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A passive portable microfluidic blood–plasma
separator for simultaneous determination of direct
and indirect ABO/Rh blood typing

Shadi Karimi, Pouya Mehrdel, Josep Farré-Lladós and Jasmina Casals-Terré *

The blood typing test is mandatory in any transfusion, organ transplant, and pregnancy situation. There is a

lack of point-of-care (POC) blood typing that could perform both direct and indirect methods using a sin-

gle droplet of whole blood. This study presents a new methodology combining a passive microfluidic

blood–plasma separator (BPS) and a blood typing detector for the very first time, leading to a stand-alone

microchip which is capable of determining the blood group from both direct and indirect methods simul-

taneously. The proposed design separates blood cells from plasma by applying hydrodynamic forces im-

posed on them, which overcomes the clogging issue and consequently maximizes the volume of the

extracted plasma. An axial migration effect across the main channel is responsible for collecting the plasma

in plasma collector channels. The BPS novel design approached 12% yield of plasma with 100% purity in

approximately 10 minutes. The portable BPS was designed and fabricated to perform ABO/Rh blood tests

based on the detection of agglutination in both antigens of RBCs (direct) and antibodies of plasma (indi-

rect). The differences between agglutinated and non-agglutinated samples were distinguishable by the na-

ked eye and also validated by particle analysis of microscopic pictures. The results of this passive BPS in

ABO/Rh blood grouping verified the quality and quantity of the extracted plasma in practical applications.

Introduction
Blood is one of the most important fluid in clinical diagnosis
since it allows the study of the internal performance of the hu-
man body. Blood is a mixture of various particles such as red
blood cells (RBCs), white blood cells (WBCs) and platelets
suspended in plasma. Plasma, which is around 55% of the
blood volume, contains various circulating biomarkers such as
antibodies.1 Different blood types exist due to the presence or
absence of certain antigens on the surface of RBCs and anti-
bodies in the plasma. According to Landsteiner's law,2 if an
antigen is present in a patient's RBCs, the corresponding anti-
body will not be present in the plasma under normal condi-
tions. Non-compatible blood types would lead to an agglutina-
tion which is a visible clumping of RBCs with a particular
antibody that indicates the presence of the specific correspond-
ing antigen on the RBCs being tested. The absence of aggluti-
nation (a smooth stream of dilute RBCs) indicates that there is
no specific corresponding antigen on the RBCs' surfaces. There
is a standard category for blood grouping by differences in pro-
teins available on the RBCs' surfaces: type A (only A antigens),
type B (only B antigens), type AB (both A and B antigens), type

O (neither A nor B antigens). Additionally, the presence or ab-
sence of the rhesus (Rh) factor (D) on the RBCs' surface divides
each blood type into Rh+ and Rh−, respectively. A person with
Rh− blood does not have Rh antigens naturally on their RBCs.
This is the reason that a person who is Rh+ can receive blood
from a person who is Rh− without any problems.3 Transfusion
of non-compatible blood can result in severe health problems
or sudden death. Currently, there are more than thirty genetic-
based blood typing methods.4 However, the ABO system2 and
the Rh system5 which were developed by Karl Landsteiner are
the most important ones that are required for blood transfu-
sions. Agglutinated blood cells can be detected using different
assays with reliable sensitivity such as the traditional slide test,
the tube test, the microplate method, gel column agglutination,
and affinity column technology. These assays require special
laboratory instruments operated by trained laboratory person-
nel, which increases the relative costs.6 There are various mod-
ern technologies in ABO/Rh blood group typing as well, such as
molecular blood typing, synthetic receptors, natural receptors,
paper-based,7–10 emerging strategies, and blood test kits.6 In
emergency diagnosis, lateral flow assays based on a functional-
ized cellulose membrane are more common but less accurate.
However, classical methods of blood typing are still considered
the most reliable and, therefore, adopted in clinical laborato-
ries.3 Recently the Micronics ABORhCard provided a rapid,
credit card sized test for the simultaneous determination of an
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straight channel. A longer perimeter leads to having more
space for releasing plasma. Three different corrugated de-
signs for the main channel have been investigated and com-
pared by simulation to be selected for fabrication. The bot-
tom part includes an array of pillars with a diamond shape
(Fig. 1b) which has been shown38 to have the minimum flu-
idic resistance compared to other shapes such as circular,
elongated, pine and rectangular. These pillars not only filter
RBCs but also pave the way for collecting the separated
plasma in the top part by using plasma collector channels.
To approach this goal, the maximum pillar thickness is cho-
sen to be 1.8 μm which is less than the minimum RBC diam-
eter (2 μm) to prohibit escaping of the cells from the main
channel and achieve 100% purity in the extracted plasma. A
droplet of blood is infused into the inlet and the main chan-
nel is initially filled; afterward, plasma is extracted through
the arrays of pillars and collected at the plasma collector
channels via capillary forces. During this process, stagnation
zones are generated at the dead-end branches and some
RBCs are trapped there. The hydrodynamic effect of the
dead-end branch length is investigated43 by numerical analy-

ses of different corrugated channels. The length of the side
channels is chosen to be 400 μm due to the results that
highlighted the advantages of using long dead-end branches
which hydrodynamically capture RBCs in the dead-end
zones.38 Several constrictions are added in the main channel
to generate local flow acceleration and delay the RBCs' clog-
ging of the filtration area. In addition, a larger zone is placed
at the end of each corrugated channel, initially creating a
bubble of air in the PDMS part. Fig. 1c shows microscopic
pictures of the microchannel right after a droplet of
undiluted blood is introduced into the inlet. As soon as the
blood is dropped into the channel, the separation process
starts by capillary force. As shown in the figure, bubbles are
created in the large area of the corrugated channel. These
bubbles vanish since PDMS is gas permeable and conse-
quently pulls the RBCs to the side channels. Hydrodynamic
separation through the generation of stagnation zones keeps
the RBCs at the end of the branches. In fact, these bubbles
work as a vacuum system to pull RBCs from the main chan-
nel to the sides. Hence, the clogging process at the main
channel is postponed, leading to the extraction of a higher

Fig. 1 Schematic picture of the microchip and its dimensions. (a) PDMS block that contains a main channel and two plasma collector channels
(top). (b) Etched glass with diamond pillars (bottom). (c) Microscopic picture of the formation of air bubbles at the end of the side channels. (d)
Initial process of trapping the particles during bubble disappearance. (e) Schematic picture of expected results of the ABO/Rh blood typing tests.
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Fig. 9 shows a picture of a microchip that is used to ana-
lyze blood typing. Representative agglutination patterns from
the microscopic pictures that are captured from the outlets
are also depicted in this figure. The photographs are taken at
the same time as the microscopic measurements. Three dif-
ferent pictures are taken from these three outlets under the
microscope. This figure shows the blood type A (Rh+) since
there are positive reactions with Anti-A and Anti-D but no re-
action with Anti-B.

After this short procedure, the plasma is extracted and
ready to be mixed with two known blood samples from
groups A and B. One droplet of 1 μl from each RBC-A and
RBC-B sample is added to the outlets of the plasma collector
channels to see the possible reaction with the antibodies in
the extracted plasma after being mixed. Two pictures are cap-
tured from these outlets as well and compared with the pic-
tures from the direct method to verify the blood type. The ag-
glutination of the aforementioned cells will allow the
determination of the blood type from the natural antibodies
of the patient's plasma. Fig. 9a shows the agglutination with
Anti-A, Fig. 9b shows no reaction with Anti-B and Fig. 9c
shows the agglutination with Anti-D which verifies a person
with blood type A (Rh+). In Fig. 9e the positive reaction of
RBC-B and antibodies that caused an agglutination is visible
and Fig. 9d indicates that there is no reaction between RBC-A
and a particular antibody available in plasma, which deter-
mines the blood type as A and validates the result from the
direct method.

The ABO/Rh blood typing test is conducted using A+, A−,
B+, B−, AB+, AB−, O+, and O− blood types. The number of un-
attached particles at each outlet was calculated using ImageJ.
All the blood types shown in Fig. 10 contain three bars for
the direct methods and two bars for the indirect method.
The differences are significant. The direct method compares
the mixture of blood cells and anti-A, -B, and -D by their par-

ticle numbers, while in the indirect method the particle num-
bers are representative of the comparison of the mixture of
plasma and RBC-A and RBC-B. The number of unattached
particles from the direct method is higher since 3 μl of whole
blood sample is mixed with antibody, while for the indirect
method just a droplet of 1 μl of RBCs is used. In these graphs
for the indirect method, if the number of counted cells is less
than 100, it is considered as a positive reaction, and for the
direct method the positive reaction is for less than 300 cells.
For instance, the blood type A (Rh+) has a reaction with Anti-
A and Anti-D since their cell count decreased significantly to
82 and 112, respectively, while there is no reaction with Anti-
B as the number of the single cells is 1006 from the direct
method. The results from the indirect method of blood type
A (Rh+) shows no reaction between Anti-A in its plasma and
RBC-A as the number of single cells is 328 which is higher
than 100 cells, but there is a reaction with RBC-B since the
number of single cells decreased to 91. These results verify
the results from the direct method. Fig. 10 shows the results
of all types of blood which were tested 3 times for each
group.

Tolerance for hematocrit validation

Hematocrit (HCT), is a blood test that measures the volume
percentage of red blood cells in the blood. The measurement

Fig. 9 The real device. The microscopic pictures of reaction of the
blood sample with different antibodies: (a) Anti-A, (b) Anti-B, and (c)
Anti-D and the visible clumping of RBCs with a particular antibody, (d)
RBC-A and (e) RBC-B, which mixed with unknown extracted plasma.

Fig. 10 Comparison of the number of RBCs in a mixture of blood
group A (Rh+), A (Rh−), B (Rh+), B (Rh−), AB (Rh+), AB (Rh−), O (Rh+),
and O (Rh−) with antibody A, B and D in black, and also in a mixture of
plasma and RBC-A and -B in grey, to show the positive or negative re-
actions from both direct and indirect methods.
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3. Results

The optimised competitive ELISA had a working range of 10–
0.1 mg/mL, a detection limit for IgG of 0.1 mg/mL (P < 0.01) and
50% inhibition (IC50) of 1.0 mg/mL (Fig. 1). Reproducible standard
curves were obtained for human IgG with intra- and inter-assay
variability less than 10% coefficient of variation across the working
range.

The addition of human IgG to the direct competitive ELISA
caused inhibition of antibody binding (Fig. 1).

We have demonstrated that the optimised ELISA is able to
detect IgG in blood. Addition of diluted blood titrated in ELISA
buffer caused inhibition of binding in the competitive ELISA
(Fig. 2). The assay had a working range of 1/100 to 1/100,000
dilution of blood, a detection limit of 1/100,000 (P < 0.01) and an
IC50 value of 1/8000 (Fig. 2).

3.1. Specificity

The specificity of the assay was determined by testing how the
assay performed with human, sheep, goat, rabbit, pig, and cow IgG
acting as competitor for the anti-human IgG antibody (Fig. 3). Only
human IgG caused any inhibition of antibody binding to the plate
antigen. There was no inhibition of signal by IgG from sheep,
rabbit, goat or cow, indicating that the antibody exhibited no cross-
reaction with IgGs from these species (Fig. 3)

To confirm the specificity of the assay with whole blood rather
than IgG, the assay was also tested using other animal species’
blood, as well as human blood (Fig. 4). Only human blood caused
any inhibition of antibody binding to the plate antigen. There was
no inhibition of signal by whole blood from horse or sheep,

Fig. 2. Standard curve of human blood dilution in the optimised direct competitive
ELISA for human IgG. Data points are mean ! standard error, n = 3.

Fig. 4. Specificity of anti-human IgG direct competitive ELISA with human, sheep
and horse blood. Data points are mean ! standard error, n = 4.

Fig. 3. Specificity of anti-human IgG direct competitive ELISA with human, pig,
sheep, cow, goat and rabbit IgG. Data points are mean ! standard error, n = 3.
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Wynik diagnostyki serologicznej 

Nazwisko i imię 
Pacjenta: Ishikawa Takao Płeć: Mężczyzna Pesel: 79091418638 

Adres: Zajęcza 11 M. 
27  

00-351 Warszawa Data urodzenia: 1979-09-14 

Numer 
zlecenia: 2007277458709 

Lekarz 
zlecający:  

Jednostka 
zlecająca: 

Pracodawca lub pracownik 
pracodawcy 

Data pobrania: 2020-07-21 
Data 
otrzymania 
materiału: 

2020-07-21 
11:46 

Data wydania 
wyniku: 2020-07-22 

Wskazanie do wykonania badania: ocena obecności przeciwciał IgG i IgM skierowanych przeciwko wirusowi 
SARS-CoV-2. 

Metoda badania: Test immunoenzymatyczny (ELISA); półilościowa ocena obecności przeciwciał IgG i IgM 
anty-SARS-CoV-2. 

Wynik badania przeciwciał IgG: NEGATYWNY 

Wynik badania przeciwciał IgM: NEGATYWNY 

Badanie wykazało brak przeciwciał IgM i IgG skierowanych przeciwko SARS-CoV-2. Wynik badania sugeruje 
brak przebytego zakażenia wirusem SARS-CoV-2. Wynik badania nie wyklucza jednak, że osoba jest w trakcie 
zakażenia, ale nie wytworzyła jeszcze przeciwciał. 

Informacje na temat metody badania: Detekcja przeciwciał IgG i IgM skierowanych przeciwko SARS-CoV-2 
prowadzona zestawami: Anti-SARS-CoV-2 Elecysys Cobas e200, Access SARS-CoV-2 IgG, Platelia 
SARS-CoV-2 total Ab, EUROIMMUN Anty-SARS-CoV-2 ELISA IgG. 

Każde badanie wykonywane jest z wykorzystaniem kontroli negatywnej, kontroli pozytywnej i kalibratora. 
 

Czułość i swoistość badania: Panel wykazuje swoistość dla wykrycia przeciwciał IgG i/lub IgM przeciw 
SARS-CoV-2 99,81 % (99,65-99,91% 95% CI), a w kolejnym etapie badania swoistość dla wykrycia IgG 99,3%. 
Wykazano krzyżową reaktywność zestawu w kierunku obecności IgG u pacjentów przechodzących ostre 
bakteryjne zapalenie płuc. Czułość badania dla wykrycia IgG i/lub IgM przeciw SARS-CoV-2 jest zależna od 
czasu, który upłynął od aktywnego zakażenia, i po upływie 14 dni od pozytywnego wyniku RT-PCR wynosi 100% 
(88,1-100% 95% CI). 

Wynik autoryzowała dr n. med. Monika Kolanowska,  
diagnosta laboratoryjny. 

 

Badanie w Laboratorium Warsaw Genomics wykonały:  
dr n. med. Monika Kolanowska oraz pod nadzorem diagnosty laboratoryjnego dr Julia Staręga-Rosłan, 
mgr inż. Ewelina Użarowska-Gąska, mgr Izabela Górzyńska. 
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tel. +48 22 349 60 12, fax +48 22 349 60 99

e-mail: cs.warszawa@alab.com.pl, www.alablaboratoria.pl

Sprawozdanie z badań laboratoryjnych
Ishikawa Takao

PESEL: 79091418638
Data urodzenia: 14-09-1979

Adres: tel.606-783-661
Ident. pacjenta: 135673

Płeć: mężczyzna
Ident. dokumentu zlecenia: 21032173

Nr/data w księdze prac. diagn.: 3131 / 21-03-2021

Zleceniodawca: SKLEP INTERNETOWY, L. STĘPIŃSKA
Miejsce odesłania wyniku: Zleceniodawca

Lekarz zlecający: Brak Możliwości Identyfikacji Lekarza
Data i godz. rejestracji zlecenia: 22-03-2021 08:21

Data wykonania badania: 22-03-2021

Immunochemia
Nazwa badania Wynik badania Zakres referencyjny Dokumenty odniesienia

Materiał: Krew żylna, surowica, data i godz. pobrania: 22-03-2021 08:14 (Solec), data i godz. przyjęcia: 22-03-2021 09:09
P/c przeciw wirusowi SARS CoV-2 w klasie IgG 
met. ilościową

Instrukcja Abbott 12-2020

P/c przeciw wirusowi SARS CoV-2 w klasie IgG 173,90 AU/ml
P/c przeciw wirusowi SARS CoV-2 w klasie IgG dodatnie ujemne: <50,00

dodatnie: >=50,00
Uwaga! Zmiana systemu analitycznego od dnia 08.02.2021

Czułość testu (PPV): 92,92% po 15 dniach od wystąpienia objawów
Swoistość testu (NPV): 99,97%
metoda chemiluminescencji pośredniej, analizator ALINITY I, firma Abbott

Miejsce pobrania: ALAB laboratoria - Punkt Pobrań, ul. Solec 81B Centrum Handlowe ARKADA

A - badanie akredytowane przez Polskie Centrum Akredytacji; PB - procedura badawcza
Wykonali
a - Chojara Aleksandra

Zatwierdzili
1 - Chojara Aleksandra

Niniejszy wydruk jest informacją o sprawozdaniu z badania laboratoryjnego.Sprawozdanie zostało sporządzone w postaci elektronicznej i 
podpisane kwalifikowanym podpisem elektronicznym 

autoryzował: diagnosta laboratoryjny Chojara Aleksandra nr PWZDL 17958

Bez pisemnej zgody Laboratorium sprawozdanie z badań nie może być powielane inaczej jak tylko w całości. Wyniki badań odnoszą się wyłącznie do 
próbki, której rodzaj, data i godzina pobrania, data i godzina przyjęcia do badań są identyfikowane w niniejszym sprawozdaniu.
Środowisko Centrum - © MARCEL S.A. Data i godzina wydania: 22-03-2021 12:02, strona 1/1
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ATGAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGCGATGTTAATGGGCAAAAATTCTCTGTCAGTGGAGAGGGTGAAGGTGATGCAAC
ATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGGAAGCTACCTGTTCCATGGCCAACACTTGTCACTACTTTCTCTTATGGTGTTCAATGCTTTTCAAGATACCCAG
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GCGATGGCCCTGTCCTTTTACCAGACAACCATTACCTGTCCACACAATCTGCCCTTTCCAAAGATCCCAACGAAAAGAGAGATCACATGATCCTTCTTGAGTTTGTAACAGCT
GCTGGGATTACACATGGCATGGATGAACTATACAAATAA
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GCGATGGCCCTGTCCTTTTACCAGACAACCATTACCTGTCCACACAATCTGCCCTTTCCAAAGATCCCAACGAAAAGAGAGATCACATGATCCTTCTTGAGTTTGTAACAGCT
GCTGGGATTACACATGGCATGGATGAACTATACAAATAA
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Zapis w białku
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HNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYK

ATGAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGCGATGTTAATGGGCAAAAATTCTCTGTCAGTGGAGAGGGTGAAGGTGATGCAAC
ATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGGAAGCTACCTGTTCCATGGCCAACACTTGTCACTACTTTCTCTTATGGTGTTCAATGCTTTTCAAGATACCCAG
ATCATATGAAACAGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAAAGAACTATATTTTACAAAGATGACGGGAACTACAAGACACGTGCTGAAGTCAAG
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GCTGGGATTACACATGGCATGGATGAACTATACAAATAA
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Zapis w białku



Różnorodność białek

  1 MSAPKKIVVL PGDHVGQEIT AEAIKVLKAI SDVRSNVKFD FENHLIGGAA IDATGVPLPD 
 61 EALEASKKAD AVLLGAVGGP KWGTGSVRPE QGLLKIRKEL QLYANLRPCN FASDSLLDLS 
121 PIKPQFAKGT DFVVVRELVG GIYFGKRKED DGDGVAWDSE QYTVPEVQRI TRMAAFMALQ 
181 HEPPLPIWSL DKANVLASSR LWRKTVEETI KNEFPTLKVQ HQLIDSAAMI LVKNPTHLNG 
241 IIITSNMFGD IISDEASVIP GSLGLLPSAS LASLPDKNTA FGLYEPCHGS APDLPKNKVN 
301 PIATILSAAM MLKLSLNLPE EGKAIEDAVK KVLDAGIRTG DLGGSNSTTE VGDAVAEEVK 
361 KILA*

20 rodzajów aminokwasów

364 pozycje (dość małe białko)

Liczba potencjalnych białek o takiej wielkości to: 
20364 = ∞ 



Aminokwasy

C
R

H
COOHH2N

α



Endogenne Egzogenne

Ala (alanina) His (histydyna)

Arg (arginina) Ile (izoleucyna)

Asp (kwas asparaginowy) Leu (leucyna)

Asn (asparagina) Lys (lizyna)

Cys (cysteina) Met (metionina)

Glu (kwas glutaminowy) Phe (fenyloalanina)

Gln (glutamina) Thr (treonina)

Gly (glicyna) Trp (tryptofan)

Pro (prolina) Val (walina)

Ser (seryna)

Tyr (tyrozyna)



Wiązanie peptydowe

Wiązanie amidowe
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Paradoks Levinthala

• Przy założeniu, że zbadanie każdej konformacji zajmuje 1 ns


• 2363 ns = 1,8 × 10108 ns = 1,8 × 1099 s


• 1 rok = 60 × 60 × 24 × 365 s = 31536000 s


• To “zaledwie” 3,2 × 107 s



Krajobraz fałdowania

Stabilne

Niestabilne







Modyfikacje posttranslacyjne



Modyfikacje posttranslacyjne



Enzymy to białka



Enzymy to białka



Enzymy:

• są katalizatorami, które zmieniają szybkość 
reakcji, same nie ulegając zmianie


• są wysoce specyficzne


• ich aktywność może być regulowana m.in. 
przez modyfikacje posttranslacyjne



Kompleks enzym-substrat



Kofaktory

• mogą być niezbędne do poprawnego działania enzymów


• jony nieorganiczne: 
Fe2+, Fe3+, Cu2+, Zn2+, Mn2+, Co3+, Mo2+ itd.


• niebiałkowe cząsteczki organiczne: 
tzw. koenzymy (np. witaminy, ATP, NAD+)



Co to za płyn ustrojowy?

Development of a microfluidic device (mPADs) for
forensic serological analysis

Rosa L. Cromartie,a Ashley Wardlow,a George Duncanb and Bruce R. McCord *a

In this paper, we describe a paper microfluidic device capable of performing a variety of presumptive tests

for the presence of biological fluids at crime scenes. The device is multiplexed and permits the simultaneous

detection of blood, saliva, semen, and urine. This portable device utilizes a set of hydrophilic channels

created with wax on chromatographic paper. On the terminal end of each channel, there are embedded

colorimetric reagents that can be read by eye or detected using a cell phone camera. This portable

device permits fast, simple and simultaneous screening of 4 different body fluids. It should prove useful

in forensic analysis for individuals interested in sample collection for subsequent downstream laboratory

analysis.

Introduction
In forensic science, determining the presence of biological
samples involves the application of a set of chemical and
enzymatic colorimetric tests.1 This process, known as forensic
serology, typically involves a two-step sequence.2 The rst step
utilizes a presumptive screening test which indicates the
potential presence of the biological uid. The second step
utilizes a conrmatory test which is human specic and permits
identication of the body uid at a higher certainty.3

Presumptive testing is usually portable and capable of being
used outside of the laboratory. Crime scene testing for body
uids can be critical for forensic investigations as such tests are
used to assist investigators in the collection of evidence that
may later be utilized in DNA typing. Proper collection of bio-
logical samples can be a critical inuence in the outcome of
a case.4

Unfortunately, traditional methods for identifying unknown
biouids and stains at crime scenes can be complex, destruc-
tive, and time consuming. When multiple tests are applied to
the same evidence, this process can waste valuable sample.
Thus, there is a need to develop methods which minimize time
and limit sample wastage during evidence collection. In recent
years, there have been a number of new procedures developed
for forensic serology involving immunoassay and spectroscopic
methods.5–8 There also have been more advanced methods
involving proteomic and epigenetic techniques.9,10 While these
new developments have advanced the eld and in many cases

have improved specicity, there is still a need for highly
portable methods which can be quickly applied to suspect
evidence at a scene without the need for expensive instrumen-
tation or complex chemical devices.

One potential solution to the problem of developing eld-
able detection methods involves the application of microuidic
devices.11–14 These novel analytical tools known as “lab on
a chip” have allowed researchers to analyse molecules and
materials on chip-like devices using micro-scaled samples.15

Using these devices, ultralow volumes of biouids can be ana-
lysed in clinical applications, saving both time and precious
samples.16

Microuidic paper-based analytical devices (mPADs) were
rst developed at Harvard University by the Whitesides
Group.14,17–19 These devices are being developed for a wide
variety of applications in food,20 environmental,20 forensic, and
biomedical research.16,21 For example, microuidic systems
have been developed to detect various pathogens, additives and
contaminants within food and water,20 nitrate for urinary tract
infections, sugar and protein levels in blood, and biomarkers in
cardiovascular disease, lung cancer, and transmitted infec-
tions.21–25 mPADs are capable of both semi-quantitative and
qualitative analysis.26,27

In this paper we propose the application of multiplexed
paper microuidic devices for presumptive testing in forensic
serology. Because of its convenience, colorimetric detection has
been used in both presumptive and conrmatory serological
testing.6,27 Modern applications include devices utilizing lateral
ow immunoassays that can provide specic detection of tar-
geted analytes.26,28,29 However, these devices are more
commonly used as conrmatory tests.5 Instead, in this project,
we are interested in the potential application of paper micro-
uidic devices as a more portable and more convenient method
for presumptive detection of biological uids at the crime
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scene. These systems utilize melted wax to dene channels on
chromatographic paper. The cellulose composition of paper is
compatible with proteins and biomolecules and allows aqueous
biological uids to travel to the test wells via capillary action.

The hydrophilic channels created by the thermal wax direct
liquid samples along a main channel to colorimetric sensor
arrays. Incorporating colorimetric detection with microuidic
paper-based analytical devices (mPADs) can help to detect the
presence of biological materials through a series of chemical
reactions. Multiplex sample analysis occurs via the tree/branch
structure of the device in which a single channel branches off
into a series of detector pads. Previous work conducted within
this laboratory has demonstrated the potential of paper
microuidic devices for the detection of explosives, seized drugs
and toxicological samples.30–33

In this project we have developed a colorimetric sensing
system that can be used in eldable presumptive testing of body
uids. Modications were made to the currently available
colorimetric serological tests for blood, saliva, semen, and urine
in order to permit multiplexed analysis on a single paper
device.5,34–38 The composition of the reagents on the paper
matrix were adjusted and modied to permit stabilization and
quick visualization.

Experimental
Chemicals

All chemicals used for this project were analytical grade.
Sodium perborate tetrahydrate, granular, 97% was purchased
from Alfa Aesar™ (Tewksbury, MA, United States). Fast blue B
salt, Urease from Canavalia ensiformis (Jack Bean), a-naphthyl
acid phosphate monosodium salt, and Nessler's Reagent were
all purchased from Sigma-Aldrich (St. Louis, MO, United
States). Phenolphthalein, glacial acetic acid, and iodine solu-
tion were purchased from Fisher Scientic (Pittsburgh, PA,
United States). Laboratory corn starch was obtained from Fisher
Scientic (Pittsburgh, PA, United States). For each testing
reagent, standard solutions were prepared bi-weekly for sample
testing and placed on the chips.

Biological uids

Biological specimens, including urine, blood, saliva, and
semen, were collected by volunteers with procedures approved
by the Health Science Institutional Review Board of Florida
International University, IRB-16-0279 and follows relevant
federal regulations for the protection of human subjects in
research (45 CFR 46). Written informed consent was obtained
from all subjects. When conducting testing, dried and wet
samples were tested. Two microliters of neat sample were
diluted with distilled water to make a 4 mL solution. Nine
different concentrations of analytes were prepared including
dilutions of 1 : 2, 1 : 5, 1 : 10; 1 : 20, 1 : 50, 1 : 100; 1 : 200,
1 : 500, and 1 : 1000. Once diluted, the samples are transported
via capillary action up individual hydrophilic channels of the
mPAD to a reagent location. When a blood, semen, saliva or

urine sample contacts its designated reagent, a colorimetric
reaction occurs, producing a readable response.

mPADs

A four-lane mPAD was designed as a testing device to detect,
identify, and differentiate the following body uids: blood,
saliva, semen, and urine. The device was prepared using
a commercial wax printer (Xerox Color Cube, 8570DN, Xerox,
US), which was used to print the four-lane pattern on chro-
matographic paper (Whatman no. 1, GE Healthcare, UK). Aer
printing, the paper was run through a temperature controlled
laminator three times using aluminium foil as a heat insulation
packing pouch to melt the wax into the paper. The laminator
temperature was set at 160 !C at a motor speed of 2 cm s"1

(Tamerica/Tashin Industrial Corporate, TCC-6000) to ensure
that the wax printed would completely melt through each side
of the paper, allowing for hydrophobic barriers to be created.

Each lane was designed to detect a specic type of biological
sample that was present within a collected unknown uid.
When one or more of the analytes was present, a color response
could be observed in each relevant lane. Fig. 1 is an illustration
of the microuidic device, in which each channel is labelled
with its respective body uid type to indicate the location in
which specic test reagents were placed.

A single sample is placed at the base of the device and
capillary action transports the sample up into each individual
branch of the device. A different colorimetric reagent is placed
at the terminal end of each branch. The advantage of this layout
is that both single analytes and mixtures can be assessed using
one device.

Colorimetric tests

The initial procedures used for each colorimetric test were
developed by examining traditional solution based forensic
serological test methods. These included the Kastle–Meyer test
for blood, the starch–iodine test for saliva, Nesslers reagent for
urine, and the acid phosphatase (AP) test for semen.34–38 These
procedures were then modied to achieve compatibility with
the paper substrate and the linear capillary ow. Reagent

Fig. 1 Multi-analyte paper microfluidic testing device developed for
detecting body fluids. The device consists of 4 channels with 5 loca-
tions for reagents. Area labelled A is the location where sodium
perborate tetrahydrate is placed within a thin layer of water-based
liquid glue. Area B is the location where phenolphthalein is placed.
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placement was critical for achieving proper mixing and
sequential reactivity with the individual analytes.

Samples were prepared through dilution using a v/v ratio of:
1 : 2, 1 : 5, 1 : 10; 1 : 20, 1 : 50, 1 : 100; 1 : 200, 1 : 500, 1 : 1000,
while dried samples are cut out to 3 ! 10"3 cm3 and diluted
with 20 mL, 50 mL, 100 mL, 250 mL, 400 mL, 500 mL, 700 mL, 850 mL,
1000 mL of distilled water.

Initial tests were performed on single lane devices. In Table
1, the mPAD design and colorimetric reaction test results can

been seen for independent testing of each sample lane. Each
body uid specic reagents were spotted into the terminal ends
of the hydrophobic channels. This includes Row A: 0.5 mL of
Urease-Nessler's reagent (urine), Row B: the Kastle–Meyer test
(blood) spotted in two separate locations with 0.5 mL phenol-
phthalein spotted in location B of the blood lane, and 3 mg
sodium perborate tetrahydrate spotted in location A of the
blood; Row C: shows the test for saliva involving a mixture of 0.5
mL starch solution and iodine for saliva; and Row D: 0.5 mL acid
phosphatase mixture for semen. Each row demonstrates the
design of the chip, the color of the prepared device and the color
change that results from a positive test.

Next, the sensitivity and detection limit of each presumptive
test was determined by performing serial dilutions of each
analyte. Additional tests were performed for determination of
the effects of sample age and matrix interference.

Test development

In humans, urea is a generally used as a marker for urine due to
its high concentration in this biouid.6 A useful test for urea
takes advantage of the enzymatic activity of urease, followed by
the detection of ammonium with Nessler's reagent.3,37,38 The
overall hydrolysis of urea is shown in eqn (1):

NH2ðCOÞNH2
urea

þ 2H2O !!!urease
NH3
ammonia

þ NH4
þ

ammonium ion
þ HCO3

"

bicarbonate
(1)

In this experiment, crystalline urease from jack beans was
used.34,38–42 The hydrolysis involves an enzymatic reaction in
which the metalloenzyme binds and degrades the urea into
ammonium and carbamate.39–44 The carbamate then decom-
poses into ammonia and bicarbonate (Fig. 2).40,43–45

To detect the presence of the ammonia that is formed from
the hydrolysis of urea, a colorimetric method using Nessler's
reagent is performed. The Nessler reagent contains mercury(II)
iodide, sodium hydroxide and potassium iodide in water.
Nesslerization occurs when the ammonia subsequently reacts
with mercuric iodide to yield a mercuric ammonia complex.
This reaction gives off a characteristic of a yellow-brownish
color product.45–48 When the presence of ammonia is low the
color product is yellow, whereas when the presence of
ammonia is high the colored product is brown. The Nessleri-
zation of ammonia can be seen in Fig. 3. To prepare this
reagent, powdered urease, 0.034 g, was added to 45 mL of
puried water followed by the addition of 1 mL of Nessler's
reagent. 0.5 mL of this solution was placed in the distal end of
the urine channel.

Fig. 2 The detection of urea in urine is performed using urease to
decompose urea into ammonia and bicarbonate ions.

Table 1 Each lane of the mPAD has been separated using a hydro-
phobic barrier lane for initial sensitivity testinga

a (A) Urine (B) blood (C) saliva (D) semen.

Fig. 3 Ammonia that is produced following the hydrolysis of urea is
mixed with Nessler's reagent to produce a colorimetric reaction and
a mercuric ammonia product. This process is called Nesslerization.
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placement was critical for achieving proper mixing and
sequential reactivity with the individual analytes.

Samples were prepared through dilution using a v/v ratio of:
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with 20 mL, 50 mL, 100 mL, 250 mL, 400 mL, 500 mL, 700 mL, 850 mL,
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mL starch solution and iodine for saliva; and Row D: 0.5 mL acid
phosphatase mixture for semen. Each row demonstrates the
design of the chip, the color of the prepared device and the color
change that results from a positive test.

Next, the sensitivity and detection limit of each presumptive
test was determined by performing serial dilutions of each
analyte. Additional tests were performed for determination of
the effects of sample age and matrix interference.

Test development

In humans, urea is a generally used as a marker for urine due to
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used.34,38–42 The hydrolysis involves an enzymatic reaction in
which the metalloenzyme binds and degrades the urea into
ammonium and carbamate.39–44 The carbamate then decom-
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To detect the presence of the ammonia that is formed from
the hydrolysis of urea, a colorimetric method using Nessler's
reagent is performed. The Nessler reagent contains mercury(II)
iodide, sodium hydroxide and potassium iodide in water.
Nesslerization occurs when the ammonia subsequently reacts
with mercuric iodide to yield a mercuric ammonia complex.
This reaction gives off a characteristic of a yellow-brownish
color product.45–48 When the presence of ammonia is low the
color product is yellow, whereas when the presence of
ammonia is high the colored product is brown. The Nessleri-
zation of ammonia can be seen in Fig. 3. To prepare this
reagent, powdered urease, 0.034 g, was added to 45 mL of
puried water followed by the addition of 1 mL of Nessler's
reagent. 0.5 mL of this solution was placed in the distal end of
the urine channel.

Fig. 2 The detection of urea in urine is performed using urease to
decompose urea into ammonia and bicarbonate ions.

Table 1 Each lane of the mPAD has been separated using a hydro-
phobic barrier lane for initial sensitivity testinga

a (A) Urine (B) blood (C) saliva (D) semen.

Fig. 3 Ammonia that is produced following the hydrolysis of urea is
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a mercuric ammonia product. This process is called Nesslerization.
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Wykrywanie moczu
Wykorzystanie ureazy do rozkładu mocznika

placement was critical for achieving proper mixing and
sequential reactivity with the individual analytes.

Samples were prepared through dilution using a v/v ratio of:
1 : 2, 1 : 5, 1 : 10; 1 : 20, 1 : 50, 1 : 100; 1 : 200, 1 : 500, 1 : 1000,
while dried samples are cut out to 3 ! 10"3 cm3 and diluted
with 20 mL, 50 mL, 100 mL, 250 mL, 400 mL, 500 mL, 700 mL, 850 mL,
1000 mL of distilled water.

Initial tests were performed on single lane devices. In Table
1, the mPAD design and colorimetric reaction test results can

been seen for independent testing of each sample lane. Each
body uid specic reagents were spotted into the terminal ends
of the hydrophobic channels. This includes Row A: 0.5 mL of
Urease-Nessler's reagent (urine), Row B: the Kastle–Meyer test
(blood) spotted in two separate locations with 0.5 mL phenol-
phthalein spotted in location B of the blood lane, and 3 mg
sodium perborate tetrahydrate spotted in location A of the
blood; Row C: shows the test for saliva involving a mixture of 0.5
mL starch solution and iodine for saliva; and Row D: 0.5 mL acid
phosphatase mixture for semen. Each row demonstrates the
design of the chip, the color of the prepared device and the color
change that results from a positive test.

Next, the sensitivity and detection limit of each presumptive
test was determined by performing serial dilutions of each
analyte. Additional tests were performed for determination of
the effects of sample age and matrix interference.

Test development

In humans, urea is a generally used as a marker for urine due to
its high concentration in this biouid.6 A useful test for urea
takes advantage of the enzymatic activity of urease, followed by
the detection of ammonium with Nessler's reagent.3,37,38 The
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used.34,38–42 The hydrolysis involves an enzymatic reaction in
which the metalloenzyme binds and degrades the urea into
ammonium and carbamate.39–44 The carbamate then decom-
poses into ammonia and bicarbonate (Fig. 2).40,43–45

To detect the presence of the ammonia that is formed from
the hydrolysis of urea, a colorimetric method using Nessler's
reagent is performed. The Nessler reagent contains mercury(II)
iodide, sodium hydroxide and potassium iodide in water.
Nesslerization occurs when the ammonia subsequently reacts
with mercuric iodide to yield a mercuric ammonia complex.
This reaction gives off a characteristic of a yellow-brownish
color product.45–48 When the presence of ammonia is low the
color product is yellow, whereas when the presence of
ammonia is high the colored product is brown. The Nessleri-
zation of ammonia can be seen in Fig. 3. To prepare this
reagent, powdered urease, 0.034 g, was added to 45 mL of
puried water followed by the addition of 1 mL of Nessler's
reagent. 0.5 mL of this solution was placed in the distal end of
the urine channel.

Fig. 2 The detection of urea in urine is performed using urease to
decompose urea into ammonia and bicarbonate ions.

Table 1 Each lane of the mPAD has been separated using a hydro-
phobic barrier lane for initial sensitivity testinga

a (A) Urine (B) blood (C) saliva (D) semen.

Fig. 3 Ammonia that is produced following the hydrolysis of urea is
mixed with Nessler's reagent to produce a colorimetric reaction and
a mercuric ammonia product. This process is called Nesslerization.
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sequential reactivity with the individual analytes.

Samples were prepared through dilution using a v/v ratio of:
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design of the chip, the color of the prepared device and the color
change that results from a positive test.
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analyte. Additional tests were performed for determination of
the effects of sample age and matrix interference.
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reagent is performed. The Nessler reagent contains mercury(II)
iodide, sodium hydroxide and potassium iodide in water.
Nesslerization occurs when the ammonia subsequently reacts
with mercuric iodide to yield a mercuric ammonia complex.
This reaction gives off a characteristic of a yellow-brownish
color product.45–48 When the presence of ammonia is low the
color product is yellow, whereas when the presence of
ammonia is high the colored product is brown. The Nessleri-
zation of ammonia can be seen in Fig. 3. To prepare this
reagent, powdered urease, 0.034 g, was added to 45 mL of
puried water followed by the addition of 1 mL of Nessler's
reagent. 0.5 mL of this solution was placed in the distal end of
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a mercuric ammonia product. This process is called Nesslerization.

This journal is © The Royal Society of Chemistry 2019 Anal. Methods
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Wykrywanie krwi
Metoda Kastle’a–Meyer’a

Blood. For blood identication, forensic laboratories typi-
cally utilize oxidation–reduction reactions when performing
presumptive testing, followed by a more specic conrmatory
test.3 Most of the tests used in the detection of blood are based
on the presence of hemoglobin.3,37 A presumptive test that is
widely used during criminal investigations when blood is sus-
pected to be present is the Kastle–Meyer Test.3,34,35,37 In the
Kastle–Meyer test, the presence of hemoglobin in blood
provides a peroxidase-like activity. Which in the presence of
hydrogen peroxide hemoglobin can oxidize phenolphthalin
into phenolphthalein, yielding a pink color.3,6,34,35,37,38,49 For this
reaction to produce stable results on paper we substituted the
hydrogen peroxide with sodium perborate tetrahydrate because
of its enhanced stability and oxidizing ability.49,50 The overall
reaction can be seen in Fig. 4, in which the reduction of the
sodium perborate simultaneously oxidizes the phenolphthalin.
This test yields a fast and efficient result that can alert the user
that blood may be present. To prepare the mPAD, (Fig. 1) 0.2–0.6
mm of water based glue was placed in the A section of the blood
channel. 3 mg of sodium perborate tetrahydrate crystals were
added to water based glue, and 1.0 mL of the phenolphthalein
solution was placed at the distal end of the blood channel
(section B). In its solid form sodium perborate contains strong
oxidizing properties while maintaining stability with the
atmosphere. Mixing the crystalline form of sodium perborate
tetrahydrate with small amounts of water based glue insures
long term stability and avoids the problem of the reagent
aking off the chip.

Saliva. There are several presumptive tests that are used to
determine the presence of saliva in forensics.6 One of these
utilizes the presence of a-amylase in human saliva, which is
used to break down starch. Starch from foods contains poly-
saccharides and when food is eaten, salivary a-amylase in saliva
is used to help to digest these polysaccharides to produce

maltose and glucose for the body.51–55 A common presumptive
test used to detect the presence of saliva is known as the starch–
iodine test.3,6,34,37 The starch–iodine test results are based on the
fact that when starch and iodine react together, a blue/black
color appears. During this reaction, iodine attaches to the
helices of the polysaccharides. In the presence of a-amylase,
saliva hydrolyses the starch by cleaving the a-(1,4)-glycosidic
bonds of polysaccharides, causing the starch bond to break
down and the loss of the blue color formed begins to disap-
pear.3,34,37 According to Gaensslen, this color intensity and
shade formation is dependent on the helical chain length found
in starch.3 To prepare this test, 2 g of laboratory grade starch
was brought to a boil in 5 mL of water until it became a clear
solution. Once cooled, 0.5 mL of the mixture was placed in the
reagent location of the saliva lane, followed by 0.5 mL of 1 N
iodine solution. This created a blue/black color. Addition of
saliva to this mixture produces the color change as the degraded
starch releases iodine. 9 samples of saliva were diluted, 1 : 2 to
a 1 : 1000 (v/v), using to determine the minimal amount of
saliva that can be present and used for detection while using the
paper microuidic devices. Fig. 5 demonstrates the starch–
iodine test reaction that occurs when salivary amylase is
present.

Semen. In sexual assault cases, unknown biological uids
are many times le behind at a crime scene. One of these uids
is semen. Semen contains citric acid, lipids, acid phosphatase
and other enzymes.55–57 In male humans, semen contains high
concentrations of acid phosphatase. A colorimetric test can be
implemented in which the presence of acid phosphatase is
detected based on its enzymatic function.2,3,6,34,37,58,59 Acid
phosphatase reagent at pH 5.0 can catalyze the hydrolysis of a-
naphthyl acid phosphate to produce naphthol.2,6,36,58,59 As seen
in Fig. 6, the naphthol reacts with fast blue B dye, producing
a purple azo dye.

Two solutions – substrate and dye solutions – were prepared
using diagnostic test instructions and protocols provided by
Arrowhead Forensics and the National Forensic Science Tech-
nology Center (NFSTC). The substrate solution included glacial

Fig. 4 Blood can be detected by the Kastle–Meyer test by using the
peroxidase-like activity of hemoglobin.

Fig. 5 Saliva's amylase activity wasmeasured through the hydrolysis of
the starch–iodine.
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Wykrywanie śliny
Wykorzystanie ⍺-amylazy ze śliny
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reagent location of the saliva lane, followed by 0.5 mL of 1 N
iodine solution. This created a blue/black color. Addition of
saliva to this mixture produces the color change as the degraded
starch releases iodine. 9 samples of saliva were diluted, 1 : 2 to
a 1 : 1000 (v/v), using to determine the minimal amount of
saliva that can be present and used for detection while using the
paper microuidic devices. Fig. 5 demonstrates the starch–
iodine test reaction that occurs when salivary amylase is
present.

Semen. In sexual assault cases, unknown biological uids
are many times le behind at a crime scene. One of these uids
is semen. Semen contains citric acid, lipids, acid phosphatase
and other enzymes.55–57 In male humans, semen contains high
concentrations of acid phosphatase. A colorimetric test can be
implemented in which the presence of acid phosphatase is
detected based on its enzymatic function.2,3,6,34,37,58,59 Acid
phosphatase reagent at pH 5.0 can catalyze the hydrolysis of a-
naphthyl acid phosphate to produce naphthol.2,6,36,58,59 As seen
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Wykrywanie spermy
Wykorzystanie kwaśnej fosfatazy ze spermy

acetic acid, sodium acetate, water and fast blue B.37 A dye
solution, including water and alpha-naphthyl phosphate diso-
dium salt were also prepared.37 The solutions were mixed and
0.5 mL of the mixture was placed within the semen reagent
location.

Interference testing

Presumptive tests are designed as screening tools, and are used
mainly determining potential presence of body uids. However,
depending on the reaction mechanism, there are usually
a number of potential interferences in these tests. Some of these
contributors include oxidizing agents, thermal denaturants and
certain environmental contaminants.

For example, when using the Urease-Nessler reagents to test
for the presence of ammonia in urine; alcohols and ammonia
based materials can create interferences.60,61 The Sacramento
County District Attorney Laboratory of Forensic Services sug-
gested that some interferences to the Kastle–Meyer test for
blood were those that contained chemical oxidants, other
substances that contained similar peroxidase activity or mate-
rials containing peroxidase.36,62 Additional interferences for the
were also suggested by other laboratories.34,36,63 For example raw
potato may produce false positive results for the Kastle–Meyer
test.63

When using the starch–iodine test for detecting the presence
of amylase, it should be noted that animal and plant amylase
can produce false positives when using the starch–iodine
enzymatic test.64 In addition, amylase can also be detected in
breast milk, semen and perspiration of humans resulting in
additional false positives.65 However, in general the levels of
amylase in these other body uids are low when compared to
that in saliva.66

The acid phosphatase test has potential interferences which
include male urine, saliva, and feces which, however, contain
the enzyme acid phosphatase at lower levels than semen.34,36,67 It
has also been suggested that plants, fungi, and bacteria may

contain enzymes similar to those of seminal acid phosphatase
that produce a reaction to the AP test.34 For example, teas that
are made from Camellia sinensis which display a colorimetric
reaction when tested using the acid phosphatase-fast blue
test.36

Biological samples were donated by protected volunteers
under the Health Science Institutional Review Board of Florida
International University, IRB-16-0279 Based on a survey of the
literature, the following substances were examined for inter-
ference testing: Hydrastis canadensis (Goldenseal herbal
supplement tea) was purchased from the Vitamin Shoppe
(Miami, Florida); Camellia sinensis (Green Tea), bleach (Clorox),
glass cleaner (Windex), hand soap (Sosoap), dish detergent
(Palmolive), corn starch (Great Value), nail polish remover
(Cutex Strength Shield Nail Polish Remover), and potatoes were
purchased from supermarkets in Miami, Florida.

Results and discussion
The goal of this study was to prepare a multi-analyte mPAD
method for the presumptive detection of body uids. The
design permits 4 simultaneous colorimetric tests to be per-
formed, making the method highly specic, as interferences
can be discriminated by their relative response in each colori-
metric channel. The colorimetric tests used in this study were
selected based on their previous application as solution tests
and modied as necessary for use with paper microuidic
sensors.

Fig. 6 Semen was detected using sodium a-naphthyl phosphate with
acid phosphatase and fast blue B.

Table 2 The mPAD design used for serological analysis. The subse-
quent figures illustrate the device before and after the simultaneous
detection of urine, blood, saliva and semen

Fig. 7 Illustrates the presumptive test results using colorimetric
testing reagents for urine at dilution ratios of: 1 : 2, 1 : 5, 1 : 10; 1 : 20,
1 : 50, 1 : 100; 1 : 200, 1 : 500, 1 : 1000. The Urease-Nessler test was
used in the above figure to detect urine.
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µPADs w akcji
Mieszanina moczu, krwi, śliny i spermy
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A B S T R A C T

Forensic epigenetics, i.e., investigating epigenetics variation to resolve forensically relevant questions un-
answerable with standard forensic DNA profiling has been gaining substantial ground over the last few years.
Differential DNA methylation among tissues and individuals has been proposed as useful resource for three
forensic applications i) determining the tissue type of a human biological trace, ii) estimating the age of an
unknown trace donor, and iii) differentiating between monozygotic twins. Thus far, forensic epigenetic in-
vestigations have used a wide range of methods for CpG marker discovery, prediction modelling and targeted
DNA methylation analysis, all coming with advantages and disadvantages when it comes to forensic trace
analysis. In this review, we summarize the most recent literature on these three main topics of current forensic
epigenetic investigations and discuss limitations and practical considerations in experimental design and data
interpretation, such as technical and biological biases. Moreover, we provide future perspectives with regard to
new research questions, new epigenetic markers and recent technological advances that – as we envision – will
move the field towards forensic epigenomics in the near future.

1. Introduction

Epigenetics refers to the ‘heritable’ alterations in gene expression
and cellular phenotype that are triggered by molecular mechanisms
other than DNA sequence changes, including DNA base modifications
(such as cytosine/5′-CpG-3′ methylation) and post-translational histone
modifications (such as histone H3 methylation or acetylation) [1].
Epigenetic processes play a significant role in gene expression as a re-
sponse to various short- or long-term environmental influences [2,3].
Epigenetics regulation of gene expression works under the ‘rule’ - with
many exceptions - that a methylated gene promoter becomes compact
and non-accessible to transcription factors leading to the inactivation of
the gene [4] (Fig. 1A). Therefore, epigenetics has been extensively
studied, where epigenetic mis-programming and aberrant DNA me-
thylation of key regulatory genes is observed and impacts human dis-
eases such as cancer [5,6]. However, the lifelong molecular responses to
the ‘dynamic’ environment via adjusting DNA methylation levels across
the genome, resulting in individual epigenomic variation [7–9], also
referred to as epigenetic fingerprint, is also relevant in the forensic field
(Fig. 1B–D) [10].

Detecting DNA sequence variation in the form of short tandem re-
peats (STRs) or single nucleotide polymorphisms (SNPs) has been a
powerful resource in forensic genetics for identifying individuals, like
victims and perpetrators of crime, from smaller and smaller human

biological evidence [11]. Although less established thus far, SNPs can
also be used in DNA-based forensic intelligence to predict unknown
persons’ appearance traits and biogeographical ancestry, which can
help finding unknown perpetrators of crime who, in principle, cannot
be identified with standard forensic DNA profiling [12,13]. Together
with exploring genetic variation, the additional investigation of epige-
netic variation - mainly DNA methylation differences between CpG sites
- has gained substantial ground in the forensic field over the last few
years [14–16]. Since its first forensic introduction for sex determination
in 1993 [17], differential DNA methylation patterns have been mainly
studied for three forensically relevant reasons: i) to identify the tissue/
cell-type source of DNA evidence [18], ii) to estimate an individual’s
age [19], and iii) to differentiate between monozygotic twins [20].
Generally, next to the availability of suitable DNA markers, suitable
technology for multiplex analysis of a large number of markers from
low-quality and -quantity DNA recovered from crime scene traces is key
and currently the limiting factor in the progress of forensic genetics,
which also applies to forensic epigenetics. However, advances in tar-
geted next-generation sequencing (NGS) technologies, often referred to
as massively parallel sequencing (MPS), are deemed promising [21,22].

In this review, we summarize the most recent literature on DNA
methylation profiling in the three currently investigated forensic ap-
plications, and present an in-depth overview of the methodology used
for marker discovery, statistical modelling and targeted DNA
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Abstract Protein glycosylation is the most common
epiproteomic modification involved in numerous physiologi-
cal and pathological processes. Previous studies reported
strong associations between human plasma N-glycans and
age, prompting us to evaluate the potential application of this
biological phenomenon in the field of forensics. Blood from
526 blood donors from different parts of Croatia was collected
on bloodstain cards during the period 2004–2007 and stored at
4°C for 6–9 years. Glycosylation profiles of the bloodstains
were analysed using hydrophilic interaction ultra performance
liquid chromatography (HILIC-UPLC) and divided into 38
glycan groups (GP1-GP38). A statistically significant correla-
tion between N-glycan profiles of bloodstains and chronolog-
ical age was found and a statistical model that can be used for
the age prediction was designed (Age=75.59 – 5.15 ×

(GP4)2+ 17.07 × GP6 – 5.30 × (GP10)2 – 16.56 × GP16+
20.07 × GP20 – 7.54 × (GP20)2+16.47 × GP22). This model
explains 47.78 % of the variation in age, with a prediction
error of 9.07 years. Our findings demonstrate that analysing
the N-glycan profile could be a new tool in forensics, offering
an approximate human age estimation from dried bloodstains
found at a crime scene.

Keywords Bloodstain . N-glycosylation . Aging
Age estimation

Introduction

Assessing the age of a living person is a very important task in
forensics. Until now, age estimation depended mostly on mor-
phological methods, but forensic samples, such as blood-
stains, do not contain this information. Researchers have tried
different approaches to estimate human age from a blood sam-
ple, such as using the mitochondrial deletion frequency in
human blood and different types of blood cells [1], but all
tested approaches still show limitations. On the other hand,
telomere-based age analysis requires a relatively large amount
of intact DNA that is not always available in forensic cases
[1]. Additionally, the DNA is often degraded, showing a
shorter terminal restriction fragment (TRF) length, even in
cases when dried bloodstains were stored for five months
and then processed.

Protein glycosylation is the most common post-
translational modification of proteins. This process is not ran-
dom and is controlled by enzymatic addition of sugars to
proteins. Our recent population studies showed significant
variations in glycome composition between individuals [2,
3]. Glycan chains attached to protein backbones are involved
in nearly all molecular interactions on the cell surface and in
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the intracellular space. Changes in levels and composition of
glycans were reported as being associated with numerous
physiological features, such as age, gender, race, reproductive
cycle, developmental stage, environmental influences, body
mass index, plasma lipid status, and dietary and lifestyle habits
[4]. Despite these, the plasma glycan profile of a single indi-
vidual is under rather strong genetic influence [5] and is re-
markably stable over a short period of time [6]. It has been
known for over 20 years that changes in human plasma N-
glycans correlate with age [7] and that this correlation, statis-
tically significant for many glycan structures, is higher in fe-
males than in males [8]. We have also come upon similar
findings for immunoglobulin G glycans, which explain
58 % of the variation in chronological age [9, 10], and from
which a person’s age can be estimated with an error of
9.7 years.

In this study, we investigated the association between N-
glycan profiles acquired from dried bloodstains of 526 indi-
viduals and their age, aiming to evaluate potential forensic
application of this analysis. We used dried blood samples that
were stored on absorbent filter paper for 6 to 9 years. Dried

blood spot sampling is a very simple technique for collecting,
storing and shipping blood samples and is widely used in
applications such as screening for metabolic and sickle cell
disorders, as well as for HIV and malarial infections. This
method involves collection of 15 μL of blood on absorbent
filter paper that can be subsequently shipped and stored be-
tween –20°C and tropical temperatures [10]. Our previous
studies demonstrated a very strong association of IgG glycans
with age and here we expanded this study to N-glycans ob-
tained from bloodstains, a sample that may be relevant for
forensics.

Materials and methods

Samples

Blood samples were collected from 526 blood donors
from different parts of Croatia (Bjelovar, Dubrovnik,
Osijek, Pula, Sisak, Split, Šibenik, Zabok, Zagreb). Of
the 526 participants 402 were men (age 35 (18–63)) and

Fig. 1 HILIC-UPLC chromatogram of the bloodstain N-glycome. The chromatogram was separated into 38 peaks
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sample in the 96-well plate. Also, 25 μL of freshly pre-
pared reducing agent solution [106.96 mg/ml 2-picoline
borane (Sigma-Aldrich, St. Louis, MO, USA) in DMSO]
was added and the plate was sealed using adhesive tape.
Mixing was achieved by shaking for 10 min, followed by
2 h incubation at 65°C. The liquid component of the sam-
ples (approximately 100 μL, without paper) was trans-
ferred into a new 96-well plate and was brought to 80 %
acetonitrile (ACN; v/v) by adding 400 μL of ACN (J.T.
Baker, Phillipsburg, NJ, USA). Free labeling and reducing
agents were removed from the samples using microcrystal-
line cellulose. An amount of 200 μL of 0.1-g/mL suspen-
sion of microcrystalline cellulose (Merck, Darmstadt,
Germany) in water was applied to each well of a
0.45-μm GHP filter plate (Pall Corporation, Ann Arbor,
MI, USA). Solvent was removed using a vacuum manifold
(Millipore Corporation, Billerica, MA, USA). All wells

were prewashed five times using 200 μL of water, follow-
ed by equilibration using three washes of 200 μL of
acetonitrile/water (80:20, v/v). The samples were loaded
in the wells of the GHP filter plate and the wells were
subsequently washed seven times using 200 μL of
acetonitrile/water (80:20, v/v). Glycans were eluted twice
with 100 μL of water and combined eluates were stored at
−20°C until usage.

Hydrophilic interaction chromatography (HILIC)-UPLC

Fluorescently labeled N-glycans were separated by hydro-
philic interaction chromatography on a Waters Acquity
UPLC instrument (Milford, MA, USA) consisting of a qua-
ternary solventmanager, samplemanager and a FLR fluores-
cence detector set with excitation and emission wavelengths
of 330 and 420 nm, respectively. The instrument was under

Fig. 3 Relationship between age and glycan groups included in the final
age prediction model. Plots indicate associations between the individual
contributions of six glycan groups to the total dried bloodstain glycomes

and chronological age of participants. Curves are fitted local regression
models describing gender-specific relationship between age and glycan
group
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the control of Empower 2 software, build 2145 (Waters,
Milford, MA, USA). Labeled N-glycans were separated on
a Waters BEH Glycan chromatography column (150×
2.1 mm i.d., 1.7-μm BEH particles, with 100-mM ammoni-
um formate, pH 4.4, as solvent A and acetonitrile as solvent
B). The separationmethod used a linear gradient of 75–53%
acetonitrile (v/v) at a flow rate of 0.56 ml/min in a 25-min
analytical run. Samples were maintained at +5 °C before
injection, and the separation temperature was +25 °C. The
chromatograms were all separated in the same manner into
38 chromatographic regions that enabled reliable quantifica-
tion. The amount of glycans in each peak was expressed as
percentage of total integrated area.

Statistical analysis

To obtain normally distributed variables for 38 glycan struc-
tures, a log transformation was performed on the glycan var-
iables. The predictive model of chronological age was built
using a multivariate regression approach implemented in the
Bstats^ package for the R programming language. The maxi-
mal model included linear and quadratic terms for each of the
38 glycan peaks, giving 76 parameters in total. Feature selec-
tion was performed using a backward elimination procedure
with Akaike information criterion used as optimization
criteria. Reported goodness of fit (coefficient of determina-
tion), prediction errors and regression coefficients were esti-
mated as median values of 100 iterations of repeated, random
sub-sampling validation, with two thirds (347 samples) of the
sample set as a Btraining set^ and one third (174 samples) as a
"validation set."

Results

After HILIC-UPLC analysis of the N-glycans released from
the 526 bloodstain samples, the chromatograms were divided
into 38 glycan groups (Fig. 1), each containing different gly-
can structures.

In order to search for the connection between glycans and
age, a maximal prediction model, which included linear and
quadratic terms of glycan groups, was created (not shown).

To obtain a more accurate and simple age predictionmodel,
the number of parameters was further reduced using a back-
ward elimination procedure, and, after the features were se-
lected, a final prediction model containing six glycan groups
was derived.

Age ¼ 75:59−5:15" GP4ð Þ2 þ 17:07" GP6−5:30

" GP10ð Þ2−16:56" GP16þ 20:07

" GP20−7:54 GP20ð Þ2 þ 16:47" GP22

The formula includes six glycan peaks (GP4, GP6, GP10,
GP16, GP20 and GP22) and can explain 47.78 % of the age
variation and predict a person’s age with an error of 9.07 years.
It describes age for women slightly better than for men
(55.97 % vs. 44.28 %), comfirming previous findings [4].
Correlation of the age predicted by the model and the real
chronological age is shown in Fig. 2.

An association with age for each glycan group included in
the age prediction model can be seen in Fig. 3, while their
individual influence on the model and the coefficient of their

Table 1 Association of
Dried Blood Spot
Glycans With Age

GP glycan peak,
abbreviation usually
used to denote the group
of glycans that co-elute
in chromatography, since
chromatographic peaks
may sometimes contain
more than one structure;
R coefficient of
correlation

Glycan group R p

GP1 0.18 4.72E-05

GP2 0.22 3.15E-07

GP3 0.10 1.75E-02

GP4 −0.25 3.48E-09

GP5 −0.09 2.98E-02

GP6 0.16 1.63E-04

GP7 −0.02 6.50E-01

GP8 −0.10 1.67E-02

GP9 0.04 3.36E-01

GP10 −0.35 9.27E-17

GP11 0.00 9.71E-01

GP12 0.15 5.24E-04

GP13 0.10 1.87E-02

GP14 0.03 5.40E-01

GP15 0.08 5.93E-02

GP16 −0.21 7.01E-07

GP17 0.06 2.05E-01

GP18 −0.02 5.95E-01

GP19 0.05 2.58E-01

GP20 0.00 9.80E-01

GP21 0.10 1.65E-02

GP22 0.14 1.46E-03

GP23 0.18 3.34E-05

GP24 0.08 5.25E-02

GP25 0.07 1.08E-01

GP26 0.20 3.61E-06

GP27 0.08 7.02E-02

GP28 0.01 8.49E-01

GP29 0.22 3.99E-07

GP30 0.17 5.60E-05

GP31 0.10 1.61E-02

GP32 0.12 6.09E-03

GP33 0.30 1.56E-12

GP34 0.26 2.15E-09

GP35 0.18 4.07E-05

GP36 0.11 9.08E-03

GP37 0.10 1.70E-02

GP38 0.16 3.04E-04
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124 were women (age 29 (18–77)). Bloodstains were col-
lected during volunteer blood donation. Capillary blood
was collected on Whatman Schleicher & Schuell blood-
stain cards from 2004 to 2007 and stored at +4°C. Sample
collection was conducted according to the Declaration of
Helsinki Ethical Principles for Medical Research
Involving Human Subjects and was approved by the
ethics committees of the University Hospital Centre
Zagreb and the Faculty of Pharmacy and Biochemistry
at the University of Zagreb.

Condition testing

Blood was drawn from one individual and put on Whatman
Schleicher & Schuell bloodstain cards and a kitchen cloth.
Bloodstains from bloodstain cards were subsequently exposed
to different conditions (humidity, different temperatures and
UV radiation). Humidity testing was conducted in a water
incubation chamber at +37°C for 6 days. The influence of
different temperatures was determined by exposing the blood-
stains to either +4 °C in the fridge or +37°C and +65°C in the
oven for 6 days, while the influence of UV radiation was
measured by placing bloodstains under a UV lamp (60 W,
254 nm) for 20 min or leaving them in a roomwith a UV lamp
(15 W, 253.7 nm) for 2 h. Bloodstains on the kitchen cloth
were stored at room conditions, and bloodstain cards with

blood were used as reference samples. Each experiment was
done in tetraplicate.

Glycan release and labeling

From each bloodstain card, a circle with a diameter≈6 mm
was cut and transferred onto a microtiter plate. Each fol-
lowing step was done in a 96-well microtiter plate to
achieve the best throughput of sample preparation. After
adding 10 μL of ultra-pure water into each well with a
sample of blood stain cards, samples were first denatured
by addition of 20 μL of 2 % sodium dodecyl sulfate (SDS;
w/v; Invitrogen, Carlsbad, CA, USA) and by incubation at
65 °C for 10 min. Subsequently, 10 μL of 4 % Igepal-
CA630 (Sigma-Aldrich, St. Louis, MO, USA) and
1.25 mU of PNGase F (ProZyme, Hayward, CA, USA) in
10 μL of 5× phosphate-buffered saline (PBS) were added
to the samples. The samples were incubated overnight at
37°C for N-glycan release. The released N-glycans were
labeled with 2-aminobenzamide (2-AB). The labeling mix-
ture was freshly prepared by dissolving 2-AB (Sigma-
Aldrich, St. Louis, MO, USA) in a dimethyl sulfoxide
(DMSO; Sigma-Aldrich, St. Louis, MO, USA) and glacial
acetic acid (Merck, Darmstadt, Germany) mixture (85:15,
v/v) to a final concentration of 48 mg/mL. A volume of
25 μL of labeling mixture was added to each N-glycan

Fig. 2 Correlation of the age
predicted by the model designed
in this study and the real
chronological age. Predicted age
was calculated for 526 individuals
from the N-glycan profiles of
their bloodstains. The model is
slightly better at determining a
woman’s age than a man’s
(55.97 % vs. 44.28 %)
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that also leads to different conclusions.39,43 However, no matter
how powerful the ribosome profiling method is, it might be
useful to complement it with another independent technique.

Mass Spectrometry

Mass spectrometry is a direct method of peptide detection.
Predominantly, information about proteome composition of a
cell is obtained by “shotgun proteomics”, which applies liquid
chromatography (LC), followed by tandem mass spectrometry
(MS/MS) for the identification of either natural peptides or
hydrolyzed fragments of total or fractionated proteins61 (Figure
3A). Identification of peptides from acquired MS/MS spectra is
achieved by matching them against theoretical spectra of all
candidate peptides represented in a reference protein sequence
database, most commonly Ensembl, RefSeq, or UniProtKB62

(Figure 3B,C). A drawback of this strategy is that many
peptides are not presented in a particular reference database
due to polymorphous sites in peptide-coding genes, alternative
splice forms, or lack of annotation.
The generation of a customized database may solve this

problem. There are several strategies to achieve this, and the
most obvious one is six-frame translation of the entire genomes.
Unfortunately, such a data set is difficult to use due to its
extremely large size and the huge presence of nonexisting
protein sequences.63,64 Another way is to create a smaller
database by translation of EST (Expressed Sequence Tag)
data,65 but it is still substantially large. Its reduction may apply
three-frame translation of annotated RNA transcript data,
which already contains experimental confirmation of tran-

Figure 3. Peptide identification in mass-spectrometry shotgun approach. (A) Protein extract is digested with trypsin or other proteases into peptides,
which are separated by liquid chromatography with subsequent tandem mass-spectrometry analysis. (B) Protein sequences in the database are
theoretically cleaved into fragments based on the recognition preferences of the protease used in panel a. Then, theoretical MS/MS spectrum is
generated. (C) Comparison of theoretical and experimental spectra allows peptide identification. LC−MS, liquid chromatography−mass
spectrometry; MS/MS, tandem mass spectrum; R.I., relative intensity.

Figure 4. Overview of RNA molecules encoding short ORFs (sORFs). Red circle indicates a 5′-cap of RNA ORF, open reading frame; UTR,
untranslated region.
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ABSTRACT: A long-term psychiatric 40 years-old male
patient was found dead at 9:00 a.m. in the clinic where he
lived. Death was caused by traumatic injuries, which the
sanitary staff imputed to a fall. Nurses declared that the patient
refused having breakfast, whereas at autopsy the stomach
contained 350 g of whitish semifluid material. Using both
shotgun and gel-based proteomics, we demonstrated that the
chyme contained partly digested milk- and bread-derived
proteins, eaten during a recent breakfast. The conflict between
evidence and assertions of the attending sanitary staff
prompted the Legal Authority to undertake detailed
investigations to ascertain facts and possible responsibilities. The herein characterization provides insights in the in vivo
mechanisms of gastric breakdown of food proteins in a real meal. β-lactoglobulin was partially resistant to gastric digestion as
confirmed by Western blot analysis, in contrast to caseins and wheat gluten proteins, which had been degraded by gastric fluids.
In addition to a complex pattern of gastric proteins (e.g., mucin-5AC, pepsin A-3, pepsinogen C, gastric lipase, gastrokine-2,
trefoil factors), chyme contained intact proteins and variably sized food-derived polypeptides arising from peptic and nonpeptic
proteolytic cleavage as well as heterodimeric disulfide-cross-linked peptides. These findings suggest that the current analytical
workflows offer only a partial picture of the real complexity of the human “digestome”.
KEYWORDS: proteomics, forensic sciences, last meal identification, protein gastric digestion, human digestome, cross-linked peptides

■ INTRODUCTION
In forensic sciences, proteomics has been used for determining
the nature of biological fluids1 or to reveal organ-specific
protein expression patterns.2,3 In general, the advances of mass
spectrometry (MS)-based techniques have overcome many of
the drawbacks related to the analysis of scant amounts of
samples coming from very complex proteomes4 and are
expected to enlarge the array of tools to solve legal caseworks
in the next future.5 However, despite its great potentiality,
proteomics has been confined to a limited number of forensic
applications so far and it has not found a way into a routine use
yet.6

The visual or microscopic inspection of the gastric content of
a deceased subject at autopsy is a valuable source of
information, as it allows grossly estimating the time since
death and time of last meal, based on the appearance of the
digesting food.7 Assessing the molecular nature of the meal
before death can provide additional information concealed in
the last meal of a deceased, which sometimes could be decisive
to frame a crime scene. Food-borne proteins and derived
peptides are elective signatures of the ingested foodstuff.
However, the precise characterization of the proteins in the

ingested meal might be challenging, because chyme contains
both intact and variably hydrolyzed proteins, generally coming
from a variety of raw and processed matrices, in addition to a
number of endogenous gene products.
We applied electrophoresis- and gel-free-based proteomic

strategies to characterize the human gastric chyme collected
post-mortem at autopsy. In this particular case, we aimed at
understanding the nature of the last meal to clarify the
circumstances of death and to highlight eventual incongruences
between the events and the description of facts reported by
defendants. Briefly, a long-time psychiatric male patient aged 40
was living in a private clinic. The man was found dead in prone
position on the floor of his room at 9:00 a.m. Causes of death
were compatible with multiple traumatic injuries, which the
sanitary staff imputed to an accidental fall from bed. Nurses
declared the man refused to have breakfast and was fasting
since the night before. He assumed the prescribed therapy
(delorazepam 2 mg/die, promazine 100 mg/die, valproic acid
500 mg/die and risperidone 3 mg/die) regularly at 8:00 a.m., as
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ABSTRACT: A long-term psychiatric 40 years-old male
patient was found dead at 9:00 a.m. in the clinic where he
lived. Death was caused by traumatic injuries, which the
sanitary staff imputed to a fall. Nurses declared that the patient
refused having breakfast, whereas at autopsy the stomach
contained 350 g of whitish semifluid material. Using both
shotgun and gel-based proteomics, we demonstrated that the
chyme contained partly digested milk- and bread-derived
proteins, eaten during a recent breakfast. The conflict between
evidence and assertions of the attending sanitary staff
prompted the Legal Authority to undertake detailed
investigations to ascertain facts and possible responsibilities. The herein characterization provides insights in the in vivo
mechanisms of gastric breakdown of food proteins in a real meal. β-lactoglobulin was partially resistant to gastric digestion as
confirmed by Western blot analysis, in contrast to caseins and wheat gluten proteins, which had been degraded by gastric fluids.
In addition to a complex pattern of gastric proteins (e.g., mucin-5AC, pepsin A-3, pepsinogen C, gastric lipase, gastrokine-2,
trefoil factors), chyme contained intact proteins and variably sized food-derived polypeptides arising from peptic and nonpeptic
proteolytic cleavage as well as heterodimeric disulfide-cross-linked peptides. These findings suggest that the current analytical
workflows offer only a partial picture of the real complexity of the human “digestome”.
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■ INTRODUCTION
In forensic sciences, proteomics has been used for determining
the nature of biological fluids1 or to reveal organ-specific
protein expression patterns.2,3 In general, the advances of mass
spectrometry (MS)-based techniques have overcome many of
the drawbacks related to the analysis of scant amounts of
samples coming from very complex proteomes4 and are
expected to enlarge the array of tools to solve legal caseworks
in the next future.5 However, despite its great potentiality,
proteomics has been confined to a limited number of forensic
applications so far and it has not found a way into a routine use
yet.6

The visual or microscopic inspection of the gastric content of
a deceased subject at autopsy is a valuable source of
information, as it allows grossly estimating the time since
death and time of last meal, based on the appearance of the
digesting food.7 Assessing the molecular nature of the meal
before death can provide additional information concealed in
the last meal of a deceased, which sometimes could be decisive
to frame a crime scene. Food-borne proteins and derived
peptides are elective signatures of the ingested foodstuff.
However, the precise characterization of the proteins in the

ingested meal might be challenging, because chyme contains
both intact and variably hydrolyzed proteins, generally coming
from a variety of raw and processed matrices, in addition to a
number of endogenous gene products.
We applied electrophoresis- and gel-free-based proteomic

strategies to characterize the human gastric chyme collected
post-mortem at autopsy. In this particular case, we aimed at
understanding the nature of the last meal to clarify the
circumstances of death and to highlight eventual incongruences
between the events and the description of facts reported by
defendants. Briefly, a long-time psychiatric male patient aged 40
was living in a private clinic. The man was found dead in prone
position on the floor of his room at 9:00 a.m. Causes of death
were compatible with multiple traumatic injuries, which the
sanitary staff imputed to an accidental fall from bed. Nurses
declared the man refused to have breakfast and was fasting
since the night before. He assumed the prescribed therapy
(delorazepam 2 mg/die, promazine 100 mg/die, valproic acid
500 mg/die and risperidone 3 mg/die) regularly at 8:00 a.m., as
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reason, peptide-oriented techniques, such as LC−MS/MS or
competitive ELISA, could better fit the detection of caseins or
gluten proteins in the chyme, especially when digestion might
have progressed.
The assessment of other kinds of protein foodstuff should be

evaluated case-by-case. Indeed, the pepsin stability/suscepti-
bility of most food proteins, which has been already established
in vitro, should be confirmed in vivo, eventually in processed
foodstuff and in the presence of other components constituting
a real meal.30 To this purpose, milk contains a multitude of
minor proteins, whose individual behavior in the stomach is
only partly known.31 Therefore, it could be evaluated in order
to individuate novel milk-specific protein probes. Similarly,
some specific wheat-derived protein domains (e. g. α2-gliadin
33-mer peptide and homologues) are known to survive even
very prolonged exposure to gastrointestinal proteases32 and

could serve as peptide markers of wheat products. Lipid transfer
proteins and α-amylase/trypsin inhibitors are other possible
candidate protein targets of wheat, because at least in part they
survive gastric degradation.

■ CONCLUSION
The characterization at the molecular level of the gastric
content at autopsy confirmed that the patient had a meat prior
to death, contrarily to what was declared by the attending
sanitary staff. This meal consisted of milk and (toasted) bread,
compatible with a typical Italian breakfast. Based on these
findings, the Legal Authority undertook further investigations
in order to ascertain facts and to disclose possible
responsibilities.
The current study offers a proof of principle that MS-based

proteomics could be a potent tool enabling the access to a
higher informative level if compared to the simple visual or
microscopic inspection of the gastric content sampled at
autopsy. In this sense, the contribution of proteomics will
allegedly increase supporting crime investigations and forensic
caseworks in the next future. Conversely, proteomics of the
gastric content is unsuited to establish the precise time since
death.
The characterization of the chyme was the occasion to

provide a shapshot of the human digestome arising from in vivo
gastric degradation of food proteins in a real meal. Data about
gastric stability of food proteins substantially mirror those
obtained in vitro and ex vivo simulating the kinetics of human
gastric digestion for isolated food systems. On the other hand,
the outcomes of this work support the concept the real
digestomes could be much more complex than what estimated
with the ordinary peptidomic workflows, since they also include
large-/medium-sized polypeptides and S−S-cross-linked pep-
tide oligomers, which generally escape the simple electro-
phoresis or LC−MS/MS-based analyses. These aspects could
have relevant implications related to the exploitation of
digestive models to assess the food allergenicity risk. Further
insights about the in vivo degradation of foodstuff could be
obtained with dedicate characterizations of the digestive
material sampled from the small intestine, which could be
source of information when the post-mortem interval is
significantly longer than in the current case.
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Table S1. Protein entries identified by LC−MS/MS in
the SEC-purified chyme extract (>6 kDa), according to
the workflow no. 1 (XLSX)
Table S2. Protein entries identified in the chyme extract
by LC−MS/MS according to the workflow no. 2,
searching tryptic peptides (XLSX)
Table S3. Protein entries identified in the chyme extract
by LC−MS/MS according to the workflow no. 2,
searching peptides with nonspecific cleavage (XLSX)
Table S4. List of PSM peptides identified in the chyme
extract by LC−MS/MS according to the workflow no. 2,
searching peptides with nonspecific cleavage (XLSX)

Table 1. LC−MS/MS-Based Identification of the in Gel-
Trypsinized SDS-PAGE Isolated Protein Bandsa

band identification species
uniprot
accession

unique
peptides

coverage
(%)

1 serum albumin human P02768 22 31.4
mucin-5AC human P98088 8 1.5

2 serum albumin human P02768 8 12.8
α-1-antitrypsin human P01009 7 11.2
mucin-5AC human P98088 6 1.4
hornerin human Q86YZ3 5 2.8
semenogelin-2 human Q02383 4 10.3
gastric tryacilglycerol
lipase

human P07098 4 11.7

3 filaggrin-2 human Q5D862 7 5.1
filaggrin human P20930 6 1.2
junction plakogloblin human P14923 5 6.2
desmoplakin human P15925 11 3.4
desmoglein-1 human Q02413 4 4.8
suprabasin human Q6UWP8 6 15.6

4 serum albumin human P02768 19 29.7
mucin-5AC human P98088 4 0.9

5 serum albumin human P02768 17 25.5
fibrillin-1 human P35555 4 1.1

6 β-lactoglobulin bovine P02754 9 34.3
gastrokine-2 human Q86XP6 5 21.2
β-amylase barley P16098 4 6.9

7 fatty acid-binding
protein, epidermal

human Q01469 4 25.9

α-lactalbumin bovine P00711 3 18.1
α-amylase/trypsin
inhibitor CM16

wheat P16159 4 28.0

8 serum albumin human P02768 9 13.1
β-lactoglobulin bovine P02754 6 26.4
hornerin human Q86YZ3 5 2.8
serotransferrin human P02787 4 6.3
transgelin human Q01995 5 21.4
serpin Z1B wheat P93693 3 5.9

aOnly proteins or polypeptide fragments identified with at least three
unique peptides are reported.
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reason, peptide-oriented techniques, such as LC−MS/MS or
competitive ELISA, could better fit the detection of caseins or
gluten proteins in the chyme, especially when digestion might
have progressed.
The assessment of other kinds of protein foodstuff should be

evaluated case-by-case. Indeed, the pepsin stability/suscepti-
bility of most food proteins, which has been already established
in vitro, should be confirmed in vivo, eventually in processed
foodstuff and in the presence of other components constituting
a real meal.30 To this purpose, milk contains a multitude of
minor proteins, whose individual behavior in the stomach is
only partly known.31 Therefore, it could be evaluated in order
to individuate novel milk-specific protein probes. Similarly,
some specific wheat-derived protein domains (e. g. α2-gliadin
33-mer peptide and homologues) are known to survive even
very prolonged exposure to gastrointestinal proteases32 and

could serve as peptide markers of wheat products. Lipid transfer
proteins and α-amylase/trypsin inhibitors are other possible
candidate protein targets of wheat, because at least in part they
survive gastric degradation.

■ CONCLUSION
The characterization at the molecular level of the gastric
content at autopsy confirmed that the patient had a meat prior
to death, contrarily to what was declared by the attending
sanitary staff. This meal consisted of milk and (toasted) bread,
compatible with a typical Italian breakfast. Based on these
findings, the Legal Authority undertook further investigations
in order to ascertain facts and to disclose possible
responsibilities.
The current study offers a proof of principle that MS-based

proteomics could be a potent tool enabling the access to a
higher informative level if compared to the simple visual or
microscopic inspection of the gastric content sampled at
autopsy. In this sense, the contribution of proteomics will
allegedly increase supporting crime investigations and forensic
caseworks in the next future. Conversely, proteomics of the
gastric content is unsuited to establish the precise time since
death.
The characterization of the chyme was the occasion to

provide a shapshot of the human digestome arising from in vivo
gastric degradation of food proteins in a real meal. Data about
gastric stability of food proteins substantially mirror those
obtained in vitro and ex vivo simulating the kinetics of human
gastric digestion for isolated food systems. On the other hand,
the outcomes of this work support the concept the real
digestomes could be much more complex than what estimated
with the ordinary peptidomic workflows, since they also include
large-/medium-sized polypeptides and S−S-cross-linked pep-
tide oligomers, which generally escape the simple electro-
phoresis or LC−MS/MS-based analyses. These aspects could
have relevant implications related to the exploitation of
digestive models to assess the food allergenicity risk. Further
insights about the in vivo degradation of foodstuff could be
obtained with dedicate characterizations of the digestive
material sampled from the small intestine, which could be
source of information when the post-mortem interval is
significantly longer than in the current case.
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aOnly proteins or polypeptide fragments identified with at least three
unique peptides are reported.
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fragmentation spectra, dimension of the peptide fragments
exceeding 4.0−4.5 kDa.
One of the factors limiting the comprehensive and accurate

characterization of a peptide digestome is the probable release
of S−S cross-linked peptides, which are difficult to be identified
using the ordinary pipeline of peptidomic exploration. A few of
these components have been previously identified using
MALDI-TOF MS analysis.15 The release of cross-linked
peptides that might remain undetected has important
implications when proteins have to be classified according to
their digestibility, especially in the perspective of the
allergenicity risk assessment.23,25 To increase the peptide
coverage we reduced and alkylated cysteines prior to LC−
MS/MS analysis. However, the information about expected
disulfide cross-linked peptides can be preserved. To this
purpose, the unreduced protein extract from chyme was
fractionated by SEC and the >6 kDa components were further
subjected to filtration with cutoff 10 kDa membranes. The LC−
MS/MS analysis of the permeate disclosed the presence of a
high number of large polypeptides with complex fragmentation
patterns compatible with S−S cross-linked heterodimers or
even S−S concatenated heteropolymers (e.g., fragments from
α-La). The TIC chromatogram (Figure 2, upper panel) and the
exemplificative extracted spectrum at retention time 95.97−
96.58 min (Figure 2, lower panel) exhibited a very complex
pattern of signals with MW ranging between 2.4 and 6.4 kDa.
The signal at m/z 1230.62 relevant to a peptide with five
positive charges (monoisotopic MH+ = 6145.11) matched the
S−S cross-linked peptide f(41−69)−f(139−162) of β-Lg
variant B (theoretical MH+ = 6145.12). A signal peptide at
1242.63 was detected at a partly overlapping retention time and
most likely was the S−S cross-linked peptide f(41−69)−
f(139−162) of the β-Lg variant A (monoisotopic MH+ =
6203.12, theoretical MH+ = 6203.13), further substantiating the
assignment. Interestingly, these unexpected tryptic-like peptides
were much less intense than many others, probably generated
by pepsin or nonspecific hydrolysis, which remained unas-
signed. The analysis of the same peptide fraction after reduction
of disulfide bonds demonstrated the disappearance of the
supposed cross-linked peptides and the release of the
monomeric fragments of β-Lg (not shown).
Data herein are only preliminary and the precise identi-

fication of the cross-linked peptides in gastric or gastrointestinal
digests would require dedicate investigations. The attempts to
characterize these peptides using a number of common
bioinformatics tools were unsuccessful, probably also due to
the overall size of the peptides and to an insufficient MS/MS
fragmentation pattern. However, a great multitude of signals
occurred all along the TIC chromatogram of Figure 2,
supporting the evidence that the protein digests from real
food matrices could be much more complex than actually
believed and the current ordinary workflows of “digestome”
analysis might be far from comprehensive.26

SDS-PAGE and Immunoblotting

Investigating the in vivo susceptibility to hydrolysis of milk
proteins and gliadins was particularly interesting, in consid-
eration of their role as food allergens (both milk proteins and
gliadins) or celiacogenic proteins (gliadins). The SDS-PAGE of
chyme proteins and parallel Western blot analysis are shown in
Figure 3. Bovine whey proteins and gluten proteins were used
as the positive controls for detecting β-Lg and gliadins,
respectively. The chyme protein bands resulting from SDS-

PAGE separation were identified by LC−MS/MS of the in-gel
tryptic digests (Table 1). The electrophoretic pattern (Figure 3,
left panel) was dominated by hSA, both as the intact protein
and derived lower molecular weight fragments. Intact hSA,
occurring at significant amount in the gastric chyme, migrated
at apparent molecular weight slightly higher than those
expected, due to the previous carbamidomethylation of cysteins
(overall 35 Cys residues). Simultaneous occurrence of intact
hSA and its proteolytic fragments could be distinctive of the
gastric material, suggesting possible forensic applications, for
instance to distinguish vomit from other body fluids. Mucin-
5AC fragments were also relatively abundant, whereas the
corresponding full-length polypeptide probably was the high
molecular weight band that did not enter the SDS gel. Among
the endogenous proteins detected by SDS-PAGE, chyme
contained several gene products already described in the
gastric environment, contributing to the formation of mucus or
deriving from sloughing off of epithelial cells. Surprisingly,
pepsin/pepsinogen was not detected among the main bands of
the SDS-PAGE. Interestingly, β-Lg was detected as an intact
protein in SDS-PAGE, as confirmed by Western blot (Figure 3,
middle panel), thus supporting its partial stability to human
gastric juices which has been amply demonstrated in vitro,13−15

ex vivo27 and, recently, in vivo in piglets.28 Thus, β-Lg is a
candidate protein marker to assess the consumption of milk,
which can be targeted with protein-oriented analytical methods,
such as electrophoresis and Western blotting. Differently, α-La
was for the most digested by pepsin and only faint amounts
were detected by LC−MS/MS of the SDS-PAGE band no. 7.
Similar to hSA, β-Lg migrated at molecular weight slightly
higher than the corresponding standard due to the Cys-
alkylation (overall 5 Cys residues). Intact caseins were missing
in the gastric chyme, confirming that they are readily digested
by pepsin. Gliadins were completely degraded by pepsin into
smaller peptides too, thus confirming the previous findings.29

Gliadins only produced two faint antigliadin immunoreactive
bands at ca. 25 and 21 kDa (Figure 3, right panel). For this

Figure 3. SDS-PAGE electrophoresis (left panel), anti-β-Lg (middle
panel) and antigliadin (right panel) Western blot analyses of the
chyme. For the Western blot analyses, the chyme prepared with the
workflow no. 1 (wf. 1) was used.
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Attempts for identifying disulfide cross-linked peptides were
carried out using the specific search engine tool. In this case,
modification of cysteines was excluded. Protein identification
scores were calculated by Target Decoy Peptide Spectrum
Matches (PSMs) filtering, working at 0.01 peptide-level false
discovery rate (FDR) that were matched to proteins identified
at 1% protein-level FDR.
The comparison and intersection of protein groups for

constructing the Venn diagram were performed with the
Microsoft Excel 2016 software.

■ RESULTS AND DISCUSSION

Protein Identification

Along with typical gastric proteins, chyme is expected to
contain intact food proteins as well as small-/medium-sized
polypeptides produced by pepsinolysis. In order to identify the
food-derived proteins in the chyme, previously Cys-reduced
and alkylated proteins and their large proteolytic fragments
were purified by SEC and digested with trypsin. Peptides were
analyzed by LC−MS/MS (Scheme 1, workflow no. 1).
Excluding the entries assigned by homology, 359 gene products
were confidently identified (FDR 1%), among which 214 with
at least two sequenced unique peptides (Supporting
Information (SI) Table S1). Top-score protein entries were
the expected endogenous proteins, such as mucin-5AC and
human serum albumin (hSA). The expected pepsin A-3,
pepsinogen C (gastricsin), gastric lipase, gastrokine-2 and
trefoil factors (TFF1 and TFF2), these later being structural
components of the gastric mucus contributing to maintain the
integrity of the mucosa against injurious chemical and bacterial
agents,12 were detected as well.
The occurrence of all the main bovine milk-derived proteins,

including the four casein families and whey proteins, along with
a number of wheat protein components clearly confirmed that
the deceased man had a meal compatible with a typical milk
and bread-based Italian breakfast, shortly before the finding of
his dead body. In principle, proteomics is able to provide
detailed molecular information about the composition of last
meal. However, there were no molecular elements to
distinguish simple from toasted bread or rusks, in this instance.
The occurrence of chicken tubulin β-3, identified through 7
matching peptides, was most likely the result of homology with
the human counterpart rather than suggestive of the presence
of biscuits or foodstuff containing hen eggs or chicken meat,
because the main egg or chicken meat proteins were missing.
Interestingly, β-Lg was identified with 12 unique sequenced

peptides, largely dominant over those from caseins, confirming
its partial stability of β-Lg to gastric digestion.13−15 In contrast,
caseins were readily hydrolyzed into small peptides, which for
the most eluted in the <6 kDa SEC fraction.15

It was not possible to infer the exact precise post-mortem
interval through the digestion status, because digestion rate and
gastric emptying depend on meal composition, viscosity,
volume, kind and structure of the foodstuff,7 in addition to a
series of undefined individual factors. Circumstances of death
(e.g., mood, eventual anxiety and/or pain, trauma etc.), sex, age
as well as antacid drugs can also affect the rate of digestion.
Furthermore, although digestion is mainly an active ante-
mortem process, the gastric digestive fluids can continue their
action after decease for an undetermined time.16 Thus, the
estimation of time since death currently should rely on the
study of other biochemical parameters, such as electrolytes in

vitreous humor,17 cholesterol levels in peripheral nerve
tissue18−20 and degeneration processes of the soft tissues.21,22

The alternative workflow of sample preparation (Scheme 1,
workflow no. 2) allowed including the record of proteolytic
fragments in the LC−MS/MS. In this case, the whole peptide/
protein gastric digests were Cys-reduced and alkylated,
subjected to trypsin hydrolysis and analyzed without any
prefractionation.
Excluding possible homologies, the number of proteins

harvested with the workflow no. 2 (129, of which 78 with at
least two sequenced peptides, SI Table S2) was lower if
compared to the workflow no. 1, perhaps due to the lack of a
protein enriching step. For instance, some minor milk proteins
escaped identification (e.g., lactoferrin) or were identified
through a lower number of matching peptides (e.g., lactadherin,
2 vs 14 sequenced peptides). On the other hand, many food-
derived proteins were identified with increased sequence
coverage, because of a higher number of matching peptides,
compared to the workflow no. 1. For example, β-Lg and α-
lactalbumin (α-La) were identified through 23 and 13 unique
peptides, respectively, compared to 12 and 8 peptides of the
SEC-based workflow no. 1. Notably, both high frequency
genetic variants of β-Lg, namely β-Lg A and β-Lg B, were
almost entirely sequenced, accounting for a recorded sequence
coverage of 94.4% referred to the mature proteins. The β-Lg
coverage (86.5%) appears lower in the SI Table S2 since it
takes into account the signal peptides. This finding confirmed
that food proteins, also including whey proteins, were
extensively digested and a relatively abundant amount of
polypeptide fragments eluted in the <6 kDa fraction when
purified by SEC.
Considering the possible presence of peptides generated by

pepsin hydrolysis or by cleavages other than the tryptic ones,
the LC−MS/MS run of peptides obtained from the workflow
no. 2 was repeated with “no enzyme” specificity. In this case,
milk- and wheat-derived components, became largely dominant
over the endogenous gene products (SI Table S3). Overall, 213
proteins were identified, among which 138 with at least two
sequenced peptides. The number of sequenced peptides
strikingly increased, including a plethora of proteolytic
fragments generated by nonspecific hydrolysis. In fact, gliadin
and glutenins produced hundreds of peptide fragments, while
95 and 27 peptides matched the β-Lg and α-La sequences,
respectively. Fragments from both a low molecular weight
glutenin subunit (Uniprot accession R4JB48) and β-Lg covered
the entire sequence of the mature proteins. The coverage of all
the casein families remarkably increased as well, although their
phosphorylated regions (caseinphosphopeptides) escaped
detection, probably owing to their intrinsic low detectability
further hindered by ion suppression effects in very complex
mixtures.
Taking into account the detection of small-sized peptides, the

coverage of proteins described as digestion stable, such as
wheat serpins, α-amylase/trypsin inhibitors and nonspecific
lipid transfer proteins, increased, suggesting that they were at
least partly degraded by gastric digestion. On the other hand,
the partial stability to gastric digestion of these proteins or
derived large domains could underlie their food allergenic
potential.23

Surprisingly, several milk- and wheat-derived peptides had
varying C-terminal amino acids, including unexpected D, G, N,
Q, A, and S residues among the others (SI Table S4). In other
terms, the sequence of many peptides exhibited cleavage
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A B S T R A C T

Proteomics was exploited to assess the nature of possible traces of vomit found on the scene of an alleged sexual
assault. In the case in point, a woman reported to the police to be raped five days before by a cousin of hers in his
car. The woman declared she had vomited in the car before fainting definitely, due to alcohol or possible drugs
covertly slipped in her drinks. The suspect confirmed the sexual intercourse, but he claimed consensual sex while
the woman was fully conscious. To establish consent and hence subsistence of the crime, the Magistrate re-
quested toxicological analyses on items sampled from the car and from woman's boots. Negative results obtained
from toxicological analyses could not exclude the actual assumption of psychoactive substances by the alleged
victim, due to sample aging. On the contrary, proteomic analysis disclosed a pattern of 249 gene products
including signature endogenous and food-derived proteins along with a multitude of peptide digests, clearly
indicative of vomit, thereby supporting the victim's report in the case under examination. Proteomics also
provided detailed information about the nature of meal, which might contribute to frame the crime scene in
similar cases.
Significance: The identification of traces of vomit supported the report of the victim's report according to which
she vomited before definitely losing consciousness, so providing key contribution to establish consent for the
sexual intercourse. This is the first time that proteomics is used to identify traces of vomit for forensic purposes.
In spite of the scantiness of the biological specimen available, proteomics was successful to define a panel of
characteristic endogenous proteins as well as to identify partly digested food-proteins arising from a complex
meal. Proteomics is increasingly used as a forensic technique, well complementing the existing tools. In general,
assessing traces of vomit in biological specimens and characterizing the nature of food ingested at the molecular
level could afford probative elements to frame a crime scene.

1. Introduction

1.1. Case report

A woman reported to police office about a sexual assault she had
undergone five days before with a cousin of hers. The man was carrying
her home by his car, after a night in a disco, where they both had eaten
some appetizers and drunk several alcoholic drinks. Upon cross-ex-
amination, the man confirmed the facts, claiming they had consensual
rough sex. According to the woman, the abuse was committed after she
had lost consciousness in the car because of the alcohol, or probably
due to any kind of drugs the suspect surreptitiously slipped into her

drinks. Contrarily from the suspect's declaration who affirmed that the
woman was fine and clearheaded, the victim remembered she had
vomited in the car before fainting definitely. At the police's inspection,
the car had been most likely washed, while only a few small traces of a
whitish dried dripping material were barely visible on the internal
plastic cover of the front passenger seat. Stains of apparent food-derived
material were detected also in the folds of the car seats and on the
alleged victim's shoes (Fig. 1).

To accumulate forensic evidences and to substantiate the woman's
report, the Magistrate in charge for preliminary investigations re-
quested toxicological analyses of the dried dripping material on the
car's internal door and on woman's shoe, to confirm if it was actually
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vomit and if any toxicologically relevant chemical residue was present.
The analytical response could be diriment to establish consent, since an
individual who is inebriated and is vomiting due to drugs or alcohol
should be considered unable to engage consensual sexual activity.
Because of the time elapsed between the facts and the assignment of the
toxicological advice (twenty days), biological fluids from the alleged
victim were not collected for analyses.

1.2. Proteomic approach

Proteomics is emerging as a powerful technology to assign patterns
of protein expression to the tissue of origin [1] or to determine the
nature of biological fluids [2,3]. Proteomic-based approaches fulfil the
requirements needed by forensic science for the rapid and unambiguous
determination of biological matrices, through the identification of
tissue−/organ-specific protein signatures or patterns in complex bio-
logical matrices, which could be diagnostic to frame the events of an
assault or a crime [4,5]. Legg et al. compiled a list of biomarkers for five
of the most common biological fluids [6] and developed multiplexed
mass spectrometry assays in order to identify biomarkers in mixtures of
biological fluids or in complex matrices [7]. Thus, currently, sets of
reference protein biomarkers are available for blood, human semen,
vaginal secretion, blood, urine and saliva as well as for specific tissues
and organs [2–6,8].

“Proteo-genomic” approaches, combining complementary DNA
profiling and proteomic biomarker detection, can gather ground for-
ensic evidence to characterize biological fluids [9]. At present, a spe-
cific and convenient standard procedure for identifying vomit stains is
still missing. Traditionally, the identification of gastric fluid-containing
samples for forensic purposes has been carried out through the enzy-
matic determination of the pepsin activity [10–12]. However, these
assays are hardly applicable when only trace amount of biological
material is available. Furthermore, the fibrin blue used as the substrate
for pepsin assay is no longer commercially available and, in this specific

case, most likely pepsin might have been inactivated due to sample
aging. Biospectroscopic techniques have been proposed to distinguish
body fluids, but these methods still require validation and are not ap-
propriate for fluids contaminated by other matrices, such as foods [13].

Multiplexed ELISA has been developed to determine gastric-specific
protein biomarkers, including pepsinogen I and II, gastrin and mucin in
presumed vomit stains [14]. Although robust and relatively simple to
perform, ELISA methods could suffer from non-specific antibody re-
cognition, especially in the presence of very complex matrices, and can
provide false positive or negative results. The only suitable gastric
marker was pepsinogen I, which however cross-reacted with urine and
semen samples due to some expression in these fluids [14]. Moreover,
the informative level of ELISA is limited to the selective detection of
previously designated proteins, while no further corroborative indica-
tions can be inferred, such as for instance those related to the food-
derived material that the subjected consumed before vomiting the di-
gest. In contrast, modern proteomics enables assessing the nature of
body fluids through high-confidence multiple information levels, in-
cluding sequencing of proteolitycally generated peptides, identification
of protein markers and assignment of variably large protein subsets. In
general, proteomics does not require any kind of a priori knowledge
about the sample, although it also allows targeting selected biomarkers
in very complex matrices [8].

In this work, we exploited mass spectrometry (MS)-based pro-
teomics to establish if the traces of biological material found in the
suspect's car were compatible with vomit. In such cases, in which the
suspect and victim are acquainted, consent is essential to determining
the subsistence of a crime. Obviously, individualization of DNA traces
on the alleged crime scene, which generally is the most important
evidence to prove a sexual assault, did not afford any probative support
useful for the investigation in the current case [15]. Therefore, in si-
milar cases an accumulation of non-DNA forensic evidence could ulti-
mately contribute to a satisfactory conviction about the events.

Recently, MS-based proteomics has been exploited successfully to
identify the nature of the last meal of a human individual at autopsy
[16]. The chyme sampled at autopsy contained many stomach-specific
gene products along with a multitude of food-borne proteins and de-
rived peptides.

The analytical complexity was expected to be even more challen-
ging in the current case, as vomit is expected to contain proteins arising
from salivary, gastric and intestinal fluids, in addition to intact or un-
predictably hydrolysed proteins of varying food matrices as well as non-
protein interfering species.

To the best of our knowledge, this is the first example of proteomics
applied to the identification of a vomit sample. The study was further
complicated by the scantiness of the biological material available and
by the lack of clearly established target biomarkers, which could be
contribute to assess the exact nature of the traces.

2. Materials and methods

Ditiothreitol (DTT), iodoacetamide (IAA), guanidine, trifluoroacetic
acid (TFA), ammonium bicarbonate (Ambic), Tris-base, EDTA,
BSFTA+0.1%TCMS and other chemicals were purchased from Sigma-
Aldrich (St. Louis, MI, USA). HPLC-MS grade solvents were from Carlo
Erba (Milan, Italy).

2.1. Description of finds

Biological finds derived from four sites within the car and from al-
leged victim's shoes aredetailed in the following list:

yellow cylindrical shaped object found on the car bed behind the
right front seat, named item 1 (Fig. 1, panels A1 and A2);
brown material found in the immediate adjacency of the hooking of
the safety belt of the front right seat, named item 2 (Fig. 1, panel B).

Fig. 1. Pictures of the items sampled in the car where the supposed sexual
assault was committed and of the alleged victim's shoes. Nature of the items is
detailed in the text.
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substantial identity of the other peptides identified between the salivary
and pancreatic isoforms, the presence of salivary α-amylase in item 3
cannot be excluded.

4. Conclusions

The pattern of food-derived and endogenous proteins in the sample
trace was clearly indicative of vomit, supporting the victim's report in
the case under examination. The presence of a significant number of
enzymes coming from the human small intestine (i.e., pancreatic en-
zymes) is compatible with a forceful emission of digestive material,
which is suggestive of vomit as well. The nature of the food components
identified is soundly compatible with the meal eaten by the woman,
according to her declaration. Thus, the in-depth characterization of the
biological traces allowed substantiating the possibility that the sexual
intercourse was not consensual. Based on these elements, further in-
vestigations about this case have been undertaken and a criminal trial is
still in progress.

Data of this work could represent a reference for perspective for-
ensic investigations, in particular for what it is concerning the panel of
gastrointestinal proteins to be expected in a vomit sample. The assess-
ment of vomit as a biological trace could contribute to accumulate
forensic direct or circumstantial evidences and to provide information
about the crime scene or the modality of the alleged event. For future
applications, it must be taken into consideration that proteins and
peptides of vomit are affected by great inter- and intra-individual
variability, also in dependence of the food ingested and of the expulsion
force of the bolus/chyme during regurgitation. The unequivocal pre-
sence of duodenal proteins in vomit traces may indicate a failure of the
pylorus, related to any pathological condition. More likely, it depends
on the increased intra-abdominal pressure due to retching and con-
tractions, which might induce small intestinal reverse peristalsis and
retrograde pyloric leakage [20]. On the other hand, the occurrence of
pancreatic proteins coming up from duodenum appears to be a general
feature not only in subjects suffering from gastritis [21] but also in
healthy people [22]. Although this was not the case, in general the
accumulation of in-depth details about the meal composition from
biological traces could provide investigators with key information to
frame a crime casework. In general, proteins encrypt a molecular code
that conceals the history about origin and processing of a food product.
Proteomics/peptidomics is virtually the unique technique that enables
to decipher this code [23]. The untargeted characterization of complex
“digestomes” can additionally contribute to infer evidence about the
physiological decomposition that food proteins had undergo in human
body [24].

In selected cases, the precise identification of a food-derived protein
might provide clues about its provenance. For instance, the trace ana-
lyzed in this work contained a specific low molecular weight glutenin

Fig. 2. MS/MS-based assignment of the αs1-casein f(180–196). Due to prolonged air exposition of the biological specimen, most of the methionine residues were
found in the oxidized form.

Table 1
Salivary and gastro-pancreatic human proteins identified in the item 3, re-
presenting a pattern of endogenous gene products possibly distinctive of vomit.

Uniprot accession Molecular
weight

Protein

P16233 51,157.3 Pancreatic triacylglycerol lipase
P19961 57,710.3 α-amylase 2Ba

P04746/ P19961/
P04745

57,707.4/
57768

Pancreatic/salivary α-amylasea

P04118 11,954 Colipase
P09093 29,488.9 Chymotrypsin-like elastase family

member 3A
P07477 26,558.3 Trypsin-1
P98088 585,575.2 Mucin-5 AC
Q03403 14,284.5 Trefoil factor 2
P07098 45,238.1 Gastric triacylglycerol lipase
P17538 27,713 Chymotrypsinogen B
P15085 47,140.6 Carboxypeptidase A1
P04054 16,359.9 Phospholipase A2
P15086 47,367.9 Carboxypeptidase B
P04155 9149.6 Trefoil factor 1
P07478 26,488 Trypsin-2
Q9HC84 596,345.8 Mucin-5B
P19835 79,322.2 Bile salt-activated lipase
P04083 38,714.6 Annexin A1
P20142 42,426.2 Gastricsin
P55259 59,481.1 Pancreatic secretory granule

membrane major glycoprotein GP2
P00792 40,003.8 Pepsin A
P0DJD7 41,977.5 Pepsin A-4
P02810 17,016.6 Salivary acidic proline-rich

phosphoprotein 1/2
Q9NS71 21,999.1 Gastrokine-1
Q9UBG3 53,533.6 Cornulin
P08217 28,888 Chymotrypsin-like elastase family

member 2A

a Human salivary (AMY1) and pancreatic (AMY2) α-amylase isoforms share
97.5% of sequence homology. α-amylase was identified with 13 PSMs.
Although a specific peptide belonging to two pancreatic isoforms was identi-
fied, the presence of AMY1 salivary cannot be excluded. Therefore, vomit could
contain both, salivary and pancreatic α-amylase isoforms.
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MS umożliwia wykrycie nawet zmianę 1 aminokwasu

subunit (i.e. GS-1D1, Uniprot accession P10386). Since, the pattern of
glutenins can be associated to the wheat cultivar [25], proteomic
analysis of vomit could in principle provide corroborative evidence or,
alternatively, contribute to exclude some investigative hypotheses, by
assessing the type and the origin of the food products eaten by a subject.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jprot.2019.103524.
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Sensitive Method for the Confident
Identification of Genetically Variant Peptides in
Human Hair Keratin*

ABSTRACT: Recent reports have demonstrated that genetically variant peptides derived from human hair shaft proteins can be used to dif-
ferentiate individuals of different biogeographic origins. We report a method involving direct extraction of hair shaft proteins more sensitive
than previously published methods regarding GVP detection. It involves one step for protein extraction and was found to provide reproducible
results. A detailed proteomic analysis of this data is presented that led to the following four results: (i) A peptide spectral library was created
and made available for download. It contains all identified peptides from this work, including GVPs that, when appropriately expanded with
diverse hair-derived peptides, can provide a routine, reliable, and sensitive means of analyzing hair digests; (ii) an analysis of artifact peptides
arising from side reactions is also made using a new method for finding unexpected modifications; (iii) detailed analysis of the gel-based
method employed clearly shows the high degree of cross-linking or protein association involved in hair digestion, with major GVPs eluting
over a wide range of high molecular weights while others apparently arise from distinct non-cross-linked proteins; and (v) finally, we show that
some of the specific GVP identifications depend on the sample preparation method.

KEYWORDS: forensic science, genetically variant peptide, hair protein extraction, cuticular keratins, peptide mass spectral library, trace
detection

In recent publications from Lawrence Livermore National
Laboratory (LLNL), genetically variant peptides (GVPs) derived
from human hair have been shown to have forensic value (1,2).
The publication (1) by Parker et al. showed that these peptides
might serve as a source of evidence in addition to DNA for
human identification due to several advantages that a hair sample
carries: (i) commonly found—on average, humans shed 50–150
hairs per day; (ii) stable—proteins in a hair sample usually last
longer and are more resistant to degradation than DNA; and (iii)
when good quality DNA is not available, hair proteins may
serve as alternative evidence by detecting those GVPs in hair
cuticular keratins and other hair proteins. A recent publication
(2) by Mason et al. described protein-based or GVP-based
human identification from a single hair as short as 1 inch long.
Another recent publication (3) by Carlson et al. described a

sensitive method to extract proteins from 1 millimeter or less in
total length of human anagen head hairs and compared the pro-
teins identified from hair shaft and hair root. The effectiveness
of this method for detecting GVPs has not yet been determined.
The human hair shaft is made up of three main components

(4). Starting from the center, the first component is the medulla
which is rich in cross-links and highly insoluble. Next is the cor-
tex which comprises most of the hair shaft and is made up of
hair cuticular keratin fibrils as well as keratin-associated pro-
teins. The thin outer layer is the cuticle which is also composed
of keratin-associated proteins and is the component that would
be visually inspected through microscopic examination. Hair
cuticular keratins have been classified as type I (31-38) and type
II (81-86) based on the finding that type I keratins are acidic
and type II keratins are neutral or basic proteins (5,6). Two
recent publications (1,2) from LLNL have collectively identified
a total of 88 GVP sites from multiple donors with bulk of hair
samples: 32 sites from hair cuticular keratins, 7 sites from
cytoskeletal keratins, 22 sites from keratin-associated proteins,
and 27 sites from nonkeratins.
Based on these findings, a human hair sample has the poten-

tial to serve as alternative evidence for human identification if
GVPs in hair keratins (mainly cuticular keratins), keratin-associ-
ated proteins, and other nonkeratin hair proteins can be sensi-
tively and reliably identified. To detect them, we first need an
efficient method to extract proteins from human hair shafts.
However, hair protein extraction is especially difficult due to
extensive cross-linking and poor solubility of hair keratins (7–9).
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Identification of Hair Proteome and Cuticular Keratins from as
Little as 1-cm-long Human Hair Shaft by Direct Extraction
Method

So far, the data we presented in this manuscript used 5-cm-
long hair shafts as the starting material. While we learned about
the sensitivity of the direct method with the serial dilution study,
we also wanted to check results using smaller lengths of hair.
As the dilution series was a projection for low amounts based
on similar extraction efficiencies for smaller lengths, one may
expect further losses due to possible inefficiencies in digesting
small lengths of hair. For this purpose, we undertook a series of
studies where hair shaft varied from 5, 2.5, and 1 cm long. Fig-
ure 10A shows the separation of hair proteins by SDS-PAGE for
three different hair lengths, and Table 6 lists the total number of
hair proteins and peptides identified as well as those that are
specific for hair cuticular keratins and GVP ions. Figure 10B
shows the analysis of an example GVP ion whose abundance is

almost linear in 5-, 2.5-, and 1-cm hair shaft samples to demon-
strate the abundance is proportional to length. These results
show that as little as 1-cm-long hair shaft sample can be ana-
lyzed by this direct method. There is no reason to believe it
would not work effectively for even smaller amounts of hair,
suggesting that even forensic-relevant trace quantities of hair
would be suitable for this analytical method.

Examination of the Direct Method in Another Donor

To ensure that these results were not unique to one donor, we
applied the direct method to another randomly selected donor’s
hair shaft samples obtained from BioreclamationIVT (LOT#
BRH1363733, 5 g of hair shafts from a Caucasian male,
23 years old). Table 7 lists the total number of hair proteins and
peptides identified as well as those from hair cuticular keratins
and GVP ions. These results demonstrate that the direct method
works equally well for another donor’s hair samples. The overall

FIG. 10––Comparison of hair length variation. Comparison of hair length variation. (A) This gel image shows the separation of hair proteins from 5-, 2.5-,
and 1-cm-long hair shaft samples from the same individual donor. A MW standard was loaded in the first lane. Bands for type I and type II hair cuticular ker-
atins were labeled. (B) Spectral match (MF = 921) of an example GVP ion (KRT31_A82V_V: DN[V]ELENLIR/2_0 HCD = 30eV) is on the left. The spectrum
shown in red is the query spectrum, and the spectrum shown in blue is the reference library spectrum for this GVP ion. On the right is a plot that shows the
abundance of this example GVP ion in the 1-, 2.5-, and 5-cm hair shaft samples is approximately linear. Note the y-axis is the log of the abundance value,
plotted on a linear scale.
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