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Summary

Development of genetic profiles from the biological mixtures has remained challenging,
although modern-day technologies may help forensic scientists to attain a reliable genetic profile in

the identification of the accused.
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In the case of rape, vaginal swab exhibits usually contain epithelial cells of victims and sperm

cells of accused, such samples are more challenging when there is more than one contributor. In
such cases, separation of distinct cells from a mixture that includes blood cells, epithelial cells and

sperm cells for their single genetic profile is important.

In the last ten decades several new techniques were developed and invented for the separation
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of single cell from the biological mixture that includes differential lysis, laser micro-dissection, cell

sorting (FACS), sieve-based filtration, (vi) micro-fluidic devices or immunomagnetic beads cell
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separation of fresh samples, and the magnetic activated cell sorting (MACS).

Out of them, some techniques have been commonly applied for cell separation in forensic
biology. Each technique has its own limitation. Some recent studies showed, magnetic activated
cell sorting (MACS), laser capture microdissection (LCM), DEPArray technology and fluorescence
activated cell sorting (FACS) has proved to be effective in separation of single cell from cell mixtures.

Therefore, in this review we have evaluated these four alternative methods and their potential
application in the modern-day over the others for the separation of a single cell from the mixture.
In this review we also discuss the advantage of these methods and their modern—day applicability

and acceptance in the forensic world.

Introduction

The separation of single cell or pure cells from other
cell types of bio mixture in sexual assault cases has so far
remained a challenge for the forensic scientists in the 21st
century. Generally, they are the male sperm cells that are of
forensic value in biological cell mixture specimens that are
typically encountered in sexual assault cases in the back drop
of the presence of excessive female cells. Various approaches
were developed during the last two decades and recent
advancements may help forensic scientist to process these
difficult samples, like preferential lysis [1], DNA extraction
from mixtures of body fluids using mild preferential lysis [2],
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differential lysis [3], laser micro-dissection [4,5], cell sorting
[6-9], sieve-based filtration [10,11], micro-fluidic devices [12]
or immunomagnetic beads cell separation of fresh samples
[13]. Available methods like preferential lysis fail to separate
sperm DNAs of diverse donors [14]. This usually results in
multiple profiles,and can only be used for exclusion rather than
identification. In the past few years, laser cut microdissection
(LCM) has preferentially been used in the forensic community
for isolation of single cells from mixtures [15-19]. Although,
processing of gynecological samples collected post sexual
assaults still remains more challenging due to the mixture of
cells. While some mixtures are relatively easy to interpret,
others are more complex and require precision. Such samples
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mostly contain cells of the victim and a very minute number
of cells from the alleged offender [20]. In sexual assault case
examination vaginal swabs and clothing or bedding items are
considered the most convicting evidences [21]. Elucidation
of gang rape case exhibits is a more complex process due to
the multiple contributors in semen, while in the case of single-
rape scenarios, DNA analysis is the simple and most candid
method [21]. In a rape case, there are some certain factors
that determine the complexity of a mixture. Such as, how
many people contributed the DNA to the mixture? Secondly,
Multi-contributors make a mixture more complex: therefore,
it is more difficult to interpret. Overall, one or several people
might have contributed only a tiny amount. The lower those
amounts make the more complex mixture. Therefore, in the
case of a complex mixture, the genetic contribution of each
individual is generally not possible. Even when a mixture is
composed of an identical volume of two or more different
biological fluids (e.g. blood/saliva), the ratio of correspondent
DNAs will still be different because of the different cellularity
present in the fluids. Another factor that is impacting the
mixture sample is the environmental DNA degradant; this can
also increase the complexity of the mixture exhibits. This will
further impair the identification process through a series of
stochastic effects, such as preferential amplification, which
may affect PCR [22]. In the 20" century, different approaches
have been investigated for this purpose, such as fluorescent-
activated cell sorting (FACS) or laser capture microdissection
(LCM), but currently none of these methods can guarantee
complete separation of different types of cells present in a
mixture, more over these techniques are cost effective [23].
Thus, the main concern and the center of interest in the
present review article is comparison of available methods and
their specific application in the modern day to separate single
cells from the mixed and decay exhibits for the intact DNA
extraction to develop the suitable DNA fingerprint.

Materials and methods

In this review, we have identified studies that describe or
assess the isolation and genetic analysis of pure cells from
biological mixtures and examine the impact of different
methods on DNA yield and DNA fingerprint.

Inclusion criteria

We have selected research articles that contain estimates
for at least one of the following methods: (i) differential lyses,
(ii) laser micro-dissection, (iii) cell sorting (FACS), (iv) sieve-
based filtration, (v) micro-fluidic devices or immunomagnetic
beads cell separation of fresh samples, and (vi) the magnetic
activated cell sorting (MACS).

Literature search

We have searched PubMed and preprint archives for
research articles published up to June 30, 2021 using the
following terms: “isolation of pure cells from biological
mixture”, “biological mixtures for offender identification”,
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“available methods to isolate single cells for DNA finger
print from biological mixtures”, “Genetic Analysis of Pure
Cells from Forensic Biological Mixtures”, and “methods for
isolation of pure cells from biomixture”. Research titles were
independently reviewed by authors to eliminate studies that
did not meet our inclusion criteria before the full review of
abstracts and full-text of selected studies.

Types of biological evidentiary items/exhibits in sexual
assault case

There is a broad range of biological evidentiary items
which can be collected from the scene of crime that is
referred to as biological mixture. Presence of nucleated cells
in a forensic biological specimen is very crucial for forensic
genetic profiling [24]. In the case of sexual assault, mixtures of
secretions originating after sexual intercourse such as liquid
semen, seminal stains, vaginal fluid and saliva have great
value. Apart from these evidentiary items, some other exhibits
could also be present such as sweats, blood, scalp hair, pubic
hair, and cells of the alleged perpetrator under a victim'’s finger
nails, or epithelial cells of the alleged victim present on the
penis of the perpetrator. Such biological items are referred to
as evidentiary exhibits [25,26]. Out of these evidentiary items,
semen samples are considered the most significant exhibits to
prove sexual contact and to identify an accused through DNA
fingerprinting [27-30].

Collection of evidentiary exhibits : Collection of quality
exhibits from the scene of crime is utmost important to
develop an interpretable DNA fingerprint. Numerous kinds
of evidentiary items are encountered at a crime scene such
as blood, semen, epithelial cells, urine, saliva bone, and
various tissues that require careful and effective collection
procedure [31]. Therefore, obeying with specific processes
that effectively collect cells from a variety of surfaces and
preservation of collected exhibits to avoid the molecular
degradation is utmost important

Evidentiary exhibits collection techniques: In forensic
biology the most common collection technique is cotton swab.
In this method a single swab can be taken from the suspected
area. Apart from this, the wet-dry double swab technique is
also frequently used for different fluids. In this method, water,
buffered saline or lysis buffers can be used to moisten the
swab [32]. Biological sampling kits are available commercially
for swabbing. Apart from that, gauze-like materials and
disposable brushes also prove handy [33]. Some other
standard collection techniques like cuttings of the biological
fluid exposed cloths and adhesive tape can also be used to
collect the trace evidence (like pubic hair, nail clippings and
nail scrapings) that may contain human DNA.

Storage of biological evidentiary items

Biological exhibits after collection, if not processed
immediately, should be allowed to dry to prevent microbial
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growth. Exhibits should not be sealed immediately as
excess moisture may result in microbial growth and cause
degradation of evidentiary DNA. Thus, swabs and cuttings
should be kept in a breathable container and storage of such
evidentiary materials in cool and dry environments should be
made mandatory to avoid the excess biodegradation [27].

Separation of distinct cell types from the biological
mixture is still challenging?

Scientificadvancementand developmentofnew techniques
help forensic scientists in offender identification even when
a minute amount of biological exhibits is available. In the
21st century extremely minute biological evidentiary items
can be processed in order to obtain a reliable genetic profile.
Although, obtaining a genetic profile from the biomixture is
still a major challenge, especially when encountered with a
biological mixture consisting of biological material from two
or more perpetrators. Therefore, selection of a specific and
reliable method to separate single cell from mixture is utmost
important to generate a valid and authentic DNA profile which
makes forensic analyst enable to come to a logical conclusion.

Alternative methods for the separation of pure
spermatozoa from mixture for forensic DNA analysis

There is always a scope for newly effective and specific
methods to solve the mysterious forensic mixture. Although
there is no effective method developed so far to distinguish
sperm cells originating from different men in multi-suspect
sexual assault cases. Here in this review we have converged
our focus on available methods most commonly used in the
separation of sperm cells from forensic mixture samples
including female vaginal epithelial cells and sperm cells from
multiple contributors. In the last two decades some recent
and advanced methods have been developed by the scientific
community for the separation of single cells based on various
different approaches. This includes flow cytometry, antibody-
based methods, laser-capture microdissection, DEPArray
system (Menarini Silicon Biosystems) and optical tweezers. An
optical tweezer is a compact, strongly focused laser beam that
uses an immersion objective lens on an inverted microscope
to create an optical trap [6,9,18,34-39].

Magnetic-activated cell sorting (MACS)

To develop a DNA fingerprint, there is a need for distinct
cells that forensic scientists may use for the DNA extraction.
Thus, selection of specific and improved cell-separation
methods to obtain a single cell from a biological mixture
is of utmost importance. In the last decade MACS has been
most frequently used for cell separation [40]. Sperm-specific
antigens are detected based on immune-magnetic beads
coupled with antibodies. Major advantages associated with
this technique are; it is rapid, easy to perform and economical.
This technique can separate and isolate the sperm cells
from the mixture of epithelial cells. The immunomagnetic
cell separation binds magnetic particles to cells through an
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antibody interaction with surface markers of the targeted cells
(Figure 1). There is a series of sperm membrane antigen found
in bio mixtures of sexual assault cases and magnetic beads
coated with antibodies, lectins, or enzymes that are associated
with surface markers or antigens of the targeted cell group
are added to a biological sample to separate the sperm cells
from mixtures with epithelial cells [41,42]. Recently Xu, et al.
2016, coupled MACS and Fluorescence activated cell sorting
(FACS) for the first time to isolate single sperm cells from
the forensic biomixture based on the ABO blood type antigen
antibody. This study suggests that sperms from vaginal swab
can be separated by MACS using FITC-conjugated A, kinase
anchor protein 3 (AKAP3) antibody. Sperm cells involving two
or three donors can be separated by FACS using FITC-labeled
blood group ABO antigen antibody. This sequential approach
of combining two methods has proved to be effective for
generating single donor STR profiles from the forensic
mixtures. A mixture of sperm cells and female vaginal epithelial
cells was prepared and separated using FITC-conjugated anti-
AKAP3 antibodies. The results were observed with the help
of Cytofluorometric analysis by detecting the intensity of the
fluorescence exhibited by the cells in the FITC channel. It was
witnessed that the negative female epithelial cells showed
minimal fluorescence, due to non-specific binding of the
vaginal epithelial cells during purification. Flow cytometry
shows that AKAP3 is sperm specific (abundantly distributed
in the sperm head, neck, mid-piece and the flagellum) and that
the MACS method provides highly purified sperm cells from a
mixture sample. Further, STR typing analysis also confirmed
the presence of only male DNA peaks from the forensic mock
mixture sample. The study concludes that complete single
donor STR profiles can be obtained from sperm/epithelial cell
and sperm mixtures from two contributors [43]. However,
according to Said, et al. (2008), subjecting a semen sample to
a series of manipulations will result in substantial loss of the
sample, which can be prevented by combining double density
gradient centrifugation with MACS. This has yielded results
which shows that the cells lost during preparation were
limited to only 15% and that a positive co-relation was found
between the concentration of spermatozoa and the volumes
of micro-beads used [40].

Magnetic beads

Magnetic
Sperm cell captured with Inbelled cells
Magnetic beads
Matrix Magnetic field

Waste collection of
tube

Figure 1: Magnetic activated cell sorting (MACS) separation of sperm cell from
mixture by magnetic beads.
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DEPArray™ technology and its application

In DEPArray technology used to separate a cell from
mixtures by a single fluorescent in a cubicle. Fluorescent
tagged cells are identified under image assisted technology
and moved independently. With this technique, a single cell
from a cell mixture containing epithelial cells, blood cell, or
sperm cell can be separated and recovered in a controlled
manner. Separate kits are used to stain and isolate epithelial
cells, different blood cells and sperm cells [23]. Various
studies prove that the DEPArray technology is the most
widely used and reliable method [44-46]. This technique
is capable of detecting and isolating pure cells among the
thousand contaminants, with single cell resolution. It works
on the basis of immunofluorescence signals, and, therefore,
the specificity and sensitivity of the antibodies used to target
cell-type-specific antigens is very high based on it. This
technology provides the best possible confirmation of the cell
accuracy and proves cell purity [23]. The study also concluded
that the DEEPArray technique is the most suitable solution to
the challenges faced while handling of forensic mixtures, and
for the first time it allows the complete separation of cells of
two contributors present in a mixture with 100% precision
and purity.

Laser capture microdissection

The laser capture microdissection (LCM) technology has
proved to be the most valuable tool in separating the cells of
interest from mixtures and the most widely applied in forensic
science [49]. This technique is unique as it uses coupling of
light microscopic with laser beam technology that allows
the specific separation of interest of cell and tissue regions
from mixture. LCM system has basically two key classes: 1.
Ultraviolet (UV) cutting systems [48-50]. 2. Infrared (IR)
capture systems [51,52]. In Ultraviolet (UV) cutting systems,
specific cells are visualized with the help of a light microscope
and cells of interest are isolated through focused laser energy
system. However, in the case of the Infrared capture system,
cells of interest are transferred by a thermoplastic polymer
through development of a polymer-cell composite [47]. Now a
day’s Laser micro-dissection and sample collection method is
highly advanced with an automated system and accompanied
with contaminant-free micro tubes. This technique is highly
sophisticated and needs expertise to perform capture. Laser
capture micro-dissection through the H&E staining proved
to be effective in order to isolate male genetic profiles from
recovered sperm cells [53]. This technique is implemented
widely in sexual assault crimes encountered in forensics.
However, it can also be used in other forensic applications
such as in separation of a single hair follicle which eventually
provides a robust and more efficient DNA extraction that may
help in developing good quality STR amplification and DNA
typing. This technique can also be used for isolation of blood
cells from different cell mixtures and blood cells from saliva
mixture [54-56].
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Fluorescence-activated cell sorting

Fluorescence-activated cell sorting (FACS) is extensively
used in the medical setting for diagnostic and research
purposes. Despite its usefulness, FACS has rarely been used
for the analysis of forensic samples; however, several efforts
have been made to make FACS a mainstream method. FACS
was introduced in the late 1990 to separate the sperm cells
from vaginal epithelial cells as a superior method [7]. This
technique is based on the principal of Forward Scatter (FSC)
and Side Scatter (SSC). It works on cell size and cell granularity
(Figure 2). It relies on differences in the cell size, shape,
surface phenotype, cytoplasm and DNA content. It has been
reported that flow cytometry has improved sensitivity relative
to preferential lysis in identifying male DNA in a mixture. In
this method the cells of interest are labeled with fluorescently
tagged antibodies so that positive, dyed cells can be isolated
from negative ones in a flow cytometer [7]. Although, very
limited no. of study has been performed so far by using FACS
(fluorescent-activated cell sorting) to separate distinct cells
from forensic mixtures, including sperm cells and epithelial
cells mixtures [7]. Recently, a group of Australian researchers
utilized FACS for the separation of cellular mixtures before DNA
extraction [9]. 14 different ratios of blood and saliva mixtures
were analyzed by FACS to identify saliva-based epithelial
cells; anti-CD227 was used to target the specific cells, whereas
blood-derived leukocytes were targeted with an anti-CD45
probe. Thiswork not only demonstrated the usefulness of FACS
for separating fresh blood and saliva mixtures but also proved
its usefulness in improving the number of detectable alleles
from targeted cell types during subsequent DNA extraction
and analysis [9]. Apart from this, another study showed the
wide application by means of HLA antibody probes coupled
to FACS [34]. The study showed for the first time that this
method can be applied for isolation of single donor cells from
mixed sperm cells involving plural contributors based on their
ABO blood types [43]. Despite its usefulness, FACS has rarely

Size of
healthy/dead cells
-—L = |
——
[—
Point of /
analysis
Cell granularity
Break off point. —_
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‘\

i’“?i.

Figure 2: A systemic representation of fluorescent tagged sperm cells separation

from biological mixture by fluorescent activated cell sorter.
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been used for the analysis of forensic samples; however,
several efforts have been made to make FACS a mainstream
method. Some of the earliest applications of FACS analysis in
forensic science included its use to separate mixed sperm and
vaginal epithelial cell populations. Also, to begin with a costly
technique at the time, this preliminary attempt only utilized
markers that were specific to sperm cells, thereby limiting
the validity of this method. As cell sorting machines have
undergone considerable technological advancements over the
past several decades, cell sorting has become more sensitive
to a point where single-cells can be isolated and identified.
The value of this concept has been proven; however, more
research is essential before FACS could be applied to actual
forensic samples on a big scale.

Advantage of these methods and its modern day
applications

Despite the recent methodological advancement, there is
a dire need to combine MACS with other sperm preparation
techniques including double density gradient centrifugation
or a one-step sperm wash. According to Said, et al, combining
the MACS with double density centrifugation has resulted
in spermatozoa with the highest quality of vitality, motility
and morphology [40]. In future the development of magnetic
cell separation techniques offers a wide range of improved
sperm cell sorting results with a technique named magneto
phoretic mobility, which allows the magnetically tagged cell
to distinguish from the unlabeled ones in a cell suspension
[57,58]. The success of MACS technique will greatly depend on
the implementation of efficient and specific immune-labeling
strategies. The newly developed DEPArray Forensic Sample
Prep Kit has proved ground breaking as it combines digital
sorting and immune fluorescence markers with image-based
selection to provide single cell isolation with highest precision
[23]. In addition, LCM has proven to be a valuable tool in the
efficient separation of pure cells from heterogeneous sample
in the most difficult of forensic evidence. It can be put to use
for a wide range of forensic applications, especially where a
minute trace of evidence has been encountered. LCM has been
used for other forensic evidence such as isolation of biological
samples from the debris in the soil, on an adhesive tape that
is most likely to contain skin flakes or dandruff, etc. There are
a few disadvantages to this technique such as staining and
DNA extraction protocols which can be overcome with new
applications that will be developed in the future [18].

Furthermore, combined use of MACS and FACS has proven
to be effective in sexual assault cases for generating single
donor STR profiles from the mixtures containing female vaginal
epithelial cells and sperm cells originating from multiple men.
However, in order to aid forensic investigation, this technique
needs to be further optimized given the potential drawbacks.
This technique relies mainly on cell count and an intact cell
structure, making it highly suitable for detection of fresh
samples. It has been observed that an ABO antibody based
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cell mixture separation protocol by FACS was able to identify
secretor to that of non-secretor, the ratio of which is 4:1 in the
general population. The problem arises when the sample has
less mixture ratio and more contributors. It is advisable to use
this technique in combination with next-gen DNA sequencing
and type specific antibodies [43].

Conclusion

This review is focused on four alternative methods which
have essentially proved to be the most useful in separating
the cells from the biological mixtures. With DNA mixtures, the
results can be ambiguous and difficult to understand, even for
the experts. Although no effective method has been developed
so far to discriminate sperm cells originating from different
men in multi-suspect sexual assault cases. In this article we
state that DEPArray technology, MACS, LCM and FACS provide
an answer to the need for a technology for efficient separation
of cells from difficult forensic samples and for rapid isolation
of pure cell populations from heterogeneous samples. This
technique seems to be promising and can be applied to a
wide range of cases in forensics. This review summarizes all
the published forensic applications of DEPArray technology,
MACS, LCM and FACS. However, the published data suggest
that the DEPArray and automated LCM have an edge over
the other alternative methods. Nevertheless, it is certain that
new coupled applications of MACS and FACS can be useful in
the future to separate the distinct cells from a mixture, and
it may be an acceptable method in forensic biology. The use
of these alternative methods should be implemented in every
forensic case where minute traces need to be separated from
a mixture.

Ethical standards: This article does not contain any
studies with human participants or animals performed by the
authors.
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