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a b s t r a c t

Identification of human remains can be hindered by several factors (e.g., traumatic mutilation, carboniza-
tion or decomposition). Moreover, in some criminal cases, offenders may purposely adopt various expe-
dients to thwart the victim’s identification, including the dissolution of body tissues by the use of
corrosive reagents, as repeatedly reported in the past for mafia-related murders.

By means of an animal model, namely porcine samples, we evaluated standard DNA typing as a method
for identifying soft (muscle) and hard (bone and teeth) tissues immersed in strong acids (hydrochloric,
nitric and sulfuric acid) or in mixtures of acids (aqua regia). Samples were tested at different time inter-
vals, ranging between 2 and 6 h (soft tissues) and 2–28 days (hard tissues). It was shown that, in every
type of acid, complete degradation of the DNA extracted from soft tissues preceded tissue dissolution
and could be observed within 4 h of immersion. Conversely, high molecular weight DNA amenable to
STR analysis could be isolated from hard tissues as long as cortical bone fragments were still present
(28 days for sulfuric acid, 7 days for nitric acid, 2 days for hydrochloric acid and aqua regia), or the integ-
rity of the dental pulp chamber was preserved (7 days, in sulfuric acid only).

The results indicate that DNA profiling of acid-treated body parts (in particular, cortical bone) is still
feasible at advanced stages of corrosion, even when the morphological methods used in forensic anthro-
pology and odontology can no longer be applied for identification purposes.

� 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Rapid and unequivocal identification of human remains is
essential, regardless of whether these rests are found at a crime
scene, in the wake of a mass disaster or under other circumstances.
In such cases, however, several factors (including severe body
mutilation, carbonization or decomposition) can prevent anecdotal
identification, commonly obtained through visual recognition, or
from the inspection of personal artifacts. Successful demonstration
of individualization must therefore rely on a combination of posi-
tive identification methods, including fingerprint collection and
comparison, DNA profiling, forensic anthropology, and forensic
odontology.

Furthermore, in certain situations, criminals may purposely
attempt to hinder the victim’s identification by means of ‘‘defen-
sive’’ mutilation including amputation of the hands (so as not to

allow fingerprint comparisons) or disfigurement of the face [1],
burning of the body [2], and even dissolution in various household
chemicals [3]. In particular, the use of strong acids has reportedly
been adopted by the Italian Mafia both as a ritual method for kill-
ing the relatives of associates who decided to collaborate with the
judicial system and as an effective way to dispose of the victims’
corpses [4].

Nevertheless, the kinetics by which strong acids attack soft and
hard tissues and, consequently, can interfere with the different
possible identification strategies has been studied very limitedly
so far. Since dental enamel is the strongest component of the
human skeleton, and teeth can therefore withstand severe physical
and chemical injuries still allowing a comparison with antemortem
records, most studies have focused on the effects of corrosive prod-
ucts on human dentition. In particular, Mazza et al. [5] were the
first to note that isolated teeth were completely dissolved after
12–17 h of immersion in hydrochloric acid, nitric acid or aqua regia
(i.e., a mixture of nitric and hydrochloric acid in 1:3 volume ratio),
while the destruction of teeth samples immersed in sulfuric acid
was still incomplete after 90 h. Further studies involving the use
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of either pure solutions or household products containing sulfuric,
hydrochloric and nitric acid [6–10] gave consistent results and
generally indicated that teeth were fully destroyed in nitric and
hydrochloric acid within 24 h, whereas sulfuric acid digestion
required more time (i.e., between 97 h [10] and 240 h [8]).

Hartnett et al. [8] also tested the effects of common household
chemicals, including hydrochloric and sulfuric acid, on human tis-
sues other than teeth (bone, hair, fingernails, and skin/muscle/fat).
They observed that hydrochloric acid completely destroyed all bio-
logical tissue samples in 24 h or less, with the partial exception of
nails and hair (which were reduced to ‘‘stubble-like’’ pieces). With
reference to the samples immersed in sulfuric acid, bone was com-
pletely dissolved in 6–7 days, while hair and soft tissues took less
than 5 h.

All the aforementioned studies, however, have addressed the
effects of the acid treatment of soft and hard tissues with an almost
exclusive reference to anthropological and odontological identifi-
cation methods. Only Sowmya et al. [10] used spectrophotometric
methods to evaluate the characteristics of DNA isolated from
human teeth that had been immersed in hydrochloric acid for
1–5 h. In their study, they described a time-dependent decrease
in DNA amount and purity, but they did not perform any further
experiment to assess the occurrence of DNA degradation in the
tested samples and the feasibility of PCR typing on DNA extracts.

The aims of the present study are therefore (i) to thoroughly
evaluate, by means of an animal model, the integrity of DNA
isolated from soft and hard tissues exposed to strong acids for vari-
able periods of time, and (ii) to test its suitability for identification
purposes, through conventional PCR-based assays designed for the
amplification of Short Tandem Repeat (STR) loci.

2. Materials and methods

2.1. Acid immersion experiments

The following strong acids and mixtures of acids were tested:
nitric acid ACS reagent, 70% (Sigma–Aldrich, St. Louis, MO, USA);
sulfuric acid ACS reagent, 95.0–98.0% (Sigma–Aldrich); hydrochlo-
ric acid ACS reagent, 37%, (Sigma–Aldrich); aqua regia (freshly pre-
pared by mixing concentrated nitric acid and hydrochloric acid in a
volume ratio of 1:3). The effects of the acid treatment of different
tissue types were evaluated by submerging the experimental sam-
ples in glass beakers filled with 700–800 ml of acid. Experimental
samples were obtained from pigs slaughtered for meat production
at a local abattoir and from hunted wild boars subjected to routine
veterinary control. Soft tissue samples (n = 4 for each acid) con-
sisted of pork meat specimens (600–800 g) that included skin,
muscle, fascia, and connective tissue. As for bone tissues, sections
of adult pig femurs were used (n = 4 for each acid), obtained
cross-sectioning each bone at the middle of the diaphysis. In sub-
mersion experiments an acid-resistant plastic cap was placed on
top of the diaphysis, so as to prevent direct contact between the
open medullary cavity and the acid solutions (Supplementary
Fig. 1). To simulate the position of the teeth within the mouth,
mandibles/maxillae were resected from adult wild boar carcasses
with a Stryker autopsy saw, and placed in each type of acid bath
(n = 4 for each acid). Saw cuts were made high on the rami (mand-
ible) and at the piriform aperture (maxilla) to avoid possible dam-
age to third molars and apices of maxillary teeth.

2.2. DNA extraction

After immersion, soft tissue specimens were harvested at regu-
lar intervals of 2 h until they were completely dissolved. At each
interval, two 25 mg tissue samples were collected from each

specimen, one at its surface and one from a deeper area not in
direct contact with the acid solution. After rinsing in water, DNA
was extracted from the collected samples with the QIAamp DNA
Mini kit (Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions.

Bone and teeth samples were harvested at 2-, 7-, and 28-day
intervals. Bone fragments were rinsed in water and air-dried; sub-
sequently, 0.5–2 g of cortical bone tissue was scraped off from the
diaphysis with a rasp and manually grinded in liquid nitrogen. The
bone powder was demineralized by incubation in 8 ml of EDTA
0.5 M pH 8.0 (Sigma–Aldrich) under shaking at room temperature
for 24–48 h; it was subsequently placed in an agitated water bath
at 37 �C for 48 h and digested in 7.5 ml of lysis buffer consisting of
EDTA 0.5 M pH 8.0 (Sigma–Aldrich), TRIS–HCl 0.05 M pH 8.0
(Sigma–Aldrich), sodium dodecyl sulfate 0.5% (Sigma–Aldrich)
and 1 mg proteinase K (Macherey-Nagel, Düren, Germany).
Lastly, the lysate was extracted with the QIAamp DNA Blood
Maxi kit (Qiagen) and concentrated to 50 ll with the QIAamp
DNA Micro kit (Qiagen) according to the manufacturer’s
instructions.

Upper/lower molar teeth, selected on the basis of normal mor-
phology and absence of carious lesions, were extracted from
mandibles/maxillae and processed as described by Pinchi et al.
[11]: in brief, endodontical access of the pulp chamber provided
pulp residues from which DNA was isolated using the QIAamp
DNA Micro kit (Qiagen), according to the manufacturer’s instruc-
tions, in a final elution volume of 50 ll.

DNA reference samples of the same animals from which soft
and hard tissue specimens were derived were obtained from
25 mg of untreated muscle tissue extracted with the QIAamp
DNA Mini kit (Qiagen).

2.3. DNA quantitation

Quantitation of porcine DNA in the acid-treated specimens was
performed by means of a TaqMan quantitative polymerase chain
reaction (qPCR) assay targeting the beta-actin gene. The sequence
for sus scrofa beta-actin gene was retrieved from GenBank (www.
ncbi.nlm.nih.gov/genbank). Candidate primer and probe sequences
were generated with the Primer Express software (Thermo Fisher
Scientific, Waltham, MA, USA) and then selected on the basis of
species specificity verified using the Basic Local Alignment Search
Tool software (http://blast.ncbi.nlm.nih.gov). Sequence character-
istics and concentration of the primers and of the FAM-labeled,
Iowa Black-quenched probe (Bio-Rad Laboratories, Hercules, CA,
USA) used in the assay are shown in Table 1. qPCR amplification
was performed on the CFX96 Real-Time PCR system (Bio-Rad
Laboratories) in a final volume of 10 ll including 1�
SsoAdvanced Universal Probes Supermix (Bio-Rad Laboratories)
and 1 ll of template DNA. The PCR protocol consisted of a 3-min
pre-PCR heat step at 95 �C, followed by 40 cycles of denaturation
at 95 �C for 15 s, and annealing/extension at 60 �C for 30 s.
Experimental samples were quantified by comparison with an
eight-point standard curve generated from serial dilutions (1:3)
of high-quality porcine DNA (100 ng/ll) isolated from fresh muscle
tissue and quantified using the Qubit 2.0 fluorometer (Thermo
Fisher Scientific). The standard curve was run in duplicate with
every qPCR plate to ensure accurate quantification data.

2.4. DNA typing

Multiplex PCR amplification of eleven STRs and of an
Amelogenin-like sex marker (SBH23) was executed using the
Animal Type Pig PCR amplification kit (Biotype AG, Dresden,
Germany) [12] and 0.5 ng of template DNA, following the manufac-
turer’s recommendations. Typing was performed by capillary
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