometers, i.e. ion trap (LTQ) and triple quad (TSQ Vantage). 
Recoveries of components spiked to the model drug product over the range of 1- 
100 mg kg-1.
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and a 100-fold diluted solution of the 100 mg.kg-1 spiked samples showed that the responses 

of the diluted samples were proportional to the dilution. Thus, the lower recovery in samples 

containing matrix is considered to be a consequence of the lower efficiency of the 

derivatization rather than due to ionization suppression by matrix constituents. For 

compounds S4 and S8, suppression resulting from co-elution with the excess of DMAP 

reagent results in poorer detection limits and as a result no representative recoveries can be 

reported. Avoiding suppression for these two compounds would require removing the excess 

of DMAP [17] or adjusting the separation method to alleviate co-elution.

Table 5: Limit of quantification (mg.kg-1) and MS transitions for derivatized PGI using different mass 

spectrometers, i.e. iontrap (LTQ) and triple quad (TSQ Vantage). Recoveries of components spiked to the 

model drug product over the range of 1- 100 mg.kg-1.

code
LTQ TSQ Vantage

LOQ
(mg.kg-1)

SRM
(m/z)

LOQ
(mg.kg-1)

SRM
(m/z)

Recovery 
(CV, n=9)

S2 0.5 285→257 0.05 285→107 73 (9)

S3 0.5 271→149 0.1 271→121 76 (8)

S4 0.5 257→135 2 257→107 n.d.

S5 0.5 419→391 0.1 419→91 75 (4)

S7 4 271→149 2 271→149 102 (6)

S8 3 257→135 10 257→107 n.d.

S9 5 419→391 1*2 419→91 72 (13)

S10 0.5 313→191 0.2 313→191 98 (10)

S15 5*1 n.a. n.a. n.a. n.a.

S16 0.5 289→167 0.05 289→167 80 (6)

S20 1 281→159 0.05 281→159 54 (7)

S24 8*1 n.a. n.a. n.a. n.a.
n.a. not applicable

n.d. not determined (see text)

*1 Based on extracted ion m/z 137 of full scan MS

*2 Reproducibility of 3% obtained for standard at 1 ppm
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4. CONCLUSIONS

This study demonstrates the potential of selective DMAP derivatization and 
subsequent screening of alkyl halides. In addition the reactivity of methyl p-toluene 
sulfonate shows potential for sulfonate esters as well. For screening purposes, the 
loss of the derivatization reagent in LC-MS/MS can be monitored by using neutral loss 
and precursor ion scan experiments. Using this approach the majority of the alkyl 
bromides tested can be detected and quantified in the range of 1-10 mg kg-1. A lower 
derivatization reaction efficiency for alkyl chlorides or secondary alkylhalides and a 
low intensity of the desired MS/MS fragmentation products for some compounds are 
the main limitations of the screening approach.
Despite these drawbacks, the new approach allows screening of alkyl halides at 
relevant levels to support control of genotoxic impurities. After a specific neutral loss 
or fragment is detected accurate mass data and knowledge of the process of synthesis 
should be sufficient to make a structural proposal on the alkylating compound. 
Subsequent structure elucidation and development of a method for quantitative 
target analysis should then be straightforward. A robust and more sensitive limit test, 
can be set up resulting in quantification levels well below 1 mg kg-1 for alkyl bromides 
(corresponding to 50 pg injected). The method is applicable for both API and drug 
product and shows a huge potential for screening of genotoxic impurities in chemical 
process samples, but also in forced degradation, compatibility or stability studies.
Further improvements on the derivatization reagent may further improve sensitivity; 
i.e. through improving reactivity and / or MS/MS selectivity. In a similar manner as 
demonstrated for the alkyl halides and sulfonates the strategy demonstrated can be 
applied for other classes of genotox compounds. By applying an array of derivatization 
reagents, which are specific for different classes of genotoxic compounds, a full 
genotox screening could be set up in the future.
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Abstract
A screening method for trace analysis of potentially genotoxic alkylating compounds 
has been developed using butyl 1-(pyridin-4-yl) piperidine 4-carboxylate (BPPC) as 
a new, selective pre-column derivatization reagent for their subsequent analysis 
by hydrophilic interaction liquid chromatography (HILIC) hyphenated with tandem 
mass spectrometry (LC–MS/MS). The new derivatization reagent is a modification 
of 4-dimethylaminopyridine (4-DMAP) previously used for the determination of 
potentially genotoxic compounds. By using the new reagent the screening potential 
was enhanced without com-promising reactivity. Derivatization at a high pH value was 
carried out and the reaction time at 60 °C was 24 h to anticipate for alkyl chlorides 
showing to be less reactive. The new reagent was designed to obtain reagent related 
fragmentation of the whole reagent as well as a side group of the reagent. Collision 
energies for detection of alkylating components derivatized using the new reagent 
are shown to be significantly more universal than with 4-DMAP. Neutral loss scanning 
on the fragmentation related to the build in side group remedies shortcomings in the 
screening for alkyl halides observed when using 4-DMAP. The new approach allows for 
screening of alkyl halides and alkyl sulfonates at trace levels down to 1 mg kg−1 and 
target analysis at about a factor of 10 lower without a significant effect of the active 
pharmaceutical ingredient (API) matrix. The synthesis of the reagent, investigation of 
reactivity, the specificity of the fragmentation of derivatives and screening conditions 
in MS/MS analysis are described.
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1. INTRODUCTION

Alkylation agents, such as alkyl halides and alkyl sulfonates, are widely used in the 
production of active pharmaceutical ingredients (API). According to the guidance 
[1-2], these potentially genotoxic components need to be controlled at low levels. 
In contrast to regular impurities, genotoxic components are addressed based on 
theoretical assessments. If applicable, targeted analysis would be performed to 
demonstrate the control of the impurity [3-5]. For the class of alkyl halides and alkyl 
sulfonates a number of target analysis methods are described [6-7].
Derivatization is shown to be a powerful tool to increase the detectability of genotoxic 
components [8]. Yang et al. [9] demonstrated that replacement of the halogen group 
of the alkyl halide by the polar 4-dimethylaminopyridine (4-DMAP) group allowed 
determination of 4-fluorobenzylchloride in plasma down to 0.5 ng mL-1. Advances 
in genotox analysis show a trend in developing methods for classes of genotoxic 
components [10]; however these focus on targeted analyses of assessed components 
with the risk of missing components such as masked components resulting from 
e.g. esterification or components emerging from less defined starting materials. 
Performing a screening based on the reactivity of genotoxic impurities, in addition 
to the theoretical assessment, would minimize the chance of missing genotoxic 
impurities and therefore increase patient safety.
Recently a screening method was developed allowing detection of alkyl halides 
without prior knowledge [11]. The method is based on derivatization of alkyl halides 
with 4-DMAP and subsequent analysis by liquid chromatography hyphenated with 
tandem mass spectrometry (LC-MS/MS) using neutral loss and parent scanning on 
reagent related fragments.
It was shown that the derivatization of alkyl halides and alkyl sulfonates has a 
huge potential for screening of these components at relevant levels for genotoxic 
impurity evaluation in pharmaceutical samples. However, some issues for sensitivity 
and specificity remained. Lower sensitivity for alkyl chlorides as compared to alkyl 
bromides resulted from the lower derivatization rate for alkyl chlorides. Moreover, not 
all derivatives showed high abundant fragmentation related to the reagent part of the 
derivatives, as is desired for sensitive targeted screening.
To alleviate these shortcomings, a number of requirements were defined for selection 
of a derivatization reagent and approach with improved characteristics in screening 
for potentially genotoxic impurities. These can be differentiated to requirements 
related to: 
1. The chemical derivatization: The reagent needs to be specific for the target 

analytes, highly reactive, applicable at practical conditions (temperature, pH 
range, time, stability) and should be readily available or easily prepared [12-13].
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2. The chromatographic separation: It is desirable to be able to separate the 
resulting derivatives from other non-alkylating non-derivatized impurities, 
the API, excess reagent and other matrix constituents, to prevent excessive 
ionization suppression. The influence of the reagent on the retention behavior of 
the derivative may be of key importance in this respect [8, 14].

3. The specificity of detection: A key factor for screening purposes is the loss of a 
derivatization reagent related fragment in preference over the loss of non-related 
fragments. Neutral loss screening has been a very valuable tool in functional group 
analysis [15-18] and has shown to be more selective in the work earlier published 
[11]. Moreover, as the charge is kept on a residue of the originating alkylating 
molecule, obtaining subsequent structural information is more straightforward. 
Enhanced specificity may be obtained when a less common neutral loss can be 
monitored, e.g., by including a specific label to the reagent. 

4. The sensitivity of detection is related to the reactivity and the MS specificity 
and requires efficient ionization of the derivative and efficiency of the desired 
fragmentation [14]. The efficiency of the reagent related fragmentation may be 
improved by adding a more labile side group to the reagent.

5. This paper describes the investigation of a new derivatization reagent, butyl 
1-(pyridin-4yl) piperidine 4-carboxylate (BPPC) to improve the screening 
approach for genotoxic impurity analysis, taking into account the requirements 
as stated above. As this paper discusses the comparison of two reagents (BPPC 
and 4-DMAP) the specificity of chromatographic separation from the API is not 
optimized. First, parameters influencing reactivity are considered. The specificity 
of the fragmentation is investigated with iontrap mass spectrometry as this will 
intrinsically show only the lowest energy fragmentation, well demonstrating the 
potential for improvement. In a triple quadrupole mass spectrometer, required 
to do actual neutral loss screening, fragmentation is strongly dependant on 
the collision energy (CE) and therefore CE is investigated in order to achieve 
specific and sensitive results. Finally, the applicability of the screening approach, 
i.e., the suitability to detect a wide range of components at significant levels in 
different types of API based on the specific fragmentation obtained under generic 
conditions, is addressed.

2. MATERIALS AND METHODS

2.1 Chemicals
All reagents were analytical reagent-grade. Formic acid, ammonium formate, HPLC 
grade water and acetonitrile were obtained from Baker (Deventer, Netherlands). 
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4-DMAP and 1,4 pyridinyl piperidine carboxylic acid  (hydrochloric acid salt) were 
obtained from Sigma Aldrich. For testing of the API influence, representative Abbott 
development batches, i.e. acidic API; SLV306 (Daglutril, 2-[(3S)-3-[[1-[(2R)-2-
ethoxycarbonyl-4 phenylbutyl] cyclopentane carbonyl] amino] -2-oxo-4,5-dihydro-
3H-1-benzazepin-1-yl] acetic acid, pKa 3.7, C31H38N2O6, Mw 534; basic API; SLV313, 
1-(2,3-dihydro-benzo[1,4] dioxin-5-yl)-4-[5-(4-fluoro-phenyl)-pyridin-3-ylmethyl]- 
piperazine monohydrochloride, pKa 5.9; C24H24FN3O2, Mw 405: neutral API, SLV319, 
4-chloro-N-[1-[3-(4-chlorophenyl)-4(S)-phenyl-4,5-dihydro-1H-pyrazol-1-yl]-1-
(methylamino)methylidene]benzenesulfonamide, C23H20Cl2N2O2S, Mw 486 were used.

2.2 Preparation of reagents
Reagent BPPC was synthesized by suspending 0.51 g of 1,4 pyridinyl piperidine 
carboxylic acid  (hydrochloric acid salt) in 50 mL of n-butanol. 0.4 g of concentrated 
sulfuric acid was added and the temperature rose to 75 °C. Within 1 hour a clear 
solution was obtained, which was kept at 75 °C overnight. After 20 hours, the solution 
was cooled to room temperature and concentrated in vacuo to 5 mL. The resulting 
oil was taken up in 50 mL of ethyl acetate and extracted with 60 mL 0.3 M sodium 
hydroxide. The organic layer was taken and concentrated in vacuo to yield the ester 
as an oil. Yield: 96 %, 0.52 g. A purity of 60 % was determined by NMR.

2.3 Derivatization 
The sample preparation is based on a drug substance concentration of 0.5 mg mL-1. 
Stock solutions of API were prepared at 5 mg/ml in acetonitrile (sol A). To dissolve the 
polar API SLV313, 10 % of water was added. The stock solution of reagent 4-DMAP in 
acetonitrile was prepared at a concentration of 0.15 mg mL-1; corresponding to the 
level of 3 % m/m relative to the API concentration in the sample. The concentration 
of BPPC was adapted to achieve equal molarities using a correction for the purity of 
the reagents, i.e. 0.54 mg mL-1 (sol B). Stock solutions of the alkyl halides and alkyl 
sulfonates were prepared at 0.05 mg mL-1 in acetonitrile, corresponding to 100,000 
mg kg-1 and diluted multiple times in 10-fold, up to the concentration desired for the 
experiment (sol C). For levels of 100 mg kg-1 and lower test mixtures of the alkylation 
compounds were prepared. A 25 % ammonium solution was diluted with water to a 
1.0 % v/v (sol D). 
From the stock solutions, the sample solutions were prepared in 20 ml headspace 
vial by accurately transferring the amounts of stock solutions and made up to 10.00 
ml using acetonitrile (sol E). The vial was capped, shaken and heated at 60 ºC for 
24 hours. Individual solutions were prepared by mixing volumes of solutions A/B/
C/D/E: Standard solution: 0/1/1/1/7, sample solution: 1/0/1/1/7, spiked sample 
solution: 1/1/1/1/6. Adding a 100 mg kg-1 alkyl halide stock solution will result in a 
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10 mg kg-1 final solution. For the determination of the peak relevance in section 3.6, 
blank solvent, 0/0/0/1/9, blank reagent; 0/0/1/1/8 and blank API sample solutions; 
1/0/0/1/8 were included.

2.4 Apparatus and conditions

2.4.1 HPLC
Separation of the intrinsically positively charged derivatives was performed by high 
performance liquid chromatography (HPLC) analysis using an Agilent 1200 HPLC. The 
analytical column is a Waters XBridge Hydrophilic interaction liquid chromatography 
(HILIC) column 100*3 mm; 3.5-µm particle size. The syringe wash solution is a 
water/acetonitrile solution at 1:1 ratios with 0.1 % of formic acid added. A 20 second 
washing time was applied. A generic HPLC-MS method for the analysis of derivatized 
alkyl halides was set-up which allowed separation of the target components from the 
excess of reagent. A 100 mM ammonium formate buffer at pH 2.8 was prepared by 
dissolving 0.65 g of ammonium formate in 1 L of water, which was adjusted to pH 
2.8 using formic acid. The mobile phase is a mix of buffer – isopropanol- acetonitrile 
(7:5:88, v/v/v). The flow rate is 0.5 mL min-1 and an injection volume of 10 µl was 
applied. Prior to MS detection the HPLC flow was split in a 4:1 ratio.
For the investigation the conversion of the alkylating agents by the reagents, samples 
were analyzed using both the HILIC method for the amount of derivative, as well as a 
generic HPLC gradient using a C18 column for the alkyl halide. As the HILIC method 
is isocratic, the response for the derivatives from the reagents is not affected by the 
mobile phase composition, which allows direct comparison of the area response of 
the derivatives of both reagents. Alkyl halides show little to no retention on the HILIC 
method and moreover have very low MS response. As the experiments are carried 
out at the 1000 mg kg-1 level, the amount of alkyl halide is monitored by the UV trace 
at 290 nm. Separation takes place on an XBridge C18 100*3 mm and 3.5-µm particle 
size. Mobile phase A is a mix of buffer - water - acetonitrile (10:80:10, v/v/v) and 
mobile phase B is a mix of buffer - acetonitrile (10:90, v/v) using the same buffer as 
described above. A linear gradient was applied starting from 100 % A to 100 % B in 15 
minutes using a flow rate of 0.5 mL min-1 and an injection volume of 10 µl was applied.

2.4.2 Mass spectrometry
Experiments were performed with a Thermo Scientific LTQ Orbitrap mass spectrometer 
and an AB Sciex API 4000 triple quadrupole mass spectrometer. 
For LTQ Orbitrap the instrument control, data acquisition and data analysis were 
performed using Xcalibur software version 2.07 (Thermo, San Jose, CA). Electrospray 
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ionization was used in positive mode using the ion max source. Instrument settings 
were as follows: sheath gas flow rate (arb), 25; auxiliary gas flow rate (arb), 5; sweep 
gas flow rate (arb), 5; spray voltage, 5 kV; capillary temperature, 350 °C; capillary 
voltage, 29 V; MS parameters ion trap: mass range, normal; scan rate, normal; scan 
type, full; data type, centroid; tube lens, 70 V; scan range, m/z 100–600; max. 
inject time, 250 ms; microscans, 1; activation type, CID; isolation width, m/z 1.5; 
normalized collision energy, 25 (default). MS parameters FTMS (Orbitrap) were: mass 
range, normal; resolution, 30,000; scan type, full; data type, profile; scan range, m/z 
100–600; max. inject time, 250 ms; microscans, 1. 
For the API 4000 the Instrument control, data acquisition and data analysis were 
performed using Analyst 1.4.2 software (AB Sciex Instruments). Ionization was used 
in positive mode using the turbo ion spray (TIS) source. Source temperature, 500 ◦C; 
scan type, neutral loss; resolution Q1, unit’ resolution Q3, unit; scan mode, profile; 
scan range, m/z 130–430 (for 4-DMAP) and m/z 270–570 (for BPPC); scan time, 1.5 
s; curtain gas, 20; ion source gas GS1, 70 and GS2, 70; ion spray voltage, 5500 V 
interface heater; ON, CAD 4.0; declustering potential (DP), 65 V; entrance potential 
(EP) 10 V; collision energy (CE), see text; collision cell exit potential (CXP), 12 V. For 
SRM experiments the DP, CE and CXP were tuned for each individual test component. 
Wherever a specific reagent related fragment was not observed among the first four 
highest intense fragmentation routes, the top 10 of fragments were determined. ACD 
labs IntelliXtract software was used for peak picking in the study into the influence of 
the API matrix (Section 3.6). 

3. RESULTS AND DISCUSSION

3.1 Selection of reagents
To improve the characteristics of the 4-DMAP an in-house modification, Butyl 
1-(pyridin-4yl) piperidine 4-carboxylate (BPPC), shown in figure 1, was synthesized. 
Figure 2 shows the reaction of an alkylation agent with a DMAP related reagent and the 
potential fragmentation of the derivative in MS. Next to loss of the complete reagent 
(frag 1), as a fragment or a neutral loss, non reagent related fragmentation (frag 2) 
may be observed. If fragmentation within the part originating from the initial alkyl 
halide occurs instead of fragmentation of the reagent alkyl halide residue bond, such 
“non-specific” fragmentation is obtained. Adding an easily fragmented side group to 
the reagent may result in an alternative reagent specific fragmentation (frag 3) and 
enhance the potential for screening purposes. The butyl ester group was introduced 
in reagent BPPC for this purpose.
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3.2 Selection of analytes
To cover a representative range of alkyl halides and alkyl sulfonates, a selection of 
components has been made that will allow demonstrating the shortcomings of the 
current approach [9] and the improvements in the new approach. An overview is 
shown in figure 3. Components S1-S4 are analogs of 4-bromomethyl benzoic acid 
with modifications on the acid group, resulting in differing fragmentation behavior. 
Component S5 is the chloride analog of the bromide S3 and is included to investigate 
halide dependent reactivity related to the analyte itself. Component S6 is added 
as this component is very unstable in MS and therefore represents a worst case 
scenario for non-specific fragmentation. The derivative from component S7 may 
preferably result in a very stable ion related to the originating halide component, thus 
favoring the loss of the complete reagent. Contrary, the ortho chloride substituents 
in component S8 may destabilize the ion resulting from loss of the complete reagent, 
thus disfavoring this route. From previous studies it was shown that methyl p-toluene 
sulfonate (S9) reacted with 4-DMAP, however the resulting methyl derivative did 
not show effective fragmentation and therefore could not be observed in a MS/MS 
screening experiment. This analyte was added to the series to assess applicability of 
the new reagents to allow for screening of very simple potentially genotoxic analytes 
that inherently do not show cleavage of the analyte – reagent bond in MS/MS, i.e., 
through reagent side group fragmentation. In addition methyl methane sulfonate 
(S10), which also results in the methyl derivative, was added to investigate reactivity 
of alkyl sulfonates in general. Finally, methyl iodide (S11) was added to the series of 
test analytes for reactivity comparison of analytes providing the very simple and well-
defined methyl derivative.

N N

CH3

CH3

N N

O

O C4H9

4-(dimethylamino)pyridine (4-DMAP)

butyl 1-(pyridin-4yl)piperidine 4-carboxylate (BPPC)

Figure 1: structures of 
DMAP and BPPC
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Figure 2: schematic reaction of alkyl halides (X=I, Br or Cl) and alkyl sulfonates 
(X=SO3R) with reagent and potential fragmentation. R1-R2 can be H in case of 
methyl sulfonates.

3.3 Reactivity
In our previous paper [11], the derivatization reaction was found to be inefficient at 
low pH. The reduced reactivity observed is assumed to result from protonation of the 
reagent at lower pH. In practice, the derivatization of an alkylating component in the 
presence of an acidic API in an uncontrolled pH environment indeed resulted in poor 
sensitivity. Recoveries of 10-15 % relative to controlled conditions, i.e., in a 10 mM 
ammonium acetate buffer at pH 8 and 0.1 % of ammonium hydroxide, were observed. 
Performing the reaction in 0.1 % NH4OH/acetonitrile (1:9, v/v) showed that highly 
efficient derivatization can be guaranteed when a basic environment is maintained by 
introduction of a base in the derivatization reagent solution. 
To investigate the influence or the nature of the reagent on the reactivity, DMAP and 
BPPC were tested using alkyl bromide S3, its alkyl chloride analog S5, alkyl sulfonates 
S9 and S10 and MeI (S11) at the 1000 mg kg-1 level (corresponding to an analyte 
concentration of 0.5 ng L-1). To verify the conversion both the decrease of the alkyl 
halides (S3 and S5) and the formation of the derivatives were monitored.
Figure 4 shows the conversion of the alkyl bromide (S3) and alkyl chloride (S5) using 
both reagents. After 24 hours no trace of the alkyl bromide (S3) was found and a 
maximum was shown in the formation of the individual derivatives, considering the 
reaction to be complete. In addition the 24 and 48 hour point showed similar results 
showing the reaction products are stable as well. The response for the individual 
derivatives was therefore normalized on the 24 hour time point. The results confirm 
that a 4 hour derivatization time, previously found in the design of experiments [11], 
is acceptable for the alkyl bromide. For the alkyl chloride (S5) the reactivity is much 
lower as can be expected [19]. After a reaction time of 4 hours a conversion of less 
than 5 % was observed with both reagents, while after 48 hours a conversion of 
about 30-40 % was obtained. As a linear increase of conversion with time is observed 
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2-chloro-N,N,-diethylamine (S7)

1-(4-azidophenyl)-2-bromoethanone (S6)

methyl iodide (S11)

ethyl -4-(bromo methyl) benzoate (S3)
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ICH3
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O
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CH3 O
CH3

methyl methane sulfonate (S10)

ClO

O

CH3

methylparatoluene sulfonate (S9)

methyl -4-(bromo methyl) benzoate (S2)

4-(bromo methyl) benzoic acid (S1)

ethyl -4-(chloro methyl) benzoate (S5)

4-(ethoxylcarbonyl) benzyl
4-(bromo methyl) benzoate (S4)

Br

Cl

Cl

2,6 dichloro benzyl bromide (S8)

Figure 3: structures of selected model alkyl halides and alkyl sulfonates
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for the alkyl chloride S5, selecting a reaction time of 24 hours dramatically improves 
sensitivity for the alkyl chloride, i.e., by a factor of 5 as compared to the conditions 
previously described. With this adaptation in reaction time, sensitivity for alkyl 
chlorides in general is now close to that for alkyl bromides. 
The recovery for the sulfonate derivatives can be calculated relative to the MeI 
derivative, as derivatization results in the exact same derivative. For MeI similar 
results as compared to the alkyl bromide (S3) are obtained. For the sulfonates S9 
and S10, relative recoveries of respectively 85 % and 60 % are observed, both after 
24 and 48 hours. This high and stable level of conversion demonstrates the general 
applicability for alkyl sulfonate screening.
As the conversion curves are very similar for both reagents, no difference in reactivity 
results from the structural differences between the two reagents. From the results it 
has been demonstrated that the DMAP reagent can be modified to improve specificity 
without changing the reactivity.

Figure 4: Conversion of test components by derivatization with DMAP and BPPC; 
Formation of DMAP derivatives of S3 (●) and S5 (→) and disappearance of alkyl 
bromide S3 (→) and alkyl chloride S5 (→) and the formation of BPPC derivatives of S3 
() and S5 (Δ) and disappearance of alkyl bromide S3 (□) and alkyl chloride S5 (◊).

3.4 Specificity
Selectivity in MS detection is dependent on fragmentation associated with the reagent 
part of the molecule, i.e., a specific fragment or neutral loss. Preferably a single 
transition, at similar experimental conditions, should represent all derivatives. Specific 
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neutral loss detection is favored as this will leave the charge on the fragment containing 
the residue of the originating (potentially genotoxic) molecule, allowing subsequent 
MS experiments to obtain structural information on the original component. The 
approach cannot distinguish between an iodide, a bromide, a chloride, or sulfonates 
analog after derivatization, as this substituent is replaced by the reagent. The identity 
of the alkylation component should become clear, however, when combining process 
knowledge and analysis of the underivatized component.

3.4.1 Specificity of iontrap fragmentation
The fragmentation of the derivatives of both reagents was studied using the LTQ-
Orbitrap. Iontrap based collision-induced dissociation (CID) will often only provide 
the lowest energy fragmentation [20-21], making the technique very suitable for 
investigation of favorable fragmentation.
The results in table 1 show the suitability of the reagents 4-DMAP and BPPC for neutral 
loss screening. The results of the iontrap fragmentation corresponding to the loss of 
the complete reagent, i.e. 122 Da for DMAP and 262 Da for BPPC, the loss of 56 Da for 
the side group in BPPC, and any non-reagent related fragmentation are reported. The 
elemental composition of the derivatives and fragments are confirmed by accurate 
mass Orbitrap data. For the original reagent 4-DMAP [11], several derivatives show 
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Table 1: Overview of ion trap fragmentation of 4-DMAP and BPPC derivatives. Normalized intensity of 

fragmentation related to: the loss of the complete reagent (R, corresponding with frag 1 in Fig 2), loss of a 

specific side group in the reagent part of the derivative (SG, frag 3) or non-reagent related fragmentation 

(F, frag 2).

Code

4-DMAP BPPC

R F SG R F

NL 122 Da n.a. NL 56 Da NL 262 Da n.a.

S1 100 90 100 < 1 < 5

S2 100 20 100 < 1 < 5

S3 10 100 100 < 1 75

S4 1 100 100 < 1 40

S6 n.d. 100 n.d. n.d. 100

S7 100 < 5 n.d. 100 < 5

S8 100 < 5 100 < 1 < 5

S9 n.d. n.d. 100 < 1 < 5

n.d., not detected / no (effective) fragmentation, n.a; not applicable

In figure 5 the MS/MS spectra and the proposed fragmentation schemes for 4-DMAP and 

BPPC derivatives of component S4 are shown. The derivative of reagent 4-DMAP only shows 

a very low intensity reagent related fragment resulting from the neutral loss of the whole 

reagent (m/z 419→297). Instead, the loss of the non reagent related ethyl group in the S4 

related part of the derivative (m/z 419→391) is obtained. The most intense fragment of the 

BPPC-derivative, though, results from the desired loss of the butyl side group (m/z

559→503). The fragment related to the loss of the ethyl group (m/z 559→531) is found, but at 

significantly lower intensity.

For both the 4-DMAP and BPPC derivatives of component S6, the azide group in the 

potentially genotoxic impurity part of the derivative is fragmented before any reagent related 

fragment is produced. The derivatives of component S7 mainly show only fragments resulting 

from the neutral loss of the complete reagent. As the type of neutral loss is obviously 

determined by the stability of the fragments formed, an internal rearrangement to the stable 

Table 1: Overview of ion trap fragmentation of 4-DMAP and BPPC derivatives. 
Normalized intensity of fragmentation related to: the loss of the complete reagent 
(R, corresponding with frag 1 in Fig 2), loss of a specific side group in the reagent 
part of the derivative (SG, frag 3) or non-reagent related fragmentation (F, frag 2).
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non-specific fragmentation more prominently than loss of the complete reagent of 
the derivative. In case of components S3, S4 and S6 the non-specific fragmentation 
is limiting sensitivity along the reagent specific fragmentation route. Using BPPC, 
designed to show improved fragmentation properties, a larger number of derivatives 
produce a reagent specific neutral loss fragmentation originating from loss of the 
butyl side group in the reagent. In most cases this is favored over loss of the complete 
reagent or non-reagent related fragmentation. A major improvement is shown for the 
derivative of the methyl sulfonate (S9), which did not show any effective fragmentation 
using reagent 4-DMAP, but can be selectively screened by using reagent BPPC; i.e., 
resulting from the loss of the butyl side group.

In figure 5 the MS/MS spectra and the proposed fragmentation schemes for 4-DMAP 
and BPPC derivatives of component S4 are shown. The derivative of reagent 4-DMAP 
only shows a very low intensity reagent related fragment resulting from the neutral 
loss of the whole reagent (m/z 419→297). Instead, the loss of the non-reagent related 
ethyl group in the S4 related part of the derivative (m/z 419→391) is obtained. The 
most intense fragment of the BPPC-derivative, though, results from the desired loss 
of the butyl side group (m/z 559→503). The fragment related to the loss of the ethyl 
group (m/z 559→531) is found, but at significantly lower intensity.
For both the 4-DMAP and BPPC derivatives of component S6, the azide group in 
the potentially genotoxic impurity part of the derivative is fragmented before any 
reagent related fragment is produced. The derivatives of component S7 mainly show 
only fragments resulting from the neutral loss of the complete reagent. As the type 
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Figure 5: MS/MS spectra (left) of derivatives of alkyl halide S4 with reagent 4-DMAP 
(top) and BPPC (bottom) and fragmentation scheme (right).
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of neutral loss is obviously determined by the stability of the fragments formed, an 
internal rearrangement to the stable N,N-diethyl-aziridine cation with the original 
reagent leaving as a neutral is clearly favored over the loss of the side group.

3.4.2 Specificity of triple quadrupole fragmentation
The results obtained using iontrap show the potential improvement of the 
fragmentation specificity by using reagent BPPC instead of 4-DMAP, especially for 
derivatives that easily provide non-reagent specific fragmentation (e.g. S3 and S4) 
and derivatives that did not show any efficient fragmentation using 4-DMAP (e.g. 
S9). However, as the actual genotoxicity screening approach is based on neutral 
loss scanning, its application can only be accomplished using triple quadrupole mass 
analyzers. Inherent to the physical set-up of a triple quadrupole type instrument, 
increasing the fragmentation energy applied may result in further breakdown of the 
fragments initially generated. Fragmentation results for 4-DMAP and BPPC derivatives 
were obtained by increasing the collision energy in infusion experiments.
Figure 6 shows the collision energy dependent fragmentation for derivatives of 
representative components S2, S4 and S9 with reagent BPPC. Similar to the iontrap 
fragmentation, for component S9 the loss of the butyl side group is highly favored 
over any other fragmentation route. In general, and shown for component S2, the 
fragment corresponding with the neutral loss of the butyl side group is generated first 
(i.e., at the lowest fragmentation energy), which is a requirement for specific neutral 
loss screening. A slightly more intense signal resulting from the loss of the complete 
reagent can be found at somewhat higher fragmentation energy. The highest intensity 
is found for a non-reagent related fragment, but again at higher fragmentation energy. 
Besides the desired loss the butyl group, component S4, shows a large number of 
non-specific fragments, but all at higher CE. The loss of the complete reagent is not 
found in the top 10 of most intense fragments.
An overview of triple quad fragmentation data for all selected analyte derivatives 
is shown in table 2. The data for the loss of the total reagent, 122 Da for DMAP 
and 262 Da for BPPC, and the 56 Da loss of the side group of BPPC are presented. 
The normalized intensities of the fragments (at the optimum collision energy for 
individual components) show that relative to the iontrap data (table 1); a higher level 
of non-specific fragmentation and fragmentation related to the loss of the whole 
reagent is observed. It is noted in this respect that whenever multiple fragments 
can be observed, sensitivity in reagent related screening analysis may potentially 
be decreased. Using BPPC, screening on both the loss of the side group as well as 
the loss of the whole reagent is required to efficiently monitor the reagent related 
fragmentation. Screening on both losses allows a double confirmation for the majority 
of components and therefore enhances the specificity of the approach.
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Figure 6: Overlaid collision energy (CE) curves for BPPC derivatives of S9 (left) and 
S2 (middle) and S4 (right). Fragmentation due to loss of side group (black line), loss 
of complete reagent (gray line) and non reagent specific fragmentation (dotted lines) 
are shown.

3.4.3 Selection of a generic collision energy
For effective screening the derivatives should not only produce the specific reagent 
related fragments, but this transition should also occur at about the same collision 
energy (CE) for every derivative. If the collision energies differ too much, components 
may be missed. Alternatively, CE ramping could be applied but this will intrinsically result 
in lower sensitivity. For the derivatives of reagent 4-DMAP and BPPC the normalized 
fragmentation energy curves for the formation of fragments resulting for the neutral 
loss of the complete reagent and the reagent butyl side chain in the BPPC derivatives 
are shown in figure 7. To evaluate the choice of a generic value for CE, results for a 
typical derivative (S2) and the derivatives with the lowest (S7) and a highest CE (S8) 
are shown. For BPPC higher collision energies are required and the energy distributions 
are broader, probably due to the higher mass of the BPPC derivatives. Nevertheless, 
for the loss of the complete reagent, significant similarity in fragmentation curves is 
observed. For both the 4-DMAP and the BPPC derivatives of component S7 a neutral 
loss is produced at significantly lower energies, while S8 derivatives produce this 
neutral loss at higher energy, as motivated in the analyte selection in section 3.2. 
Summarizing, selecting a generic value for CE, i.e., 30 Volts for 4-DMAP and 45 Volts 
for BPPC, would provide efficient fragmentation along this fragmentation route for most 
derivatives. When selecting such a generic CE value fragmentation will be insufficient 
for some derivatives, whilst being excessive for others. Nevertheless, for both 4-DMAP 
and BPPC derivatives the efficiencies for the loss of the whole reagent at the selected 
generic value will still be more than 50 % relative to the optimum.
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For the loss of the side group, the low mass derivative component S9 shows to the 
lowest CE while the high mass derivative S4 shows to have the highest CE. For the 
neutral loss of the side group of reagent BPPC in the derivatives, narrower distributions 
and more similar CE are obtained resulting in a better generic value for the collision 
energy at 40 Volts. Note that the optimum CE for component S8 is very close that 
of the typical component, while for the loss of the whole reagent the highest CE is 
required. The energy required for the loss of the side group is less dependent on 
the test component and as a consequence this route proves of higher potential for 
screening purposes.

Figure 7: Overlaid collision energy curves at normalized intensity for the loss of the 
complete reagent for 4-DMAP (left) and BPPC (middle) for derivatives of components 
S2, S7 and S8 and loss of the butyl side group of BPPC (right) for derivatives of 
components S2, S4, S7 and S9.

3.5 Sensitivity
The efficiency of the approach has been tested for reagents 4-DMAP and BPPC by 
neutral loss screening, applying the improved derivatization conditions and generic 
fragmentation energy conditions discussed in section 3.4.3. An overview of detection 
limits resulting from neutral loss screening is shown in table 3. The improved 
performance of reagent BPPC over 4-DMAP is primarily related to the increased 
level of the reagent related fragmentation. Specific improvements that have been 
motivated in the previous sections typically concern:
- Components that are easily internally fragmented such as component S4.
-  The classes of sulfonates and methyl halides such as S9, but also S10 and S11. 
These improvements should be attributed to the possibility for the loss of the butyl 
side group of the reagent in addition to the possibility for loss of the complete reagent. 
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In contrast to the data obtained with 4-DMAP, component S4 and S9 allow screening 
down to the 1 mg kg-1 level using reagent BPPC.
For a number of components, e.g. the alkyl halides S1-S3 and S7-S8, detection 
limits of 1 mg kg-1 were obtained using both reagents. Between the two reagents, 
the differences in sensitivity are negligible for these components. In general the 
levels of detection for alkyl bromides lacking exceptional structural features like 
e.g. S4 are very similar to the results previously reported [11], noting the use of a 
different HPLC method and MS instrumentation. The improved sensitivity obtained 
for the alkyl chloride derivatives of both DMAP and BPPC, due to the increased 
reaction time, has already been described the reactivity section above. Note that for 
alkyl chlorides and alkyl bromides, which are identical in the alkyl moiety, the exact 
same derivative is obtained. As a result, any difference in response observed for 
such a pair is only due to the lower conversion rate of the chloride, as demonstrated 
for alkyl bromide (S3) and the alkyl chloride analog (S5) in section 3.3. For the 
alkyl chloride (S7) selected for this table the sensitivity is even better than can be 
expected, most probably due to the very effective fragmentation of the complete 
reagent. As a result this specific component requires screening on the loss of the 
complete reagent.

Table 2: Overview of triple quad fragmentation of 4-DMAP and BPPC derivatives at 
the optimum collision energies (CE, between brackets) selected for reagent related 
neutral loss (NL). Normalized intensity of fragmentation related to: loss of the 
complete reagent (R, corresponding with frag 1 in figure 2), loss of side group (SG, 
frag 3) or non-reagent related fragmentation (F, frag 2).
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Figure 7: Overlaid collision energy curves at normalized intensity for the loss of the complete reagent for 

4-DMAP (left) and BPPC (middle) for derivatives of components S2, S7 and S8 and loss of the butyl side

group of BPPC (right) for derivatives of components S2, S4, S7 and S9. 

Table 2: Overview of triple quad fragmentation of 4-DMAP and BPPC derivatives at the optimum 

collision energies (CE, between brackets) selected for reagent related neutral loss (NL). Normalized 

intensity of fragmentation related to: loss of the complete reagent (R, corresponding with frag 1 in figure 

2), loss of side group (SG, frag 3) or non-reagent related fragmentation (F, frag 2).

Code

4-DMAP BPPC

NL 122 Da NL 56 Da NL 262 Da

R (CE) F SG (CE) R F R (CE) SG F

S1 100 (33) 30 100 (38) 60 20 100 (50) 20 50

S2 100 (33) 45 100 (39) 60 10 100 (49) 40 60

S3 100 (31) 60 100 (37) 60 50 100 (47) 30 60

S4 n.d. 100 100 (47) n.d. 60 n.d. n.a. 100

S6 n.d. 100 n.d. n.d. 100 n.d. n.d. 100

S7 100 (22) <5 n.d. n.d. n.d. 100 (33) n.d. < 5

S8 100 (40) < 5 100 (41) 40 n.d. 100 (57) 5 < 5

S9 n.d. 100 100 (35) n.d. < 5 n.d. n.d. n.d.

n.d.; not detected

n.a; not applicable
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Combining both neutral loss experiments thus allows for nearly full comprehensive 
screening of alkyl halides and other SN2 prone components (e.g. alkyl sulfonates). Only 
for the DMAP and BPPC derivatives of the azide component (S6) the desired losses are 
not observed, showing that screening remains difficult for very labile components. 
Using BPPC, for the majority of components both loss of the side group as well as 
the loss of the complete reagent can be observed at the lowest application levels, 
enhancing the specificity of the approach. The specificity of the loss of butyl only 
may not be unique, as components containing a butyl substituent themselves may 
show this neutral loss as well. Such false positives are easily detected by analyzing 
controls, e.g. derivatized sample without reagent and a derivatized reagent without 
sample.
After screening, target analysis offers possibilities for highly sensitive control 
strategies. Series of alkyl halides and an alkyl sulfonate were derivatized at 0.1 - 
1 - 10 - 100 mg kg-1 level using reagents 4-DMAP and BPPC and analyzed by HILIC 
coupled to a triple quadrupole MS for selected reaction monitoring (SRM) target 
analysis of the most intense fragments. For the derivatives of 4-DMAP and BPPC, very 
similar quantification levels of 0.1 - 0.5 mg kg-1 could be achieved for the majority of 
components. Therefore selection of the reagent for target analysis, after detecting 
a component in screening may be done using other criteria, e.g., based on minimum 
interference of the matrix or retention behavior.

Table 3: Overview of detection limits (in mg kg-1) obtained for the 4-DMAP and BPPC 
derivatives by neutral loss (NL) screening. NL of 122 and 262 Da correspond to loss 
of the complete reagent, NL of 56 Da to the butyl side group. The detection limit is 
defined as the concentration at which the component can be detected with a signal-
to-noise-ratio of 10.

Chapter 4 139

Table 3: Overview of detection limits (in mgkg-1) obtained for the 4-DMAP and BPPC derivatives by 

neutral loss (NL) screening. NL of 122 and 262 Da correspond to loss of the complete reagent, NL of 56 Da 

to the butyl side group. The detection limit is defined as the concentration at which the component can be 

detected with a signal-to-noise-ratio of 10.

Reagent 4-DMAP BPPC

Code NL 122 Da NL 56 Da NL 262 Da

S1 1 1 1

S2 1 1 1

S3 1 1 1

S4 20 1 > 100

S6 n.d. n.d. n.d.

S7 1 n.d. 1

S8 1 1 1

S9 n.d. 1 n.d.

n.d.; not detected

3.6 Influence of matrix

The influence of the API on the derivatization approach using BPPC has been tested for 3 

representative development API by neutral loss screening for 56 and 262 Da losses. A 

selection of alkylating components were spiked to an acidic (SLV306), a basic (SLV313) and 

a neutral API (SLV319) at 10 mg kg-1 prior to derivatization and results compared to those for 

the corresponding 10 mg kg-1 matrix free standard mixture. It should be noted that there is no 

relation between the API and the alkylation compounds used in the spiking experiments.

The neutral loss chromatograms of the blank solvent solution and the blank API solution 

showed a very limited number of signals. In the derivatized samples the majority of 

chromatographic peaks detected originated from reagent related impurities (reagent purity 

60%). These could be discarded using reagent blank subtraction.

Neutral losses of the spiked components were found in correspondence with the results in

section 3.4.2. The extracted fragment ions of the samples, with and without matrix, were 
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3.6 Influence of matrix
The influence of the API on the derivatization approach using BPPC has been tested 
for 3 representative development API by neutral loss screening for 56 and 262 Da 
losses. A selection of alkylating components were spiked to an acidic (SLV306), a 
basic (SLV313) and a neutral API (SLV319) at 10 mg kg-1 prior to derivatization and 
results compared to those for the corresponding 10 mg kg-1 matrix free standard 
mixture. It should be noted that there is no relation between the API and the alkylation 
compounds used in the spiking experiments.
The neutral loss chromatograms of the blank solvent solution and the blank API solution 
showed a very limited number of signals. In the derivatized samples the majority of 
chromatographic peaks detected originated from reagent related impurities (reagent 
purity 60 %). These could be discarded using reagent blank subtraction.
Neutral losses of the spiked components were found in correspondence with the results 
in section 3.4.2. The extracted fragment ions of the samples, with and without matrix, 
were compared based on peak height. Table 4 shows the recoveries of the derivatives 
is within 50-150 % which is satisfactory given the low level of the impurities, moreover 
in most cases the recoveries are close to 100 %. For some components no neutral 
loss was detected, however this is related to the compound specific fragmentation 
and not due to interaction of the matrix. No trends in method performance for one API 
as compared to another were observed, thus demonstrating that the matrix has no 
significant influence on the derivatization as well as the detection of the derivatives. 
As the three APIs elute in the solvent front in the HILIC method, coelution with 
derivatives and ionization suppression is prevented.

Table 4 Recovery of alkylation compounds spiked at 10 mg kg−1 to different types 
of API after derivatization using BPPC and neutral loss screening for 56 and 262 Da 
losses.
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compared based on peak height. Table 4 shows the recoveries of the derivatives is within 50-

150% which is satisfactory given the low level of the impurities, moreover in most cases the 

recoveries are close to 100%. For some components no neutral loss was detected, however 

this is related to the compound specific fragmentation and not due to interaction of the matrix.

No trends in method performance for one API as compared to another were observed, thus 

demonstrating that the matrix has no significant influence on the derivatization as well as the 

detection of the derivatives. As the three API’s elute in the solvent front in the HILIC method,

coelution with derivatives and ionization suppression is prevented.

Table 4 Recovery of alkylation compounds spiked at 10 mg kg−1 to different types of API after 

derivatization using BPPC and neutral loss screening for 56 and 262 Da losses.

API SLV306 SLV313 SLV319

Type Acidic Basic Neutral

NL (Da) 56 262 56 262 56 262

S1 74 65 115 87 130 87

S2 123 104 79 79 140 113

S3 102 78 77 100 108 99

S4 72 n.a. 85 n.a. 53 n.a.

S7 n.a. 103 n.a. 86 n.a. 103

S8 117 109 86 79 98 132

S11 69 n.a. 82 n.a. 88 n.a.

n.a., not applicable (see text); NL, neutral loss.

4. CONCLUSIONS

Significant improvements have been made to the LC-MS/MS screening approach for 

alkylation components as previously published [11]. Derivatization reaction conditions have

been further investigated to improve generic applicability. With the new conditions the 

resulting lack in sensitivity for alkyl chlorides as compared to alkyl bromides is reduced,
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4. CONCLUSIONS

Significant improvements have been made to the LC-MS/MS screening approach 
for alkylation components as previously published [11]. Derivatization reaction 
conditions have been further investigated to improve generic applicability. With the 
new conditions the resulting lack in sensitivity for alkyl chlorides as compared to alkyl 
bromides is reduced, which results in acceptable detections levels for alkyl chlorides 
as shown for a model component. In addition, the reaction showed to be effective 
for most common alkyl sulfonates as well. For BPPC, structurally related to DMAP, 
similar reactivity and ionization efficiency were obtained. Therefore the modification 
allows optimization of the selectivity of detection without compromising sensitivity. 
Application of the new reagent BPPC, designed to obtain fragmentation related to the 
loss of the side group in addition to the loss of the complete reagent, results in a more 
generic and more specific approach using a neutral loss screening on both losses.
Improvements include the important class of methyl halides and sulfonates, resulting 
in a methylated derivative, to be detectable using the screening approach now resulting 
from neutral loss of the side group. The loss of the side group results in minimization 
of the level of non-specific fragmentation related to the alkylating component rather 
than desired reagent related fragmentation, improving the detectability of alkyl 
halides which are easily internally fragmented. Besides an extremely labile azide 
component all tested alkylating components can be detected at levels of about 1 mg 
kg-1 enhancing the applicability of the screening approach. It was demonstrated that 
the screening approach can be applied independent of the matrix by spiking alkylating 
compounds at the 10 mg kg-1 level to acidic, basic and neutral API. Subsequent 
structure elucidation and SRM target analysis will result in detection limits down to 
the 0.1 mg kg-1 level.
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Abstract
A generic approach has been developed for coupling capillary electrophoresis (CE) 
using non-volatile background electrolytes (BGEs) with mass spectrometry (MS) 
using a sheath liquid interface. CE-MS has been applied for basic and bi-functional 
compounds using a BGE consisting of 100 mM of TRIS adjusted to pH 2.5 using 
phosphoric acid.
A liquid sheath effect is observed which may influence the CZE separation and hence 
may complicate the correlation between CE-UV and CE-MS methods. The influence of 
the liquid sheath effect on the migration behavior of basic pharmaceuticals has been 
studied by simulation experiments, in which the BGE outlet vial is replaced by sheath 
liquid in a CE-UV experiment. As a consequence of the liquid sheath effect, phosphate 
based BGEs can be used without significant loss of MS sensitivity compared to volatile 
BGEs. The use of buffer constituents such as TRIS can lead to lower detection limits 
as loss of MS sensitivity can be compensated by better CE performance. TRIS based 
BGEs permit relatively high injection amounts of about 100 pmol while maintaining 
high resolution.
The ESI-MS parameters were optimized for a generic method with maximum 
sensitivity and stable operation, in which the composition of the sheath liquid and 
the position of the capillary were found to be important. Furthermore the nebulizing 
pressure strongly influenced the separation efficiency. The system showed stable 
performance for several days and a reproducibility of about 15 % RSD in peak area 
has been obtained. Nearly all test compounds used in this study could be analyzed 
with an MS detection limit of 0.05 % measured in scan mode using extracted ion 
chromatograms. As a result CE-MS was found to be a valuable analytical tool for 
pharmaceutical impurity profiling.
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1. INTRODUCTION

During pharmaceutical development there is a need to develop methods to monitor 
synthetic impurities and degradation products because of their potential toxicity. At 
present, the majority of stability indicating methods are liquid chromatography (LC) 
based. However, caution must be exercised when using a single LC method as in many 
cases impurities can be missed due to co-elution of compounds or when compounds 
have a very high or no retention. Alternatively, due to the different separation 
mechanism, Capillary Zone Electrophoresis (CZE) has proven to be a very useful 
orthogonal technique in the development of stability indicating methods [1-4]. When 
an unknown impurity is detected by CE, the retention of this impurity in the LC method 
is checked and the LC method may be adapted if required. Mass spectrometry (MS) 
data of the observed impurities play a significant role in obtaining a good correlation 
between the CE and LC methods for peak assignment. In general, UV detection is 
applied for quantification. However, characterization and cross correlation between 
methods is difficult as the UV spectra obtained are often very similar and the quality 
of the UV spectra from CZE is generally quite poor. Coupling CE with MS circumvents 
this problem. As a consequence of this approach, the composition of the BGE used 
for the CE-MS method should preferably be identical to that of the CE-UV method.
In pharmaceutical impurity profiling studies the parent compound must be strongly 
overloaded to be able to detect impurities at the required level in the order of 0.1 %. 
For such samples the composition of the BGE is of utmost importance. In order to 
prevent excessive peak broadening, a high concentration of a co-ion with an effective 
mobility comparable to the parent compound should be applied in the BGE. In our 
laboratory a generic CE-UV method for basic compounds, using a BGE consisting of 
100 mM of TRIS adjusted to pH 2.5 with phosphoric acid, has been used which shows 
very efficient separations for several basic an bi-functional compounds.
The high separation power of CZE should be maintained when coupled to MS. 
Generally the highest MS response is obtained when volatile background electrolytes 
(BGEs) with low ionic strength are chosen. On the other hand, low ionic strength 
BGEs cause zone broadening during the electrophoretic separation process due 
to electro dispersion [5]. Therefore, the ionic strength of the BGE should be a 
compromise: minimizing zone broadening due to electrodispersion while maintaining 
high MS sensitivity [6,7]. In most CE-MS applications described in the literature, 
sample mixtures containing compounds at a low concentration level are analyzed. MS 
compatible BGEs with low ionic strength are used to obtain high MS sensitivity [8, 
9, 10]. In impurity profiling studies electrodispersion is more critical and therefore 
another approach is necessary. The use of non-volatile buffers is less common when 
used in combination with MS, however successful applications have been reported. 
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Tanaka et al. [11] and Somsen et al. [12] showed that it was possible to perform 
MEKC-MS and CZE-MS with non-volatiles at high pH without deterioration of the MS 
sensitivity. Nilson et al. [13] showed that phosphate buffers can be used in CE-MS 
separations for basic compounds.
For CE-MS with high concentrations of non-volatile BGEs the choice of the interface 
is important. For robust operation a coaxial liquid sheath flow interface was reported 
to be most applicable. [8, 9, 10, 14, 15]. A stable spray can be obtained by dilution 
of non-volatile BGEs with sheath liquid, but as a result a lower sensitivity will be 
obtained. In addition, MS parameters can be optimized to allow robust and sensitive 
MS detection [16-20].
In this interface configuration the sheath liquid provides electric contact to the 
outlet side of the CE capillary. In addition, the sheath liquid can be used to modify 
the electrospray process by manipulation of the liquid for more efficient ionization. 
Therefore, the composition of the sheath liquid is very important.
It should be noted that the CE outlet vial is replaced by an interface when performing 
CE-MS. As a consequence, anions of the BGE which migrate towards the inlet side 
of the CE capillary will be replaced by anions present in the sheath liquid. This 
phenomenon, first described by Foret et al. [21], is called the liquid sheath effect. This 
may result in a discontinuous electrolyte system if the anions present in the sheath 
liquid are different from those present in the BGE. In addition, a pH gradient in the CE 
capillary may be obtained. Hence the liquid sheath effect can have a major influence 
on the separation process. These effects can be minimized by using the same counter 
ion in both BGE and the sheath liquid. Another option is to create a hydrodynamic flow 
in the direction of the MS, by applying a pressure difference between the capillary 
ends or by using a high nebulizing pressure [16, 19, 20, 22]. Despite the discontinuous 
electrolyte system, the major advantage of the liquid sheath effect is that it allows 
phosphate buffer to be used as phosphate ions in the BGE will be replaced by volatile 
sheath liquid ions before entering the MS.
This paper presents the possibilities of using CE-MS with non-volatile buffers for 
pharmaceutical impurity profiling. The effects on CE separation, the sheath liquid 
interface and MS sensitivity are also presented. The liquid sheath effect is expected 
to play a significant role using the conditions of our CE methods. The effect of creating 
different separation zones and the effect of the interface parameters are therefore 
investigated in detail. The applicability of the CE-MS method using different BGEs was 
demonstrated by the analysis of the impurity profile of SLV308, a new potential drug.
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2. MATERIALS AND METHODS

2.1 Chemicals
All reagents were analytical reagent-grade. Formic acid, ammonium phosphate, 
phosphoric acid, HPLC grade water, methanol and acetonitrile were obtained from 
Baker (Deventer, Netherlands). Ammonium formate was obtained from Acros Organics 
(Geel, Belgium) and tris(hydroxymethyl)aminomethane (TRIS) was obtained from 
Merck (Darmstadt, Germany).
BGEs were prepared as follows: 3.05 g of TRIS was dissolved in 250 ml of water 
and adjusted to pH 2.5 with phosphoric acid or adjusted to pH 3.0 with formic acid 
(100 mM TRIS). 1.44 g of ammonium di-hydrogen phosphate was dissolved in 250 ml 
of water and adjusted to pH 2.5 with phosphoric acid (50 mM ammonium phosphate). 
0.79 g of ammonium formate was dissolved in 250 ml of water and adjusted to pH 3.0 
with formic acid (50 mM ammonium formate). 
The solvent used for preparation of standards and samples consisted of 50/40/10 % 
(v/v/v) acetonitrile/water/BGE. The sheath liquid was prepared by adding 0.2 % (v/v) 
of formic acid to equal volumes of methanol and water, and was filtered and degassed 
before use.
All test compounds were analytical reference standards from Solvay Pharmaceuticals. 
Sample solutions were prepared at a nominal concentration level of 1 mg/ml in 
50/40/10 % (v/v/v) acetonitrile/water/BGE, unless otherwise stated. SLV308 is used 
as the major test compound throughout this study. A batch containing three impurities 
(0.2 % pipbox, 0.4 % dimer and 1.6 % N-oxide) was applied. All structures are shown 
in Figure 1.

2.2 Apparatus and conditions
Experiments were performed with a Hewlett Packard 3D Capillary Electrophoresis 
system (Agilent Technologies, Waldbronn, Germany), upgraded for CE-MS capability. 
A HP G1946 (HP 1100 VL) mass selective detector was applied, equipped with an HP 
G1607A CE-ESI-MS sprayer kit, containing the electrospray needle assembly. The 
systems are interfaced using an HP G1603A CE-MS adapter kit and an HP 1100 series 
isocratic pump equipped with a vacuum degasser and a 1:100 splitter to provide 
the sheath liquid. Chemstation was used with two additional ChemStation software 
modules; HP G2172AA and HP G2201 A, for system control, data acquisition and data 
analysis.
Hydrodynamic sample introduction was used at the anodic end of the capillary (50 mbar, 
5 sec, unless otherwise stated). Separation was performed with fused silica capillaries 
of 75-80 cm and 50 µm ID for CE-MS experiments (20 cm effective length for UV 
detection) with a voltage of 25 kV and fused silica capillaries of 64.5 cm and 50 µm ID 
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Figure 1: Structures and peak numbers of the different test compounds used 
(molecular weight). Peak numbers correspond to the numbers used in the figures.
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for CE-UV experiments (56 cm effective length for UV detection) with a voltage of 20 
kV. The temperature of the capillary was maintained at 30 ºC.
UV detection was carried out at 200 nm and the optimal wavelength of the specific 
sample compounds. Diode array detection permitted UV spectra to be recorded at 
0.2 s intervals across the electropherogram. MS detection was performed using 
electrospray ionization in positive mode under generic conditions (unless otherwise 
stated), fragmentor voltage; 100 V, capillary voltage; 4 kV, drying gas; N2 at 300 
ºC and 6 L/min flow rate, nebulizing pressure; 10 psi, sheath liquid flow 4 µl/min. 
Typically for the Solvay compounds, the default scan range is m/z 150- 500 with a 
scan speed of about 1 cycle/sec.

3. RESULTS AND DISCUSSION

3.1 CE-MS conditions

3.1.1 Composition of BGE
It is clear that the choice of BGE composition is critical in order to obtain a successful 
CE separation. The buffer should ensure stability and solubility of the analytes, 
maintain buffer capacity throughout the analysis while maintaining a satisfactory 
separation. For basic compounds the pH range for separation is usually between pH 
2.0 – 4.0, as low pH ensures that all the compounds have a net positive charge. For 
low pH buffers phosphate and formate are commonly used, while TRIS is used to 
improve separation efficiency. The applicability of these BGEs is investigated.
To illustrate the influence of the BGE composition on the separation performance in 
CE, experiments were carried out on a SLV308 sample containing the pipbox, dimer 
and N-oxide impurities, using a selection of BGEs. A BGE consisting of 100 mM TRIS, 
adjusted to pH 3.0 with formic acid, was diluted with a BGE consisting of 50 mM 
ammonium formate of the same pH, to obtain a BGE with a lower percentage of TRIS. 
The electropherograms shown in Figure 2 clearly illustrate that better separations 
were obtained with higher concentrations of TRIS as co-ion. Due to a better ‘mobility 
match’ between the co-ion and the sample ions as well as a higher ionic strength, 
electro-dispersion is much less for BGE (A) compared to BGE (C). Although the latter 
is the most volatile - i.e. MS compatible - electrolyte system, baseline separation 
could only be obtained for this sample mixture with the less volatile BGE (A). When 
using BGE C, separation of impurity 2 is completely lost. Moreover, a deteriorating 
peak shape is obtained for compound 4, which is often observed for late migrating 
impurities, if a BGE with a poor mobility match is applied. From these results it 
can be concluded that an appropriate co-ion (e.g. TRIS) with high concentration is 
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important for a good peak shape and consequently high separation efficiency for 
impurity profiling experiments.

Figure 2: Effect of concentration of TRIS on peak shape. CE Electropherogram 
(UV 215 nm) of a 1 mg/ml SLV308 sample at full scale (left) and detail (right). (A) 
100 mM TRIS adjusted to pH 3.0 using formic acid, (B) mixture of BGE A/C 20/80 % 
( v/v) i.e. 20 mM TRIS (C) 50 mM ammonium formate. Numbers of components 
correspond to figure 1. The concentration of impurity 1, 2 and 4 are 0.2 %, 0.4 % 
and 1.6 % respectively.

3.1.2 Optimization of ESI-MS parameters
The position of the CE capillary is known to be a critical factor in CE-MS performance.  
Optimal sensitivity was obtained for the interface configuration with a capillary 
position at 0.1 mM protruding from the needle. The percentage of modifier and the 
type and concentration of acid added to the sheath liquid were optimized as these can 
strongly influence MS sensitivity. The choice of acid in the sheath liquid was limited to 
formic and acetic acid. Formic acid was preferred as its pH lies in the pH range of the 
BGEs used. Binary mixtures of acidified water with isopropyl alcohol (IPA), methanol 
and acetonitrile were evaluated. The MS capillary current was monitored continuously 
to examine the stability of the ionization. Methanol/water based sheath liquids were 
found to give a good sensitivity and a significantly better stability relative to IPA and 
acetonitrile. A decrease in stability was shown when higher percentages of modifier 
were used. Acetonitrile was suspected to weaken the capillary coating. The optimal 
sheath liquid composition was found to be methanol/water 50/50 % (v/v) containing 
0.2 % formic acid.
The experimental conditions of the interface parameters, nebulizing pressure, 
gas flow rate, fragmentor voltage and capillary voltage, were optimized to obtain 
generic conditions for the application of non-volatile BGEs. Considering the numerous 
parameters as well as the possible interactions between them, optimization of these 
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ESI-MS parameters was performed by means of experimental design. A mixture of 
nine compounds, corresponding with the compounds shown in figure 5, was studied 
using 28 randomized experiments. Sheath liquid flow (4 µl/min) and drying gas 
temperature (300 ºC) were kept constant during all experiments. For the majority 
of compounds tested, significant positive effects on sensitivity were obtained when 
increasing capillary voltage and decreasing gas flow rate. In general no significant 
effects on sensitivity were observed for variations in nebulizing pressure and 
fragmentor voltage. However the nebulizing pressure seemed to be responsible for 
a number of effects. At higher pressures, e.g.18 psi, the stability of the ionization 
process improved but also a decrease of the migration time and an increase of the 
injected volume were observed. Moreover the selectivity can also be influenced as 
explained further in section 3.2.2. Therefore the lowest applicable pressure for stable 
operation, i.e. 10 psi, was chosen.
In general, the optimization results are in agreement with similar studies described 
in the literature [16, 17, 18, 20]. The generic conditions were based on response, 
stability of the system and system cleanliness. The conditions found were: fragmentor 
voltage 100 V, capillary voltage 4 kV, drying gas; N2 at 300 ºC and flow rate 6 l/min, 
nebulizing pressure 10 psi and sheath liquid flow 4 µl/min.

Figure 3: Signal to noise ratio (S/N) of the extracted ions as a function of the 
concentration TRIS for Cilansetron (▪), SLV308 (→), SLV314 (●) and the trend line of 
the average of 8 test compounds. Standard mix of 0.01 mg/ml (i.e. 1 % relative to 
the nominal level). Electrospray ionization was carried out in positive mode under 
generic conditions (see section 2.2).
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Table 1: LODs of test compounds with CE-MS (HP1100 VL) based on test mixtures of 
1 % relative to the standard nominal level (%)

3.1.3 Effect of TRIS on MS sensitivity
In order to investigate the influence of TRIS on MS sensitivity, a sample mixture 
of 9 test compounds was analyzed by CE-MS using BGEs with different TRIS 
concentrations. BGEs are prepared by mixing the 100 mM TRIS BGE with the 50 mM 
ammonium BGE with identical pH. As the application is setup to detect unknowns all 
measurements were performed in scan mode. A sample concentration of 0.01 mg / 
ml was used for this experiment to obtain a good comparison for MS sensitivity as the 
peak shapes in CE of the different BGE systems are similar at this concentration level. 
The signal to noise ratio was found to increase with decreasing TRIS concentration 
in the BGE, as shown in figure 3. From these results it can be concluded that for MS 
detection BGEs without TRIS are preferred. However, with a relatively small decrease 
in MS sensitivity, up to 100 mM TRIS can be used in CE-MS.
The LOD of the 9 test compounds were determined using the extracted ion 
electropherogram (EIE) at the m/z of the protonated molecules. One of the compounds, 
i.e. fluvoxamine, was strongly fragmented under the generic conditions and was not 
used in the evaluation. An overview of the results is shown in Table 1 In contrast to 
the ammonium based BGE, the desired LOD of 0.1 % relative to the nominal level 
of the main compound (1 mg/ml and 250 mbar.s) could not be achieved in all cases 
when using 100 mM TRIS based BGEs and the standard injection amounts using the 
HP1100 VL MSD. Preliminary  experiments were carried out using a  more sensitive 
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Figure 3: Signal to noise ratio (S/N) of the extracted ions as a function of the concentration TRIS for 

Cilansetron (▪), SLV308 (▲), SLV314 (●) and the trend line of the average of 8 test compounds. Standard 

mix of 0.01 mg/ml (i.e. 1 % relative to the nominal level). Electrospray ionization was carried out in 

positive mode under generic conditions (see section 2.2).

Table 1: LODs of test compounds with CE-MS (HP1100 VL) based on test mixtures of 1% relative to the 

standard nominal level (%)

Compound 50 mM 
ammonium

formate

100 mM 
TRIS

formate
SLV307 < 0.05 0.3
SLV308 < 0.05 0.3
SLV313 0.1 0.4
Tedisamil < 0.05 < 0.05
Cilansetron < 0.05 0.1
SLV318 0.1 0.3
SLV314 0.1 0.4
DU125530 0.4 1.1
Fluvoxamine >1*1 >1*1

As about 10 ng of each component was injected, an LOD of 0.1% corresponds to 20-40 pmol. BGE’s: 100

mM TRIS and 50 mM ammonium formate adjusted to pH 3.0 with formic acid. The LOD is determined

with the extracted ions electropherograms (EIE)

*1 – Fluvoxamine fragmented at generic MS conditions
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mass detector, i.e. an HP 1100 SL MSD, which showed that an LOD of 0.05 % could be 
obtained for nearly all compounds using the non-volatile 100 mM TRIS based BGEs.

3.1.4 Effect of injection amount
Sample introduction at the standard nominal level of 1 mg/ml was carried out by 
pressure injection at 50 mbar for 5 sec (250 mbar.s). About 10 nl of sample is 
introduced in the capillary. With molecular weights varying from 250 to 500 u, the 
amount of sample injected is between 20 to 40 pmol. To achieve a detection limit 
of 0.1 % the method should be capable of detection in the 20 – 40 fmol range. If 
separation could be maintained, a higher injected amount could be an easy way to 
improve the detection limit of the impurities. To investigate the effect on sample 
overloading of the main compound BGEs containing 50 mM ammonium phosphate or 
100 mM TRIS phosphate were evaluated using the same sample mixture as in figure 
2. The injected amount was increased in intervals up to a maximum 400 % of the 
nominal level, i.e. 250 mbar.s.
If the concentration level is lower than 5 % of the nominal level, i.e. at the level of the 
impurities, similar high plate numbers of about 250,000 are obtained using both BGEs. 
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Figure 4: Influence of the injected amount, relative to the nominal level of the main 
compound, on the peak height of impurity 4 using 100 mM TRIS adjusted to pH 2.5 
with phosphoric acid (→) and 50 mM ammonium phosphate adjusted to pH 2.5 with 
phosphoric acid (▪). The nominal level consists of a 1 mg/ml sample solution injected 
at 250mbar.s.
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At the nominal level the plate number for the main compound using the TRIS BGE is 
about 80,000 while the plate number for the ammonium BGE has decreased to 16,000. 
At the 400 % level the plate number using TRIS BGE is still 23,000, compared to only 
4000 for the ammonium BGE, showing the preferred properties of TRIS based BGEs. 
Moreover, deteriorating peak shapes are obtained for the late migrating impurity 4, 
shown in figure 2, when higher amounts of the SLV308 sample mixture are injected 
using the 50 mM ammonium phosphate / phosphoric acid BGE. Figure 4 shows that a 
non-linear increase of peak height is obtained using this BGE, while the peak height of 
the 100 mM TRIS / phosphoric acid BGE shows a linear increase. Impurities migrating 
in front of the main compound show the same linear trend in both BGEs. In contrast 
to the main compound, the plate numbers of these impurities are not affected by the 
amount injected. These results suggest that a higher sensitivity might be obtained 
for these impurities using an ammonium based BGE, resulting in higher MS ionization 
efficiency as shown in figure 3. However, for impurities migrating after the main 
compound, a BGE containing TRIS in which a good peak shape is maintained is more 
appropriate as higher injection amounts can result in lower detection limits.

3.2  Liquid Sheath Effect

3.2.1 Influence of the BGE
In a CE-MS configuration, the outlet vial is replaced by the sheath liquid interface. 
As a volatile sheath liquid is required the anions present can be different from those 
present in the BGE. This is especially true when phosphate based BGEs are used. Due 
to the liquid sheath effect, anions present in the sheath liquid may migrate into the 
CE capillary [21], which may have a pronounced effect on the separation process. 
Thus an unpredicted change in migration behavior may be the result, hampering 
the comparison between CE-UV and CE-MS data. The influence of the sheath liquid 
composition in CE-MS can be simulated with a regular CE-UV experiment by replacing 
the BGE with the sheath liquid in the outlet vial. A test mixture was analyzed by CE-
UV and CE-MS using the 100 mM TRIS / phosphate BGE and a sheath liquid containing 
50/50 % (v/v) methanol/water containing 0.2 % (v/v) formic acid. Figure 5 shows the 
electropherograms of the UV signal (A) and the MS signal (B) of a CE-MS experiment 
at pH 2.5 and the UV signal of simulated CE-MS experiments at pH 2.5 (C) and pH 3.0 
(D). Formate ions present in the sheath liquid enter the capillary at the outlet side and 
migrate towards the inlet side since their effective mobility is much higher than the 
electro-osmotic mobility at this pH. As a consequence, a moving boundary is obtained 
between phosphate ions, present originally as counter ion in the BGE, and formate 
ions originating from the sheath liquid. This is illustrated in figure 5, were a boundary 
can be observed at the moment the UV adsorbing formate is passing the UV cell when 
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using low wavelength detection. In the CE-MS configuration the position of the UV 
cell is close to the inlet vial. Therefore the sharp baseline shift is observed at the end 
of electropherogram (A) at about 17 min. In the CE-MS simulation experiment the 
position of the UV cell is close to the outlet vial and the baseline shift is observed at 
the beginning of electropherogram (C) at about 3 min. Electropherograms (A) and (C) 
demonstrate that at low pH a sharp boundary is obtained. When the pH of the BGE is 
increased to 3.0, a more diffuse boundary is observed, as shown in electropherogram 
(D). This may be attributed to a decrease in effective mobility of the phosphate 
ions, relative to the formate ions from the sheath liquid [21]. As a consequence the 
boundary is moving faster at higher pH. The electropherograms (B) and (C) show that 
comparable separations are obtained for CE-UV and CE-MS and demonstrate that the 
liquid sheath effect can be monitored.
 

Figure 5: Electropherograms of a 0.1 mg/ml mixture of test compounds. (A) CE-
MS, UV at 200 nm, (B) CE-MS, TIC signal, (C and D) CE-UV at 200 nm, simulation 
of CE-MS experiment at pH 2.5(C) and pH 3.0(D). 100 mM TRIS adjusted to pH with 
phosphoric acid is used as BGE. In the simulation experiments the sheath liquid is 
used in the outlet vial. Numbers of components correspond to figure 1.

CE-UV experiments of a sample containing 4 impurities were performed to evaluate 
the influence of the liquid sheath effect on selectivity in more detail. In figure 6 UV 
electropherograms are shown for (A) 100 mM TRIS adjusted to pH 2.5 with phosphoric 
acid and (C) 100 mM TRIS adjusted to pH 3.0 with formic acid as BGE, respectively. To 
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simulate the CE-MS conditions these experiments were repeated for both BGEs, with 
the outlet vial containing sheath liquid (SL). The corresponding electropherograms 
are shown in figure 6 as (B) and (D), respectively. Electropherograms (A) and (C) 
demonstrate that a different selectivity was obtained for the sample mixture due to 
the difference in BGE composition. An unknown impurity, at low level, is observed in 
electropherogram (C), whereas this impurity was found to co-migrate with the main 
compound SLV308 in electropherogram (A). 
 

Figure 6: Influence of liquid sheath effect on selectivity. CE-UV electropherograms 
at 215 nm of a 1 mg/ml SLV308 (3) sample solution containing 4 impurities (1, 
2, 4 and an unknown with a concentration of 0.2 %, 0.4 %, 1.6 % and <0.05 % 
respectively). Methanol/water 50/50 % (v/v) containing 0.2 % formic acid was 
used as sheath liquid (SL). Conditions: (A) 100 mM TRIS adjusted to pH 2.5 with 
phosphoric acid, inlet vial – outlet vial: BGE –BGE; (B) 100 mM TRIS adjusted to 
pH 2.5 with phosphoric acid, inlet vial – outlet vial: BGE – SL; (C) 100 mM TRIS 
adjusted to pH 3.0 with formic acid, inlet vial – outlet vial: BGE –BGE; (D) 100 mM 
TRIS adjusted to pH 3.0 with formic acid, inlet vial – outlet vial: BGE – SL

From electropherograms (A) and (B) it can be concluded that a different separation 
might be obtained if the BGE in the outlet vial is replaced by the sheath liquid. Due to 
the liquid sheath effect formate ions migrate into the capillary resulting in a change 
of the BGE composition. As a result, a different selectivity is obtained. The unknown 
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impurity is observed in electropherogram (B) between its position in electropherogram 
(A) and (C), respectively. Migration times in electropherogram (B) are between those 
of (A) and (C). Furthermore the presence of a liquid sheath effect is indicated by an 
increased background absorbance caused by the UV absorbing formate ions, shown 
in electropherogram B. Almost identical separations were observed for experiments 
(C) and (D). Since formic acid is used in the BGE as well as the sheath liquid, the liquid 
sheath effect is less obvious or does not occur. From these results it can be concluded 
that the liquid sheath effect may cause differences in selectivity due to the change in 
BGE composition and that the migration behavior of sample compounds during CE-MS 
experiments can be studied by CE-UV experiments by replacing the BGE of the outlet 
vial by sheath liquid.

  

 
Figure 7: Effect of nebulizing pressure on selectivity. Overlaid extracted ion 
electropherograms of 9 test compounds at pressures of 10 psi (A), and 18 psi 
(B). BGE: 100 mM TRIS adjusted to pH 2.5 with phosphoric acid. Numbers of the 
components correspond to figure 1.
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3.2.2 Influence of the nebulizing pressure
For the initially chosen MS conditions the nebulizing pressure was set at 10 psi. 
The effect of pressure on separation is negligible. This is shown by the similarity of 
the separations of the electropherograms shown in figure 5 (B) and (C). At higher 
nebulizing pressures, the relative position of peak no 7 is clearly shifting, as shown 
for a test mixture in figure 7. A high nebulizing pressure creates a suction effect at the 
end of the CE capillary inducing a flow towards the outlet side as the runtime becomes 
faster. As a result, the sheath liquid boundary will enter the capillary at a lower 
velocity. This will affect the migration behavior of compounds that are influenced by 
the liquid sheath effect, in this case mainly component 7.

The flow induced by the nebulizing pressure could be simulated by applying pressure 
at the inlet side of the capillary. As a result the liquid sheath effect might be completely 
eliminated. This is illustrated in figure 8 where a sample mixture of SLV307 at the 
nominal level of 1 mg/ml is analyzed in a CE experiment. A BGE of 100 mM TRIS 
adjusted to pH 2.5 by the addition of phosphoric acid was applied, while the outlet 
vial contained sheath liquid. The flow created by the pressure difference slows down 
the migration of formate ions into the CE capillary and a larger part of the capillary 
is filled with the original BGE. The velocity of the sheath liquid boundary decreases 
with increasing pressure at the inlet vial and if sufficient pressure is applied the 
migration of sheath liquid ions into the capillary can be prevented. However, plate 

  

 

Figure 8: Influence of pressure on inlet vial in CE-MS simulation for a sample of 1 
mg/ml SLV307, using 100 mM TRIS adjusted to pH 2.5 using phosphoric acid at the 
inlet vial and sheath liquid at the outlet vial. Left: CE electropherograms at 200 nm 
with no pressure (A), 10 mbar (B), 20 mbar (C) and 30 mbar (D) applied on the inlet 
vial.. Right: CE current of the corresponding runs. Plate numbers are shown in the 
figure. * Position of the liquid sheath boundary.
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numbers are decreasing significantly when pressure is applied, which is probably 
due to the pressure induced parabolic flow profile instead of the flat profile typically 
for CE. This loss in efficiency demonstrates the disadvantage of applying pressure 
on the inlet vial. This is therefore not an appropriate solution of reducing the liquid 
sheath effect.
In addition to the moving boundary, observed by UV-detection, the CE current can 
also be used to monitor the liquid sheath effect. If during a CE-MS experiment the 
composition of the BGE is changed due to ions from the sheath liquid entering the 
capillary, a steady change in current might be observed during the experiment. 
Figure 8 demonstrates that a higher pressure results in a more flat current, 
corresponding to a smaller part of the capillary containing formate ions. Using this 
approach, a nebulizing pressure of 18 psi in a CE-MS experiment was found to 
correspond to an additional pressure difference of approximately 20 mbar in a CE 
experiment. Taking account of the influence of a pressure difference on efficiency, 
a low nebulizing pressure, e.g. 10 psi, is preferable.

3.3 Applicability
In addition to the sensitivity, stability of the MS signal is very important for CE-MS. 
The instrument has been operating properly with a duration from a few days to about 
two weeks, which is sufficient for its purpose but also shows that the robustness is 
not sufficient for routine operation. Two test compounds were analyzed repeatedly 
over 1 day using a BGE of 100 mM TRIS adjusted to pH 2.5 by adding phosphoric 
acid. Reproducibilities for MS peak area of 13 and 16 % RSD were obtained in full scan 
mode which is appropriate for the qualitative purpose. In addition, no significant trend 
in the signal due to contamination was observed. No contamination of the needle 
and very small deposit on the MS entrance was observed, so the use of a sheath 
liquid interface allows the use of non-volatile BGEs in high concentrations without 
contaminating the MS.
The BGEs containing 100 mM TRIS adjusted to pH 2.5 with phosphoric acid and 
100 mM TRIS adjusted to pH 3.0 with formic acid were shown to have a similar 
MS background. The same backgrounds were also observed for 50 mM ammonium 
phosphate at pH 2.5 and the 50 mM ammonium formate at pH 3.0. As expected the 
use of phosphate or formate in the BGE does not affect the MS background since 
these ions migrate towards the inlet side of the capillary, resulting in a similar liquid 
composition at the outlet of the capillary. Therefore similar MS sensitivity can be 
expected for BGEs with different buffer ions. In BGEs containing TRIS as some specific 
background related peaks were detected. This could interfere with the recognition of 
unknowns in the total ion current.
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To demonstrate the applicability of this CE-MS method for impurity profiling, a sample 
of a stressed SLV308 capsule formulation was analyzed using different BGEs. Both 
50 mM ammonium and 100 mM TRIS phosphate and formate based BGEs were tested. 
Representative reconstructed extracted ion electropherograms are shown in figure 9. 

Using UV detection, the lowest LODs are obtained with TRIS in the BGE, while for 
MS in general the best LODs are obtained in BGEs without TRIS. Furthermore similar 
results are obtained for phosphate and formate based BGEs. However, for real samples 
the volatile ammonium based BGEs can be less favorable as already illustrated in 
figure 2. The bad peak shape of impurity 4 in the ammonium formate BGE (A) results 
in a relatively high LOD with respect to the ammonium phosphate BGE (C) and a 
similar LOD as for 100 mM TRIS BGEs (B and D), showing low MS sensitivity can be 
compensated for by good peak shape. Furthermore, when using 100 mM TRIS BGEs 

  

 
Figure 9: Reconstructed extracted ion electropherograms of 4 compounds in a 
stressed SLV308 capsule formulation using different BGEs: (A) 50 mM ammonium 
formate adjusted to pH 3.0 using formic acid; (B) 100 mM TRIS adjusted to pH 
3.0 using formic acid; (C) 50 mM ammonium phosphate adjusted to pH 2.5 using 
phosphoric acid; (D) 100 mM TRIS adjusted to pH 2.5 using phosphoric acid. 
Numbers of the components correspond to figure 1.
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and a nebulizing pressure of 10 psi the critical separation of the main compound and 
impurity 2 can be maintained. The LOD of impurity 2 is lower using ammonium BGEs 
than those obtained with the TRIS BGEs but the ammonium BGE does not separate 
the impurity and the main compound in the UV trace and therefore the relevance of 
the impurity can not be made. Although not demonstrated in MS experiments, the 
injected amount can be increased in TRIS based BGEs while keeping satisfactory CE 
performance, as demonstrated in figure 4 where  lower LODs have been obtained 
using UV detection.

4. CONCLUSIONS

This study demonstrates the possibility of using CE with non-volatile high ionic strength 
BGEs coupled to electrospray MS by means of a sheath liquid interface. The optimum 
separation power needed for impurity profiling studies can be maintained while good 
quality MS data are obtained. A sheath liquid interface permits the application of 
a generic BGE for basic and bi-functional compounds consisting of 100 mM TRIS 
adjusted to pH 2.5 with phosphoric acid.
As a consequence of the liquid sheath effect, the CZE separation process may be 
influenced, hence correlation between CE-UV and CE-MS data is more complicated. 
To prevent the liquid sheath effect, the same counter ions should be used in both BGE 
and sheath liquid, or a flow which is faster than the propagation of the ionic boundary 
through the CE capillary should be produced. In an optimal CE-MS system, the sheath 
liquid effect should be minimized to maintain the separation obtained in initial CE-UV 
experiments. However a small effect is preferable in order to prevent BGE entering 
the MS. When using phosphate buffers, the electroosmotic flow at low pH is not 
sufficient to compensate for the liquid sheath effect. A higher nebulizing pressure 
can also induce an opposite flow but this results in loss of separation efficiency. 
The liquid sheath effect cannot be fully prevented at low pH, but the effect can be 
simulated in a CE-UV experiment by using the sheath liquid in the outlet vial in order 
to evaluate the effect on separation. A good comparison of CE-UV with CE-MS can be 
made via the simulation experiment, but this cannot be done using exactly the same 
conditions. To make the best possible correlation between the UV and MS trace, the 
position of the UV cell of a CE-MS instrument should be preferably positioned as close 
to the MS entrance as possible which is not feasible in current commercial available 
instruments. Efficient use of UV and MS detection can provide useful information on 
the liquid sheath effect that may affect robustness of every CE-MS method.
The ESI-MS parameters were optimized to obtain a generic method with detection 
limits in the range from 0.05 – 0.4 % for most compounds tested using the extracted 
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ion electropherograms. Optimization of individual compounds could lead to better 
detection limits. This could also be achieved by coupling CE to more sensitive MS 
instruments. Preliminary results with an HP1100 SL MSD instead of the HP1100 VL 
MSD used during this study have shown that detection limits lower than 0.05 % 
can be achieved for the majority of compounds. Moreover, software tools for peak 
recognition are available to detect unknowns at low levels. Structural information can 
be obtained when using tandem MS, but this would only be needed when impurities 
could not be detected by LC-MS. Although it is not really a routine application a stable 
performance for several days was obtained, which is sufficient for its intended use. CE 
methods can be developed using either TRIS phosphate or formate buffers depending 
on the best selectivity. Using a generic approach, the correlation between LC and CE 
can be made using mass labels of the compounds allowing the efficient use of CE for 
impurity profiling.
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Abstract
A CE-MS method has been developed to detect trace levels of potentially genotoxic alkyl 
halides. After derivatization of the target components with 4-dimethylaminopyridine 
(DMAP) or butyl 1-(pyridinyl-4yl) piperidine 4-carboxylate (BPPC), the natively 
positively charged derivatives are pre-concentrated by applying electrokinetic injection 
and separated by a highly efficient CZE method using a background electrolyte (BGE) 
consisting of 100 mM of TRIS adjusted to pH 2.5 with phosphoric acid. Using a sheath 
liquid interface, subsequent MS detection allows highly specific and sensitive analysis 
of alkyl halides. 
Conditions for electrokinetic injection were optimized to allow selective and effective 
injection. Injection of samples with low water content at 10 kV for 150 seconds using 
a high concentration of buffer in the BGE resulted in optimum sample stacking during 
injection and a highly efficient CE separation. At the sample pH applied, neutral and 
negatively charged components are shown to be selectively discarded, resulting in 
injection of positively charged ions only. The sample matrix influences the efficiency 
of the injection, but when using an internal standard, reproducibilities better than 
10 % RSD are obtained. Relative recoveries of the derivatives spiked to different 
types of model API between 85 - 115 % demonstrate that the method can be applied 
for quantitative analysis. Detection limits of lower than 1 mg kg-1 for the tested alkyl 
halides obtained in CE-MS at least equal the sensitivity obtained in LC-MS. The CE-MS 
method is a valuable alternative for the LC-MS method used for analysis of alkylation 
compounds.
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1. INTRODUCTION

Alkylation agents, such as alkyl halides and sulfonates are widely used in the 
production of active pharmaceutical ingredients (API). As these components are 
potentially genotoxic, control at low levels is required. The limits of control depend on 
the dose and the duration of the intake, but often coverage at low mg kg-1 levels needs 
to be achieved [1-4]. Different approaches for trace analysis of potentially genotoxic 
alkylating compounds are described in literature [5]. In addition to the direct analysis 
of these components, e.g. as demonstrated by Cappiello [6], derivatization approaches 
have been applied to enhance sensitivity for the PGI. A sensitive target analysis 
method for alkyl esters of sulfonates using a derivatization with trimethylamine was 
developed by An et al. [7].
Recently a generic screening approach has been developed that allows detection of 
alkylating compounds without prior knowledge about the compounds. The method is 
based on selective derivatization of alkyl halides and mesylate esters with reagents 
4-dimethylaminopyridine (DMAP) or Butyl 1-(pyridinyl-4yl) piperidine 4-carboxylate 
(BPPC), liquid chromatography (LC) separation and tandem-mass spectrometry (MS-
MS) detection of reagent related fragments [8, 9]. The detection of a neutral loss, 
related to the loss of the reagent from the derivative, indicates the presence of a 
PGI. Based on DMAP, a new reagent - BPPC - was developed to optimize the reagent 
related fragmentation. Additional neutral loss of the side group of BPPC resulted in 
a higher coverage of PGIs compared to DMAP in screening analysis. In general mass 
spectrometry (MS) is able to meet the requirements but the detection of low level 
impurities may be hampered by matrix components present at up to a million fold 
higher level [10]. To prevent major ionization suppression, it is desirable to separate 
the derivatives from the API, the excess of reagent and other matrix constituents. 
Hydrophilic interaction chromatography (HILIC) has been shown to be suitable for the 
purpose [6, 8, 9]. However, one or more complementary methods may be required 
to achieve a sufficiently high level of coverage for unknown potential genotoxic 
impurities.
Capillary electrophoresis (CE) has been proven to be suitable for separation of 
polar components and shown to be an orthogonal separation technique to LC [11, 
12]. Nevertheless, CE has not often been applied for low level analysis of genotoxic 
components as the sensitivity is too low when UV detection is used. For impurity 
profiling in pharmaceutical products, typically detection levels of around 0.05 % w/w 
(i.e. 500 mg kg-1 relative to the level of the API) can then be achieved for impurities 
when using a sample concentration of around 1 mg mL-1 for the API. Hansen reported 
a CE-UV method for impurity profiling of mizolastine with detection levels between 
0.03 - 0.08 % based on an optimized sample concentration of 2 mg mL-1 [13]. For the 
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determination of UV inactive sulfonic acids an indirect UV method with detection limits 
down to 0.02 - 0.03 % was developed using a 1 mg mL-1 sample concentration [14]. 
Applications developed for target analysis of hydrazine [15] and chloroacetylchloride 
[16], using indirect UV detection allow detection down to 10 mg kg-1 (i.e. 0.001 % 
w/w). These detection levels can be achieved due to the use of an API concentration of 
100 mg mL-1. The use of such a high sample concentration to achieve lower detection 
limits however is not generally applicable for screening analysis as solubility may 
be limited and moreover specificity of the separation may be inadequate as a large 
excess of API is injected. When CE is hyphenated with MS limitations in sensitivity 
and specificity may be overcome [7, 11, 12]. In CE-MS the separation power of CE 
is often compromised by the use of low concentration volatile buffers preferred for 
MS detection, even though the sheath liquid interface allows the use of electrolytes 
with high concentrations of additives or even non-volatile buffers [17, 18]. Next to an 
orthogonal separation, CE offers the possibility to selectively inject ions by applying 
electrokinetic injection, which can also result in pre-concentration of these ions up to 
a factor of 1000 and higher [19, 20, 21]. Electrokinetic injection is less popular and 
requires precautions to obtain reproducible results [22, 23] and moreover a selective 
injection is not often desired. The DMAP and BPPC derivatives of the alkyl halides are 
natively positively charged making CE a very amenable technique of separation, as 
well as the use of selective electrokinetic injection of the target analytes.
This paper describes the use of CE hyphenated with MS as an orthogonal method for 
the analysis of potentially genotoxic alkylation compounds. The injection, separation 
and detection parameters have been investigated and optimized to allow detection 
at the desired levels. In addition the effect of applying either of the two different 
derivatization reagents on separation has been investigated. Although presented as a 
method for target analysis in full scan MS mode, when used in combination with triple 
quadrupole tandem-MS the method can also be applied as an untargeted screening 
method for alkylating components, i.e. based on reagent based neutral loss detection 
[8, 9].

2. MATERIALS AND METHODS

2.1 Chemicals
All reagents were analytical reagent-grade. Formic acid, ammonium formate, 
phosphoric acid, Tris(hydroxymethyl)aminomethane (TRIS), HPLC grade water and 
acetonitrile were obtained from Baker (Deventer, Netherlands). The reagent butyl 
1-(pyridinyl-4yl) piperidine 4-carboxylate (BPPC), was synthesized in house [9]. In 
order to investigate detectability of the derivatization products different type of API 
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were used to simulate realistic conditions. Former Solvay development components 
SLV308, SLV313, SLV338 and SLV354 have been selected as simulated API matrices 
(see table 1). There is no relationship between the API selected and the alkyl halides 
tested.

Table 1. Overview of alkyl halides, model APIs and reagents 
 
2.2 Derivatization
The sample preparation is based on a drug substance concentration of 0.5 mg mL-1. 
The stock solution of reagent (4-DMAP or BPPC) in acetonitrile was prepared at a 
concentration of 15 µg mL-1, corresponding to a level of 3 % m/m relative to the 
concentration of the sample.
Individual stock solutions of the alkyl halides and sulfonates were prepared at 0.05 
mg mL-1 in acetonitrile, corresponding to 100,000 mg kg-1. A stock test mixture of the 
alkyl halides was prepared at a concentration level of 500 mg kg-1. API stock solutions 
of 5 mg mL-1 were prepared in acetonitrile, if necessary 10 % of water was added to 
dissolve polar APIs.
50 mg kg-1 test mixtures of alkyl halides in API were prepared by transferring 1.00 mL 
of the alkyl halide stock test mixture, 1.00 mL of 10 % v/v ammonia in water, 1.00 mL 
of the reagent stock solution, 6.00 mL of acetonitrile and 1 mL of the individual stock 
API solutions into a 20-mL headspace vial. The vial was capped, shaken and heated 
at 60 ºC for 24 hours.

alkyl halide  derivative (m/z) 

Name (code) Type formula Mw  DMAP BPPC 

8-(Bromomethyl)quinoline (G) base C10H8BrN 221  264.1808 404.2646 

Methyl-4-(bromomethyl)benzoate (K) neutral C9H8BrO2 228  271.1441 425.2435 

Alpha-bromo-para-toluic acid (L) acid C8H5BrO2 214  257.1284 397.2122 

4-(ethoxylcarbonyl)benzyl 
4(bromomethyl)benzoate (M) neutral C18H17BrO4 376 

 
419.1965 559.2803 

Ethyl 4 -(bromomethyl)benzoate (T) neutral C10H11BrO2 242  285.1598 411.2448 

API and reagents 

Name Type formula Mw  pKa 

SLV308 bi-functional C12H15N3O2 233  2.8, 7.7, 9.1 

SLV313 base C24H24FN3O2 406  3.1, 5.5 

SLV338 acid C29H42N4O7 557  3.7, 4.9, 9.5 

SLV354 neutral C16H23N5O2S 349  2.0 

DMAP base C7H10N2 122  9.5 

BPPC base C15H22N2O2 262  10.8 
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2.3 Apparatus and conditions

2.3.1 CE
A generic method for separation of basic compounds was used. A 200 mM TRIS 
background electrolyte (BGE) was prepared by dissolving 2.42 g of TRIS in 100 
mL of water and adjusted to pH 2.5 with phosphoric acid. This solution was diluted 
with water and acetonitrile to obtain BGE’s with 20, 60 and 100 mM TRIS at pH 2.5 
containing 20 % v/v of acetonitrile.
Experiments were carried out on an Agilent 3D-CE using a 50 µm ID capillary. The 
capillary length was 100 cm (effective length UV detection 92 cm for CE-UV and 20 
cm for CE-UV-MS). Prior sample injection an injection plug, containing 50/40/10 % 
v/v acetonitrile/water/BGE, was introduced at 10 mbar for 50 sec. Electrokinetic 
injection was applied for 150 seconds at 10 kV. Separation at 30 °C with 30 kV voltage 
applied. Hydrodynamic injection was tested on the same instrumental set-up applying 
50 mbar for 50 seconds for sample injection.

2.3.2 Mass spectrometry
Experiments were performed using a microTOF orthogonal-accelerated TOF mass 
spectrometer (Bruker Daltonics, Bremen, Germany) using electro spray ionization 
(ESI) in the positive ion mode. Transfer parameters were optimized for the mass 
range of m/z 100 - 600 by direct infusion of a derivatives test mixture. CE-MS 
coupling was realized by a co-axial sheath-liquid interface (Agilent Technologies) with 
methanol-water- formic acid (50:50:0.2, % v/v/v) as sheath liquid. The sheath liquid 
was delivered by a 2.5 mL gas-tight syringe (Hamilton, Reno, NV, USA) using a syringe 
pump of Cole-Parmer (Vernon Hill, IL, USA). The following interface conditions were 
used: sheath liquid flow, 3 μL min-1; dry gas temperature, 200 °C; nitrogen flow, 
4 L min-1; nebulizer pressure, 6 psi. The ESI voltage was -4.0 kV. Similar tuning 
parameters were applied for comparison of sensitivity with CE-MS with LC-MS method 
reported earlier [7]. For LC-MS only the dry gas temperature, 300 °C and nebulizer 
pressure, 50 psi were adjusted. The LC flow was split 4:1 prior introduction to the 
MS. MS data were analyzed using Bruker Daltonics Data Analysis software. The high 
resolution of the QTOF was used to specifically extract the masses of interest with a 
window of m/z 0.05 from the full scan data. Peak area and heights of the extracted 
ion chromatograms are used for evaluation.

2.4 Experimental design
The experimental design was set-up using Design Expert 8.0.7.1 form Stat-Ease. For 
practical reasons, a face centered design was selected. Next to 8 factorial and 8 
axial design points, one center point was selected, making a total of 17 experiments. 
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This complete (randomized) design was replicated 4 times to arrive at a total of 
68 experiments. Randomization per block was kept the same to ease automation. 
In this way sufficient overall degrees of freedom were generated to test statistical 
significance and some protection was built in against experimental failures yielding 
missing responses. The statistical evaluation comprises the fitting of a ‘full’ model 
for each response variable and inspection of response values for anomalies (based 
on diagnostic plots of residuals and influence indices). Where necessary, a response 
is transformed to obtain a more normally distributed parameter, i.e. reducing the 
model by elimination of non-significant and/or non-relevant terms. Results of the 
optimization are visualized in contour plots showing the desirable conditions for 
maximum peak height and minimum peak width.

2.5. Alkyl halides and APIs
An overview of a representative group of model components, i.e. genotoxic impurities 
and APIs, is presented in Table 1. The selection covers a range of alkyl halides and 
acidic, neutral and basic APIs. The structures of the alkyl halides are shown in Figure 1. 
The derivatization reaction of an alkyl halide with reagents DMAP and BPPC is shown 
in Figure 2.

Figure 1. Structures of alkyl halides: G, K, L T and M

Figure 2. Derivatization reaction of alkyl halide K with DMAP (top) and BPPC (bottom)
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3. RESULTS AND DISCUSSION

3.1 Selection of the CE method
In a previous paper a BGE consisting of 100 mM TRIS adjusted to pH 2.5 with phosphoric 
acid was selected as it allows very efficient separation of basic components and 
hyphenation with MS when using a sheath liquid interface [17]. Due to the low EOF at 
the low pH applied, the phosphate ions in the BGE are moving towards the kathode 
and therefore do not hamper MS detection [24]. The use of additives in the BGE, 
such as TRIS, can be allowed due to dilution of the CE effluent with a volatile sheath 
liquid. The high level of TRIS is required as the highly concentrated API is susceptible 
to excessive peak broadening. A concentration of 20 mM of TRIS was found to be 
the minimum level to maintain an efficient separation while 100 mM is considered to 
be the maximum level applicable for MS compatibility. 20 % of acetonitrile is added 
to the BGE to improve the solubility of less water soluble API and thereby prevent 
potential blocking of the capillary. Further optimization is described below.
Sample composition can have a large influence on the injection of the ions when 
applying electrokinetic injection. Derivatization of the samples takes place in a solution 
of 90/10 % v/v of acetonitrile/water containing 0.1 % ammonia. The resulting matrix 
is favorable for effective electrokinetic injection as the high amount of acetonitrile 
results in low sample conductivity.
A low conductivity plug may be hydrodynamically injected prior to electrokinetic 
injection to promote sample stacking and as such sample pre-concentration at 
the very beginning of the capillary is prevented [19]. Variation in the length and 
composition of the plug did not result in improved stacking. A plug consisting of a 
50/10/40 v/v mixture of acetonitrile/BGE/water was injected using 50 mbar for 10 
seconds, corresponding with 0.5 % of the capillary length, prior to sample injection 
[19].

3.2 Optimization of injection conditions
When electrokinetic injection is applied, an increase of injection time and voltage 
results in an increase of ions injected, however excessive peak broadening may 
be observed when large amounts are injected. The optimum injection conditions 
compromise between the number of ions injected and the ability to obtain sample 
stacking which is strongly influenced by the TRIS concentration of the BGE and the 
water content of the sample. To determine the optimum conditions these parameters 
were investigated in a design of experiments.
The amount of TRIS in the BGE, the amount of water in the sample and the injection 
time and voltage were selected to investigate the optimum injection efficiency in the 
CE-UV set-up described. In order to find the conditions where sensitivity (maximum 
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peak height) and resolution (minimum peak width) meet the requirements, an 
experimental design was used to model these responses as a function of the method 
parameters (Table 2). Both peak height and peak width appear to behave in accordance 
with rather complex models, underlining the necessity to use the applied response 
surface methodology. A total of 68 injections were evaluated for corrected peak area, 
height and width of the BPPC derivative of alkyl halide G used as a model component. 
The 4 experiments performed at the condition with the lowest water and TRIS level 
and the highest voltage and injection time failed due to current breakdown and in 
addition 7 experiments were excluded as outliers during evaluation.

Table 2. Overview of factors for experimental design.

A graphical representation of two cross sections of the final model, showing the 
impact of two parameters in a contour plot, is highlighted in figure 3. Figure 3A 
shows that, when the water content in the sample plug is low, i.e. the 10 % of water 
already present in the sample solution after derivatization, and the highest applicable 
concentration of 100 mM TRIS is used, the injection is most efficient. Although 
slightly narrower peaks are obtained at higher levels of water, the amount injected 
decreases dramatically and therefore significantly lower peaks are obtained. Sample 
stacking occurs most efficient when the capillary is filled with high conductivity BGE, 
i.e. 100 mM of TRIS, and the sample conductivity is low, i.e. at the lowest amount of 
water in the sample.
Figure 3B shows a contour plot of the influence of injection voltage and time at the 
optimum shown in 3A, i.e. with 100 mM TRIS in the BGE and 10 % of water in the 
sample solution. The amount of ions injected is increasing with injection time, but 
only when a relatively low injection voltage is applied this will not cause significant 
peak broadening. The optimum peak heights are therefore obtained in the range 
of 10 - 15 kV at around 150 - 175 seconds. The design indicates that injection at 
lower voltage for a longer period of time is more reproducible as compared to higher 
voltages for shorter periods, which is in correspondence with literature [25]. The 
optimum conditions also represent the most robust conditions.

parameter 
 level 
 minimum center maximum 

Sample Water (%)  10 20 30 

Injection 
Voltage (kV)  10 20 30 

Time (sec)  100 150 200 

BGE TRIS (mmol/L)  20 60 100 
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Figure 3. Contour plots 3A: concentration of TRIS in the BGE and water content 
of the sample (at 10 kV and 150 sec), 3B: injection voltage and injection time (at 
100 mM TRIS and 10 % water).

To verify the optimum conditions, the injection time was varied form 50 - 200 seconds 
using a 10 kV injection voltage. The overlaid electropherograms shown in figure 4 fully 
correspond with the effects shown in figure 3B. Peak areas increase about linearly 
with injection time but only up to 150 seconds this is still accompanied by an increase 
in peak height. Above 150 seconds the peak width increases rapidly, resulting in loss 
of resolution. Gain in sensitivity outside the optimum conditions is limited resulting 
from excessive peak broadening. 

Figure 4: Aligned electropherograms of a 100 mg kg-1 BPPC derivatives test mixture 
of components G, K and T when applying injection times of 50 (pink), 100 (red), 150 
(green) and 200 seconds (blue) at 10 kV.
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3.3 Effect of TRIS on MS sensitivity
The CE-UV optimization performed on BPPC derivatives showed that higher TRIS 
concentrations enhance sample stacking and resolution. However, these high TRIS 
concentrations may compromise MS sensitivity. The effect of the TRIS concentration 
on the response of the derivatives in MS was investigated by comparing CE-MS 
results for a 50 mg kg-1 mix of BPPC derivatives using both of 20 and 100 mM TRIS 
BGE. The extracted ion chromatograms for the derivatives are shown in Figures 5A 
and 5B. Similar to what was found in the design of experiments performed using UV 
detection, using 100 mM TRIS peaks are a factor of about 2 - 3 higher relative to 
using 20 mM TRIS. Therefore over the range tested TRIS has no significant influence 
on MS response of the derivatives. In a previous study [17] an average loss of around 
50 % in response was shown for a range of API when the TRIS concentration was 
increased from 20 to 100 mM, most probably as a result of competition for charge 
during electrospray ionization. As the derivatives are natively positively charged, the 
TRIS has low impact on ionization efficiency. In addition, the visual inspection of the 
MS entrance after multiple days of use did not show contamination. The sheath liquid 
interface further dilutes TRIS migrating from the CE capillary, minimizing deposition. 
As a consequence the 100 mM TRIS BGE can be used allowing optimal injection and 
separation without compromising MS sensitivity.

3.4 Selectivity of injection
When applying electrokinetic injection, next to the natively charged derivatives, only 
the components sufficiently basic to be protonated are injected. The amount of analytes 
injected relates to their mobility and therefore, in contrast to hydrodynamic injection, 
a selective injection takes place. When using hydrodynamic injection, all components 
in the sample are injected as a plug and will be observed in the electropherogram. A 
comparison between the injection modes was performed to investigate the selectivity 
of the injection and the preconcentration obtained for the derivatives.
Conditions for hydrodynamic injection were briefly investigated to compare with 
electrokinetic injection. Optimized sensitivity for hydrodynamic injection was obtained 
at 50 mbar for 50 sec (corresponding with an injection plug at 3 % of the capillary 
length). The sensitivity in hydrodynamic injection, tested for a 500 mg kg-1 mix of BPPC 
derivatives, is limited to around 100 mg kg-1, i.e. 0.01 % relative to the API level at 0.5 
mg mL-1. Using electrokinetic injection, an average gain in sensitivity for all alkyl halides 
(except for alkyl halide L) of around a 100-fold is obtained relative to hydrodynamic 
injection as shown in Figures 5B and 5D. It should be noted that the sample used 
for hydrodynamic injection is 10-fold higher in concentration. Moreover, even if the 
amounts injected in hydrodynamic injection mode would be improved through further 
optimization, detection levels would still be insufficient for trace analysis applications.
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Figure 5: Overlaid extracted ion electropherograms of 50 mg kg-1 BPPC derivatives 
test mixture (G, K, T and M) using a 20 mM TRIS BGE (A) and a 100 mM TRIS BGE 
(B), a 50 mg kg-1 DMAP derivatives test mixture using a 100 mM TRIS BGE (C) and a 
500 mg kg-1 BPPC derivatives test mix using hydrodynamic injection (D).
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Comparing electrokinetic injection with hydrodynamic injection a similar increase in 
peak height can be observed for most BPPC derivatives. When normalized to the 
average increase relative recoveries of 85 – 114 % were observed showing the 
derivatives can be selectivity injected without significant discrimination between the 
analytes of interest. There may however be compound characteristics that can still 
prohibit injection of some derivatives. For example, alkyl halide L contains a carboxylic 
acid group that is deprotonated at the high sample pH applied. This neutralizes the 
positive charge resulting from the derivatization thus leaving a molecule that is not 
injected.
Next to the charged derivatives the basic reagents and basic APIs show pre-
concentration, though to a lesser extent resulting from their only partial charging at 
a pH close to and just above their pKa. However, as these are present at much higher 
levels in the sample, they may still be injected at relatively high levels. The neutral 
and acidic API (SLV347 and SLV338) are selectively discarded in a similar manner as 
for alkyl halide L. Increasing the pH of the sample solution may further selectively 
discard basic APIs from being injected. Using three distinctively different basic APIs, 
the ammonia level in the sample was increased to 1.0 %. Increasing the level of 
ammonia in the sample, thus increasing pH, decreases the amount injected for the 
moderately basic API SLV308 with a factor of 200, while the effect on the more basic 
SLV313 and the derivatives is limited to a factor of 3 to 4. The low recovery of SLV308 
can be attributed to the decrease of the charge at the higher pH. The lower recovery 
for all sample components including the derivatives though should be attributed to 
the higher conductivity resulting from the increased ionic strength of the sample due 
to addition of ammonia and thus allowing less effective injection [17]. Therefore the 
potential of selectively discarding more basic APIs by increasing pH is limited.

3.5 Selectivity of separation
The discriminating electrokinetic injection mode has the advantage of allowing pre-
concentration of the charged molecules of interest only, thus minimizing matrix 
inference in separation. Separation may be less demanding when APIs can be 
selectively discarded at injection but in case of strong basic APIs, efficient separation 
remains of main importance. As the application is intended to be used as a generic 
method for target and screening analysis optimization for individual APIs and potential 
unknown impurities is not relevant and selectivity needs to be addressed via a more 
general approach. Figure 6 shows the separation of the BPPC derivatives G, K, T 
and M using the CE-MS method as well as the earlier reported LC-MS method [9], 
demonstrating the complementary separation characteristics of these methods. For 
the test components, a reverse elution order is shown for the mass-to-charge based 
CE separation compared to HILIC separation. Next to the fact that CE has a different 
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separation mechanism compared to HILIC [9], the mass change resulting from the 
derivatization can be utilized to achieve separation. Derivatization with one or the 
other reagent significantly impacts the mobility of the analytes but not of the APIs. 
The effect on migration behavior for alkyl halides derivatized with either BPPC or 
DMAP is shown in the electropherograms of Figure 5 B and C, respectively. The more 
polar and smaller derivatives of DMAP have higher mobility and improved separation 
efficiency compared to the BPPC derivatives.
More general, the mass-to-charge ratio based separation characteristics of CE offer 
interesting possibilities for tuning separation. Indeed, migration times of the singly 
charged reagents and derivatives of DMAP and BPPC in the 100 mM TRIS BGE, plotted 
as a function of molecular weight, show a linear correlation.  A correlation coefficient 
(r2) of 0.96 was obtained for the regression line. The migration time of the alkyl halide 
derivatives therefore strongly depends on the attachment of either BPPC or DMAP. 
The two derivatization reactions can be used to guarantee separation between the 
API and the derivatives when applying either one or the other reagent. For example, 
when BPPC (Mw 262 g mol-1) is used as a reagent, co-elution of BPPC derivatives 
with SLV308 (Mw 233 g mol-1) can be excluded for any alkyl halide. The use of DMAP 
(Mw 122 g mol-1) could still result in co-elution for low molecular weight alkyl halides 
though. Selection of the reagent based on the molecular weight of the API could 
already minimize co-elution in CE.
In addition to better separation efficiency, the DMAP derivatives show a slightly better 
sensitivity as compared to the BPPC derivatives in target analysis as shown in figure 
5B and 5C. However BPPC was developed to obtain more specific reagent-related 
fragmentation and is therefore most suitable for screening analysis [9].

3.6 Performance of the method
For the optimized CE-MS method using BPPC as the derivatization reagent the 
performance parameters of the method were evaluated. Performance of the method 
in target analysis configuration for the model derivatives chosen is presented. 
Previous work demonstrated the derivatization approach is more effective for alkyl 
bromides than for alkyl chlorides [9]. For the present performance evaluation only 
alkyl bromides were selected and the efficiency of the derivatization was excluded 
from the investigation. 

3.6.1 Sensitivity
Using CE-UV, detection limits of about 5 mg kg-1 were obtained for BPPC derivatives, 
which would allow the CE-UV method to be used for e.g. in process control purposes 
when applying target analysis. The phosphate based BGE allows detection at low 
wavelengths for enhanced sensitivity. 
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The sensitivity for the BPPC derivatives in CE-MS was determined applying the 1 and 
10 mg kg-1 test mixture using a QTOF in scan mode. The high resolution data allow the 
selective extraction of the analyte using its accurate mass with a m/z 0.05 window. 
The results based on the extracted ion chromatograms of the model components are 
shown in Table 3. Verification of these detection limits was carried out using a 1 mg 
kg-1 test mixture shown in Figure 6. The detection limits of the BPPC derivatives in 
CE-MS were found to be between 0.1 - 0.4 mg kg-1 which is an acceptable level for 
genotox analysis.
The detection limits obtained are expressed as mass percentage relative to the 
amount of API as is common in pharmaceutical analysis. The molar amount of e.g. 
derivative G, originating for an alkyl halide with a mass of 222 Da, is about double that 
of derivative M, originating from an alkyl halide with a mass of 419 Da for the same 
mass percentages relative to the API.
Taking into account the nominal concentration of the API solution of 0.5 mg mL-1, 
the detection limits for the derivatives at mg kg-1 levels in the API correspond with 
concentrations at µg L-1 level in the sample solution.
To directly compare the sensitivity of the CE-MS method with the LC-MS method 
previously developed [9], both methods were run with the same MS instrument on 
the same day and using the same ion optics conditions. Only nebulizer gas flow and 
temperature were adjusted to take into account the evaporation of the larger volume 
of the LC flow. Figure 6 shows the extracted ion chromatograms of the derivatives for 
the 10 mg kg-1 test mixture. The results show that the detection limits obtained for LC-

Figure 6. Overlaid extracted ion mass chromatograms of a 1 mg kg-1 BPPC 
derivatives test mixture (G, K, T and M) using CE-MS with electrokinetic injection 
(left) and a 10 mg kg-1 mix using LC-MS (right).
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MS in targeted mode with a QTOF instrument are around 1 - 3 mg kg-1 which is almost 
a factor of 10 less sensitive than the results for CE-MS. Potentially the sensitivity 
of the CE-MS application would also be a factor 10 better than the LC-MS method 
using untargeted neutral loss scanning applying a triple quadrupole instrument 
[9]. The relatively low injection volume applied for the LC-MS method shows some 
potential to gain in sensitivity in the method reported, however the use of relatively 
concentrated sample solutions or high injection volumes in LC is undesirable, as it may 
have a negative impact on separation which is essential in screening analysis. If the 
separation between the API and the analyte can be maintained, a similar sensitivity 
may be obtained by increasing the injection volume.

3.6.2 Accuracy and repeatability
The injection of the BPPC derivatives by electrokinetic injection was explored using 
CE-UV at 290 nm using a test mixture in the range 5 - 100 mg kg-1. The correlation 
coefficients (r2) of 0.98 or higher and the residual standard deviation S of around 
13 %, show that a linear relationship can adequately describe the correlation between 
concentration and corrected peak area over the investigated range. To improve 
the repeatability, an internal standard can be used. When one of the derivatives 
is presumed to be the internal standard, e.g. derivative G, both the r2 as well as S 
significantly improve. Using an internal standard approach for derivative T an r2 of 
0.999 and an S of 0.67 % are obtained. To investigate the effect of the API matrix 
on injection efficiency of the derivatives, the acidic, neutral, basic and bi-functional 
model APIs were spiked with BPPC derivatives at the 10 mg kg-1 level. The recoveries 
of the derivatives in the spiked API, relative to the standard solutions without API, 
were calculated based on peak area and are shown in Table 3. Without the use of an 
internal standard, for the derivatives in the test mixture a repeatability of 20 - 30 % 
is obtained and recoveries of the individual derivatives spiked to different APIs are 
in the range of 29 – 147 %. Both the repeatabilities and the recoveries are outside 
the target range for quantitative analysis. The similarity in recoveries for the full set 
of derivatives indicates that the matrix influences the efficiency of the electrokinetic 
injection, rather than the efficiency of ionization. The lower recoveries are obtained 
for all but the neutral API (SLV354) showing that increased conductivity of the matrix 
is unfavorable. In case ionization suppression would have been the primary cause 
for the relatively low recoveries, the derivatives co-eluting with the API would be 
expected to be influenced to a greater extent than those fully separated from the API. 
When applying an internal standard as demonstrated above, the reproducibility 
improves to 6 - 8 % and all recoveries are within 85 – 115 %. These values are within 
generally accepted limits for trace level analysis. It should be noted that despite overlap 
of migration time of API SLV313 with derivatives K, T and M, no significant effect on 

Chapter 6

152



their response is found showing that in this application the charged derivatives are 
not susceptible to ionization suppression.

Table 3. Repeatability of standard mix (n=4) and recovery of CE-MS for a mixture 
of BPPC derivatives spiked at 10 mg kg-1 to four model APIs at 0.5 mg mL-1. 
Recovery is based on area of the extracted ions relative to the standard solution. 
The repeatability and relative recovery using derivative G as internal standard are in 
brackets.

4. CONCLUSIONS

The potential of CE-MS for the trace level analysis of derivatized alkylating components 
has been demonstrated. The drawback of CE for trace analysis can be overcome by 
applying electrokinetic injection and stacking which allows pre-concentration of the 
natively positively charged derivatives prior to separation. At the high sample pH 
applied, only basic components are injected selectively discarding neutral and acidic 
APIs. The injection procedure has been optimized using an experimental design to 
achieve optimum sensitivity while maintaining efficient separation. For separation 
and sample stacking during injection a BGE consisting of 100 mM TRIS adjusted to pH 
2.5 using phosphoric acid is found to be well suited. The optimum injection conditions 
were found for low conductivity samples i.e. dissolved in 90/10 % v/v of acetonitrile/
water containing 0.1 % of ammonia. Injection at 10 kV for 150 seconds results in 
maximum peak height while maintaining an acceptable peak width.
Spiking experiments with API show that the injection efficiency is influenced by the 
matrix. However this can be corrected by internal standardization. With internal 
standardization, recoveries between 85-115 % and repeatabilities at the 10 mg kg-1 
level of 6 – 8 % can be achieved which is suitable for quantitative trace level analysis. 
Detection limits lower than 1 mg kg-1 can be obtained using BPPC as derivatization 
reagent. Sensitivity obtained in full scan CE-MS using preconcentration is better than 
obtained in full scan LC-MS showing that the method, when applied for untargeted 
screening, would be at least similarly sensitive as achieved in LC-MS/MS [8, 9]. Both 
methods are suitable for trace analysis of PGIs and, although for high robustness the 

Derivative  Standard (n=4)  Spike recovery (%) 

Code  CV (%) LOD (mg kg-1)  SLV308 SLV313 SLV338 SLV354 

G  21 0.1  29 43 37 132 

K  29 (8) 0.2  33 (115) 59 (106) 35 (94) 147 (111) 

T  29 (8) 0.2  32 (109) 43 (103) 35 (96) 144 (109) 

M  31 (6) 0.4  29 (98) 45 (112) 41 (112) 144 (108) 
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use of LC-MS/MS may be preferred, the availability of a powerful technique with a 
different selectivity has high added value especially for screening analysis. The CE-
MS method optimally utilizes the characteristics of the analytes that result from the 
derivatization. With the new CE-MS method, derivatization is not only used to achieve 
high sensitivity and selectivity in detection, but also improves sample introduction 
and separation. The intrinsically charged derivatives allow selective injection and pre-
concentration, discarding any component which is not positively charged. Moreover, 
the m/z based CZE separation guarantees separation of the derivatives from APIs and 
the excess of reagent with either one or both the derivatization reagents.
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In this thesis an analytical strategy for semi-targeted screening of potentially genotoxic 
alkylating compounds in pharmaceuticals at trace levels has been described. The 
approach is based on a selective derivatization of the alkylating compounds, i.e. alkyl 
halides and sulfonate esters, resulting in charged derivatives. The characteristics of 
the derivatives are utilized for preconcentration, separation and detection. The high 
selectivity of liquid chromatography hyphenated with tandem mass spectrometry 
(LC-MS/MS) allows generic application for targeted analysis down to 0.05 mg kg-1, 
but moreover semi-targeted screening of potentially genotox impurities (PGIs) at 
levels down to 1 mg kg-1 is possible. The combination of the formation of charged 
analytes by derivatization, preconcentration by electrokinetic injection and effective 
separation resulted in the development of a complementary capillary electrophoresis-
mass spectrometry (CE-MS) system, demonstrating one of the few successful 
applications of this technique for PGI analysis. This final chapter provides an overview 
of the essential steps of the approach, i.e. derivatization, separation and detection, 
including important comments and conclusions. In addition, potential for use of the 
strategy for other classes of PGIs are also discussed.

1. Derivatization

The first contribution to selectivity results from derivatization of the functional 
group responsible for the potential toxicity of the PGI (i.e. the functional group 
responsible for the alkylating property of the compounds). Taking advantage of the 
reactivity of the PGIs, derivatization was performed using commercially available 
4-dimethylaminopyridine (DMAP). Charged derivatives are obtained which offer 
high sensitivity in MS detection. Derivatization conditions were optimized for an 
alkyl bromide, resulting in a reaction time of 4 hours at 60 °C in acetonitrile / water 
(90/10 % v/v) based on an active pharmaceutical ingredient (API) concentration 
of 0.5 mg/ml and an excess of reagent of 3 % relative to the API concentration. 
The selectivity of the derivatization reaction was assessed using a wide range of 
alkylation components, i.e. alkyl bromides, alkyl chlorides, methyl iodide and methyl 
p-toluene sulfonate, as well as a limited selection of closely related negative controls. 
The reaction was found to be selective for the majority of alkylating components. 
Although demonstrated to be selective for alkyl halides in general, the recovery for 
alkyl chlorides was found to be an order of magnitude lower than for alkyl bromides, 
demonstrating the lower reactivity of alkyl chlorides.
Based on the structure of DMAP a new reagent, butyl 1-(pyridinyl-4yl) piperidine 
4-carboxylate (BPPC), was designed and synthesized to optimize specificity in MS/MS 
detection. Compared to DMAP, similar reactivity was observed for BPPC. Because of 
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the lower reactivity of alkyl chlorides the derivatization time was increased from 4 to  
24 hours. 0.1 % of ammonia was added to the reaction medium to guarantee that 
the derivatization reaction is performed at standardized basic conditions. At a level 
of 1000 mg kg-1 a recovery of approximately 100 % for a typical alkyl bromide and 
20 % for an alkyl chloride was obtained compared to respectively around 85 % and 
5 % after 4 hours. For the sulfonate esters tested a recovery between 60 % and 85 % 
was observed. Although fast and complete reaction is preferred, the derivatization 
procedure has been shown to be suitable for its intended use. Even with lower 
recovery observed for the alkyl chlorides, the sensitivity obtained is better than the 
thresholds generally required for screening. The duration of the procedure in terms 
of throughput time is relatively long. However, sample preparation is simple and can 
be performed simultaneously for some samples. Moreover as screening is typically 
performed only a few times during the lifetime of a product, overall throughput time 
is not considered to be critical. The recovery of the derivatization was verified for a 
range of alkylating compounds at the level of 10 mg kg-1 in basic, acid and neutral 
API, compared to the standard without API at the same level. The results obtained 
using LC-MS/MS show all relative recoveries, (i.e. corrected for the derivatization 
efficiency of the standard), are between 50 and 150 %, demonstrating the matrix has 
no significant effect on the derivatization.

2. Separation

For separation of the derivatives from the excess of API and reagent two highly 
selective orthogonal separation methods have been developed. Hydrophilic interaction 
liquid chromatography (HILIC) and capillary electrophoresis (CE) have been found to 
be very suitable separation techniques for the analysis of charged derivatives. When 
hyphenated with MS the required selectivity and sensitivity can be obtained with 
both methods. Separation of the individual derivatives is useful but not required in 
screening as the level and number are expected to be low and MS detection allows 
distinguishing between them if co-elution takes place. Only if PGIs are co-eluting with 
the excess of reagent or API detection may be hampered. In such case, the response 
of the derivatives may significantly decrease as a result of ionization suppression. 
Separation of the derivatives from the API is therefore important.
It should be noted that for targeted analytical approaches a single method can 
be selected and optimized. For semi-targeted screening, because of different 
characteristics of PGIs and APIs the availability of orthogonal methods is highly 
desired. In such applications, using both LC and CE is expected to enhance the chance 
of detecting unknown PGIs.
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2.1 LC
For the LC method both revered phase chromatography (RPLC) and HILIC were 
investigated, using different columns at different pHs (i.e. 3 and 8). In the development 
of the method, the goal was to obtain sufficient retention of the DMAP and BPPC 
derivatives (20) and separation from a wide range of APIs (24). Compared to DMAP, 
the BPPC derivatives are less polar resulting in less retention in HILIC and more 
retention in RPLC. As expected the most polar DMAP derivatives have no to low 
retention in RPLC while, as a result of the hydrophobic side group added in BPPC, 
significantly more retention is obtained for all BPPC derivatives. RPLC was found to be 
less suitable for a generic screening method as separation between the derivatives 
and the APIs selected from different classes, was less distinctive than with HILIC. In 
RPLC the derivatives and the API elute in the same retention range and as a result the 
possibility of co-elution increases.
Because of the charge of the derivatives, resulting from attachment of both DMAP 
and BPPC, the derivatives are very suitable for HILIC separation. All derivatives show 
very similar retention behavior with HILIC while for the majority of APIs, especially for 
the uncharged ones, only low or no retention is observed. This might be considered 
as a disadvantage for impurity profiling methods in general, however this is very 
advantageous for a generic screening application. If PGIs are present, all the 
derivatives will elute in a specific range with the generic method while APIs are likely 
to elute outside this range.
For the separation of the DMAP derivatives a gradient HILIC method was applied using 
a silica column and acetonitrile/water as the mobile phase. The 10 mM ammonium 
formate buffer at pH 3 allows easy coupling with MS. The sample solution consisting 
of acetonitrile water 90/10 % v/v/ can be directly injected. For the less polar BPPC 
derivatives the silica column was replaced by an amide column. As the retention 
range for the wide selection of derivatives was small, this method could be performed 
in isocratic mode. Especially for HILIC, elution in isocratic mode improves the 
robustness of the method and relative long equilibration times required in gradient 
elution can be avoided.
For target analysis any method can be selected as long as the PGIs of interest are 
separated from the API. Based on robustness and speed application of RPLC may 
be preferred. For screening HILIC methods are best suitable, but for polar APIs, 
especially the basic compounds, co-elution may still occur. To minimize co-elution a 
pH and/or column screening may be applied for both HILIC and RPLC, however using 
a truly orthogonal method such as CE is very attractive for screening.
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2.2 CE
Capillary electrophoresis is often used for the analysis of polar components in 
pharmaceutical analysis and is generally considered to be orthogonal to HPLC as 
separation is based on mass-to-charge ratio. For CE-MS a sheath-liquid interface 
permitted the application of a generic background electrolyte (BGE), consisting of 
100 mM Tris(hydroxylmethyl)aminomethane (TRIS) adjusted to pH 2.5 with phosphoric 
acid, for basic and bi-functional compounds. The use of a volatile sheath liquid, i.e. 
50/50 % v/v water/methanol with 0.2 % of acetic acid, ensured stable operation of 
the CE and electrospray ionization (ESI). In addition no significant fouling of the MS 
source is observed after running the application for days.
Due to the low pH of the BGE and addition of 20 % of acetonitrile the electroosmotic 
flow (EOF) is very low. Together with the careful control of the ESI-CE-MS interface 
nebulizer pressure the flow-rate induced towards the MS was minimized. The 
difference in composition between the BGE and the sheath liquid may have an 
effect on separation, as negatively charged acetate ions protrude into the capillary, 
replacing the phosphate ions which are moving away from the MS. This phenomenon 
is known as the sheath liquid effect. As a consequence, separation takes places 
partly in TRIS phosphate and partly in TRIS acetate which might impact selectivity 
of the separation. As a result of control of the flow-rate and the sheath-liquid effect 
no significant interference of the phosphate in the BGE was observed in MS, and 
therefore application of this highly concentrated and non-volatile BGE was successful.
Efficient CE separations have been obtained using high amounts of TRIS in the BGE, 
but generally resulted in a decreased sensitivity in MS detection. For a selection 
of APIs a reduction of only a factor 2-5 was observed for the 100 mM TRIS BGE as 
compared to a BGE without TRIS. Compounds with high ionization efficiency did not 
seem to suffer from a loss of MS response. For all components, the use of the 100 mM 
TRIS BGE resulted in better peak shape which partly compensates for the loss of 
sensitivity in MS detection. The use of this BGE was expected to have low influence 
on the MS response of the derivatives as these were designed to have a high response 
in MS.
The limits of detection for a variety of analytes obtained from full scan data using 
a single quadrupole were about 0.05 %, i.e. 500 ppm, relative to the sample 
concentration of 1 mg/ml when hydrodynamic injection was applied. Although the PGI 
derivatives are also designed to have a good MS response, CE-MS analysis of the PGI 
derivatives resulted in similar levels of detection when applying full scan detection 
using a Quadrupole-Time-of-flight (Q-TOF) instrument. For the analysis of PGIs using 
the CE-MS method developed at least a 500 fold increase in sensitivity compared to 
the results obtained using hydrodynamic injection is required. Although optimization 
of the hydrodynamic injection and the use of more sensitive MS instrumentation may 
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result in lower levels of detection, the requirements for PGI analysis cannot be met 
with such improvements. Utilizing the typical characteristics of the PGI derivatives, 
the lack of sensitivity was overcome by applying electrokinetic injection which allows 
pre-concentration of the charged derivatives prior to separation.
At the high sample pH only basic components are injected together with the natively 
charged PGI derivatives, selectively discarding neutral and acidic APIs. Only in the 
specific case where it concerns PGIs with acidic functional groups, the derivatives 
may be zwitterionic and therefore not effectively pre-concentrated. The injection 
procedure has been optimized using an experimental design to achieve optimum 
sensitivity by preconcentration while maintaining efficient separation. Although the 
increase of the amount of ions seemed to be about linear with injection time and 
voltage, injection at 10 kV for 150 seconds using a BGE with the highest amount of 
TRIS, i.e. 100 mM, resulted in an optimum peak height with an acceptable peak width. 
For lower concentrations of TRIS, higher injection voltages and longer injection times 
severe peak broadening was observed.
The optimum sample composition was found for low conductivity samples i.e. 
90/10 % v/v of acetonitrile/water containing 0.1 % of ammonia. Spiking experiments 
of derivatives to different API show that the injection efficiency is influenced by the 
matrix. However this can be corrected by internal standardization. With internal 
standardization, relative recoveries between 85-115 % and repeatabilities at 10 mg 
kg-1 of 6 – 8 % can be achieved which is appropriate for quantitative trace level 
analysis.
The CE-MS method utilizes the characteristics of the analytes that result from the 
derivatization. Apolar- neutral components, with low suitability for CE analysis, 
are transformed into positively charged derivatives allowing selective injection 
and preconcentration, discarding any component which is not positively charged. 
Furthermore, the m/z based CE separation guarantees separation of the derivatives 
from APIs and the excess of reagent with one or both derivatization reagents.
After a PGI is detected in a screening method, preferably applying both CE-MS and LC-
MS systems, a target analysis method will be set-up to allow routine testing. For this 
application DMAP or BPPC can be chosen, depending on selectivity of the separation 
of the derivative with the API. For target analysis the separation method may be 
selected based on the availability of the apparatus, ease-of-use and the robustness 
of the method. Currently LC-MS/MS better meets these requirements than CE-MS, 
therefore a more accessible and robust LC-MS/MS method will often be applied.
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3. Detection

Alkyl halides and sulfonate esters will normally be detected with a relatively low 
sensitivity by MS detection, i.e. if no other easily ionizable groups are present. When 
transferred to natively charged DMAP or BPPC derivatives a higher sensitivity in MS 
is observed. An additional advantage is that generally a very similar response is 
obtained for the wide range of derivatives. For the derivatives of both reagents the 
neutral loss of the reagent is found to be a common marker in MS/MS detection. 
This does not only result in sensitive target analysis, but also allows for selective 
semi-targeted screening. Due to the presence of an identical structural element, i.e. 
the reagent attached, the derivatives tend to show similarity in stability, retention 
behavior as emphasized above, but also in MS/MS response. Taking into account that 
differences in MS responses is one of the main challenges in MS-based screening in 
general, this is an important advantage of applying derivatization for such screening 
analysis.
The application of the new reagent BPPC, designed to obtain fragmentation related 
to the loss of a side group in the reagent in addition to the loss of the complete 
reagent, resulted in an even more comprehensive and specific approach relative 
to the commercially available DMAP. Obviously, semi-targeted screening of the 
PGI derivatives is based on the neutral losses that can be directly related to the 
reagent part of the derivative. If instead non-specific internal fragmentation prevails, 
i.e. related to fragmentation of the alkylating component itself, the PGI will not be 
detected in screening analysis based on reagent related neutral loss. Efficient loss 
of the side group in the BPPC reagent, that was designed to increase MS based 
selectivity, is often observed at lower collision energy than for non-specific PGI based 
fragmentation, thus improving the detectability of alkyl halide derivatives which are 
easily internally fragmented.
For the important class of methyl halides and small alkyl esters of sulfonates no 
efficient fragmentation is observed resulting from the loss of the complete reagent. 
However, caused by preferred neutral loss of the BPPC side group in the derivatives 
this class of components can be effectively detected. Besides an extremely labile 
azide component, which is very sensitive to fragmentation, all tested alkylating 
components can be detected at levels of about 1 mg kg-1 in neutral loss scanning mode 
enhancing the applicability of the screening approach. The optimum fragmentation 
energy for the loss of the side group of the BPPC derivatives is less variable than 
the optimum fragmentation energy for the loss of the complete reagent. In addition 
two losses are observed (for loss of the side group and for loss of the full reagent), 
which is generally very useful for confirmation in any screening approach. The 
modification made in BPPC as compared to DMAP thus allowed optimization of the 
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selectivity of detection thus enhancing the coverage of the screening.
Neutral loss detection is favored as this will leave the charge on the fragment containing 
the residue of the original (potentially genotoxic) molecule, allowing subsequent 
MS experiments to obtain structural information on the PGI. The approach cannot 
distinguish between an iodide, a bromide, a chloride, or a sulfonate analog after 
derivatization, as this substituent is replaced by the reagent. The identity of the 
alkylation component should become clear when combining process knowledge and 
follow-up analysis of the tentatively elucidated derivate. A second method, in addition 
to the method developed for the analysis of the derivatization products, is required 
for identification of the PGI without derivatization using accurate mass detection.
In application of the LC-MS/MS method for target analysis detection limits for alkyl 
bromides down to 0.05 mg kg-1 were obtained. Due to the lower derivatization recovery 
the detection limits of alkyl chlorides, and in lesser extend the alkyl sulfonates, were 
higher but still sufficiently low to cover the requirements for control of PGI, which 
are typically between 1 and 10 mg kg-1. When applying neutral loss screening in 
LC-MS/MS detection limits lower than 1 mg kg-1 were obtained thus allowing semi-
targeted screening of alkylating compounds. As a result the approach can be applied 
to detect both known as well as unknown PGIs in the product. Due to the high 
structural relation between DMAP and BPPC, the sensitivity for the derivatives of 
both reagents was found to be very similar. The improved selectivity in neutral loss 
detection, demonstrated for the newly developed reagent BPPC is most efficient for 
screening purposes. Using full scan CE-MS, detection limits below 1 mg kg-1 can be 
obtained. Interestingly, mainly resulting from the special preconcentration achieved, 
the sensitivity obtained in full scan CE-MS was even better than obtained in full scan 
LC-MS. This further demonstrates the potential of CE-MS for the trace level analysis 
of alkylating components.

4. Perspectives

A comprehensive strategy for minimizing the impact of PGIs on public health as 
imposed by pharmaceutical products requires that the approach for alkylating 
compounds as presented in this thesis can also be used for other classes of PGIs. 
Methods based on screening as described in this thesis will reduce the bias currently 
caused by an approach based on a subjective assessment of PGIs that might be 
present. The technological potential for further evolvement of the screening strategy 
is depicted. Moreover final remarks on the future control of PGIs in pharmaceutical 
products are made.
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4.1 Technological perspective
For the most relevant classes of PGIs many targeted applications have been published 
in different application areas that may have potential for semi-targeted screening. 
Many of these applications are based on derivatization of the functional group 
responsible for potential genotoxicity and MS based detection of (fragment) ions 
directly related to the reagent part of the derivative. However for most applications 
the selectivity of the method for the functionality has not been demonstrated. To fully 
assess the potential of these targeted methods for semi-targeted screening, a more 
extensive evaluation of selectivity in avoiding both false positive and false negative 
results should be done for a wide range of PGIs in a wide range of APIs and/or final 
products.
One of the main prerequisites for effective semi-targeted screening is selectivity of 
the derivatization reaction for the class of PGI. Too low reactivity may result in false 
negatives, while lack of selectivity in this step obviously will result in a high level of 
false positives, making the screening approach less effective. If selectivity cannot be 
accomplished in the derivatization, selectivity in MS detection may be further utilized. 
Several options are available to distinguish PGIs from regular impurities in specific 
cases, e.g. fragmentation patterns may allow discrimination between toxic and non-
toxic components, such as demonstrated for the 2,4-dinitrophenylhydrazine (DNPH) 
derivatives of carbonyls. For amines, the degree of unsaturation of the PGI, i.e. the 
double bond equivalence (DBE) obtained when using accurate mass could be used to 
differentiate between the derivatives of aromatic and aliphatic amines. A possibility to 
evaluate common compounds detected in screening is by using generic methods and 
creating spectral databases, matching both retention time and spectral information 
of the derivatives. Whenever MS based selectivity is not sufficient, the potential to 
modify the reagent for further optimization of the screening approaches is almost 
unlimited and should be further investigated.
The first aim should be to further improve selectivity of MS based detection in 
combination with reagent design to obtain fragmentation specific for the reagent 
part of the derivative as applied in this thesis. In addition to using more distinctive 
functional groups in the reagent to obtain one or more fragmentation related markers, 
adding an isotope label to the reagent also presents interesting possibilities in this 
context. When the isotope labeled reagent is mixed with the unmodified reagent 
prior to derivatization, peak detection of the derivatives based on the isotopic mass 
difference and/or isotopic intensity ratio can be applied. Not only could this strategy 
be used to enhance specificity in MS/MS screening using neutral loss or precursor ion 
scanning of both isotopes, but also in applying full scan screening using high resolution 
(HR)-MS to extract the isotopic signals. Suitability of a full scan measurement for 
trace analysis logically depends on sensitivity for isotope pattern related MS signals 
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and the complexity of the matrix. Considering the high sensitivity for the DMAP 
and BPPC derivatives isotope labeling and full scan MS screening would be useful 
to evaluate further the detection of alkylating compounds. A few components not 
showing the specific neutral loss due to non-specific fragmentation (as observed for 
an azide) or low efficient fragmentation (as observed for DMAP derivatives of methyl 
sulfonates) should be detected in case of full scan MS screening of the isotope label. 
Besides adding an isotope label also other labels, such as a fluorescence group for LC, 
iodine for LC-ICP-MS/ or halogens for GC-ECD, could be used to allow complementary 
techniques to be applied if selectivity of MS is not sufficient.
A second goal of development is selectivity of separation. Anticipating the wide range 
of PGIs to be analyzed in any API, orthogonal separation methods should be available 
for each class of PGI. Lack of selectivity can result in low sensitivity for the PGI or 
its derivative. Heart-cutting 2D-chromatography can be used for the separation of 
PGIs from the excess of API and the excess of reagent. In heart-cutting, a fraction 
containing the peak of interest is transferred to a second column with an orthogonal 
separation mode. The separation in the second dimension could reveal PGIs that 
might be missed otherwise.
A third target for development could be aimed at improvement of the sensitivity. 
If the sensitivity for the derivatized target analytes is much better than required 
for detection at the limits imposed by regulatory guidance, the impact of limited 
recovery of derivatization, inefficient fragmentation- or signal suppression caused by 
co-elution with excess of API becomes less critical. The availability of more sensitive 
mass spectrometers will further contribute to this.
Typically for derivatization reagents applied for MS, a group with high ionization 
efficiency could be chosen. When charged derivatives are obtained by derivatization, 
such as for derivatization of alkylating compounds with DMAP or BPPC and for several 
derivatization approaches for aldehydes, high sensitivity resulting from efficient 
ionization is obtained.  Whenever charged derivatives are obtained, also interesting 
possibilities for preconcentration are introduced. Both with electrokinetic injection 
and stacking in CE-MS and with solid phase extraction (SPE) using e.g. ion-exchange 
and mixed-mode materials, charged derivatives can be separated from uncharged 
matrix constituents. Another interesting option for preconcentration would result from 
derivatization with reagents immobilized on carriers. Such so-called scavengers to 
remove PGI from the reaction mixture in the bulk synthesis of the API have already 
been described in the literature. Binding of the PGIs to a functionalized surface would 
allow efficient preconcentration and sample clean-up. When using a cleavable linker the 
PGI could be detected in a direct MS-based system using e.g. desorption electrospray 
ionization (DESI). Alternatively, the PGI could be solubilized from the surface for further 
analysis by analytical separation techniques hyphenated with mass spectrometry.
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Finally, it would be interesting to evaluate the MS approach selected in this thesis in 
comparison with high resolution systems. Currently neutral loss and/or precursor ion 
scanning are considered to be most suitable for MS/MS based screening. Application 
of HR-MS/MS would be an attractive alternative option as also information on the 
identity may be obtained in a single run. However screening for diagnostic ions 
resulting from fragmentation would require complex data-dependent scan strategies 
for fragmentation of trace level compounds. The ability to obtain fragmentation for 
the PGI strongly depends on the intensity of these trace level components compared 
to signals related to the matrix. This could be circumvented by using non-precursor 
based MS/MS screening. In this mode, fragmentation can be performed on all 
components simultaneously but, the spectra are of less quality and moreover the 
correlation with the precursor is difficult. Today, full scan HR-MS on isotopic labeled 
derivatives, as discussed above, would be a more straightforward approach.

4.2 Final remarks
The availability of various generic methods developed for classes of PGIs, such as 
developed for alkylating compounds in this thesis, is essential in a control strategy 
of PGIs other than solely based on paper based assessment. With these methods 
becoming available, the detection of trace levels of PGIs is no longer the challenge as 
it was at the introduction of the genotox guideline in 2007.
Since 2007 little progress was made on improving the coverage of PGIs in the 
assessment. Although a paper based assessment of PGIs is sufficiently effective 
according to the guideline, this current control strategy is limited as the coverage 
of PGIs is fully based on potentially biased subject matter expert knowledge and 
experience. Subjectivity can be diminished by application of software tools to predict 
less common side reactions and (potentially toxic) degradation pathways, thus 
improving the quality of the assessment. However, such software tools are often 
strongly over-predicting the number of potential impurities. As the software is based 
on basic chemical rules and cases reported in literature, the quality of the software 
could be improved by sharing information on verified routes for occurrence of PGIs, 
e.g. in publications or an industry-wide PGI database.
This thesis shows that, in addition to relying only on a priori information, applying 
analytical screening of PGIs in the API or the finished drug product to increase 
coverage of PGIs offers interesting perspectives. Application of an array of semi-
targeted screening methods for individual classes of PGIs could fill the gaps in genotox 
assessment. Especially an ability to screen for potentially genotoxic degradation 
products, such as epoxides or aldehydes, would be helpful to fill these gaps. Rather 
than screening for PGIs at trace levels in the final API, an analytical control strategy 
based on screening of PGIs in intermediate steps of the synthesis process of the API 
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could be proven to be effective, as it may require less demanding limits for detection 
and make the approach better implementable.
Even using state-of-the-art technology full coverage of PGIs by analytical screening 
will be very hard to achieve. The control of genotoxic impurities in pharmaceutical 
products will remain a risk based approach. The exposure to PGIs resulting from 
administration of medicines may not be as significant as compared to exposure from 
other sources, such as food and environment. As a result, the need for untargeted 
and semi-targeted screening methods is higher in these application areas, resulting 
in an increased number of publications in recent years. Pharmaceutical industry 
should be aware of these developments and the evolution in analytical technology 
will probably result in a change of the current approach. Question is not if this will be 
required but when.
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Summary in Dutch/Nederlandse samenvatting

Introductie
Analyse van potentieel genotoxische onzuiverheden is een van de grootste uitdagingen 
in de farmaceutische analyse. In de productie van farmaceutisch actieve stoffen of 
hulpstoffen worden reactieve verbindingen gebruikt. Daarnaast kunnen tijdens productie 
en opslag reactieve degradatieproducten, zoals aldehydes of epoxides, worden gevormd. 
Bij contact van deze componenten met DNA kunnen mutaties ontstaan die de kans 
op het ontwikkelen van kanker verhogen. De aanwezigheid van specifieke functionele 
groepen in deze componenten geeft een indicatie voor mogelijke genotoxiciteit. Deze 
componenten worden als potentieel genotoxische onzuiverheden of potentially genotoxic 
impurities (PGI’s) bestempeld. De toxiciteit moet dan nog worden vastgesteld.
Sinds 2007 zijn richtlijnen van kracht die de controle en beheersing van PGI’s in 
farmaceutische producten beschrijven. De toelaatbare hoeveelheid van de PGI’s 
moet worden beperkt tot op een niveau dat praktisch haalbaar is en hangt af van de 
dosering en de innameperiode van het geneesmiddel. Deze richtlijnen vereisen voor 
een geneesmiddel dat levenslang dagelijks wordt ingenomen beheersing van PGI’s 
tot maximaal 1.5 µg per dag. Deze limiet komt overeen met een aanvaardbaar geacht 
verhoogd risico op het ontwikkelen van kanker van 1 op 100.000.
Voor een geneesmiddel met een dosering van 1500 mg per dag vertaalt zich dit in een 
concentratielimiet van 1 mg/kg, wat een factor 500 lager is dan voor reguliere, niet 
genotoxische, onzuiverheden in geneesmiddelen. De standaard analysemethoden, zoals 
vloeistofchromatografie (LC) met UV-absorptiedetectie of gaschromatografie (GC) met 
vlamionisatiedetectie (FID), zijn niet in staat om zonder voorkennis onzuiverheden op 
ppm-niveau te bepalen, zelfs wanneer massaspectrometrische (MS) detectie wordt 
toegepast. Alleen als een methode wordt ontwikkeld voor een bekende verontreiniging, 
kan op dit niveau worden geanalyseerd (targeted analyse).
Als gevolg van deze beperking is de controlestrategie van PGI’s in farmaceutische 
producten volledig toegespitst op een theoretische beoordeling (assessment) in plaats 
van analytische screening of impurity profiling, zoals dat voor reguliere onzuiverheden 
het geval is. De huidige richtlijnen schrijven voor dat alle componenten, die redelijkerwijs 
in het product aanwezig zouden kunnen zijn, moeten worden getoetst op mogelijke 
genotoxiciteit met specifieke software, zoals DEREK en Sarah*1. Alleen wanneer op basis 
van de aanwezigheid van bepaalde functionele groepen genotoxiciteit wordt vermoed, 
is een vervolgactie noodzakelijk. Dit kan zijn door het bepalen van de genotoxiciteit 
m.b.v. een Ames test en/of door beheersing van de PGI in het proces (zowel wanneer 
genotoxiciteit nog niet is vastgesteld als bij bewezen genotoxiciteit). In het laatste geval 
wordt een targeted methode voor de (P)GI opgezet om het niveau in het proces en in 
het product te kunnen monitoren.
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Wanneer componenten niet zijn opgenomen in het assessment zijn deze dus ook niet 
afgedekt in de controlestrategie. Veelgebruikte uitgangsstoffen die als PGI worden 
beschouwd, of PGI’s die ontstaan uit bekende nevenreacties, kunnen vaak eenvoudig 
worden gevonden in het assessment en daarmee dus worden gecontroleerd en 
beheerst. PGI’s die gerelateerd zijn aan de actieve stof, zoals bijproducten en 
degradatieproducten, zijn vaak minder eenvoudig op te merken. De volledigheid 
van het assessment, en daarmee de dekking van de PGI’s, hangt sterk af van de 
beschikbare informatie en de aanwezige expertise. Screenen van PGI’s is niet vereist 
door registratie-autoriteiten en wordt nog niet toegepast in de farmaceutische 
industrie. Technologische ontwikkelingen bieden mogelijkheden om, in aanvulling op 
het assessment, analytische screening toe te passen en daarmee de dekking van 
PGI’s te verbeteren.
Tijdens dit onderzoek zijn de mogelijkheden voor screening van twee belangrijke 
klassen van PGI’s met alkylerende eigenschappen, de alkylesters van sulfonaten 
en alkylhalides onderzocht. Voor de alkylesters van sulfonaten zijn vooral de reeks 
van methyl-, ethyl-, propyl- en isopropylesters van mesylaat (of methylsulfonaat), 
besylaat (of benzeensulfonaat) en tosylaat (of p-tolueensulfonaat) berucht. 
Alkylhalides worden vaak gebruikt als uitgangsstoffen in farmaceutische syntheses 
en zijn daarom een belangrijke klasse van PGI’s. Ook kunnen alkylhalides worden 
gevormd als bijproducten door omzetting van alcoholen in aanwezigheid van 
geconcentreerd waterstofchloride of waterstofbromide. Voor beide klassen kunnen 
zowel algemeen bekende als minder voordehandliggende (actieve stof gerelateerde) 
PGI’s voorkomen. Voor de veel voorkomende PGI’s is een groot aantal complementaire 
methoden beschikbaar, zoals headspace (HS)-GC-MS, GC-MS en LC-MS, die het 
mogelijk maken om in verschillende matrices op ppm-niveau te kunnen analyseren 
(targeted analyse). Voor de alkylerende verbindingen die meer gerelateerd zijn aan 
de actieve component ontbreken zulke generieke methoden. Voor het screenen 
naar onbekende componenten in het algemeen bestaan door technologische 
ontwikkelingen mogelijkheden om volledige ‘untargeted screening’ toe te passen. 
In farmaceutische producten kunnen een groot aantal sporen van verbindingen 
worden verwacht op concentratieniveaus beneden de limieten die voor reguliere 
onzuiverheden worden gehanteerd. Met accurate massadetectie kan voor een groot 
aantal componenten gelijktijdig veel informatie verkregen worden. Echter, door het 
grote verschil in de chemische en fysische eigenschappen van deze verbindingen, de 
mogelijke reactiviteit, de lage niveaus waarop deze verbindingen aanwezig kunnen 
zijn, en matrixinterferentie kan de detecteerbaarheid sterk worden beperkt. Hierdoor 
is het verkrijgen van volledige dekking moeilijk. Daarnaast is het identificeren en het 
bepalen van de mogelijke genotoxiciteit van een groot aantal verbindingen complex 
en tijdrovend.
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Semi-targeted screening op basis van derivatisering heeft potentieel omdat door de 
derivatisering, die selectief is voor een bepaalde stofklasse, aan elk van de verbindingen 
in die stofklasse hetzelfde structuurelement wordt toegevoegd. Hierdoor neemt het 
aantal te detecteren componenten en de onzekerheid van de detecteerbaarheid sterk 
af ten opzichte van untargeted screening. Wanneer derivatisering gericht is op de 
functionele groep die verantwoordelijk wordt geacht voor de (potentiële) genotoxiciteit, 
geeft de reactie met het reagens ook direct de reactiviteit van de component aan, en 
daarmee dus tevens de mogelijke genotoxiciteit. Derivatisering van deze functionele 
groepen monitoren van massaspectrometrische overgangen die correleren met 
het reagens (markers/diagnostische ionen), zoals specifieke fragmenten of neutral 
losses in MS/MS detectie, maken semi-targeted screening mogelijk. Triple quadrupole 
massaspectrometers zijn uitermate geschikt om dit soort functionele-groep analyses 
uit te voeren middels een precursor ion - of een neutral loss scan. Na detectie van de 
marker kan een voorlopige structuurtoekenning worden gedaan voor de PGI op basis 
van proceskennis en aanvullende accurate MS data.
Vanuit de literatuur is bekend dat derivatisering, van de vaak instabiele, apolaire 
alkylerende verbindingen, met 4-dimethylaminopyridine (DMAP) resulteert in 
positief geladen derivaten met een hoge gevoeligheid in MS detectie. Hoewel dit 
daarbij niet expliciet is opgemerkt, is het verlies van het reagens in MS/MS in de 
beschreven applicatie zichtbaar. Hoewel screening op basis hiervan mogelijk lijkt, 
kan deze marker niet zonder meer algemeen worden toegepast. De effectiviteit 
van de screeningsstrategie voor een bepaalde klasse van PGI’s hangt sterk af van 
de selectiviteit van de derivatisering, de scheiding en de detectie. Gebrek aan 
selectiviteit in de reactie of niet-specifieke fragmentatie kan een groot aantal vals-
positieve resultaten geven, hetgeen de efficiëntie van de aanpak beperkt. Omgekeerd 
kan een slechte gevoeligheid voor het diagnostische ion, bijvoorbeeld door slechte 
recovery van de derivatisering, inefficiënte fragmentatie of interferentie van de 
matrix vals negatieve resultaten veroorzaken. Optimalisatie van de methode is 
daarom essentieel voor de ontwikkeling van een semi-targeted screeningsstrategie. 
Er zijn daarbij veel mogelijkheden om, door het aanpassen van de structuur van het 
reagens, de selectiviteit van scheiding en detectie te verhogen.
Naast het vinden van een selectieve marker ten behoeve van detectie, speelt de 
selectie van de scheidingsmethode een belangrijke rol in screening. Wanneer in de 
chromatografie de (gederivatiseerde) PGI samenvalt met de actieve stof, die tot op 
een miljoen keer hogere concentratie aanwezig is, kan de detecteerbaarheid als 
gevolg van ionisatiesuppressie sterk afnemen. Wanneer de kans op overlap van de 
actieve stof met de PGI’s klein is, wordt de kans op interferentie en daarmee de 
toepasbaarheid als algemeen toepasbare (generieke) methode groter. Omdat het doel 
van de screening is om elke PGI binnen een bepaalde klasse te kunnen detecteren, in 
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elke gewenste actieve stof, moeten daarom bij voorkeur complementaire methoden 
beschikbaar zijn. Bij toepassen van verschillende generieke methoden is de kans 
groter om de componenten te scheiden met een van de methoden.
Een niet gepubliceerde studie liet zien dat Hydrophilic Interaction Liquid 
chromatography (HILIC) voor de derivaten van alkylerende verbindingen beter aan de 
genoemde scheidingsvoorwaarden voldoet dan reversed-phase LC. In deze vorm van 
LC spelen verscheidende mechanismen, zoals waterstofbrugvorming, dipool-dipool 
en ionogene interacties, een rol in het retentiegedrag van de componenten. Hoewel 
deze techniek zeer geschikt is voor de scheiding van polaire componenten, kan met 
HILIC de interferentie van basische actieve stoffen niet geheel worden uitgesloten. 
Bij de keuze van een complementaire scheidingsmethode verdient het de voorkeur 
om, in plaats van het toepassen van verschillende LC scheidingen, bijvoorbeeld door 
het gebruik van verschillende kolommen, mobiele fasen en/of pH’s, een techniek met 
een geheel ander scheidingsprincipe te kiezen, zoals voor capillaire elektroforese (CE) 
het geval is. CE is bekend door zeer efficiënte scheidingen van polaire / ionogene 
verbindingen en wordt daarom vaak gebruikt als alternatieve techniek voor impurity 
profiling in farmaceutische producten. Voor deze farmaceutische toepassing van deze 
techniek worden voor het scheiden van onzuiverheden van de overmaat actieve stof 
elektrolyten of background electrolytes (BGE’s) gebruikt met hoge concentraties niet-
vluchtige buffers en additieven. Wanneer CE wordt gekoppeld met MS, wordt vaak 
gekozen voor het gebruik van veel lagere concentraties en “MS vriendelijke” vluchtige 
BGE’s, waardoor de scheidingsefficiëntie sterk kan afnemen. Voor impurity profiling 
in het algemeen, en voor de analyse van PGI’s in het bijzonder, is het verkrijgen van 
scheiding essentieel. Om geen afbreuk te doen aan de scheiding is in dit onderzoek 
daarom gekozen voor een CE-MS koppeling op basis van een relatief hoge concentratie 
van een niet-vluchtig BGE. Bij gebruik van een sheath-liquid interface wordt het effect 
van de niet-vluchtige buffercomponenten verminderd, maar vindt wel een verdunning 
plaats die ten koste gaat van gevoeligheid.
Met de in CE veel gebruikte hydrodynamische injectiemethode kan een 
detectielimiet voor reguliere onzuiverheden vaak net worden gehaald. Omdat de 
vereiste detectielimieten voor PGI’s een factor 500 lager liggen, is een aanzienlijke 
gevoeligheidswinst benodigd om het systeem geschikt te maken voor PGI analyse. 
De eigenschappen van de derivaten in dit onderzoek zijn zeer geschikt om 
electrokinetische injectie toe te passen en door middel van preconcentratie de 
gevoeligheid aanzienlijk te verbeteren. Hierbij moet wel de invloed van de matrix op 
de injectie grondig worden geëvalueerd.
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Onderzoeksresultaten
Om de algemene toepassing van de screeningsstrategie aan te tonen zijn voor een 
brede groep componenten, PGI’s en actieve stoffen, zowel LC als CE gebaseerde 
scheidingsmethoden ontwikkeld die in staat zijn om de derivaten van verschillende 
alkylerende verbindingen op ppm-niveau te detecteren. De strategie van selectieve 
derivatisering, scheiding en detectie, zoals ontwikkeld voor alkylerende verbindingen, 
zou kunnen worden uitgebreid naar andere klassen van PGI’s. Om deze mogelijkheden 
te onderzoeken is een literatuurstudie uitgevoerd.

Hoofdstuk 1 is de introductie van het proefschrift waarbij de huidige controlestrategie 
voor potentieel genotoxische onzuiverheden (PGI’s) en de tekortkomingen daarvan 
met betrekking tot het verkrijgen van volledige dekking voor deze componenten 
wordt beschreven. De mogelijkheid voor toepassing van analytische screening en de 
methoden die hiervoor kunnen worden toegepast, worden toegelicht.
Een overzicht van massaspectrometrische (MS) applicaties met perspectief voor 
screening voor de verschillende klassen van PGI’s is beschreven in hoofdstuk 2. 
Het gebruik van derivatiseringsreagentia voor targeted analyse en de mogelijkheden 
voor uitbreiding naar semi-targeted screening zijn hierin beschreven. Veel van de 
GC-MS en LC-MS toepassingen, die voor targeted analyse zijn ontwikkeld, blijken 
vaak ook de gewenste selectiviteit voor fragmentatie in MS/MS te geven die het 
mogelijk maakt om op de functionele groep van de PGI te screenen. Wel kan geringe 
selectiviteit van de derivatiseringsreactie een beperking zijn voor het toepassen 
voor semi-targeted screening. De randvoorwaarden en de toepasbaarheid zijn met 
verschillende voorbeelden toegelicht.
In hoofdstuk 3 wordt de ontwikkeling van een LC-MS/MS methode voor alkylerende 
verbindingen beschreven waarbij DMAP wordt gebruikt als derivatiseringsreagens. 
De optimalisatie van de derivatiseringsreactie is beschreven voor een reeks van 
alkylhalides. De concentratie van het reagens, temperatuur en derivatiseringstijd zijn 
onderzocht. Selectiviteit van de derivatiseringsreactie voor alkylhalides en alkylesters 
van sulfonaten is aangetoond. De omzettingsgraad voor alkylchlorides was aanzienlijk 
lager dan die voor alkylbromides, hetgeen resulteert in hogere detectielimieten voor 
de alkylchlorides.
De bijzondere eigenschappen van de intrinsiek positief geladen derivaten zijn gebruikt 
voor selectieve scheiding en detectie. Voor de scheiding van PGI’s van de actieve stoffen 
is HILIC toegepast waarbij interferentie van de actieve stof kan worden beperkt. De 
derivaten hebben de bijzondere eigenschap dat, naast de goede gevoeligheid in MS, 
bij de fragmentatie in veel gevallen het verlies van het reagens als geheel kan worden 
waargenomen. De aanwezigheid van fragmenten die eenduidig gerelateerd zijn aan 
het reagens maken het mogelijk om op basis hiervan te screenen naar onbekende 
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PGI’s met een precursor ion - of neutral loss scan. Voor het merendeel van de PGI’s 
kunnen met neutral loss screening detectielimieten worden behaald van 1 mg/kg 
(voor alkylbromides) tot 10 mg/kg (voor alkylchlorides). Hierdoor wordt screening 
naar PGI’s op ppm-niveau mogelijk. In targeted analyse kunnen componenten een 
factor 10 gevoeliger worden aangetoond.
De toepassing van een nieuw derivatiseringsreagens, butyl-1-(pyridin-4-yl)
piperidine-4-carboxylate (BPPC), is weergegeven in hoofdstuk 4. In dit door onszelf 
ontwikkelde reagens, gebaseerd op DMAP, is een zijgroep ingebouwd die in MS een 
specifieke neutral loss geeft die in de meeste gevallen prevaleert boven alternatieve 
fragmentaties. Als gevolg hiervan kan, naast het verlies van het gehele reagens, 
op een tweede marker worden gescreend, waardoor de selectiviteit verbetert. 
Componenten die bij gebruik van DMAP geen reagens gerelateerde fragmenten laten 
zien (zoals de methylesters van sulfonaten), kunnen met het nieuwe reagens wel 
worden gedetecteerd. Daarnaast zijn ook de condities waarbij deze fragmentatie 
plaatsvindt meer generiek, waardoor de detectie van de derivaten robuuster is en 
daarmee de dekking van de PGI’s toeneemt. De aanpassing van het reagens heeft 
ook invloed op de chromatografie. Omdat de BPPC derivaten minder polair zijn dan 
die van DMAP is retentie bij toepassing van een HILIC scheiding geringer en minder 
verschillend. Hierdoor kan screening plaatsvinden onder isocratische condities in 
plaats van met gradiënt-elutie, hetgeen de robuustheid verder doet toenemen. 
Naast de keuze voor een ander reagens zijn bij deze studie ook een aantal andere 
parameters gewijzigd om robuustheid te verbeteren. Om de derivatisering onder meer 
constante condities te laten plaatsvinden en invloed van de matrix daarop zoveel 
mogelijk uit te sluiten, is de pH verhoogd door standaard 0.1 % ammonia toe te voegen 
aan het reactiemedium. Door het toepassen van een langere derivatiseringstijd 
(van 4 naar 24 uur) is de omzettingsgraad voor alkylchlorides verbeterd, maar nog 
steeds is de gevoeligheid voor alkylchlorides ongeveer een factor 5 lager dan voor 
alkylbromides.
Voor 7 PGI’s werden, op het niveau van 10 mg/kg, in 3 verschillende actieve stoffen, 
relatieve recoveries (omzetting van de PGI in de monsteroplossing met actieve stof 
ten opzichte van een standaardoplossing) bepaald. Relatieve recoveries van tussen 
de 50 en 150 %, en een gemiddelde van rond 100 %, geven aan dat de methode 
geschikt is voor PGI analyse. Hoewel voor de BPPC derivaten de gevoeligheid over 
het algemeen vergelijkbaar is met die voor de DMAP derivaten, is door de hogere 
selectiviteit van de MS/MS fragmentatie de mogelijkheid om onbekende PGI’s te 
detecteren in neutral loss screening sterk verbeterd. 
Hoofdstuk 5 beschrijft de ontwikkeling van een generieke CE-MS methode voor 
de bepaling van reguliere basische onzuiverheden. De primaire doelstelling in de 
koppeling van CE met MS was gericht op het behoud van de scheidingsefficiëntie. 
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Het gebruik van een BGE bestaande uit 100 mM TRIS, op pH 2.5 gebracht met 
fosforzuur, geeft optimale scheiding voor basische actieve stoffen en gerelateerde 
onzuiverheden. Voor koppeling van de CE methode met MS is gebruikmakend van een 
niet-vluchtige BGE een sheath-liquid interface toegepast. Instellingen die belangrijk 
zijn voor de gevoeligheid en de robuustheid, zoals de positionering van het CE capillair, 
de samenstelling van het sheath liquid en de vernevelingsdruk, zijn geoptimaliseerd. 
Bij de gekozen instellingen bereikt het fosfaat in het BGE de MS niet omdat deze ionen 
zich in tegengestelde richting bewegen. De invloed van de TRIS concentratie op de CE 
scheiding en de gevoeligheid in de MS is onderzocht voor een aantal actieve stoffen. 
Hieruit blijkt dat het, gebruikmakend van het niet-vluchtige BGE, mogelijk is om met 
MS detectie onzuiverheden tot op 0.05 % - 0.4 % te bepalen. De toepasbaarheid van 
de generieke CE-MS methode met niet-vluchtige BGE is aangetoond voor impurity 
profiling van een nieuwe actieve stof. Hierbij is ook de invloed van de BGE en het 
CE-MS interface op de scheiding (sheath liquid effect) en de gevoeligheid uitgebreid 
onderzocht.
In hoofdstuk 6 is de generieke CE-MS methode uit hoofdstuk 5 geëvalueerd voor de 
analyse van PGI’s (de DMAP en BPPC derivaten van de alkylhalides). Het toepassen 
van elektrokinetische injectie met preconcentrering, in plaats van de eerder 
toegepaste hydrodynamische injectie, maakt het mogelijk om PGI’s op laag niveau te 
bepalen. Vanuit de basische monsteroplossing kunnen de geladen derivaten selectief 
worden geïnjecteerd. Behalve sterk basische actieve stoffen, die bij de toegepaste 
pH ook geladen zijn, zullen de meeste actieve stoffen niet worden geïnjecteerd. De 
preconcentratie geeft een sterke verbetering in de gevoeligheid, maar kon niet verder 
worden verhoogd omdat de keuze van de injectiecondities werd beperkt door effecten 
op de piekvorm. Optimalisatie van de belangrijkste parameters (TRIS concentratie, 
watergehalte van de monsteroplossing, injectietijd en injectievoltage) is uitgevoerd in 
een experimenteel design. Met een injectie bij 10 kV gedurende 150 seconden vindt 
bij de hoogst toepasbare hoeveelheid TRIS (100 mM) en laagst mogelijk hoeveelheid 
water in de monsteroplossing (10 %) de meest efficiënte injectie plaats. De matrix 
(i.e. de overmaat van actieve stof in de monsteroplossing) heeft invloed op de 
injectierecovery, maar bij gebruik van een interne standaard kunnen PGI’s tot op 1 
mg/kg niveau worden bepaald in full scan mode met een recovery (door toevoeging 
van derivaten aan de matrix) tussen 85 en 115 % en een herhaalbaarheid van beter 
dan 10 %. De selectiviteit en de gevoeligheid (in full scan) van de CE-MS methode 
zijn vergeleken met de prestaties van de eerder ontwikkelde HILIC-MS methode. 
Daaruit blijkt dat de CE-MS methode, voornamelijk als gevolg van de preconcentratie 
en elektrokinetische injectie, tenminste zo gevoelig is.
Hoofdstuk 7 geeft een overzicht van de resultaten en algemene conclusies voor de 
ontwikkelde systemen en methoden voor de screening van PGI’s. Daarnaast worden 
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toekomstperspectieven en aanbevelingen voor verder onderzoek beschreven.
Het derivatiseren van alkylerende verbindingen maakt het mogelijk om deze 
componenten met MS detectie gevoelig te meten. De selectieve MS/MS fragmentatie 
van de derivaten maakt het mogelijk om naast targeted analyse, semi-targeted 
screening toe te passen waardoor ook onbekende PGI’s gedetecteerd kunnen 
worden. Door de beschikbaarheid van twee orthogonale scheidingsmethoden is 
aan een belangrijke voorwaarde voor efficiënte screening voldaan. In het algemeen 
geeft derivatisering vele mogelijkheden om de eigenschappen van de te meten 
componenten zodanig te veranderen dat deze beter bepaald kunnen worden. Niet 
alleen wordt het daardoor gemakkelijker om gangbare LC-MS analysemethoden te 
gebruiken, maar biedt dit ook mogelijkheden om minder toegepaste technieken in te 
zetten. De in dit onderzoek ontwikkelde toepassing van CE-MS is daar een uitgelezen 
voorbeeld van. Daarbij wordt de middels derivatisering aangebrachte positieve lading 
optimaal ingezet voor zowel monsterintroductie, CE scheiding en MS detectie. Met 
name daardoor is de gevoeligheid bij gebruik van dit systeem tenminste zo goed als 
die voor state-of-the-art LC-MS analyse (zonder preconcentratie). De ontwikkelde 
screeningsstrategie moet zich nu in de praktijk gaan bewijzen en heeft potentieel om 
ook voor andere klassen van PGI’s verder te worden ontwikkeld. De screening van 
PGI’s in farmaceutische producten kan hiermee in de toekomst aanzienlijk worden 
verbeterd.
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