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Modern GC-MS Technology in the
Forensic Laboratory

Beat Aebi* and Werner Bernhard

Abstract: GC-MS is one of the most important techniques in today’s forensic laboratory. It offers the possibility
to screen biological and illicit drug samples for unknown compounds, to identify, confirm, and to quantitate
them. This technique is very versatile and robust. The ionization technique of electron impact is standard
technology; it enables the use of mass spectral libraries with hundred thousands of reference spectra. The
combination of a separation technique (GC) and a spectroscopic technique (MS) results in a very dependable
analytic system that is highly respected in court. The presented work will focus on some of the latest
developments and will also give information on routine work.
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1. Introduction

Analytical chemistry applied to the fo-
rensic sciences is based on numerous
chromatographic and spectroscopic tech-
niques. These can be classified as screen-
ing and confirmation techniques and
are applied to forensic chemistry (illicit
drugs and poisons) and forensic toxico-
logy (e.g. incapacitating consumption
and traffic accidents, post-mortem toxi-
cology). Toxicological screenings are
generally described as general unknown
analyses (GUA) and systematic toxico-
logical analyses (STA). When no or only
little information exists concerning the
intake of illegal drugs, medications or
poisons, this route is generally chosen.
For both screening and identification of
pharmacologically active compounds,
gas chromatography combined with mass
spectrometry (GC-MS) plays a key role.
GC-MS offers the possibility to specifi-
cally detect thousands of compounds.
This is made possible with the use of
mass spectral databases. The standard-

‘Correspondence: Dr. B. Aebi

University of Bern

Institute of Legal Medicine

Forensic Chemistry and Toxicology Division
Buehistrasse 20

CH-3012 Bern

Tel.: +41 31 631 84 11

Fax: +41 31 631 38 33

E-Mail: beat.aebi@irm.unibe.ch
www.irm.unibe.ch

ized method of electronimpact ionization
produces generally comparable mass
spectra from all commercialy available
GC-MS. With the possibilities of modern
communication, chromatograms can be
distributed electronicaly (e.g. E-mail)
and be evaluated by various spectro-
scopists. If the compounds of interest are
identified a confirmation step is required
for forensic evidence. Finaly, the identi-
fied and confirmed compounds are quan-
titated to evaluate their toxicological
mode and degree of action. In forensic
chemistry, seized illicit drugs are quanti-
tated to obtain the total amount of the
pure drug. All toxicological (or chemi-
cal) findings are compiled and compared
to the other facts of the forensic case,
resulting in the forensic statement and
occasionaly, testimony in court.

2. Screening Techniques

Illicit or suspected drugs are usualy
dissolved in an organic solvent and di-
rectly analyzed. Biological samples (e.g.
blood, urine, tissue) however must be
extracted first. Very reliable extraction
techniques are described in the literature.
These techniques are based on the distri-
bution of compounds in agueous and
organic solvents. Using buffer solutions
with defined pH values enabl es the selec-
tive transfer of compounds or classes of
compounds of interest from the biologi-
cal sample into an adequate organic

solvent. Extractions can be specific for
certain compounds or more general for
basic, neutral, and acidic compounds. A
thorough documentation to this tech-
nique is given by Pfleger et al. [1]. The
extractions are normally performed using
conventional liquidiquid extraction
(LLE) or nowadays more frequently by
solid phase extraction (SPE). Semi-selec-
tive SPE cartridges are commercialy
available for avariety of compounds and
classes of compounds. Specia SPE car-
tridges, optimized for screening purpos-
es, are aso found on the market. Most
recently, SPE units for the selective ex-
traction of certain compounds like lyser-
gic acid diethyl amide (LSD) have been
proposed. This new type of extraction
method is based on non-covalent binding
of drug molecules to immobilized anti-
bodies. After the extraction itself, chemi-
cal derivatization is frequently used to
amend more polar or thermally unstable
compounds to GC-MS. Most common
are the formation of methyl-, trimethylsi-
lyl-, acetyl- and trifluoroacetyl deriva-
tives.

Fig. 1 shows a typical example of a
toxicological screening analysisfor basic
pharmacologically active compounds in
human cardiac blood, obtained after
medico-legal autopsy. The upper part
shows the mass spectra of the two identi-
fied compounds amitriptylin (A) and
levomepromazin (B) after automatic
background subtraction. The lower part
shows the reconstructed ion chromato-
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gram (RIC) of the extract obtained (RI0)
and of the extract after derivatization
with acetic anhydride (Rl 0201005d).
Both chromatograms before and after
chemical derivatization contain very in-
tense signals. All but the signals of the
two compounds are due to the matrix
components and to chemical contami-
nants from the extraction procedure
(mostly plasticizers like phthalates and
plastic additives). In order to evaluate
chromatograms efficiently, powerful search
software and comprehensive mass spec-
tral libraries are required. For several
years, we have successfully been using
the mass spectral search system MassLib.
Additional information and demo materi-
a can be found on the Internet under
www.masslib.com. MassLib was origi-
nally designed by the Max Planck Insti-
tute, Muehlheim/Ruhr, Germany, to rec-
ognize similar mass spectra of aliphatic
and aromatic compounds from coa dis-
tillates. This development is in contrast
to all other search programs that focus on
the comparison of identical spectra.
MassLib uses the search algorithm SIS
COM, the search for identical and similar
compounds. As can be seen in the mass
spectrum of amitriptylin in Fig. 1, basic
compounds in forensic chemistry and
toxicology quite frequently yield mass
spectra with one intense fragment only.

Thisis arather large handicap for search
algorithms based on the comparison of
identical spectra. Another interesting fea-
ture of MassLib isthe capability to search
multiple libraries simultaneously [2].
Some of the libraries in current use are
summarized below.

Commercial libraries for general use:

e Wiley, 7th edition, 338 000 spectra,
124000 structures of 250000 com-
pounds

e NIST 98, 12900 spectra and struc-
tures

e Steroids, 528 spectra

e Pesticides, 340 spectra

Specific commercial libraries for foren-
sic toxicology:

» Pfleger, Maurer, Weber 3rd edition,
6300 spectra

e MassLib Tox-library, 1st edition,
2275 spectra and structures

e Finnigan Tox-library, 2200 spectra

e Designer drugs, 2nd version,
633 spectra

Non-commercial libraries for forensic
toxicology:

e AAFS, 4th edition, 1833 spectra

e TIAFT, 1st version, 204 spectra
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Home-build libraries for forensic toxi-
cology:

e Unknowns IRM Berne, 184 spectra,
90 structures

e Unknowns IRM Zurich, 733 spectra
(1995 version, for testing purposes)

Some of the libraries contain draw-
ings of the chemical structures. MassLib
offers the possibility to edit, save, and
search for structures and sub-structures.
In combination with general data search-
es, this proves avery helpful tool.

2.1. Unusual Findings and
Additional Tools for Identification

Over the past three years, we have of -
fered a service to evaluate chromato-
grams and spectra of other forensic insti-
tutions, namely other institutes of legal
medicine and police [aboratories. In most
cases (total of 45), the unknown com-
pounds were positively identified or at
least, avery probable hypothesis could be
proposed.

Some complex investigations involv-
ing GC-M S analyses are presented in the
following case of forensic chemistry.
Several suspect tablets were confiscated
when an 80-year old man presented him-
self at the emergency desk of alocal hos-
pital with severe abdominal pain. The
tablets were assumed to be designer
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Fig. 1. Screening analysis for basic compounds.
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drugs. One of these tablets was crushed
and dissolved in methanol. The corre-
sponding chromatogram after analysis
with GC-MSis shownin Fig. 2.

The spectra corresponding to com-
pounds A8, A9, and A10 suggest a com-
mon structure of a dimethoxy-bromo-
phenylethyl type, being similar to design-
er amphetamines like 2-CB and DOB.
The assumption of the presence of de-
signer drugs was hereby supported. The
spectrum of A1l (and of the minor peak
at no. 642) could not be identified. The
comparison with all library entries sug-
gested a substructure of the morpholino-
type. Under the assumption that the tabl et
contained designer amphetamines, it was
rather astonishing that no direct hit on a
designer amphetamine was found, even
with up-to-date libraries specialized on
such compounds. Also the combination
of hydroxy-, chlorine- and bromine-sub-
dtitutions together with a morpholino-
substructure was somewhat surprising.
Another possibility, namely the break-
down of another compound, probably of
pharmaceutical origin, needed to be
checked. With the use of the Merck Index
on CD-ROM (1999 version, Hampden
Data Service Ltd.), a structural search
for pharmaceuticals containing a mor-
pholino-substructure was performed.
About 100 compounds were found. After

visual inspection, the antispasmodic
pinaverium bromide was found to con-
tain both substructures of a dimethoxy-
bromophenylethane and morpholino-
type. The dibromo compound A10 in
Fig. 2 could be explained by the degrada-
tion of pinaverium bromide and the at-
tachment of bromine on the akyl group.
These findings were communicated to
the submitting scientist. Soon after, the
findings were completely confirmed by
the purchase and analyses of the com-
mercialy available medication contain-
ing pinaverium bromide. Pinaverium
bromide is a quaternary ammonium salt
that decomposes inside the GC injector;
all the compounds found are artifacts.

2.2. GC-MS with Parallel NPD

Most compounds of interest in foren-
sic toxicology contain at least one nitro-
gen atom. This makes the use of a nitro-
gen—phosphorus selective detector (NPD)
avery practical tool. As published before
[3], the GC injector houses the capillary
columns for both the MS and the NPD.
By selecting the same type of capillary
column but with different lengths (minus
20% for the NPD column for columns of
15t0 30 m), theretention times of the sig-
nalsof both detectorsvary by ashort time
increment, typically 10 to 20 seconds.
This time difference is stable and can be
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traced and controlled quite easily. Fig. 3
shows atypical application, again for the
screening for basic compounds. Whereas
asthe TIC (upper trace) contains amulti-
tude of peaks mostly of endogenous com-
pounds, the NPD trace only manifests a
few significant peaks. A rather small
peak appeared at 20.53 min in the NPD
trace. After closer examination of the
TIC trace at the expected retention time
of 20.24 min, the anticonvulsant zolpi-
dem could be identified. The chromato-
graphic peak of zolpidem is overlapped
by endogenous signals making specific
spectrum subtraction inevitable. With
both strong co-elution and small signal
intensity, it is unlike that this compound
would be found without a sel ective detec-
tor like the NPD, unless the target com-
pound is already known.

3. Confirmation Techniques

Confirmations of chemical or toxico-
logical findings, e.g. results from immu-
nologica or GC-M S screenings need, de-
pending on the case, confirmation. GC-
MSisin most cases the method of choice
to perform thistask. Confirmational anal-
yses may not only confirm acertain com-
pound, but may also be used to differenti-
ate individual compounds and to gain
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Fig. 2. Mass spectra and RIC from an unknown pill. Is it a designer drug?
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further knowledge of the case. An exam-
ple is the differentiation of opiates in
urine. A positive immunological test re-
sult for opiates in urine may well be an
indication for an illegal consumption of
heroin, but thereisavariety of other pos-
sibilities. After traffic accidents, mor-
phine is frequently administered by the
emergency personnel to control pain. Co-
deine-containing medications are aso
frequently consumed. As any other opi-
ate, codeine possesses a certain potential
for drug dependency. Immunological
tests are unable to differentiate between a
time-limited use and a regular abuse of
codeine. Cancer patients may receive
morphine to limit pain. It is also widely
recognized that the consumption of food
containing poppy Seeds may result in
positive immunological tests for opiates.
With the differentiation of opiates like
dihydrocodeine, ethylmorphine, codeine,
morphine and 6-mono-acetylmorphine
(6-MAM), the source of opiates in urine
can betraced. 6-MAM isthe de-acetylat-
ed metabolite of heroin and proves the
consumption of heroin (diacetylmor-
phine). After the consumption of heroin,
6-MAM can be detected for up to ten
hoursin the urine. The next-step metabo-

lite of heroin, morphine, and codeine and
their ratio allow the consumption of hero-
in to be traced even further back. During
the illicit production of heroin, crude
morphine is acetylated to form heroin.
Other opiates contained in the crude mor-
phine are acetylated in this step as well.
Codeine is thereby chemicdly trans-
formed to acetylcodein and again de-
acetylated (first step metabolism) and
glucuronidated (second step metabolism)
in the human body. Ratios of unconjugat-
ed morphine to codeine in urine and
blood ranging from 2:1 to 10:1 indicate
the consumption of illicit heroin. Heroin
is also medically administered in Swit-
zerland to treat opiate-dependent with-
drawa symptoms. In contrast to illicit
heroin, legally administrated heroin is
chemically pure and does not contain
other opiates like codeine. Whereas mor-
phineis generally not metabolized to co-
deine, codeineisto alesser extent metab-
olized to morphine. Many hours after the
consumption of codeine, the measured
levels of morphine (metabolite of co-
deine) may even exceed those of codeine.
The interpretation of such data is even
more difficult when a parallel consump-
tion of different opiatesis suspected.
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4. Quantitation Techniques

This last step of forensic chemistry
and toxicology techniques is essential to
evaluate the composition of seized illegal
drugs and the influence of illicit drugs
and medications on the individual. Most
of the toxicological cases we investigate
are from driving under the influence
(traffic controls and accidents). Well-
documented and thoroughly tested quan-
titative methods together with skilled and
continuously trained personnel are re-
quired to obtain reliable results. Most
quantitative methods are performed by
GC-MS, partly by using isotopicaly
marked compounds asinternal standards.
Due to financial reasons and availability,
most standards are deuterated (e.g. mor-
phine-D3). Labelled compounds offer
several advantages over non-deuterated
internal standards. Chemica properties
like pKa, solubility, and stability are very
similar. Deuterated standards are very
well suited to monitor and control the
complete sample work-up from the ex-
traction to the fina result. Most com-
pounds needed for routine work are com-
mercialy available as deuterated stand-
ards.
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Fig. 3. GC-MS analysis with parallel NPD
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5. GC-MS and Other Techniques

Of course, not all pharmaceutically
active compounds are suited for GC-MS.
Unfavorable properties like thermal in-
stability and high polarity may exclude
the use of this technique. Some of these
compounds may be chemically deriva-
tized to adlow GC-MS analyses. If this
is not successful, other analytical tech-
niqgues may be used. Quite often, the
complementary technique of liquid chro-
matography with photometric detection
(HPLC-UV or DAD) is utilized. This
technique can be further enhanced with
derivatization techniques to increase the
photometric sensitivity of certain com-
pounds. Nevertheless, HPL C-UV isoften
not sufficiently sensitive for toxicologi-
cal analyses. The combination of HPLC
and MS, based on atmospheric pressure
ionization interfaces (API), has become a
very interesting tool in recent years.
HPLC offers a very large spectrum of
possibilities and MS delivers the neces-
sary sensitivity. For the quantitation of a
large variety of compounds, including
thermally instable and highly polar ones,
LC-MSisthe method of choice. But LC-
MS has not (yet) the power of GC-MS
with regards to separation power and
identification of unknown compounds.
Several groups at universities and analyt-
ical instrument companies are currently
working on the introduction of LC-MS
spectral databases for screening purposes
[4][5]. Unlike the standardized electron
impact ionization of GC-MS, LC-M S de-
pends on several parameters defining the
formation of ions. Buffers, pHs, pKas,
solubility, liquid flows, ionization volt-
ages, declustering and fragmentation
voltages as well as interface temperature
are parameters that can have a pro-
nounced effect on the production and de-
tectability of ions from the liquid phase.
Moreover, solvents and dissolved com-
pounds tend to form clusters and arti-
facts. Up to now, these inconveniences
prevented the introduction of a system-
independent method for screening analy-
ses. Besides the standardization of LC-
MS techniques, more efforts are made
using MS/M S techniques and online data
evaluation processes. The data system
decidesif a chromatographic peak is sig-
nificant and programsitself the necessary
MS/M S scan. Therecognition of interest-
ing peaks as well as the processing and
acquisition of MS/MS data happens al-
most simultaneously. A chromatographic
peak can be analyzed by MSand MS/IMS
at almost the same time.

Further progress was achieved with
GC-MS. Whereas the application of MS/
MS techniques has been established for
many years, the use of time-of-flight
technology (TOF) has only just begun.
lon detection of TOF instrumentsis very
rapid and these instruments also offer a
higher ion transmission. In contrast to
conventional M S analyzers and detectors
(quadrupoles, ion traps, sector instru-
ments), where ions are separated and de-
tected one at a time using a mass scan,
TOF instrument acquire the whole spec-
trum in a fast manner. TOF instruments
are not only capable of obtaining several
thousand spectra per second, but can also
to do this at a high resolution. Similar to
other well-known high-resolution tech-
niques (e.g. sector instruments), the data
system calculates the most probable ele-
mental composition of amass peak of in-
terest based on the exact mass of the in-
volved isotopes. GC-TOF in combina-
tion with El yields mass spectra that are
well suited for searching in standard GC-
MS spectral libraries [6].

6. Experimental

Screening analysis for basic pharma
cologicaly active compounds in human
blood (section 2): 1 ml of whole blood
was spiked with the internal standard
proadifen, brought to pH 9 with buffer
solution and vortexed. After the addition
2 ml of ethyl acetate, the sample was vor-
texed again. The supernatant was trans-
ferred and the solvent evaporated. The
dry residue was reconstituted with 50 pl
of ethyl acetate. Of this solute, 2 pl were
injected into the GC-MS.

GC-MS-NPD system 1: GC 5890 Se-
ries I, MSD 5972 with NPD and 6890
autosampler (all Agilent Technologies),
two separation columns connected inside
the standard split/splitless injector using
a two-bore ferrule. Capillary columns
from J&W (Agilent), DB5-ms, ID 0.25
mm, stationary phase 0.25 pm of 13 m
length for the NPD and 17 m for the
MSD.

GC-MS-NPD/TSD system 2: SSQ
7000 mass spectrometer (Thermo Finni-
gan) with a CX3400 gas chromatograph
(Varian), equipped with an Agilent
standard split/splitless injector, an auto-
mated liquid sampler A200S (CTC Ana-
lytics) and a thermoionic detector TSD
(Varian), specific for nitrogen- and phos-
phorus-containing compounds. Both sep-
aration columns were connected inside
theinjector using atwo-boreferrule. Sep-
aration columns from J&W, DB5-ms,
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0.25 mm ID, stationary phase 0.25 pm.
Lengths of the capillaries: 30 m for the
MS, 25 m for the TSD.

7. Summary

GC-MS techniques are currently the
gold standard for the identification, con-
firmation, and quantitation of com-
pounds in the field of forensic chemistry
and toxicology. The knowledge of ex-
traction and derivatization techniques is
quite vast. On the other hand, new com-
pounds of higher complexity and also
higher pharmacological potency are be-
ing developed at afast pace. Very prom-
ising advances for GC-MS are currently
proposed by the use of time-of-flight
mass spectrometers coupled to gas chro-
matography (TOF-GS-MS). Future de-
velopment of analytical methods certain-
ly will be directed towards LC-MS and
LC-MS-MS. A big step to further extend
the use of LC-MS in forensic chemistry
and toxicology will be the possibility of
searching for unknown compounds, cur-
rently limited by the number of available
reference spectra containing sufficient
fragment information.
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