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Abstract

The analysis of postmortem protein degradation has become of large interest for the estimation of the postmortem interval
(PMI). Although several techniques have been published in recent years, protein degradation-based techniques still largely
did not exceed basic research stages. Reasons include impractical and complex sampling procedures, as well as highly vari-
able protocols in the literature, making it difficult to compare results. Following a three-step procedure, this study aimed to
establish an easily replicable standardized procedure for sampling and processing, and further investigated the reliability and
limitations for routine application. Initially, sampling and processing were optimized using a rat animal model. In a second
step, the possible influences of sample handling and storage on postmortem protein degradation dynamics were assessed on
a specifically developed human extracorporeal degradation model. Finally, the practical application was simulated by the
collection of tissue in three European forensic institutes and an international transfer to our forensic laboratory, where the
samples were processed and analyzed according to the established protocol.
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Introduction

Analysis of postmortem tissue degradation has become
of particular interest in recent years for determining the
postmortem interval (PMI) [1]. In particular, analysis of
protein decomposition has proven its potential to contrib-
ute to the methodic spectrum in postmortem stages where
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other methods fail to obtain reliable data [1]. The range of
approaches investigating protein degradation is wide and dif-
fers in methods [2-5], tissues [6—8], and target proteins [1].
However, until today, these techniques are rarely applied in
routine investigations [9]. Most of what is published as a
“novel method for PMI estimation” does in fact not exceed
very basic research stages due to several reasons: (i) imprac-
tical protocols for routine application, (ii) vast heterogeneity
of reference literature regarding techniques and protocols
and, thus, restricted comparability of results, and (iii) limited
understanding of the methodic boundaries, such as influenc-
ing factors and exclusion criteria.

(i) Animportant task in protein degradation-based PMI
estimation is to stop the degradation process of tissue
at the time of sampling, which is often best achieved
by snap freezing and storing the samples in liquid
nitrogen [1, 5, 9, 10], if structural integrity can be
disregarded. However, because this procedure is
impractical for routine application (immediate pro-
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vision of liquid nitrogen, high acquisition costs, com-

plicated transport, etc.), alternatives are required.
(i1)) Apart from the difficulty to transfer data from animal
models to humans [11], from one organ, tissue, or
body part to another [7, 12, 13], or from one analy-
sis technique to another, practical application can be
challenging due to inherent variations of techniques.
While (basic) research can be carried out under
standardized conditions, these exact conditions rarely
occur in routine work. Additionally, complex and
time-consuming sample preparations are inconvert-
ible in the morgue and in the field [14].
As a metabolic process, proteolysis underlies sev-
eral influencing factors including individual and
environmental properties, as well as circumstances
of death [15]. Additionally, the effects are not limited
to in situ tissue, but likewise affect a sample once it
has been collected [16—18], thus potentially biasing
the interpretation of the analysis.

(iii)

The present study aims to investigate the influences of
sample collection, processing, and storage on the outcome
of protein degradation analysis in skeletal muscle tissue for
PMI estimation, to establish a reliable standard protocol for
routine practice and to investigate its methodological limita-
tions. Following a three-step procedure, a rat animal model
was developed to investigate the impact of various sample
preparation techniques on the outcome quality of protein
degradation analysis by Western blotting in an initial step.
Applying the obtained protocols, a human extracorporeal
protein degradation model was deployed using muscle tissue

Fig. 1 Sample collection for the
animal model. a Rat anesthesia
with a piece of cloth containing
a lethal dose of isoflurane. b—c
Abdomen was opened with a
scalpel, GI tract removed, and
M. psoas major extracted. d
Subdivision of M. psoas major
into five individual samples of
approximately 5X5x5 mm
(approx. 100 mg)
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blocks from five autopsy cases, to test the robustness of the
protocols towards sample transfer and storage. Ultimately,
application was tested in three forensic institutes in Germany
and Switzerland. Obtained samples were transferred to Aus-
tria for analysis to test the chain of custody and establish a
test routine.

Material and methods
Animal model

Three adult male Sprague Dawley rats were used to model
postmortem protein degradation. The animals were carefully
put into a glass jar containing a piece of cloth with 1 ml of
isoflurane. The jar was then covered with a towel to provide
a darker environment and calm the animals down. Once the
rats were in deep anesthesia, they were killed by cervical
dislocation and two specimens were immediately transferred
into a climate chamber at controlled environmental condi-
tions (20 °C, 50% RH) and stored for 24 (day 1) and 72 h
(day 3). The third rat was immediately dissected and the left
M. psoas major removed. This muscle was chosen for its
shape and size so that it could subsequently be easily divided
into five equal sized subsamples along its longitudinal axis
(Fig. 1).

The first subsample was snap frozen in liquid nitrogen
(cryo); a second sample was directly transferred into a vial
containing 1 ml of extraction buffer (RIPA buffer (SIGMA)
and protease inhibitor cocktail (ROCHE)) without further
subdivision (no subdivision). To increase the surface area
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and thus improve buffer infiltration, the remaining samples
were further subdivided into smaller pieces (< 1 mm in one
direction) and transferred to vials containing 0.5 ml extrac-
tion buffer (0.5 ml buffer vol), 1 ml extraction buffer (stand-
ard), and 2 ml extraction buffer (2 ml buffer vol).

For protein extraction, all samples in RIPA buffer were
homogenized using an Ultra Turrax disperser (IKA Werke
GmbH & CO. KG) after 30 min of incubation at room tem-
perature. Samples stored in liquid nitrogen were homog-
enized by cryogenic grinding and subsequently added to
10X vol/wt of extraction buffer. For secondary homogeni-
zation, all samples were treated with ultrasound (2x 100 Ws/
sample) and subsequently centrifuged at 1000 X g for 10 min.
The supernatants were transferred and stored at — 20 °C until
further use. Protein concentrations were measured by using
Pierce BCA-Assay Kit (Thermo Fisher Scientific Inc.).

SDS-PAGE and Western blotting

SDS-PAGE was performed according to Laemmli [19] with
some adaptions. A detailed protocol is available as supple-
mentary document (Supplementary File 1).

Protein band intensities were measured using ImageJ soft-
ware (ImageJ 1.45 s, Java 1.6.0_20). Signals of the native
bands with an intensity < 1% were considered background
and thus no band. Alterations of band patterns, such as the
disappearance of a native band or appearance of additional
bands, were considered degradation events. For the depic-
tion in the included figures, lanes were cropped, pasted, and
adjusted for brightness and contrast.

Human extracorporeal degradation model

To optimize the applicability of the established protocols
for routine use, a human extracorporeal protein degrada-
tion model was developed. Therefore, samples from five
autopsy cases from the Dept. of Forensic Medicine in
Salzburg were collected. The following inclusion (i) and
exclusion (ii) factors were considered: (i) age between 18
and 80 years, BMI between 18.5 and 30 (neither under-
weight, nor obese), PMI <48 h (including cooling time at
the facility); (ii) thigh trauma (e.g., fracture, open wound,

hematoma), known muscle associated disease (e.g., dys-
trophy), possible atrophy due to immobility (e.g., bedrid-
denness, paralysis, cast), circumstances of death possibly
influencing protein degradation (e.g., burning, freezing).
Table 1 summarizes the data of the included cases.

Sample collection and processing

During autopsy, a 5 cm incision was made in the center
of the lateral thigh. Thereby, skin, fat tissue, and muscle
fascia were opened. Muscle samples (M. vastus lateralis)
of approximately 4 X4 X4 cm were collected from medium
depth (3-8 cm, depending on constitution, approximately
half the distance to the femur) and subdivided into four
smaller pieces. It was taken care that four equal portions
in size and shape were produced when dividing the tis-
sue blocks. Fat, larger vessels and connective tissue were
removed, leaving only muscle tissue. One of the subsam-
ples was processed immediately as described below, while
the three remaining subsamples were stored in closed plas-
tic containers at room temperature for 1, 3 and 7 days to
model extracorporeal protein degradation and compare the
progression of possible degradation events. At each time
point, one subsample was further divided into 10 smaller
pieces of about 5 X 5 x5 mm (approx. 100 mg). These sam-
ples were additionally cut to smaller pieces (< 1 mm in one
direction) with a scalpel to obtain larger surface areas and
thus optimize contact with the extraction buffer. The cut
pieces were then transferred into 10 vial tubes containing
1 ml of extraction buffer (RIPA buffer (SIGMA) and pro-
tease inhibitor cocktail (ROCHE)) and incubated at room
temperature for 30 min (Fig. 2).

Five tubes were stored at room temperature (20 °C) and
five tubes were frozen at —20 °C. The samples stored at
room temperature were further processed after a storage
time of 0, 3, 6, 12, and 24 h. Frozen samples were thawed
after one week and processed after another 0, 3, 6, 12, and
24 h storage time at 4 °C. Table 2 provides on overview
of all collected samples per case. Sample processing and
protein analysis was performed as described above (animal
model).

Table 1 Summary of
demographic and death-related

Caseno Sex Age[y] BMI Cause of death

Total PMI [h] Cooling

! time at 5 °C
data of the included cases. [h]
BMI, body mass index; PMI,
postmortem interval. Total PMI f 23 25.8 Internal bleeding (stabbing to neck and chest) 39 9
includes cooling time 2 f 63 26.1 Polytrauma (traffic accident) 30 26
3 m 48 25.7 Intoxication 27 21
4 f 51 23.3 Internal bleeding (multiple gunshot wounds) 15 6
5 f 71 29.2 Internal bleeding (multiple gunshot wounds) 15 6
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External cases (St. Gallen) were included. Case information is summa-
rized in Table 3.
To ultimately test the applicability of the established pro- A detailed description of the sampling procedure is avail-

tocol, additional cases from Institutes of Legal Medicine in ~ able as supplementary document (Supplementary File 1).
Germany (Frankfurt/Main and Hamburg) and Switzerland ~ Frozen samples were packed into Styrofoam boxes equipped

Fig.2 Sample collection and
division. a Incision in the lateral
thigh and extraction of a muscle
tissue block. b Sample subdivi-
sion: The sample block was
divided into four smaller pieces,
one for each day of the extra-
corporeal protein degradation
model (cups in the background).
On each time point, subsamples
(approx. 100 mg) were obtained
for protein analysis (bottom
left), cut into pieces < 1 mm

in one direction (bottom half
left), and transferred into vials
containing extraction buffer

(bottom right)
Table2 Overview of the samples collected per case. The label a/b(x) cessed sample before further analysis. (x) indicates the storage regime
describes the storage conditions of each subsample. a indicates the (rt, room temperature: 20 °C; ¢, cold: 4 °C). 0 h room temperature
duration of storage of the fresh (unprocessed) sample block (extracor- samples were considered controls and used to evaluate the extracor-
poreal PMI) in days. b indicates the storage time (in hours) of the pro- poreal degradation model
b. sample storage
room temperature [20 °C] cold [4 °C]
Oh (control) 3h 6h 12h 24h Oh 3h 6h 12h 24h
a. tissue storage at room temperature [20 °C] 0d 0/0(rt) 0/3(rt) 0/6(rt) 0/12(rt) 0724(rt) 0/0(c) 0/3(c) 0/6(c) 0/12(c) 0/24(c)
1d 1/0(rt) 1/3(rt)  1/6(rt) 1/12(rt) 1/24(rt) 1/0(c) 1/3(c) 1/6(c) 1/12(c) 1/24(c)
3d 3/0(rt) 3/3(rt) 3/6(rt) 3/12(rt) 3/24(rt) 3/0(c) 3/3(c) 3/6(c) 3/12(c) 3/24(c)
7d 7/0(rt) 7/3(rt) 7/6(rt) 7/12(rt) 7/24(rt) 7/0(c) 7/3(c) 7/6(c) 7/12(c) 7/24(c)
Table 3 Summary of Caseno Sex Agely] BMI Cause of death Total PMI [h]  Cooling
demographic and death related time at 5 °C
data of the included cases from [h]
Institutes of Legal Medicine
in Germany and Switzerland. FRAI M 43 278 Suffocation 28 20
BMI, body mass index; PMI, FRA2 M 63 362 Myocardial infarction 100 ~80
postmortem interval. Total
PMI includes cooling time. SGA1 F 23 n.a*  Polytrauma (train assisted suicide) 5 0
*BMI not available (no accurate SGA2 M 26 343 Polytrauma (traffic accident) 19 6
height determined due to severe HAM1 M 51 25.1 Pneumonia 34 22
injuries) HAM2 M 18 20.7  Intracranial hemorrhage 194 186
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with cool packs and insulating layers and transferred to Salz-
burg/Austria for further processing and analysis of protein
degradation.

Results
Animal model

All samples were processed according to the respective pro-
tocols. Both standard procedures (“cryo” and “standard”)
produced almost identical and very decent, clear bands with
negligible background staining. Vinculin depicted a native
band at approximately 117 kDa on day 1, day 2, and day 3
(with a tendency to decrease in intensity over time) and an
additional band above 117 kDa (considered to be the splice-
variant meta-vinculin [20]) on day 0. On day 1 and day 3,
additional bands < 84 kDa were detected (degradation prod-
ucts). Exclusively, the samples collected at day 0 showed a
single a-tubulin band at approximately 55 kDa. All samples
depicted the characteristic double band pattern of tropomyo-
sin at approximately 37 kDa.

The measured overall protein concentration was low in
0.5 ml buffer vol samples and in 2 ml buffer vol samples,
and even lower in no subdivision samples. The concentra-
tions were sufficient for further analysis but bands were less
distinct in all proteins analyzed. In the 0.5 ml buffer vol
samples and in 2 ml buffer vol samples the native vinculin
band of the day 3 sample was below the detection threshold
and could have produced a wrong-negative result. Samples
not subdivided prior to the transfer into the buffer vials (no
subdivision) obtained the poorest band quality. All present
bands were faint and again the native vinculin band of the
day 3 sample as well as a tropomyosin band of a day 1 sam-
ple was absent (Fig. 3).

Human extracorporeal degradation model

During extracorporeal sample storage, no visual changes
such as drying and discoloration could be documented for
any of the samples. Further cutting of the samples to enlarge
the surface area resulted in optimal sample infiltration of
extraction buffer solution and thus decent overall protein
concentrations sufficient to produce distinct protein bands.
In a first step, it was tested whether the established extra-
corporeal degradation model produced reliable postmor-
tem degradation patterns that could be used to investigate
the effect of changing parameters (freeze and thaw as well
as storage condition and duration). Therefore, the control
samples (0 h room temperature storage) of the five included
cases were analyzed. Samples of all five cases depicted a
native band of vinculin at approximately 117 kDa and a
degradation product at 84 kDa. At day 1 post sampling, one

case (case 5) depicted an additional degradation product at
63 kDa, while all other cases did not show a change in their
protein pattern. On day 3, samples of four cases (all but case
3) depicted all three bands. On day 7, samples of all cases
depicted the 63 kDa vinculin degradation product, and in
two samples (cases 2 and 5), the native vinculin band could
no longer be detected. A single a-tubulin band at approxi-
mately 55 kDa was detected in samples of all cases on days
0, 1, and 3 of extracorporeal storage. On day 7, this band was
no longer present in samples of two cases (cases 4 and 5). A
single GAPDH band at approximately 25 kDa was detected
in samples of all cases at all time points (Fig. 4).

Freeze and thaw

Comparing the outcome of protein analyses after an initial
freezing period of 1 week revealed only minor changes of
the protein degradation patterns. The native vinculin band
in samples of cases 1 and 4 was no longer be detected on
day 7. In samples of case 4, the vinculin degradation product
was already found on day 1, whereas case 2 lacked this band
on day 3, and the a-tubulin band in the case 5 sample was
already undetectable on day 3 (Fig. 4).

Storage conditions and duration

Upon room temperature storage, no deviations to the 0 h
storage (control) samples were detected in any of the native
bands after 3 and 6 h of storage (no wrong negatives, on
behalf of vanishing native bands). After 12 h, samples from
2 of 5 cases showed deviations to the control pattern, and
after 24 h deviations were observed in samples of 3 cases in
all of the analyzed proteins. Although only in a single case,
additional vinculin degradation products were detected after
3 h of storage at room temperature (Fig. 5).

Retention of the protein decomposition status was clearly
improved in cold environment. Only samples of individual
cases (1 of 5) showed alternated native protein patterns com-
pared to the O h storage control. This was the case at 12 h
and 24 h of storage. Also in cold storage conditions, samples
of a single case showed and additional vinculin degradation
product after 6 h (Fig. 5).

External cases

As for the transport of samples between institutes, it was
noted that all samples arrived within 24 h in still cooled
packages (<10 °C), but not all of the samples remained
frozen. The logistic effort and timing on this regard was
underestimated.

No differences were observed on behalf of homoge-
nization and processing of the muscle samples from the

@ Springer



1918 International Journal of Legal Medicine (2022) 136:1913-1923
sample processing
cryo standard .5 ml buffer vol 2 ml buffer vol no subdivision
day0 dayl day3 dayO dayl day3 dayO0O dayl day3 day0O dayl day3 dayO dayl day3
117 kDa
£ >
3  80kDa P
£
> 63kDa p-
cryo standard .5 ml buffer vol 2 ml buffer vol no subdivision
dayO0 dayl day3 dayO0 dayl day3 day0O dayl day3 dayO0 dayl day3 dayO0 dayl day3
=
2 55kDa B
2
S
cryo standard .5 ml buffer vol 2 ml buffer vol no subdivision
day0 dayl day3 dayO dayl day3 dayO0 dayl day3 dayO0O dayl day3 day0O dayl day3
£
7}
o
>
e 37 kDa p»
[e]
Q
S

Fig.3 Western blot analysis of rat muscle tissue samples with differ-
ences in sample preparation. Cryo: Samples were snap frozen in lig-
uid nitrogen and homogenized by cryogenic grinding. Standard: Sam-
ples were cut into small pieces, 1 ml of extraction buffer added and

institutes in Germany and Switzerland. Protein concen-
tration measurements revealed sufficient overall protein
levels in all analyzed samples.

All samples of cases from St. Gallen (SGA1-2) and
Hamburg (HAM1-2) and the first sample from Frankfurt
(FRA1) depicted the native vinculin band at 117 kDa,
as well as the 84 kDa degradation product. FRA2 did
not show a native vinculin band, but instead the famil-
iar 84 and 63 kDa degradation products, the latter also
being present in HAM2. The native a-tubulin band was
detected in the three first cases from St. Gallen (SGA1),
Frankfurt (FRA1), and Hamburg (HAM1) and as a slight
band below the intensity threshold of 1% in SGA2. Simi-
larly, GAPDH was detected in the first cases from all

@ Springer

homogenized using a tissue disperser. 0.5 and 2 ml buffer vol: Buffer
volume was halved, respectively doubled. No subdivision: Samples
were not cut into smaller pieces prior to homogenization

three institutes (FRA1, SGA1, and HAM1), as well as in
SGA2 (Fig. 6).

Discussion

This study succeeded to develop a standard protocol for a
protein degradation-based PMI method providing a basis
for standardized sampling, processing, and analysis. In
a three-step process, including the establishment of two
degradation models (animal and human) and the test-
ing of the protocol on postmortem tissue sampled from
three European forensic institutes, important implications
were obtained regarding the outcome of different sample
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degradation model

b degradation model

freeze and thaw

day 0 day 1 day 3 day 7
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Fig.4 a Western blot images of postmortem protein degradation
patterns. Left: Developed protein degradation model at 0, 1, 3, and
7 days of extracorporeal storage at 20 °C. Vanishing native bands
(117 kDa vinculin band and 55 kDa a-tubulin band at 7 days) and
appearing degradation products (63 kDa vinculin band) were con-
sidered degradation events. Right: representative protein degrada-

preparation techniques on Western blot band quality and
reliability. The developed standard protocol, using an
extraction buffer, performed very well in comparison to
physical fixation in liquid nitrogen. Distinct bands with
limited background were obtained, depicting identi-
cal degradation patterns, such as a loss of native bands
(a-tubulin) and appearance of degradation products (vin-
culin). This is in accordance with previous studies in ani-
mals and humans [14, 21, 22]. However, it should be noted
that analysis of the protein desmin was hindered using this
protocol in a previous study [14], as no native bands were
detected. This underlines the importance of comparative
analyses.

Animal and human models

We established reliable models for testing protocol altera-
tions such as buffer volume adaptations and processing of
the sample, freeze and thaw cycles, and storage conditions
and durations. With the established human extracorporeal

cases with deviating pattern

0 1 2 3 4 5

tion patterns after freezing (for a week) and thawing. b Summary of
protein degradation patterns in all 5 analyzed cases. Presence (green)
and absence (red) of protein bands in the protein degradation model.
¢ Number of samples deviating from the pattern of the degradation
model after a freeze and thaw cycle

degradation model, we confirmed the results of previous
studies [16—18], demonstrating that protein degradation is
not limited to in situ conditions, but progresses in a predict-
able and consistent manner once the organ/tissue has been
sampled. Here, human protein degradation was replicated in
five cases, with only minor deviations. However, it should
be avoided to conclude from the established extracorporeal
degradation model to the dynamics of postmortem protein
decomposition in humans in situ. A direct comparison of
intra- and extracorporeal decomposition in future studies
will allow important insights in this matter. Similarly, in the
animal model, conclusions about the timing of the observed
postmortem degradation patterns would be invalid due to
the small sample size.

Buffer volume adaptation and optimal processing
of the samples

Interestingly, adjustments to the buffer volume in which
the 100 mg samples were processed led to worse results,
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room temperature [20°C] cool [4°C]

room temperature cool
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3h 6h

117 kDa

84 kDa P>
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12h

[20°C] [4°c]

24h

3h 6h 12h 24h 3h  6h 12h 24h

VCL 117 day 0
day 1
day 3

day 7 * * * *

VCL 63 day 0

Oh 3h 6h 12h  24h Oh 3h 6h

55 kDa p

a-tubulin

12h

day 1
day 3
day 7 * * * * * * *

24h

®-TUB day 0

day 1

day 3

day 7 * * * * * * * *

GAPDH day o

day 1

Oh 3h 6h 12h  24h Oh 3h 6h

37 kDa p

GAPDH

Fig.5 a Representative Western blots of samples stored for sev-
eral hours in two different environments. Only samples from day 3
during extracorporeal storage are shown (these underwent changes
most often). b Number of cases with alternated protein patterns due

regardless of whether more or less volume was used. How-
ever, what appears counter-intuitive on first sight can be
explained when the processing procedure is considered.
Halved buffer volume led to difficulties during homog-
enization, as the volume was insufficient to contain the
entirety of the sample and proportionally retained a larger
amount of fat, connective tissue and cell debris in the sam-
ple, contaminating the protein solution. In contrast to the
assumption, the samples did not show any irregular bands
and no increased background staining. Instead, band inten-
sities substantially decreased. Contrary, a double buffer
volume simply led to a proportionally smaller overall pro-
tein concentration in the sample and thus fainter bands and
increased vulnerability for errors in all subsequent steps.
In terms of sample infiltration, further subdividing the
samples into smaller pieces improved band quality compared
to uncut samples. The penetration of tissue by the buffer
solution is based on diffusion and requires time. Depending
on storage temperature, osmolality, hydrophobic interac-
tions, etc., infiltration rates vary from one to several hours
per millimeter [23, 24]. An incubation time of 30 min may
therefore have been insufficient to appropriately infiltrate a
5x5x5 mm sample. Because immediate stopping of autoly-
sis and further degradation of the dissected sample are of
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day 3

24h day 7

cases with deviating pattern

0 1 2 3 4 5

to sample storage in two different environments (compared to 0 h).
*Asterisks indicate that no single protein band was detected in this
group, limiting the validity of comparison

high importance in PMI estimation, extension of the incu-
bation time should be avoided. Therefore, a subdivision of
the extracted samples to a size of <1 mm in one direction
is recommended to keep the incubation period as short and
effective as possible.

Freeze and thaw cycles and storage conditions

The investigation of whether freezing (and thawing) of
unprocessed samples can alter the outcome of protein
analysis, resulted in deviations of five bands (6.25% of
all analyzed bands). Although this small ratio is more
likely explained by dispersion rather than by a systemic
effect (particularly since both, “advanced” and “delayed”
degradation patterns were amongst the deviations), it
is recommended to carefully observe this issue in the
future. It is known that freezing and thawing can have a
dramatic effect on histological microstructure [25], but
there are contradictory statements regarding changes at
protein level [26, 27]. No effects were observed in the
proteins investigated in this study and in previous degra-
dation models [22]. Nevertheless, unnecessary freezing
and thawing cycles should be avoided if possible, e.g.,
during the transfer of sample material.
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Fig.6 Western blot analyses

cases

of the samples collected from
cases from forensic institutes in
Frankfurt/Main (FRA1-2), St.
Gallen (SGA1-2), and Hamburg

FRA1 FRA2 SGA1 SGA2

=

HAM1 HAM2

= 1|

FRA1 FRA2 SGA1 SGA2

HAM1 HAM?2

(HAMI-2) . M7kDa p
3 84kDa P
C
S

63 kDa p
=
2  55kDa B
2
o]
5
& 37kDa B
<
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Contrary, it was shown that sample storage and transfer
in a non-frozen state potentially alters the protein degra-
dation process. Although the extraction buffer contains
a cocktail of protease inhibitors to limit post-sampling
degradation, storage in room temperature conditions for
several hours resulted in 31 band alterations (9.69% of all
analyzed bands) in comparison to the (0 h storage) control
samples. In detail these were 1 alteration (1.25%), and 3
(3.75%), 9 (11.25%), and 18 (22.50%) alterations in the
tested storage times of 3, 6, 12, and 24 h respectively.
As expected, storage in cold conditions (4 °C) clearly
reduced this effect. In total, 11 alterations in comparison
to the (0 h storage) control samples were counted (3.44%).
These were 0 (0%), 1 (1.25%), 5 (6.25%), and 5 (6.25%)
alterations in the tested storage times of 3, 6, 12, and 24 h
respectively. For both temperatures, there is a clear trend
that longer non-frozen storage times lead to more devia-
tions. Although short non-frozen storage periods seem to
have a minor effect, keeping the samples frozen at all time
(except during processing and analysis) is clearly recom-
mended. In addition, samples stored at room temperature

FRA1 FRA2 SGA1 SGA2

HAM1 HAM2

for longer than the buffer infiltration period should be
excluded from analysis for PMI estimation. If unavoid-
able, storage in cool conditions (4 °C) for short periods
(e.g., during sample transportation) should be preferred
over room temperature.

Standard protocol testing

The protocol was adapted according to the above findings
and tested for applicability in three forensic institutes in Ger-
many (Hamburg and Frankfurt/Main) and Switzerland (St.
Gallen). The required material and equipment is minimal,
with only (i) vials containing 1 ml of extraction buffer, (ii)
common autopsy instruments (scalpel and forceps), and (iii)
the possibility to store the collected samples at —20 °C. The
used biopsy needles are optional, but improve standardiza-
tion and facilitate sampling.

Although the recommended restrictions were not
exceeded, a future transfer of the samples should be
improved using dry ice as a cooling medium instead of cool
bags to keep the samples frozen for the whole transport
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period. Sample processing and analysis of protein degrada-
tion worked without any problems and, although over-inter-
pretation should be avoided, the obtained protein patterns
reflected the respective PMIs well, both in comparison with
the established animal model, the extracorporeal degrada-
tion model, and literature data [13, 21, 22]. At this point,
the available data is insufficient to compare extracorporeal
protein degradation to actual (in situ) postmortem decompo-
sition. However, this work provides the basis for according
future studies.

The institutional collaboration will be continued in the
future to expand the pool of samples and to mutually develop
areliable reference database for PMI estimation by analysis
of postmortem protein degradation.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00414-022-02849-3.
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