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Abstract

Vaginal swabs taken in rape cases usually contain epithelial cells from the victim and
sperm from the assailant and forensic DNA analysis requires separation of sperm from
these cell mixtures. PH-20, which is a glycosylphosphatidylinositol-anchored hyaluroni-
dase located on the head of sperm, has important functions in fertilization. Here we
describe a newly developed method for sperm isolation using anti-PH-20 antibody-cou-
pled immunomagnetic beads (anti-PH-20 IMBs). Optical microscopy and scanning elec-
tron microscopy showed the IMBs recognized the head of sperm specifically and
exhibited a great capacity to capture sperm cells. However, we found it necessary to incu-
bate the IMB—sperm complex with DNase | before sperm lysis in order to remove any
female DNA completely. We compared the sensitivity of anti-PH-20 IMBs in sperm and
epithelial cell discrimination to those coated with a different anti-sperm antibody (anti-SP-
10, anti-ADAM2 or anti-JLP). Only the anti-PH-20 IMBs succeeded in isolating sperm
from cell mixtures at a sperm/epithelial cell ratio of 10%:10°. Further, our method exhibited
greater power and better stability for sperm isolation compared to the traditional differen-
tial lysis strategy. Taken together, the anti-PH-20 IMB method described here could be
effective for the isolation of sperm needed to obtain a single-sourced DNA profile as an
aid to identifying the perpetrator in sexual assault cases.

Introduction

Vaginal swabs taken in rape cases usually contain a mixture of epithelial cells from the victim
and sperm from the assailant. In order to obtain the perpetrator’s DNA profile from such cell
mixtures, the forensic DNA community has been working on separating the male and female
cells. The traditional method for this purpose is differential lysis [ 1, 2], which involves two
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kinds of lysis buffer. The first buffer without dithiothreitol (DTT) is used to lyse the epithelial
cells preferentially and the second buffer containing DTT can break the protein disulfide
bridges responsible for the structure of the sperm nuclear membrane. Due to the variable
amounts of cells and the variable sperm/epithelial cell ratios in different vaginal swabs, how-
ever, sperm DNA can be released during the first stage due to over-digestion or the epithelial
cells might not be broken open totally because of incomplete lysis, resulting in inefficient
separation of the male and female fractions [3]. For the past decade, laser capture microdis-
section (LCM) has been used for capturing sperm directly from cell mixtures obtained by
vaginal swabs [3-7]. As stated by Butler, “by physically separating the perpetrator's sperm
cells from the victim's epithelial cells, the perpetrator's DNA can be enriched and isolated
from even a vast preponderance of victim's cells” [8]. This method is time-consuming,
requires expensive instruments and skilled workers, however, which make it unsuitable for
use as a routine method. Immunomagnetic beads (IMBs), which are widely used for detecting
various tumor cells in clinical investigations [9, 10], have been shown recently to provide an
alternative approach for sperm isolation using antibodies against sperm-specific proteins.
Anslinger et al. established the first link between IMB technology and the isolation of sperm
from cell mixtures obtained by vaginal swabs [11]. Using an antibody against the testicular
angiotensin-converting enzyme (tACE), their IMB method yielded mixed DNA profiles for
10°-10° sperm cells/mL samples with a major male component in the 10°/mL sample. Simi-
larly, the IMBs prepared by Li et al. with an antibody against the motile sperm domain-con-
taining protein 3 (MOSPD3) required the concentration of sperm to be as high as 10 cells/
mL for obtaining a full DNA profile of the male donor [12]. To improve the sensitivity and
stability of sperm isolation, we prepared magnetic beads coated with the anti-PH-20 anti-
body. PH-20 (also known as sperm adhesion molecule 1 (SPAM1)) is a glycosylphosphatidy-
linositol-anchored sperm hyaluronidase enabling acrosome-intact sperm to reach the egg
zona pellucida during fertilization [13, 14]. The anti-PH-20 IMB bound to the sperm head
specifically and exhibited great sensitivity for sperm isolation from cell mixtures at a sperm/
epithelial cell ratio of 10%:10°. Following incubation of the IMB-sperm complex with DNase
I, capillary electrophoresis yielded a single-sourced short tandem repeat (STR) profile of the
male donor. Our parallel experiments using simulated sexual assault cell mixtures revealed
the anti-PH-20 IMB method is more effective compared to the use of IMB prepared with the
antibody against protein SP-10 (sperm protein-10) [15], ADAM?2 (a distintegrin and metal-
loprotease 2) [16, 17] or JLP (JNK-associated leucine zipper protein) [18]. The new anti-PH-
20 IMB method provides an alternative solution to the traditional differential lysis approach
for genotyping sexual assault cell mixtures.

Materials and Methods

Sampling

Simulated sexual assault cell mixtures were prepared with sperm and female epithelial cells
donated by unrelated anonymous healthy volunteers. Altogether eight sperm samples, four
buccal epithelial cell samples and one vaginal epithelial cell sample were used in this work.
Each donor gave written informed consent and this work was approved by the Ethical Review
Board of the Institute of Forensic Science, Ministry of Public Security of China. Buccal swabs
were incubated in reaction buffer (10 mmol/L PO,*", 137 mmol/L NaCl, 2.7 mmol/L KCl, pH
7.4 (PBS) containing 0.1% (w/v) bovine serum albumin) at room temperature for 60 min and
semen was diluted tenfold with reaction buffer before the cell concentration was estimated
using a Neubauer cell counting chamber. Mixed cell suspensions with known concentrations
of cells were prepared with the donated sperm and female cells.
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Preparation of IMB

Dynabeads™ M-270 Carboxylic Acid (Invitrogen, Carlsbad, USA) were activated by treatment
with 3-(ethyliminomethyleneamino)-N,N-dimethyl-propan-1-amine (EDC) and N-hydroxy-
succinimide (NHS) according to the manufacturer’s recommendations. A 60 pg sample of anti-
body (anti-PH-20, anti-SP-10, anti-ADAM?2 or anti-JLP; Abcam, Cambridge, UK) was added
to 3 mg of activated beads dissolved in 25 mmol/L 2-(N-morpholino)ethanesulfonic acid
(MES), pH 5.0. The magnetic beads and antibody mixture was vortex mixed thoroughly and
then incubated for 60 min at room temperature with slow tilt rotation. After incubation, the
mixture was transferred to a magnet (Promega, Madison, WI). The beads were sufficiently col-
lected in 2 min before the supernatant was removed. The beads were then incubated in 50
mmol/L Tris (pH 7.4) for 15 min to block the unreacted carboxylic acid groups, washed three
times with reaction buffer (10 mmol/L PBS, pH 7.4, 0.1% (w/v) bovine serum albumin) con-
taining 0.1% (v/v) Tween-20 and suspended in 100 uL of reaction buffer.

Sperm isolation

A 10 puL sample of IMBs was mixed with 100 uL of cell mixture and incubated at room temper-
ature for 90 min with slight tilting and rotation before transfer to a magnet for biomagnetic
separation. The supernatant was discarded and the IMB-sperm complexes were washed three
times with 500 pL of reaction buffer and then treated with an RNase-free DNase Kit (Tiandz,
Beijing, China) to remove any attached female DNA according to the manufacturer's recom-
mendation. In detail, 1 uL of reaction buffer, 7 pL of ddH,O and 1 pL of DNase I were mixed
and incubated with the IMB-sperm complexes at 37°C for 30 min before the digestion reaction
was terminated by adding 1 pL of 50 mM EDTA to the reaction mixture and incubating at
65°C for 10 min.

DNA extraction, amplification and electrophoresis

The IMB-sperm complexes were subjected to DNA extraction procedures using the MagAt-
tract M48 DNA Manual Kit (Qiagen, Hilden, Germany). Extracted DNA was quantified with
the Qubit™ dsDNA BR Assay Kit (Invitrogen) on a Qubit™ fluorometer (Invitrogen) and
amplified using the AmpF¢STR™ Identifiler™ Plus PCR Amplification Kit (Applied Biosys-
tems, Foster City, USA) on a GeneAmp™ 9700 thermal cycler (Applied Biosystems) with 1 ng
of DNA in a total reaction volume of 25 uL. Pre-PCR denaturation occurred at 95°C for 11
min. This was followed by 30 cycles of denaturing at 94°C for 1 min, annealing at 59°C for 1
min, extension at 72°C for 1 min and a final extension step at 60°C for 60 min. A 1 uL sample
of PCR products was added to 10 pL of deionized formamide containing an internal size stan-
dard. All samples were separated on a 3130XL Genetic Analyzer (Applied Biosystems) using
POP™-4 polymer (Applied Biosystems) and a 36 cm capillary array (Applied Biosystems). Ini-
tial fragment sizing and allele calling were done with GeneMapper™ ID v3.2 software (Applied
Biosystems) with the peak amplitude threshold set at 50 relative fluorescence units for all
colors.

Results
Anti-PH-20 IMBs bind to the head of sperm

The sperm head contains the nuclear DNA used for STR typing. Therefore, antibodies that rec-
ognize the sperm head specifically should be considered a priority for sperm capture. Earlier
transmission electron microscopy and immunogold labeling experiments showed PH-20 was
located on the plasma membrane over the entire head of human sperm, but not on the
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midpiece or tail sections [13, 14], which make it a perfect target for isolating sperm with
nuclear DNA from cell mixtures. To establish such a method for biomagnetic sperm isolation,
an anti-PH-20 antibody was immobilized on commercial magnetic beads with covalent amide
bonds and incubated with a simulated cell mixture containing equal concentrations (10°/mL)
of sperm and female epithelial cells. The beads were washed extensively and then suspended
for microscopic observation. Optical microscopy and scanning electron microscopy confirmed
the IMB was bound specifically to the heads of both intact (Fig 1A and 1C) and untailed sperm
(Fig 1B) and no epithelial cell was found in the suspension.

DNase-treated IMB—sperm complexes yield single-sourced STR profiles

To examine whether the male fraction has been isolated efficiently, the IMB-sperm complexes
were subjected to DNA extraction and STR genotyping. Although epithelial cells were not
observed by microscopy (Fig 1), the genotyping experiment yielded a mixed DNA profile (Fig
2C) with the male donor (Fig 2B) as the major component and the female donor (Fig 2A) as
the minor component, which is in accord with results reported by others [11]. After extensive
review of the experimental procedures we speculated that some female epithelial cells might
have been broken before they were separated from the sperm, and the released female DNA
could become attached to the surface of the IMB-sperm complexes, leading to a mixed profile
in subsequent genotyping. To validate this hypothesis, the IMB-sperm complexes were incu-
bated with DNase I to digest the DNA outside sperm before sperm lysis and DNA extraction.
Excitingly, the DNase-treated IMB-sperm complexes gave a single-sourced STR profile of the
male donor (Fig 2D), which confirmed our hypothesis.

Anti-PH-20 IMB is more sensitive than IMBs prepared with a different
antibody

To evaluate the efficiency and sensitivity of anti-PH-20 IMBs for isolating sperm, we fixed the
epithelial cell concentration at 10°/mL and prepared a series of cell mixtures with sperm con-
centrations ranging from 10°~10°/mL. At each concentration of sperm, ten simulated vaginal
cell mixtures were prepared with cells from different donors. All cell mixtures at sperm concen-
trations of 10°/mL and 10*/mL were fractionated successfully and capillary electrophoresis
yielded single-sourced DNA profiles of each male donor (Table 1). At the sperm concentration
of 10°/mL, sperm from nine cell mixtures were isolated effectively by anti-PH-20 IMBs leaving
only one sample not genotyped, whereas no cell mixture yielded single-sourced profile at a
sperm concentration of 10>/mL due to the extreme epithelial cell to sperm ratio of 1000:1.

As well as the anti-PH-20 antibody, antibodies against proteins SP-10 [15], ADAM2 [16,
17] and JLP [18] were coupled to magnetic beads and tested for sensitivity of sperm isolation.
According to our parallel experiments, these three types of IMB were able to separate sperm
from the mixtures with a sperm concentration of 10°/mL or 10*/mL but failed when the sperm
concentration was 10°/mL (Table 1). Their sensitivity for discriminating between sperm and
epithelial cells was equivalent to those reported for anti-tACE [11] and anti-MOSPD3 [12]
IMBs. The anti-PH-20 IMB exhibited excellent sensitivity compared to other antibodies, and
isolated sperm successfully from simulated vaginal cell mixtures at a sperm concentration of
10°/mL.

Comparison of the anti-PH-20 IMB and the differential lysis method

Because our data suggested the use of anti-PH-20 IMBs was a powerful and sensitive method
for separating sperm from cell mixtures, we attempted to compare its level of efficiency with
the traditional differential lysis strategy. In all, 20 cell mixtures were prepared with the
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Fig 1. Sperm cells captured by anti-PH-20 IMB. (A) Optical microscopy image for IMB bound to the head of
intact sperm cells. (B) Optical microscopy image for IMB bound to the sperm without midpiece and tail. (C)
Scanning electron microscopy image for IMB bound to the head of an intact sperm cell. Scale bars are
indicated in each panel.

doi:10.1371/journal.pone.0159401.g001

epithelial cell and sperm concentration fixed at 10°/mL and 10°/mL, respectively, and these
mixtures were subjected to anti-PH-20-IMB-based and differential-lysis-based sperm isolation
and STR genotyping. The anti-PH-20 IMB method succeeded in producing single-sourced
DNA profiles at a proportion of 90% but the differential lysis strategy yielded only one single-
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Fig 2. Treatment with DNase | yields a single-sourced DNA profile. (A—C) Electrophoretogram of (A)
female epithelial cells, (B) sperm and (C) the IMB—sperm complexes before treatment with DNase | with red
circles indicating female DNA contamination. Female epithelial cell and sperm concentrations were both 10%/
mL. (D) Single-sourced DNA profile of the IMB—sperm complexes after treatment with DNase .

doi:10.1371/journal.pone.0159401.g002

sourced profile out of 20 cell mixtures (Table 2 and S1 Fig) due to the extreme ratio between
sperm and epithelial cells. These results suggested that anti-PH-20 IMBs might provide an
effective solution to the isolation of sperm from sexual assault cell mixtures.

Discussion

A vaginal swab containing a mixture of cells from the victim and the assailant taken following
a sexual assault is one of the most frequently encountered types of biological evidence in foren-
sic DNA laboratories. Unfortunately, the efficiency and success rate for genotyping the male
perpetrator as a single-sourced profile have never been satisfactory. The stumbling block is
how to separate sperm reliably from the abundant female component in cell mixtures. We
describe an effective and sensitive approach for sperm isolation based on the use of anti-PH-20
antibody and magnetic beads, which proved to be capable of separating sperm from a mixture
of cells at extreme female/male cell ratios.

IMB-based sperm isolation has been suggested for some time, and at least two types of anti-
sperm antibodies (anti-tACE and anti-MOSPD3) have been examined. The anti-tACE anti-
body was associated with magnetic beads via antigen-antibody interactions [11] and the

Table 1. Comparison of the sensitivity of different antibodies in capturing sperm.

Sperm concentration in cell mixture

10%/mL
10*/mL
10%/mL
10%/mL

Number of successfully genotyped single-sourced profiles

Anti-PH-20 Anti-SP-10 Anti-ADAM2 Anti-JLP
10 10 10 10
10 9 7 8
9 0 0 0
0 0 0 0

Simulated vaginal cell mixtures were prepared by mixing female epithelial cells with sperm at different concentrations (ten mixtures for each concentration).

doi:10.1371/journal.pone.0159401.t001
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Table 2. Comparison between anti-PH-20 IMB and differential lysis.

Sperm isolation strategy Single-sourced profile of the male donor Mixed profile
Anti-PH-20 IMB 18 2
Differential lysis 1 19

Cell concentrations were fixed at 10%/mL (female epithelial cells) and 10%/mL (sperm).

doi:10.1371/journal.pone.0159401.t002

coupling between the anti-MOSPD3 antibody and magnetic beads was mediated by the avi-
din-biotin system [12]. In this study, the anti-PH-20 antibody was linked to the carboxylic
group of magnetic beads via amide bonds, which guaranteed anti-PH-20 IMB as a stable and
inseparable entity during experimental procedures. To our knowledge, this is the first report of
an anti-sperm antibody linked to magnetic beads via covalent bonds for sperm isolation from
vaginal cell mixtures.

Incomplete separation of the sperm and female cells has been a problem for both the tradi-
tional differential lysis method and the newly introduced biomagnetic separation strategy. For
example, earlier work based on the anti-tACE antibody yielded single-sourced DNA profiles
only for samples with a sperm concentration of 10°/mL, but not for those with a sperm concen-
tration of 10°/mL or lower [11]. Our work based on the anti-PH-20 IMB (Fig 2) and three
other anti-sperm antibodies encountered the same problems, although epithelial cells were not
observed by microscopy (Fig 1). We hypothesized that some epithelial cells might be lysed dur-
ing the experimental manipulations and cellular debris, including female DNA, could become
attached to the surface of the complexes. The hypothesis was confirmed by incubating the
IMB-sperm with DNase I, which yielded single-sourced STR profiles (Fig 2 and S2 Fig). This
technical modification, which worked for the anti-PH-20 IMB and the other three anti-sperm
antibodies (Table 1), might provide further clues for solving similar problems for forensic
DNA as well as clinical diagnosis.

Our method based on anti-PH-20 IMBs successfully isolated sperm at a concentration of
10°/mL from cell mixtures containing female epithelial cells at a concentration of 10°/mL,
exhibiting advantageous sensitivity over anti-SP-10, anti-ADAM?2 and anti-JLP antibodies
(Table 1) as well as published work [11, 12]. One important reason for the satisfactory sensitiv-
ity is that the localization of the PH-20 protein fulfills our expectations for a sperm-capturing
target. STR genotyping requires nuclear DNA as templates for PCR. As the nuclear DNA of a
sperm is located inside the sperm head, but not in the midpiece or tail part, the proteins located
on the surface of sperm heads should be preferentially considered as targets for sperm capture.
The PH-20 protein was present on the plasma membrane over the entire head of human
sperm, enabling the IMB prepared with its antibody to capture both the intact and untailed
sperm (Fig 1). Earlier immunohistochemical staining studies showed anti-tACE IMB:s failed to
capture some sperm without flagellum and midpiece, which is consistent with the fact that the
tACE protein was localized only on the post-acrosomal area, neck and midpiece of the sperm
[11]. In this study, anti-SP-10 IMB showed inferior sensitivity compared to the anti-PH-20
IMB, and the difference is likely because the SP-10 protein is present only at the equatorial
region of the sperm head [15].

Remarkably, our biomagnetic sperm separation method based on the anti-PH-20 antibody
had greater sensitivity compared to the differential lysis approach (Table 2). It is worth noting
these results were obtained with simulated cell mixtures. The performance of the anti-PH-20
IMB procedure with biological evidence from real cases requires further evaluation and
optimization.
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Besides forensic DNA applications, sperm selection with magnetic beads is also one of the
advanced strategies for assisted reproduction. For example, Annexin V-conjugated paramag-
netic microbeads have been used to eliminate apoptotic spermatozoa from sperm suspensions
so that a fraction of spermatozoa with normal morphology and less DNA damage can be pre-
pared [19, 20]. Our work based on the anti-PH-20 IMB might provide further hints in target
protein selection, bead-protein conjugation manner selection and experimental procedures for
assisted reproduction as well as other applications that work with sperm in complex systems.

In summary, we developed a novel method for sperm isolation from vaginal cell mixtures
based on magnetic beads coated with an anti-PH-20 antibody, which is sensitive for cell type
discrimination and effective in removing the female fraction completely, providing a promising
approach for separating sexual assault cell mixtures.

Supporting Information

S1 Fig. Sperm isolation with the anti-PH20 IMB and differential lysis.
(PDF)

S2 Fig. Sperm isolation from a mixture of sperm and vaginal epithelial cells using the anti-
PH-20 IMB.
(PDF)
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