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Abstract

In decomposed or skeletonized bodies, conventional matrices used in forensic toxicology may no longer be available for analysis.
The aim of this paper was to test the survival and detection of toxicological substances in dry bone samples with over 23 years of
post-mortem interval. In this perspective, bone samples from the cranium, ribs, and vertebrae of seven skeletons from the CAL
Milano Cemetery Skeletal Collection, buried for over 23 years, fully decomposed and altered by taphonomic factors were
selected based on their ante-mortem data, which included verified or suspected drug addictions or overdose. Qualitative and
quantitative analyses were performed with Dionex™ ASE™ 350 Accelerated Solvent Extractor and Q-Exactive Orbitrap—mass
spectrometry with a HPLC system. Positive results were obtained in six of the seven cases, and different psychoactive drugs (and
in some cases their active metabolites) were detected, including analgesic (two opioids: methadone and buprenorphine) and
anxiolytic drugs (benzodiazepines, in particular delorazepam, diazepam, nordiazepam, and lorazepam), a cannabinoid metabolite
(THCCOOH) as well as metabolites of stimulants (benzoylecgonine and MDA). Consequently, this research shows that toxi-
cological substances may be found in bone tissue after over 23 years of post-mortem interval.

Keywords Dry bone - Alternative matrix - 23 years of post-mortem interval - Bone toxicology - Accelerated solvent extraction -
HPLC-MS analysis

Introduction specimens may not be available due to their degradation dur-

ing decomposition or their contamination [4-6]. Thus, alter-

Forensic toxicology consists in the search for exogenous com-
pounds in different matrices and tissues in order to provide
additional information in a medicolegal setting [1-3].
Conventional specimens used in forensic toxicology analysis
include blood and urine [4-7]. However, when a human body
is extremely decomposed, or even skeletonized, these
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native matrices are necessary to perform toxicological analy-
sis [4-7]. To be suitable for toxicological analyses, these al-
ternative matrices must remain well-preserved for a long time
after death to allow the detection of drugs [5, 8, 9]. The bone
tissue can constitute such an alternative matrix, especially giv-
en that it is the only remaining sample material which can be
used for toxicological analysis after decomposition and long
PMIs (post-mortem intervals) [6, 10—12], along with teeth
[13].

Studies have shown that the bone tissue may be used as an
alternative matrix to perform analyses of drugs: in particular in
human models [6, 8, 9, 11, 14-24], demonstrating the use of
bone marrow [6, 9, 14, 16, 18, 24, 25] and bone tissue [6, 11,
15, 19-23] for the detection of drugs. Nonetheless, in most
studies, the samples are taken immediately during the autopsy
and analyzed [6, 9, 11, 17, 19-23] or buried for3 weeks [15] or
1 year [11], with findings including amphetamines, antide-
pressants, antipsychotic drugs, anticholinergics, anticonvul-
sants, benzodiazepines, cocaine, cannabinoids, opioids, and
bromisovalum (a hypnotic sedative drug). The lack of studies
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on human models with a longer PMI limits our understanding
of the possibility to detect drugs in bone with a PMI over a
year. In fact, to the best of our knowledge, Grellner and
Glenewinkel [18] performed the only study with a PMI over
1 year (a hyoid bone after 7.5 years of burial) but no details
were provided on the methodology used or on the results
obtained. This demonstrates the importance of this pilot study,
despite the lack of some antemortem data and the limited
number of samples, as it is the first one to test dry bone with
a PMI of over 20 years for toxicological analyses.

In this paper, different dry bone samples from skeletal re-
mains with a PMI of over 23 years and antemortem data re-
lating to their condition during life were processed using ac-
celerated solvent extraction (ASE) demonstrating that toxico-
logical substances may be found in bone tissue even after a
very long PML.

Materials and methods
Bone samples and preparation for analysis

Seven cemeterial skeletons from the CAL (Collezione
Antropologica LABANOF) Milano Cemetery Skeletal
Collection [26] with verified or suspected drug addictions,
intoxication, or overdose in their associated antemortem and
perimortem documentation were selected for toxicological
study. The CAL Milano Cemetery Skeletal Collection is con-
stituted of 2127 unclaimed skeletons, housed in the
LABANOF (Laboratorio di Antropologia e Odontologia
Forense) in the Department of Biomedical Sciences for
Health in the University of Milan, in accordance with article
43 of the Italian National Police Mortuary Regulation (10
September 1990, no. 285) [26]. The individuals selected in-
cluded two females and five males; all were inhumed for
about 20 years in a cemetery of Milan and based on the dates
of death, the post-mortem intervals ranged between 23 and 29
years (Table 1).

All samples can be considered specimens of completely
skeletonized individuals, in other words, dry bones. The skel-
etons were preserved in appropriately sized boxes in rooms

with a dry environment and protected from light to prevent
bone deterioration. Unfortunately, the autopsy reports were
not available and so exact drugs taken in these cases could
not be specified.

For each individual involved in this study, three bone sam-
ples were selected, including one from the cranial vault, one
from a rib, and one from a body of lumbar vertebra. These
bones were chosen in an effort to be representative of the
material available in real scenarios, as they have a high poten-
tial of recovery in forensic or archaeological contexts, even if
fragmented.

In addition, middle ribs and lumbar vertebral bodies con-
stitute ideal bone samples for toxicological analyses, as they
are heavily perfused with blood.

Bone samples of about 5 g were cut with a hand saw. In the
cranium, when an autopsy had been performed, the sample
was taken from the parietal or occipital bone using one of the
cutting marks realized during the autopsy to limit bone dam-
age. Alternatively, in the absence of autopsy cut marks, the
sampling was performed from the foramen magnum in order
to avoid extensive destruction of the cranium.

The quantification of drugs deposits was performed to un-
derstand whether the deposits were present in detectable quan-
tities or only in traces and was not subjected to further inter-
pretation. Indeed, the quantifications reported refer to the de-
posits and can in no way reflect the original drug intake by the
individual. After the sampling, bone samples were pulverized
using a ball mill until complete reduction to powder, before
being submitted to accelerated solvent extraction (ASE) and
HPLC-MS (high-performance liquid chromatography-mass
spectrometry) analysis.

Chemicals and reagents

All reference standards involved in this study were purchased
from Merck Life Science (diazepam 1.0 mg/mL in MeOH,;
methadone 1.0 mg/mL in MeOH; lorazepam 1.0 mg/mL in
MeOH; MDA (3,4-methylenedioxymphetamine) 1.0 mg/mL
in ACN; nordiazepam 1.0 mg/mL in MeOH; buprenorphine
1.0 mg/mL in MeOH; benzoylecgonine 1.0 mg/mL in MeOH,;
delorazepam 100 pg/mL in MeOH; and THCCOOH (11-nor-

Table 1 Details of the skeletons
selected including information No. Sex

Post-mortem interval (years)

Ante-mortem data

about sex, post-mortem interval,

and associated ante-mortem data; 1 M 29
M stands for “Male” and F for 2 M 29
“Female” 3 M 29
4 F 29
5 M 28
6 M 27
7 F 23

Overdose with psychoactive drugs

Benzodiazepines overdose

Drug addiction

Suspected drug overdose

Suspected intravenous infusion of exogenous substances
Overdose with psychoactive drugs

Drug addiction
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9-carboxy-A’-tetrahydrocannabinol) 1.0 mg/mL in MeOH.
Solvents used in the extractive processes were purchased by
VWR International (Radnor, PA, USA) (methanol 100%;
chloroform 99.2%; ethyl acetate 99.9%; dichloromethane
100%; isopropanol > 99.9 %, LC-MS grade; n-hexane 98%)
and Merck (hydrochloric acid 37-38%; acetone > 99.8%).
Buffer solution pH 6.88 was purchased from PanReac
AppliChem GmbH (Darmstadt, DE).

ASE: accelerated solvent extraction

The ASE is an alternative automatized procedure for the ex-
traction and purification of xenobiotics from biological matri-
ces. Usually, the ASE is used in the botanical field and animal
subjects, but for the purpose of this research, it was applied to
toxicological analyses [27-29].

The ASE instrument utilized was an ASE 350 Accelerated
Solvent Extractor (Thermo-Fisher Scientific, Waltham, MA,
USA). For the ASE, 100 ng of internal standard SKF 525-A
(Proadifen hydrochloride, in powder form, purchased from
Sigma-Aldrich, Darmstadt, DE) were added to the 0.5 g of
every matrix sampled. Then, the material was poured in 5-
ml stainless-steel cells, provided with glass fiber 20-mm filters
(Restek Corporation, Bellefonte, PA, USA), and filled with
Thermo Scientific ASE™ Prep DE. The cells, tightly sealed,
were placed on an ASE 350 Accelerated Solvent Extraction.
The elution solution used was composed by n-hexane and
acetone with a volume ratio 4:1.

The conditions for the extraction protocol of the Dionex™
ASE™ 350 Accelerated Solvent Extractor included a 60 °C
temperature with a pressure of 1500 psi, a Heat-up Time and
Static Time of 5 min, a flush volume of 60%, a purge time of
100 s, a static cycle of 1, a total extraction time of 12 min per
sample, and a total solvent use of 30 mL per sample.

The eluates were collected in glass vials and dried in a
vacuum rotary evaporator. Then, the samples were restored
with 10 L of methanol. Two microliters of these final solu-
tions were analyzed using the GC-MS TSQ 9000 Triple Quad
and the Q-Exactive Orbitrap—mass spectrometry with a HPLC
system.

HPLC-MS: high performance liquid chromatography-
mass spectrometry analysis

Q-Exactive Orbitrap—mass spectrometry with a HPLC sys-
tem (Thermo Fisher Scientific, San Jose, CA, USA) consti-
tuted by a Surveyor MS quaternary pump with degasser,
Surveyor AS auto-sampler, oven with Rheodyne valve with
a 20-pL loop. For chromatographic separation, we used a
HPLC column with reverse phase Synergi Hydro-RP (150 x
2.0 mm, particle dimension of 4 um) and a C-18 pre-column
(4 x 3.00 mm) (Phenomenex, Torrance, CA, USA). Solvent
A was used for analysis (20 mM ammonium formate in

water; powder > 99.995%) while solvent B (formic acid
0.1% in MeOH) represented the mobile phase utilized for
the gradient. At time 00 s, solvents A and B were dosed at
10% and 90%, respectively. Solvent A was increased to
95% at 13.00 min until 20.00 min and then decreased to
10% at 22.00 min until 28.00 min. The detector used was
a Thermo Q-Exactive Orbitrap (Thermo Scientific, San
Jose, CA, USA) equipped with a Heated Electrospray
Ionization Source (HESI). Capillary and vaporization tem-
peratures were set at 330 °C and 280 °C while electrospray
voltage was fixed at 3.50 kV with a positive mode.
Complete scanning acquisition was combined with an inde-
pendent data acquisition (IDA) mode providing MS2 spec-
trum for confirmation response according to an inclusion
list. Resolution power of the full size (FS) was positioned
at 70,000 full width at half maximum (FWMH). A scanning
interval between 50 and 650 m/z was selected. Automatic
gain control (AGC) was set at 1 x 10~® and maximum injec-
tion time was fixed at 200 ms. The DIA segment operated
with positive mode at 35,000 FWHM and the AGC target
was set at 5 x 10”* with a maximum injection time of 100
ms. The quadrupole filtered precursor ions with an isolation
range of 2 m/z. Fragmentation of the precursors was opti-
mized with a normalized collision energy in 3 steps (NCE)
(10-40-60 eV).

All data obtained were then analyzed with the Xcalibur'™
software, and exact masses were studied using M/z Cloud
Library.

GC-MS: gas chromatography-mass spectrometry
analysis

A 5890 Agilent Technologies Gas Chromatograph with a
Mass Selective Detector 5975 was used for this study. The
instrument was equipped with a Chromopack CP-SIL 8 CB
column (length 15 m, internal diameter 0.25 mm, and coating
of 0.25 um).

The processing method was set with the following charac-
teristics: oven temperature at 100 °C for the first 2 min, in-
creasing of the temperature to 160 °C with an increment of 40
°C/min and increasing from 160 to 290°C with an increment if
8 °C/min with a steady temperature for 1 min.

Injection temperature was at 270 °C and interface temper-
ature was at 250 °C. Splitless: 45 s. Mass selected detector
(MSD) scanning was from 40 to 650 m/z.

Both techniques were used for screening: GC-MS was per-
formed to complement HPLC-MS analyses in order to detect
the substances that are not easily ionizable with a standard
HPLC-MS technique. For instance, HPLC-MS is less sensi-
tive to the detection of barbiturates whereas GC-MS detects
them more easily. However, no substance was found, for
which gas chromatography resulted to be more suitable.
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Method validation

Evaluation of method performance including limit of detec-
tion (LOD), lower limit of quantification (LLOQ), linearity,
accuracy, precision, extraction recovery, and carryover was
performed according to the Scientific Working Group for
Forensic Toxicology [30].

Standard samples for all the analytes involved at three dif-
ferent concentrations and prepared in duplicates were used for
evaluating linearity in calibration curves. The LLOQ was con-
sidered as the lowest concentration that gives a reproducible
instrument response with a coefficient variation (CV%) <
10% and a signal-to-noise (S/N) ratio > 10. The LOD was
evaluated as the lowest concentration that gives a reproducible
instrument response with a ratio S/N > 3.

Calibration curves for the validation of the study were pre-
pared for each substance with 4 calibration points performed
twice per compound: diazepam (0.5-1-2-5 ng/ml; 10-20-
50-100 ng/ml); delorazepam (2-5-10-20 ng/ml);
nordiazepam, MDA, and benzoylecgonine (5-10-20-50
ng/ml); lorazepam and buprenorphine (2.5-5-10-5 ng/ml);
THCCOOH (10-25-50-100 ng/ml); methadone (5-10-25-
50 ng/ml; 100-250-500-1000 ng/ml). However, a variation
lower than 9% was maintained throughout the preparation.
Stability tests of the utilized standards were not performed
because the standard solutions, preserved following the indi-
cations provided by the producer, do not degrade, considering
that the expiration date had not been reached.

Results

Toxicological substances could be found in six of the seven
(86%) individuals of the study sample. The different drugs
and concentrations obtained per bone sample are reported in

Table 2. As a result, different drugs, and their metabolites,
were detected and identified, including analgesic opioids
(methadone and buprenorphine), benzodiazepines (in particu-
lar delorazepam, diazepam, nordiazepam, and lorazepam), a
metabolite cannabinoid (THCCOOH), and metabolites of
stimulants (benzoylecgonine and MDA).

Discussion

Ribs and cranial bones (as used in this study) have superficial
and deep arteries. Superficial arteries are born in the periosteal
network and go into the bone diffusing mostly in the periph-
eral layer of the compact bone. Deep arteries pass through
nutritive foramina toward the spongy bone tissue, where they
terminate between the bone trabeculae and the bone marrow
[31]. In the vertebrae, arteries perfuse the spongy tissue of the
vertebral body and spinal process [32].

After the blood vessels enter in bones, it is believed that the
mechanisms of incorporation into bones of stable isotopes and
trace elements can be applied to drugs. The bone tissue is
composed of organic matrix, inorganic matrix, and water.
The water part is present in three forms: bulk water, hydrated
layer, and deep lattice water. The interaction of bone water
with the blood stream is an essential step in xenobiotic absorp-
tion [12]. Thus, drugs enter the body and pass through the
blood stream into the bones. Indeed, Rubin [12] explained that
drugs are incorporated in the bone matrix as part of primary or
secondary mineralization through the remodeling. Moreover,
as the trabecular structure possesses a higher remodeling rate,
drug ions may be entrapped more easily in this part of the bone
[12]. Furthermore, the bone tissue can store exogenous sub-
stances in a detoxification effort to remove them from the
bloodstream and reduce their effects on the other tissues
[33-35]; the substances are then degraded as they are

Table 2 Concentrations of drugs

and metabolites found in the No. Cranium (ng/ Ribs (ng/ Vertebrae (ng/
subjects under investigation with 2 g) )
HPLC-MS analysis
1 Diazepam 17 Diazepam 6 Diazepam 27
Diazepam 23.5 Diazepam 15.7 / /
Methadone 19 Methadone 160 Methadone 220
Lorazepam 6
4 MDA 15 / / Diazepam 3
Nordiazepam 20
Buprenorphine 6
5 / / / / / /
Diazepam 7 Benzoylecgonine 15 Benzoylecgonine 15
Delorazepam 11 Delorazepam 10
Diazepam 12 Diazepam 9
7 Methadone 5 THCCOOH 37 Methadone 450
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gradually excreted from the bone matrix into the bloodstream
[33, 34]. This means that a fraction of these substances re-
mains trapped inside the bone matrix, largely inorganic due
to the decomposition, and can be detected after the death of
the individual.

All the drugs detected in this study, had already been re-
ported in literature [6, 22, 23]. Moreover, studies on animal
models [36, 37] have compared single and repeated adminis-
tration of drugs (ketamine and norketamine) on rats [37] and
detected acute administration of chemical weapon nerve
agents on pigs [38] and a mix of drugs (amitriptyline,
citalopram, diazepam, and morphine) in a minipig [36], dem-
onstrating the possibility to detect acute or chronic drugs in-
take. However, the results should be interpreted with care as
they were performed on animal (and thus not human) models
and in conditions much different than those of the present
study. Nonetheless, no study has ever reported these findings
in individuals with a 23 to 29 years of PMI.

Indeed, the positive toxicological results obtained in the
present study demonstrate that drugs can be found in dry
bones after 23 years of burial and confirmed the suitability
of the bone tissue as an alternative matrix for toxicological
analyses, even years after death. Specifically, different psy-
choactive drugs and their metabolites were detected and iden-
tified, including: benzoylecgonine, buprenorphine,
delorazepam, diazepam, nordiazepam and lorazepam, MDA,
methadone, and THCCOOH.

Furthermore, the antemortem data can be reassociated to
the drugs detected, although no interpretation regarding acute
or chronic drug assumption can be formulated. For example,
“drug addiction”, mentioned in cases 3 and 7, may be con-
firmed as methadone was detected in both cases and
THCCOOH in case 7. Indeed, methadone is used to treat
opioid addiction and THCCOOH is the metabolite of THC,
another drug of abuse. In case 2, the associated documentation
“benzodiazepine overdose” may be specified: diazepam, a
benzodiazepine, was detected in cranial and costal samples.
Moreover, when no specific drugs were mentioned in the an-
temortem data “overdose with psychoactive drugs” (cases 1
and 6) or “suspected drug overdose” (case 4), toxicological
analysis permitted to name specific drugs (e.g., diazepam,
MDA, and benzoylecgonine).

Case 5 did not provide positive results in any of the sam-
ples. One possible explanation is that during the sampling, the
bone sample selected may not have contained any stored de-
posits of toxicological substances. However, it should be not-
ed that this result does not mean that no toxicological sub-
stances were taken during the life of the individual or at the
time of death.

In some cases, deposits of different drugs were found in
different bone samples of the same individual. These results
were expected considering that the mechanisms of drugs in-
corporation are not clearly understood. It is possible that the

deposits were or were not collected during the sampling pro-
cess, thus explaining why different samples of the same bone
may provide different results.

Quantification of drug deposits was performed with the
aim to determine whether drugs were found in bones in quan-
tifiable concentrations or only in traces, but no further inter-
pretation was performed as the quantification of drugs referred
to the deposits and not to the quantity of drug intake by an
individual during life. As a result, we found high quantities of
drugs after more than 23 years of burial, thus providing far
more significant results than if they had been found only in
traces, which could have rendered them disputable. Thus, and
despite the differences in the quantification of drugs deposits
noted in the samples, no area of the skeleton appeared more
susceptible to the accumulation of drugs compared to the
others. This is why it is recommended in a forensic case to
perform toxicological analyses on different specimens when-
ever possible, to avoid the potential bias caused by the sam-
pling site.

Conclusion

In this study, bone samples of skeletons with very long PMIs
(between 23 and 29 years after death) were analyzed to deter-
mine whether toxicological substances could be found in such
dry bone forensic scenarios, that is, when bone marrow is no
longer suitable for toxicological analysis and the corpse has
been subjected to decomposition process and environmental
contamination. Consequently, positive results were obtained
in 6 of the 7 skeletons of the study sample and permitted the
detection of psychoactive drugs and their metabolites, adding
further information to the biological profile of the deceased
which may orient the search among a missing persons list in
forensic identification scenarios.
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