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Abstract

The goal of this study was to survey optical and biochemical variation in cell populations
deposited onto a surface through touch or contact and identify specific features that may be used
to differentially label and then sort cell populations from separate contributors in a trace
biological mixture. Cell characterizations initially focused on two different protein systems,
Human Leukocyte Antigen (HLA) complex and cytokeratin (CK) filaments. Hybridization
experiments using pan and allele-specific HLA antibody probes showed that surface antigens on
cells transferred from the palmar surface of volunteers are largely unreactive, suggesting that
they cannot be used to differentiate cell populations in a touch mixture. Touch samples were also
hybridized with the pan-CK probe AE1, which targets CK proteins 10, 14, 15, 16 and 19.
Fluorescence levels of AE1 hybridized cells were observed to vary across donors, although these
differences were not consistent across all sampling days. We then investigated variations in red
autofluorescence profiles (650-670nm) as a potential signature for distinguishing contributor cell
populations. Although distinct differences in red autofluorescence profiles were observed -- with
one donor consistently exhibiting higher levels of fluorescence than others -- some variation was
also observed in touch samples collected from the same individual on different days. While this
suggests that contributor touch samples cannot be defined by a discrete level of autofluorescence,
this attribute may still be a useful means of isolating contributors to some touch mixtures. To test
whether these observed optical differences could potentially be used as the basis for a cell
separation workflow, a controlled two person touch mixture was separated into two fractions via
Fluorescence Activated Cell Sorting (FACS) using gating criteria based on intensity of 650-

670nm emissions, and then subjected to DNA analysis. STR typing of the sorted fractions
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provided partial profiles that were consistent with separation of individual contributors from the

mixture.

Introduction

Analysis of ‘touch’ or trace epithelial cell mixtures is a significant problem for DNA
caseworking units. Currently, interpretation of STR profiles containing multiple contributors
requires time-consuming and frequently subjective procedures that often decrease the probative
value of the evidence and can lead to its total loss. Although probabilistic genotyping systems
can perform analyses on complex mixtures which are superior to human analysis,
implementation of these systems poses a number of challenges (e.g. cost; time requirements;
legal skirmishes over proprietary software; difficulties associated with communicating
probabilistic information to a jury), mis-estimation of the number of contributors to a sample can
affect probabilistic results [1], and are limits as to the number of contributors that can be
successfully disentangled [2]. There remains a considerable need for front end techniques that
can separate cell populations from different contributors prior to DNA analysis thereby
facilitating the generation of single source STR profiles and/or simplifying multi-contributor
samples, particularly for mixtures of greater than three individuals [3].

Towards this end, a number of methods exist for isolating cells from a mixture including
laser capture microdissection, microfluidic manipulation, and fluorescence activated cell sorting
[4-7]. These techniques typically take advantage of either morphological or immunochemical
variation between cells and have proven to be effective for resolving mixtures with multiple cell
types (e.g., blood-saliva [7], sperm-epithelial [6,8]) or mixtures with only one cell type [4].

However, few studies have tested front-end separation strategies on ‘touch’ mixture samples
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consisting solely or largely of epidermal cells which have vastly different biological and
structural properties from other forensically relevant cell types (e.g., vaginal, buccal, white blood
cells).

Specifically, sloughed epidermal cells (aka corneocytes) come from the outermost layer
of the skin, the stratum corneum. Prior to shedding, corneocytes have undergone a process of
terminal differentiation as they migrate to the outer layer whereby they have lost their cellular
organelles including their nuclei [9,10]. Additionally, various keratin molecules accumulate both
within and upon the surface of the cell as it becomes encased within an extracellular matrix
composed of lipids and hydrophobic proteins that contribute to the skin’s barrier function
[11,12]. The progressive keratinization of epidermal cells and degradation of their intracellular
components may pose considerable obstacles to the development of immunochemical techniques
to differentiate contributors in touch mixture samples. Surface antigens, which can be targeted
for selective labelling of individual cell populations in a forensic mixture [4,7,8], have variable
reactivity in keratinocytes originating from different epidermal layers (e.g., basal layer is more
reactive than spinous layer) [13-15], and their utility has yet to be explicitly evaluated in touch
samples.

Therefore, the objective of this study was to characterize the optical properties and
immunochemistry of cells recovered from touch or contact biological samples with the
overarching goal of identifying biomolecular targets that may be used to differentiate, and
ultimately separate, epidermal cell populations from different individuals. We initially focused
on the reactivity of epidermal cells to antibody probes that target two different protein classes:
the Human Leukocyte Antigen (HLA) complex and cytokeratins (CKs). We followed these

experiments with a survey of intrinsic fluorescence of epidermal cells from different contributors
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at red wavelengths (650nm-670nm). Next, in an effort to physically isolate contributor cell
populations in a controlled two-person ‘touch’ mixture, we used the observed inter-contributor
variation in autofluorescence profiles to develop gating criteria for subsequent fluorescence
activated cell sorting (FACS). Finally, we processed the sorted cell populations using forensic
DNA analysis methods, and compared the STR profiles of each fraction against profiles from the
unsorted mixture and the contributor reference samples in order to evaluate the efficacy of

separation.

Methods
Sample Collection

Touch samples were obtained pursuant to VCU-IRB approved protocol 1D#
HM20000454 CR. Volunteers were asked to rub a sterile polypropylene conical tube (P/N
229421; Celltreat Scientific) using their palm and fingers for five minutes. Cells were collected
from the surface with sterile pre-wetted swabs (P/N 22037924; Fisher Scientific) followed by dry
swabs. A total of six wet swabs and two dry swabs were used to sample the entire tube surface.
To elute the cells into solution, the swabs were manually stirred then vortexed for 15 seconds in
10 mL of ultrapure water (18.2 MQ-cm). The entire solution was then passed through a 100 um
filter mesh prior to AMNIS imaging, antibody hybridization, and/or flow cytometry. Separate
aliquots of the resulting cell solution were used for each analysis method, with the exception of
the samples used in mixture separation studies which were collected as described below.

For the two-person mixture studies, each donor rubbed a tube as described above. The
entire surface area of the tube (excluding the cap) was swabbed with one slightly wetted cotton-

tipped swab followed by one dry swab. The swabs were then eluted in 2mL of sterile water,
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vortexed for 15 seconds, and passed through a 100 um mesh filter. An 860 uL aliquot of each
donor’s touch cell solution was combined to create a 1:1 mixture (by vol.) for flow cytometry
analysis, gating, and subsequent sorting via FACS. Another 200 uL from each donor was
combined to create a mixture that would proceed directly to DNA analysis without sorting (i.e. to
develop an unsorted mixture profile for comparison). The remaining cell solution for each of the

two donors was utilized for microscopic imaging studies.

Cellular Imaging

In order to preliminarily assess the nature of cellular material comprising our touch
samples, we analyzed the morphological and optical characteristics of samples from three of our
donors. First, an aliquot of each donor’s touch cell solution (~500 pL) was sorted into ‘large
cell’ and ‘small cell’ fractions (i.e. ‘K’ and ‘D’ fractions, respectively) using a BD FACSAria™
llu (Becton Dickinson) flow cytometer with 488 nm and 633 nm coherent solid state lasers, and
set to the following channel voltages: FSC,200V; SSC,475V. Cells and other events were sorted
into large and small cell fractions based upon their forward scatter (FSC) and side scatter (SSC)
profiles. Sorting was performed until at least 1,000 events (cells) were collected into each
fraction.

Each fraction was then analyzed using an Amnis® Imagestream X Mark 11 (EMD
Millipore) equipped with 488nm and 642nm lasers. Images of individual cell events were
captured in the Brightfield channel as they passed through this specialized flow cytometer.
Additionally, we conducted microscopic surveys of autofluorescence in individual cells by

activating both lasers and the APC channel detector (642-745nm). Magnification and focus
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settings varied with cell size. Cell images were analyzed and exported with the IDEAS®

Software (EMD Millipore).

Antibody Hybridization

Three milliliter aliquots of ten donors’ touch cell solutions were centrifuged at 5,000xg
for five minutes. The resulting cell pellets were then redissolved in ~100 pL of supernatant and
incubated for 10 minutes with 1 pL of Human Fc Receptor block (Cat# 130-059-901, Miltenyi
Biotec) to increase the specificity of antibody binding before reaction with either HLA or CK
probes. For HLA hybridizations, cells were incubated with mouse anti-human monoclonal
antibody (mAb) HLA-ABC-FITC (Cat# 311403, BioLegend) for 30 minutes. Cells incubated
with anti-mouse 1gG2a-FITC (Cat# 343303, BioLegend) for 30 minutes served as the isotype
control for these experiments. Cells were then washed once in 1x FACS buffer [PBS
supplemented with 2% Fetal Bovine Serum (FBS, Cat# 100-106, Gemini BioProducts) and 10%
Sodium Azide (Cat# S2002, Sigma-Aldrich)] and re-suspended in the same solution until flow
cytometry analysis.

For CK hybridization experiments, cells were incubated with anti-acidic cytokeratin
probe (‘AE1’ (recognizes CKs 10, 14, 15, 16 and 19), Cat# 14-9001-80, Affymetrix eBioscience)
for 30 minutes followed by reaction with a secondary antibody, anti-mouse 1gG1-APC (Cat# 17-
4015-80, Affymetrix eBioscience). We used anti-mouse 1gG1-APC (Cat#17-4714-42,
Affymetrix eBioscience) to create the isotype control for AE1 experiments, incubating for 30
minutes. As before, cells were washed once and then resuspended in 1XFACS buffer prior to

analysis.
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Flow Cytometry and Fluorescence Activated Cell Sorting

For HLA and CK studies, flow cytometry analysis was performed on the BD
FACSCanto™ II Analyzer (Becton Dickinson) equipped with 488nm and 633nm lasers. Channel
voltages were set as follows: Forward Scatter (FSC, 150V), Side Scatter (SSC, 200V), Alexa
Fluor 488 (FITC, 335V), Phycoerythrin (PE, 233V; PE-Cy5, 300V; PE-Cy7, 400V), and
Allophycocyanin (APC, 250V). For each experiment, 10,000 total events were collected for
analysis. Data analysis was performed using FCS Express 4 Flow Research Edition (De Novo
Software).

Intrinsic fluorescence studies of six donors’ touch samples and Fluorescence-Activated
Cell Sorting (FACS) of two-person epidermal cell mixtures were performed on one of two BD
FACSAria™ [lu (Becton Dickinson) flow cytometers, each employing 488 nm and 633 nm
coherent solid state lasers. On each instrument, channel voltages were set as follows: FSC, 200V,
SSC, 475V; APC, 400V. Cell events falling into the ‘large cell’ gate (i.e. ‘K’ fraction) were
analyzed for red autofluorescence (650-670nm), again using FCS Express 4 Flow Research
Edition. For the mixture sample, sorting gates were set to enrich for each of the two contributors
in the mixture based on their individual autofluorescence profiles (‘P9 and ‘P10’ regions of the
fluorescence histograms shown in Figure 6). We collected 15,406 events/cells in ‘Sort A’ and

10,607 events/cells in ‘Sort B’.

DNA Extraction, Purification and Quantitation
Sorted samples were centrifuged at 10,000 xg for 15-20 minutes to pellet cells. The
supernatant was concentrated onto a YM-100 Microcon filter (P/N 42413, EMD Millipore) and

eluted in 25 pl of sterile distilled water, then re-combined with the cell pellet. These samples, as
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well as the reference samples (unsorted mixture and donor buccal samples) were each lysed and
purified using the DNA 1Q System (Cat# DC6701, Promega) following the VA-DFS standard
protocols [16]. DNA extracts were quantitated using the Plexor HY System kit (Cat# DC1001,
Promega) coupled with the Stratagene MX3005P Quantitative PCR Instrument and Plexor

Analysis Software.

STR Amplification and Profiling

We used the PowerPlex® Fusion System kit (Cat# DC2402, Promega) to amplify STRs in
an ABI 9700 thermal cycler, following the manufacturer’s protocols. Capillary electrophoresis
was performed on the ABI 3500 xL Genetic Analyzer (Life Technologies) as described in the
instruction manual, and resulting data was analyzed using GeneMapper ID® -X v1.4 Software
(Life Technologies) according to the manufacturer’s recommendations. The analytical thresholds
used to interpret the resulting data were dye specific and set at 88 relative fluorescent units
(RFU) for fluorescein, 74 for JOE, 114 for the TMR-ET, and 80 for CXR-ET. The stochastic

threshold was set at 396 RFU.

Results
Morphological Characterizations

Initial optical characterizations of cell solutions recovered from touch samples showed
two distinct populations. Individual events within the ‘K’ gate measured ~20-40 pum in diameter.
The size and morphology of the subset of large cell (K) fraction events imaged with AMNIS
(typically several hundred cells per sample) appeared to be consistent with intact keratinocytes

(top two rows of cell images in Figure 1); we did not observe any cells with features that would
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suggest the presence of other epithelial cell types (e.g., buccal). Evidence of folded or rolled cells
was also observed in the K population which likely reflects physical deformation of some cells
during surface swabbing. Events within the ‘D’ population were typically less than 10 um. Their
size and overall variable morphology in AMNIS images (bottom two rows in Figure 1) suggest
that these events represent cell fragments, biological debris, or non-cellular particles such as
hairs or fibers. The distribution of cell events within the K-population vs. D-population were
observed to show considerable variation both between donors and between sample replicates

from the same individual, consistent with previously published data for these samples [17].

Antibody Labeling Experiments

Touch samples from ten donors were each hybridized to a fluorescently-labelled pan-
HLA antibody that recognized all antigens within the A, B, and C protein classes. Probe-
hybridized cells displayed no increase in average fluorescence when compared to unlabeled cells
or isotype controls (Figures 2a-c). Similar results were obtained when HLA probes specific for
the A*02 allele were hybridized against cells that screened positive for the A*02 allele (data not
shown). Although there was no obvious change in fluorescence after probe hybridization, some
differences in the distribution of FITC channel intrinsic fluorescence values were consistently
observed from one donor to the next (e.g., compare purple and dark blue histograms in Figures
2a-C).

In contrast, experiments using AE1 cytokeratin antibodies show probe uptake for each of
ten donor samples tested when compared against unstained cells and isotype controls (compare
Fig. 2f to Figs. 2d and 2e). We observed slight inter-individual variation in binding efficiency.

Mean fluorescence intensities ranged between 417 and 663 relative fluorescence units (RFUS),
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with all donors exhibiting significant overlap in their histogram profiles. Of note, one donor cell
population showed higher average levels of intrinsic APC channel fluorescence compared to
other donors (maroon histogram in Figs. 2d-e). Interestingly, this donor cell population displayed
one of the lowest probe binding efficiencies of those surveyed (maroon histogram in Fig. 2f).
When touch samples from a subset of these donors were monitored for changes in AE1 uptake
between sampling days, we found that the efficiency of probe binding varied from day to day,
with samples from one donor in particular exhibiting discernibly higher fluorescence than other

donors on two of the four collection days (Figure S1, red histograms).

Intrinsic Fluorescence Surveys

Next, we examined variation in intrinsic fluorescence at red wavelengths (~650-670 nm)
as a potentially discriminating characteristic for cell populations from different individuals. This
wavelength was chosen based on initial observations in the course of antibody hybridization
studies that unstained cell samples from some contributors showed higher mean fluorescence
intensities than others (Figs. 2d and 2e (maroon histograms); Figure S2 [18], and data provided
in [19]). Further, images collected during microscopic surveys indicated a number of cells
exhibiting APC channel fluorescence (Fig. 3); among the images captured, we observed some
noticeable differences in fluorescence intensities between cells from different individuals (e.g.,
Fig. 3, comparison between E15 (particularly frames 13 and 20) and D02 cell events.

Intrinsic fluorescence profiles (APC channel) were developed from six donors’ touch
samples, with different subsets of these individuals sampled and analyzed on three different
days; results are shown overlayed and grouped by sampling day in Figure 4. Significant overlap

was observed between many of the donors on each sampling day. However, touch samples from
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one contributor, E15 (red histogram in each panel), consistently contained a number of cells with
higher fluorescence intensity than cells from other contributors. Microscopic surveys of
individual cell events from contributor E15 showed red autofluorescence associated with what
appear to be intact corneocytes (Figure 3). Fluorescence was also observed associated with other
flow cytometry events, which could be rolled or fragmented cells, or possibly non-cellular
material such as fibers.

To investigate the consistency of autofluorescence signatures, touch samples were
collected from donors E15 and D02 on seven additional days and analyzed for red
autofluorescence. Results showed that the degree of differentiation (or conversely overlap)
between autofluorescence profiles varied considerably across days (Figure 5). Nonetheless, the
mean APC channel fluorescence of E15 cell populations was consistently higher than D02

populations.

Two-person mixture study

Mixtures of cells deposited by donors D02 and E15 were sorted into separate fractions
via FACS according to the gating criteria shown in Fig. 6, and then subjected to DNA analysis.
“Sort A” and “Sort B” — the cell fractions that met gating criteria derived from intrinsic
fluorescence measurements of cells from donors D02 and E15 (respectively) — each produced a
partial profile (Table 1). The high degree of dropout, and possible drop-in alleles observed are
consistent with extremely low level of template DNA detected in each cell fraction (<50pg).

All alleles detected in Sort A were consistent with donor D02 with the exception of a
single 24 allele at locus D2S1338, which did not originate from donor E15 and is likely a drop-in

allele; none of E15’s obligate (i.e. unique) alleles were detected in the DNA profile developed
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from Sort A. Likewise, all alleles detected in Sort B were consistent with donor E15 with the
exception of a single 13 allele at locus D13S317, which did not originate from donor D02 and is
likely a drop-in allele; none of D02’s obligate alleles were detected in the DNA profile

developed from Sort B.

Discussion

The objective of this study was to characterize the optical and biochemical properties of
touch epidermal cell samples and investigate different cellular properties that may be used to
differentiate contributor cell populations in a touch mixture. Flow cytometry data showed that
biological material recovered from standard sampling swabs and eluted in solution was
composed of intact cells consistent in size with corneocytes (20-40um) and smaller, irregular
events. Single cell imaging of the latter fraction suggests that it is composed of cellular debris,
deformed/damaged cells, and fiber fragments that may originate from the collection swab or are
associated with the sampled substrate. Over the course of this study we observed both inter- and
intra-contributor variation in the number of corneocytes detected and their percentage relative to
the total number of events in a touch sample, consistent with previous reports [17]. Nonetheless,
cell yield was not an issue as touch swabs routinely provided more than 10,000 cells for analysis.

As with our previous studies of controlled touch samples, evidence of other epithelial cell
types was not observed or detected (e.g., buccal cells which generally appear larger than
corneocytes [20]), although we note that damaged or fragmented cells from other tissues may be
difficult to detect with these techniques. Since cell source information can be probative in some
cases (e.g. to support or refute allegations of oral contact vs. touching), future research should

focus on methods of differentiating and identifying different epithelial cell types. As discussed
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further below, the same classes of proteins that we surveyed in these studies could potentially be
used for this purpose [21], and possibly integrated with other cell targets and/or properties into
the kind of flow/FACS methodology that we investigate here, thus permitting simultaneous
discrimination between cell types and contributors to a mixture.

We hybridized epidermal cells against two different classes of antibody probe in order to
assess whether the target proteins’ variable expression had the potential to differentiate donor
cell populations in a touch mixture. Hybridization experiments targeting HLA antigens on the
cell surface showed little to no binding to either allele-specific or class-level antibody probes,
suggesting that HLA antigens were either not present or were unreactive (Figure 2). The absence
of HLA probe interactions in this study is further evidence that the overwhelming majority of
cells in these touch samples are fully differentiated keratinocytes, which have been shown to
display limited reactivity to HLA Class I probes in contrast to cells derived from deeper layers of
the epidermis [13,15] or non-epidermal epithelial cell sources [22].

Of course, there is no such thing as a representative touch sample, and likely some touch
samples encountered in casework will include non-corneocyte components such as buccal cells
[23], which may prove reactive to cell surface probes. However, we did not detect any such cells
in this study or in our previous work [20], which may be characteristic of many of the touch
samples recovered in case work. Regardless, before abandoning cell surface antigen targets such
as these in touch samples, it may be worth exploring techniques such as preliminary
trypsinization to increase immunoreactivity of corneocytes [13,15].

For purposes of the current studies, though, we moved on from HLA probes to test an
antibody probe system that targets cytokeratins, which are an important structural component of

both differentiating and fully differentiated epidermal cells [12]. Specifically, we utilized AE1
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probe which binds to cytokeratin proteins 10, 14, 15, 16, and 19. We found that touch samples
consistently hybridized to the AE1 probe, albeit donors displayed slight variation in binding
affinity (Figs. 2, S1). Across sampling days, the degree of variation occasionally increased (Figs.
Slaand Slc), however, we observed that the difference was sometimes minimal (Figs. 2, S1b
and S1d). These results suggest that cytokeratin expression — at least on the pan-level that is
capable of being explored with a probe such as AE1 — may not present a consistently useful
means of discriminating between individuals.

However, individual CK probes may prove more discriminating than pan probes, e.g.,
certain cytokeratins are upregulated, and others downregulated, with age [24]. By targeting
cytokeratins on a pan level, these differences may be cancelled out. Expression of individual CK
proteins has also been used to distinguish between epithelial cell sources (mucosal epithelial
cells (buccal or vaginal) from epidermal cells) [21], and could possibly be used in conjunction
with flow cytometry to detect the presence of, and potentially isolate, non-epidermal cell types in
touch samples (or, background levels of skin cells in a non-touch sample). Future efforts should
continue to investigate intrinsic and/or environmental factors that can contribute to differences in
cytokeratin expression (e.g., [25]), as well as whether shifts in CK expression as a function of
age, cell source, and other factors can be detected and thus used (individually or in combination)
to distinguish cell contributors in touch samples.

Our observation in the course of antibody hybridization studies that intrinsic fluorescence
— particularly at red wavelengths — varied between donors led us to pursue this feature for its
potential in discriminating between cell populations. In previous studies of autofluorescence in
eight donors (three of whom — D02, D11 and 166 — were a part of the current set of experiments),

clear differences were observed between donor fluorescence profiles, such that fluorescence-
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based sorting gates could be conceived that would isolate cells from one or more contributors, to
the exclusion or minimal contribution of cells from others [19]. In the current experiments, less
distinction was observed between donors (Fig. 4), and it is unclear whether or how much of this
may be attributable to differences in instrumentation (the earlier studies utilized the BD Canto
platform while the current studies utilized two different FACS Aria instruments; further, the
voltage settings for the two sets of experiments differed), the specific donors tested (e.g. J16, the
donor who exhibited the highest levels of red fluorescence in the earlier studies, was not
available during for this study), or possibly a combination of these factors. The influence and
potential impact of day-to-day sample variation cannot be discounted, particularly where
previous studies also found fluctuation in fluorescence measurements for a donor whose cells
were sampled on multiple days and analyzed on a single instrument (Figure 1f in [19]).

Regardless, in the current study, one donor in particular consistently exhibited higher red
fluorescence than other donors (E15 histograms in Figs. 4 and 5). On some days, this donor’s
cell populations exhibited autofluorescence several magnitudes greater than other days: across
seven sampling days, median autofluorescence for E15’s cell population ranged from ~500 to
3000 RFUs. On the days when E15°s touch samples emitted the highest red fluorescence, the
degree of differentiation from other donors’ cell populations, in particular D02, was the greatest
(Fig. 5).

Understanding the factors, both intrinsic and extrinsic to the cell, which may cause shifts
in autofluorescence will be an important area of future research. As discussed previously [19],
there are a number of endogenous molecules within the stratum corneum that can contribute to
autofluorescence [26], including molecules such as porphyrins which have emission maxima

similar to what was observed in this study [27,28]. Although microscopic surveys are consistent
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with some portion of the red autofluorescence signal being associated with apparent corneocytes
(Figure 3), we also noted that other, likely non-cellular, fluorescent particles could be found in
these samples and may contribute to the overall optical profiles. These included particles
consistent with hairs or fibers that were recovered from the K-population of multiple donors.
There is also the possibility that other types of exogenous fluorescent compounds (e.g.,
plasticides [29], chlorophyll [30], or inorganic molecules) could associate with cellular material
transferred from the palms and contribute to its autofluorescence properties.

Ultimately, the observed degrees of inter- and intra-individual variation in red
autofluorescence profiles indicate that this may not be highly discriminating attribute, but do not
necessarily negate the utility of this signature in simplifying touch biological mixtures for
downstream DNA analysis and interpretation [19]. Depending on the contributors to a given
mixture, it may be possible to isolate one or more on the basis of autofluorescence, or to separate
a mixture of three or more contributors into two or more simpler mixtures. This raises the
possibility that flow cytometry — which is inherently non-destructive — could be used to screen
touch mixtures for their susceptibility to be separated into individual components (or at least
broken down into less complex mixtures) based on this characteristic. For example, a mixture
sample that exhibits two or more peaks (or even a plateau as shown in Figure 6) on a
fluorescence histogram would be a more promising candidate for cell separation than one that
exhibits a single distinct peak.

However, even a touch sample composed of readily-distinguished cell populations will
not necessarily separate cleanly, or produce worthwhile STR data. Our group and others have
reported on the characteristically low levels of intracellular genomic DNA recovered from cells

deposited on touch surfaces [20,31], which is expected given that keratinocyte differentiation
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involves programmed breakdown of nuclear DNA prior to cell shedding from the stratum
corneum [10,32]. This could pose a challenge for the application of cell-based separation
techniques on touch samples. With that in mind, we utilized autofluorescent signatures to sort a
controlled touch mixture of donors D02 and E15 via FACS and attempted DNA analysis of the
resultant fractions using a standard forensic workflow.

Our preliminary efforts resulted in a partial STR profile for each sorted touch fraction
that is (with the exception of a single extraneous allele) consistent with the respective known
contributor, indicating that separation of cell populations from the two known contributors on the
basis of red autofluorescence was successful. However, the single stray allele in each sort
suggests that a very low level of DNA from a third party may have ended up in these fractions.
Given the low levels of target template, it is possible that these are examples of allelic drop in
during amplification; negative controls were clean but this does not exclude the possibility of this
phenomenon. Interestingly, six extraneous alleles (i.e. not from D02 or E15) were detected in
the reference (unsorted) mixture (Table 1). None of these alleles showed up in profiles
developed from Sort A or Sort B. These could be instances of drop in (11.3 at D2S441, 20 at
D18S51 and 8 at D8S1179) and pronounced stutter (17 at D2S1338, 14 at D16S539, and 23 at
FGA) resulting from low levels of DNA template in the touch mixture. It is also possible that
these alleles are derived from extracellular DNA (which would not be expected to show up in
sorted fractions) that was transferred to the palms of D02 or E15 before they deposited their
touch samples, particularly in light of studies demonstrating the prevalence of extracellular DNA
in touch samples [20,31,33].

The high degree of allelic dropout observed in the sorted fractions is not unexpected

given the nature of the biological material being analyzed — shed epidermal cells. However, there
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are several areas in our methodology where adjustments could be made to improve DNA yield
and/or maximize the use of the DNA that is present, and thus produce more complete DNA
profiles from sorted fractions. For example, we utilized a standard forensic DNA analysis
protocol on sorted samples, which could be modified in various ways to increase efficiency (e.g.
by reducing extract volume and/or concentrating post quantitation). Moreover, these controlled
touch mixtures were split into aliquots to be used for differing purposes during these exploratory
studies (e.g. microscopic imaging, FACS, DNA analysis without sorting). As such, only a
fraction of the cells collected from touched surfaces were submitted to FACS; if more (or all) of
the touch samples were utilized for this purpose, each fraction would likely contain more cells
for downstream STR profiling.

Further, by designing the sorting gates in this study with an eye toward producing single
source profiles, we sacrificed maximal cell recovery for purity of the sort. As can be seen from
Figure 6, gate P9 was designed to capture D02’s cells while excluding most of E15’s cells, and
gate P10 was designed to capture E15’s cells while excluding most of D02’s. However,
approximately half of each of D02 and E15’s cells went unsorted in the middle area between the
two gates. With touch samples, and the associated difficulties related to intracellular DNA yield
from corneocytes, it may make sense to shift the gating calculus we used for other types of
biological material [4]. Instead of designing gates to produce single source profiles, one might
strike a balance between cell recovery and production of simple mixtures with easily discernable
major components.

For example, if the gates in Figure 6 were set so that all cells in the D02-E15 mixture
fluorescing less than 1000 RFU were sorted into Sort A, and those fluorescing at or greater than

1000 RFU were sorted into Sort B, this should result in recovery of all cells from the mixture
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between the two fractions. Note that while most of D02’s cells exhibit fluorescence below 1000
RFUs, a few cells fluoresce at a higher intensity (Fig 6a); conversely, while most of E15’s cells
exhibit fluorescence above 1000 RFUSs, a few cells fluoresce at a lower intensity (Fig 6b). Thus,
while each fraction sorted in this manner will contain some cells from the untargeted contributor,
resulting in a mixture, the major contributor should be distinguishable and consistent with the
vast majority of cells in the simplified mixture created by the sort (D02 in Sort A; E15 in Sort B).

One of the biggest drivers of cell loss in our methodology may be the retention of cellular
material in the collection swabs following manually stirring and vortexing in water to elute the
cells into solution. The challenge of maximizing DNA yield from collection swabs has been
explored by a number of researchers in the forensic sciences, though many of the protocols are
not applicable where, as here, cells need to remain intact during elution [34]. Future work should
continue to test different elution protocols to maximize cell recovery; optimized buffers [35] and
the incorporation of enzymes such as cellulase to break down cotton and encourage the release of
cells [36] may hold promise. To the extent that some number of cells will undoubtedly remain
trapped despite methodological adjustments, subsequent studies should investigate whether and
how information derived from this biological material may be exploited. At very least, this
unsorted mixture data may be used to give context to STR profiles developed from sorted cell
fractions; in some cases, the combination of sorted and unsorted DNA data may increase the
overall probative value of a sample.

Finally, because a significant portion of the genetic material in many touch samples may
be unavoidably extracellular, characterizing the chemical and physical relationship between cell-
free DNA and the surface of intact epidermal cells may be an important area of future research.

If extracellular DNA associates with epidermal cells, as it has been observed to do in other cell
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types (e.g., [37]), flow cytometry protocols could potentially be optimized to maintain surface-
bound DNA through the cell sorting process. If it emerges that extracellular DNA is not bound to
epidermal cells at the time of transfer, this DNA source can be separately collected for typing

[20].

Conclusions

This investigative study marks a starting point for ongoing research into methods that
facilitate the separation of touch samples into individual contributor cell populations for
downstream DNA analysis. We continue to explore different properties of corneocytes with the
goal of identifying a highly discriminating cellular signature (or combination of signatures).
While additional research is needed before FACS can be imported as a front end technique in
forensic DNA casework, our preliminary results indicate that there are attributes of fully
differentiated keratinocytes that can be harnessed to distinguish cell populations from some
individuals. A benefit of a feature such as red autofluorescence is that it can be measured without
the need for antibody probes or other special reagents, allowing for touch samples to be pre-
screened for this trait.

We are also working to optimize our processing methods to maximize both cell yield and
DNA vyield from sorted cell populations. However, the recovery of even partial profiles from
sorted cell solutions may have the potential to enhance the overall probative value of DNA
evidence, particularly when analyzed in conjunction with complex mixture data derived from the
same sample (e.g. if it is combined with profiles generated from the extracellular fraction and/or
cells retained in swabs). Sorted profiles, even if too incomplete to stand alone, may be able to

buttress probabilistic claims about the mixture. At very least, this data could provide important
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investigatory leads, providing clues as to allelic pairings in an otherwise indistinguishable

mixture, and potentially narrowing the pool of suspects.

Acknowledgements
The authors gratefully acknowledge Daniel Conrad and Julie Farnsworth for providing technical

assistance for this project.

Competing interests

No competing interests were disclosed.

Grant information
This project was funded by the National Institute of Justice Award number 2013-DN-BX-K033
(P1: Ehrhardt). Flow cytometry services in support of the project were provided by the VCU

Massey Cancer Center, supported in part with funding from NIH-NCI P30CA016059.


https://doi.org/10.1101/045948
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/045948; this version posted March 28, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

SSC-Area

D
0 65536 131072 196608 26214
FSC-Area

Figure 1. Optical characterization of a touch cell solution. Forward scatter and side scatter plot
of all cell events showing ‘K’ and ‘D’ subpopulations (left). Images of individual cell events
using AMNIS instrumentation (right). The top two rows are sampled from the K subpopulation
and the bottom two rows are from the ‘D’ subpopulation.
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Figure 2. Hybridization of touch samples with HLA and CK antibody probes. Few differences
were observed between samples hybridized with pan-HLA probe and unstained samples/isotype
controls, indicating that the touch samples failed to uptake the probe (panels a-c). In contrast, all
touch samples exhibited uptake of AE1 cytokeratin antibody probe, with slight differences
observed in binding efficiency across contributor cell populations (panels d-f).
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Figure 3. AMNIS imaging of individual flow cytometry events from the large (“K”) fraction of
touch samples from two different contributors, E15 (top) and D02 (bottom). Each event was
visualized in three different microscopic settings: Brightfield (left image in gray), APC channel
fluorescence (middle image shown in red), and side scatter (right image shown in purple).
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Figure 4. Overlayed red fluorescence (650-670nm) histograms for cell populations from touch

samples. Each panel (a-c) shows a different combination of donor cell populations sampled and
analyzed on the same day.
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Figure 5. Overlayed red fluorescence histograms for two contributors, D02 (black) and E15
(red), across seven independent sampling days.
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Figure 6. Sorting gates used for FACS based on APC channel intrinsic fluorescence. Histogram
profiles for single source samples (panels a, b) were used to define two sorting gates, P9 and
P10. These gates were positioned such that cell populations from D02 and E15 would be
enriched relative to each other in the two cell fractions. Panel ¢ shows the sorting gates plotted
against the histogram profile of the two-person cell mixture prior to sorting.
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D351358 | DIS1656 | D2S441 | D10S1248 | D135317 | Penta E D165539 D18551
D02 Ref 15 12.173 1415 15.16 11.14 10.18 1113 13.14
E15 Ref 15.17 13.16.3 10,14 13,14 9.11 16.21 1012 13.18
Pre-sort 15.17 12.13. 11.3.14 - - - 10.11.12.13. | 13.18.20
16.3 14
Sort A 15 12 - - - - 13 13
Sort B 15.17 - - - 13 - 10 -
D251338 | CSF1PO | PentaD | THO1 viWA | D21511 | D75820 | D55818 | TPOX
D02 Ref 1820 11.12 1115 9 18.19 28332 8.12 1213 8
E15 Ref 19.25 10.11 11.13 7 16.17 30312 12 11.12 8.12
Pre-sort | 17.18.20.25 10 - 7.9 17.18 - 12 - 8
Sort A 24 - - - - - - - -
Sort B 25 - - 7 16 - - - -
DY5301 D851179 D125301 D195433 FGA D2251045
D02 Ref - 12,13 19.21 14,15 2425 15.16
E15 Ref 11 14.16 18.20 14.16.2 2527 15
Pre-sort - 8.12,13.14.16 | 18.19,20,21 14.15 232527 16
Sort A - 12,13 19 14.15
Sort B - - - 14

Table 1. Powerplex fusion profiles developed from donors D02 and E15 reference samples

(buccal), unsorted mixture of cells deposited by D02 and E15, and sorted fractions. “Sort A is
the cell fraction that met the gating criteria based upon D02’s intrinsic fluorescence profile, and
“Sort B” is the cell fraction that met the gating criteria based upon E15’s intrinsic fluorescence.
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Figure S1. Replicate hybridization experiments using AE1 antibody probe. Touch samples were
collected from the same four donors on four different days. On two of the days, differences were
observed in the fluorescence profiles exhibited by from cell populations from was observed
between donors (a, ¢). The same differences were not observed for two additional replicate
experiments (b, d). Each of the four histogram colors is assigned to a separate contributor cell
sample. The same four contributors were examined in each experiment.
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Figure S2. Red Autofluorescence profiles for four donors analyzed using a BD Influx
Cytometer. Full source data and method descriptions are given in [18].


http://f1000.com/work/citation?ids=1314014
https://doi.org/10.1101/045948
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/045948; this version posted March 28, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY-NC-ND 4.0 International license.

Bibliography

1.

10.

11.

12.

13.

Haned H, Benschop CCG, Gill PD, Sijen T (2015) Complex DNA mixture analysis in a
forensic context: evaluating the probative value using a likelihood ratio model. Forensic
Sci Int Genet 16: 17-25. doi:10.1016/j.fsigen.2014.11.014.

Coyle H (2015) Sources of Computational Error in Probabilistic Genotyping Software
Used for DNA Mixture Interpretation. IRJCS 2: 12-16.

Meakin G, Jamieson A (2013) DNA transfer: review and implications for casework.
Forensic Sci Int Genet 7: 434-443. doi:10.1016/j.fsigen.2013.03.013.

Dean L, Kwon YJ, Philpott MK, Stanciu CE, Seashols-Williams SJ, et al. (2015)
Separation of uncompromised whole blood mixtures for single source STR profiling using
fluorescently-labeled human leukocyte antigen (HLA) probes and fluorescence activated
cell sorting (FACS). Forensic Sci Int Genet 17: 8-16. doi:10.1016/j.fsigen.2015.03.003.

Anslinger K, Bayer B, Mack B, Eisenmenger W (2007) Sex-specific fluorescent labelling
of cells for laser microdissection and DNA profiling. Int J Legal Med 121: 54-56.
d0i:10.1007/s00414-005-0065-7.

Horsman KM, Barker SLR, Ferrance JP, Forrest KA, Koen KA, et al. (2005) Separation of
sperm and epithelial cells in a microfabricated device: potential application to forensic
analysis of sexual assault evidence. Anal Chem 77: 742—749. doi:10.1021/ac0486239.

Verdon TJ, Mitchell RJ, Chen W, Xiao K, van Oorschot RAH (2015) FACS separation of
non-compromised forensically relevant biological mixtures. Forensic Sci Int Genet 14:
194-200. doi:10.1016/j.fsigen.2014.10.019.

Schoell WM, Klintschar M, Mirhashemi R, Strunk D, Giuliani A, et al. (1999) Separation
of sperm and vaginal cells based on ploidy, MHC class I-, CD45-, and cytokeratin
expression for enhancement of DNA typing after sexual assault. Cytometry 36: 319-323.

Chu DH (2012) Development and Structure of the Skin. 8th ed. New York: McGraw Hill
Companies, Inc.

Lippens S, Denecker G, Ovaere P, Vandenabeele P, Declercg W (2005) Death penalty for
keratinocytes: apoptosis versus cornification. Cell Death Differ 12 Suppl 2: 1497-1508.
d0i:10.1038/sj.cdd.4401722.

Natarajan VT, Ganju P, Ramkumar A, Grover R, Gokhale RS (2014) Multifaceted
pathways protect human skin from UV radiation. Nat Chem Biol 10: 542-551.
doi:10.1038/nchembio.1548.

Bragulla HH, Homberger DG (2009) Structure and functions of keratin proteins in simple,
stratified, keratinized and cornified epithelia. J Anat 214: 516-559. doi:10.1111/].1469-
7580.2009.01066.x.

Gielen V, Schmitt D, Thivolet J (1988) HLA class I antigen (heavy and light chain)


http://f1000.com/work/bibliography/1309522
http://f1000.com/work/bibliography/1309522
http://f1000.com/work/bibliography/1309522
http://f1000.com/work/bibliography/1217576
http://f1000.com/work/bibliography/1217576
http://f1000.com/work/bibliography/1013400
http://f1000.com/work/bibliography/1013400
http://f1000.com/work/bibliography/1013411
http://f1000.com/work/bibliography/1013411
http://f1000.com/work/bibliography/1013411
http://f1000.com/work/bibliography/1013411
http://f1000.com/work/bibliography/1080922
http://f1000.com/work/bibliography/1080922
http://f1000.com/work/bibliography/1080922
http://f1000.com/work/bibliography/1080987
http://f1000.com/work/bibliography/1080987
http://f1000.com/work/bibliography/1080987
http://f1000.com/work/bibliography/1081040
http://f1000.com/work/bibliography/1081040
http://f1000.com/work/bibliography/1081040
http://f1000.com/work/bibliography/1080906
http://f1000.com/work/bibliography/1080906
http://f1000.com/work/bibliography/1080906
http://f1000.com/work/bibliography/1080948
http://f1000.com/work/bibliography/1080948
http://f1000.com/work/bibliography/1244534
http://f1000.com/work/bibliography/1244534
http://f1000.com/work/bibliography/1244534
http://f1000.com/work/bibliography/1081005
http://f1000.com/work/bibliography/1081005
http://f1000.com/work/bibliography/1081005
http://f1000.com/work/bibliography/987864
http://f1000.com/work/bibliography/987864
http://f1000.com/work/bibliography/987864
http://f1000.com/work/bibliography/1080975
https://doi.org/10.1101/045948
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/045948; this version posted March 28, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

expression by Langerhans cells and keratinocytes of the normal human epidermis:
ultrastructural quantitation using immunogold labelling procedure. Arch Dermatol Res
280: 131-136.

14. Haftek M, Viac J, Cordier G, Thivolet J (1986) Flow cytometry for separation of
keratinocyte subpopulations from the viable epidermis. J Invest Dermatol 87: 480-484.

15.  Zambruno G, Gielen V, Schmitt D, Dezutter-Dambuyant C, Thivolet J (1987) Effects of
trypsin on the in situ identification of epidermal cell membrane antigens. J Cutan Pathol
14: 331-336.

16. VA-DFS Biology Program Manager | (2015) Fluorescent Detection PCR-Based STR DNA
Protocols: Powerplex 16 Bio System. Forensic Biology Section Procedures Manual.
Richmond, VA: Virginia Department of Forensic Science. pp. 1-263. Available:
http://www.dfs.virginia.gov/wp-content/uploads/2015/07/210-D400-Forensic-Biology-
Section-Procedures-Manual-Section-111-Reduced.pdf.

17. Stanciu CE, Kwon YJ, Ehrhardt CJ (2016) Forward-scatter and side-scatter dataset for
epithelial cells from touch samples analyzed by flow cytometry. Data Brief 6: 416-418.
d0i:10.1016/j.dib.2015.12.027.

18. Kwon Y/, Stanciu CE, Philpott MK, Ehrhardt CJ (2016) Flow cytometry analysis of
epithelial cell populations from touch samples using the BD Influx flow cytometry
platform [version 1; referees: awaiting peer review]. F1000Res 5.
doi:10.12688/f1000research.8338.1.

19. Stanciu CE, Philpott MK, Bustamante EE, Kwon YJ, Ehrhardt CJ (2016) Analysis of red
autofluorescence (650-670nm) in epidermal cell populations and its potential for

distinguishing contributors to “touch” biological samples [version 1; referees: awaiting
peer review]. F1000Res 5. doi:10.12688/f1000research.8036.1.

20. Stanciu CE, Philpott MK, Kwon YJ, Bustamante EE, Ehrhardt CJ (2015)
Optical characterization of epidermal cells and their relationship to DNA recovery
from touch samples. [version 1; referees: 2 approved]. F1000Res 4: 1360.
doi:10.12688/f1000research.7385.1.

21. Schulz MM, Buschner MGD, Leidig R, Wehner H-D, Fritz P, et al. (2010) A new
approach to the investigation of sexual offenses-cytoskeleton analysis reveals the origin of
cells found on forensic swabs. J Forensic Sci 55: 492—-498. d0i:10.1111/j.1556-
4029.2009.01071.x.

22. Daar AS, Fuggle SV, Fabre JW, Ting A, Morris PJ (1984) The detailed distribution of
HLA-A, B, C antigens in normal human organs. Transplantation 38: 287-292.

23. Warshauer DH, Marshall P, Kelley S, King J, Budowle B (2012) An evaluation of the
transfer of saliva-derived DNA. Int J Legal Med 126: 851-861. doi:10.1007/s00414-012-
0743-1.


http://f1000.com/work/bibliography/1080975
http://f1000.com/work/bibliography/1080975
http://f1000.com/work/bibliography/1080975
http://f1000.com/work/bibliography/1080981
http://f1000.com/work/bibliography/1080981
http://f1000.com/work/bibliography/1081050
http://f1000.com/work/bibliography/1081050
http://f1000.com/work/bibliography/1081050
http://f1000.com/work/bibliography/1309528
http://f1000.com/work/bibliography/1309528
http://f1000.com/work/bibliography/1309528
http://f1000.com/work/bibliography/1309528
http://f1000.com/work/bibliography/1309528
http://f1000.com/work/bibliography/1185225
http://f1000.com/work/bibliography/1185225
http://f1000.com/work/bibliography/1185225
http://f1000.com/work/bibliography/1314014
http://f1000.com/work/bibliography/1314014
http://f1000.com/work/bibliography/1314014
http://f1000.com/work/bibliography/1314014
http://f1000.com/work/bibliography/1244154
http://f1000.com/work/bibliography/1244154
http://f1000.com/work/bibliography/1244154
http://f1000.com/work/bibliography/1244154
http://f1000.com/work/bibliography/1081030
http://f1000.com/work/bibliography/1081030
http://f1000.com/work/bibliography/1081030
http://f1000.com/work/bibliography/1081030
http://f1000.com/work/bibliography/1219779
http://f1000.com/work/bibliography/1219779
http://f1000.com/work/bibliography/1219779
http://f1000.com/work/bibliography/1219779
http://f1000.com/work/bibliography/1228640
http://f1000.com/work/bibliography/1228640
http://f1000.com/work/bibliography/1013410
http://f1000.com/work/bibliography/1013410
http://f1000.com/work/bibliography/1013410
https://doi.org/10.1101/045948
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/045948; this version posted March 28, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

24. Oender K, Trost A, Lanschuetzer C, Laimer M, Emberger M, et al. (2008) Cytokeratin-
related loss of cellular integrity is not a major driving force of human intrinsic skin aging.
Mech Ageing Dev 129: 563-571. doi:10.1016/j.mad.2008.05.008.

25. Eichner R, Bonitz P, Sun TT (1984) Classification of epidermal keratins according to their
immunoreactivity, isoelectric point, and mode of expression. J Cell Biol 98: 1388-1396.

26. Fereidouni F, Bader AN, Colonna A, Gerritsen HC (2014) Phasor analysis of multiphoton
spectral images distinguishes autofluorescence components of in vivo human skin. J
Biophotonics 7: 589-596. doi:10.1002/jbi0.201200244.

27. Zeng H, MacAulay C, McLean DI, Palcic B (1995) Spectroscopic and microscopic
characteristics of human skin autofluorescence emission. Photochem Photobiol 61: 639—
645.

28. Kjeldstad B, Johnsson A, Sandberg S (1984) Influence of pH on porphyrin production in
Propionibacterium acnes. Arch Dermatol Res 276: 396-400.

29. Piruska A, Nikcevic I, Lee SH, Ahn C, Heineman WR, et al. (2005) The autofluorescence
of plastic materials and chips measured under laser irradiation. Lab Chip 5: 1348-1354.
d0i:10.1039/b508288a.

30. Meyer S, Cartelat A, Moya I, Cerovic ZG (2003) UV-induced blue-green and far-red
fluorescence along wheat leaves: a potential signature of leaf ageing. J Exp Bot 54: 757—
769.

31. Quinones I, Daniel B (2012) Cell free DNA as a component of forensic evidence
recovered from touched surfaces. Forensic Sci Int Genet 6: 26—-30.
doi:10.1016/j.fsigen.2011.01.004.

32.  McCall CA, Cohen JJ (1991) Programmed cell death in terminally differentiating
keratinocytes: role of endogenous endonuclease. J Invest Dermatol 97: 111-114.

33.  Vandewoestyne M, Van Hoofstat D, Franssen A, Van Nieuwerburgh F, Deforce D (2013)
Presence and potential of cell free DNA in different types of forensic samples. Forensic
Sci Int Genet 7: 316-320. doi:10.1016/j.fsigen.2012.12.005.

34. Adamowicz MS, Stasulli DM, Sobestanovich EM, Bille TW (2014) Evaluation of methods
to improve the extraction and recovery of DNA from cotton swabs for forensic analysis.
PL0oS ONE 9: e116351. doi:10.1371/journal.pone.0116351.

35.  Norris JV, Manning K, Linke SJ, Ferrance JP, Landers JP (2007) Expedited, chemically
enhanced sperm cell recovery from cotton swabs for rape kit analysis. J Forensic Sci 52:
800-805. d0i:10.1111/j.1556-4029.2007.00453.x.

36. Voorhees JC, Ferrance JP, Landers JP (2006) Enhanced elution of sperm from cotton
swabs via enzymatic digestion for rape kit analysis. J Forensic Sci 51: 574-579.
d0i:10.1111/j.1556-4029.2006.00112.x.


http://f1000.com/work/bibliography/1013418
http://f1000.com/work/bibliography/1013418
http://f1000.com/work/bibliography/1013418
http://f1000.com/work/bibliography/1095600
http://f1000.com/work/bibliography/1095600
http://f1000.com/work/bibliography/1186011
http://f1000.com/work/bibliography/1186011
http://f1000.com/work/bibliography/1186011
http://f1000.com/work/bibliography/1172878
http://f1000.com/work/bibliography/1172878
http://f1000.com/work/bibliography/1172878
http://f1000.com/work/bibliography/1197635
http://f1000.com/work/bibliography/1197635
http://f1000.com/work/bibliography/1169426
http://f1000.com/work/bibliography/1169426
http://f1000.com/work/bibliography/1169426
http://f1000.com/work/bibliography/1195722
http://f1000.com/work/bibliography/1195722
http://f1000.com/work/bibliography/1195722
http://f1000.com/work/bibliography/1013407
http://f1000.com/work/bibliography/1013407
http://f1000.com/work/bibliography/1013407
http://f1000.com/work/bibliography/1244531
http://f1000.com/work/bibliography/1244531
http://f1000.com/work/bibliography/1013405
http://f1000.com/work/bibliography/1013405
http://f1000.com/work/bibliography/1013405
http://f1000.com/work/bibliography/1244522
http://f1000.com/work/bibliography/1244522
http://f1000.com/work/bibliography/1244522
http://f1000.com/work/bibliography/1244528
http://f1000.com/work/bibliography/1244528
http://f1000.com/work/bibliography/1244528
http://f1000.com/work/bibliography/1244524
http://f1000.com/work/bibliography/1244524
http://f1000.com/work/bibliography/1244524
https://doi.org/10.1101/045948
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/045948; this version posted March 28, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

37. Laktionov PP, Tamkovich SN, Rykova EY, Bryzgunova OE, Starikov AV, et al. (2004)
Cell-surface-bound nucleic acids: Free and cell-surface-bound nucleic acids in blood of
healthy donors and breast cancer patients. Ann N 'Y Acad Sci 1022: 221-227.
doi:10.1196/annals.1318.034.


http://f1000.com/work/bibliography/1228779
http://f1000.com/work/bibliography/1228779
http://f1000.com/work/bibliography/1228779
http://f1000.com/work/bibliography/1228779
https://doi.org/10.1101/045948
http://creativecommons.org/licenses/by-nc-nd/4.0/

