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Abstract
Interpreting forensic DNA signal is arduous since the total intensity is a cacophony of 
signal from noise, artifact, and allele from an unknown number of contributors (NOC). 
An alternate to traditional bulk- processing pipelines is a single- cell one, where the 
sample is collected, and each cell is sequestered resulting in n single- source, single- 
cell EPGs (scEPG) that must be interpreted using applicable strategies. As with all 
forensic DNA interpretation strategies, high quality electropherograms are required; 
thus, to enhance the credibility of single- cell forensics, it is necessary to produce an 
efficient direct- to- PCR treatment that is compatible with prevailing downstream labo-
ratory processes.

We incorporated the semi- automated micro- fluidic DEPArray™ technology into 
the single- cell laboratory and optimized its implementation by testing the effects of 
four laboratory treatments on single- cell profiles. We focused on testing effects of 
phosphate buffer saline (PBS) since it is an important reagent that mitigates cell rup-
ture but is also a PCR inhibitor. Specifically, we explored the effect of decreasing PBS 
concentrations on five electropherogram- quality metrics from 241 leukocytes: profile 
drop- out, allele drop- out, allele peak heights, peak height ratios, and scEPG sloping. In 
an effort to improve reagent use, we also assessed two concentrations of proteinase 
K. The results indicate that decreasing PBS concentrations to 0.5X or 0.25X improves 
scEPG quality, while modest modifications to proteinase K concentrations did not 
significantly impact it. We, therefore, conclude that a lower than recommended pro-
teinase K concentration coupled with a lower than recommended PBS concentration 
results in enhanced scEPGs within the semi- automated single- cell pipeline.
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• Direct- to- PCR workflows producing high quality single- cell electropherograms (scEPGs) 
were constructed.

• Impacts of PBS and proteinase K concentrations on scEPGs were studied.

www.wileyonlinelibrary.com/journal/jfo
mailto:
https://orcid.org/0000-0003-3745-0577
mailto:c.grgicak@rutgers.edu
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1556-4029.14956&domain=pdf&date_stamp=2021-12-22


2  |    SHETH ET al.

1  |  INTRODUC TION

Forensic DNA interpretation has shifted from relying on binary deci-
sions of peak presence/absence [1] to working within a likelihood 
ratio paradigm and applying continuous models [2– 4]. Though sta-
tistically sound [5], and reliable [6], LR- based interpretation is con-
textual rather than absolute. That is, for involved case scenarios with 
complex EPGs, numerous LRs using a variety of assumptions may be 
required, increasing computational and analyst burdens. If a partial 
set of assumptions is applied, for example, the weight of evidence 
can be incomplete, possibly significantly so [7]. Thus, despite com-
putational advances interpreting forensic DNA mixture samples re-
mains arduous, requiring substantive resources to validate [8], train 
personnel [9], and support.

The drive to adopt intricately designed interpretation systems 
is a result of complex mixture EPGs, which are representations of 
potentially partial profiles from an unknown NOC who may or may 
not be related, and whose DNA may or may not be expressed in the 
data (e.g., victim DNA). Mixture EPGs are garnered from a multi- step 
workflow consisting of sample collection, DNA extraction, quantifi-
cation, amplification of forensically relevant loci, and fragment analy-
sis. For well- preserved, uninhibited samples, it is possible to optimize 
each step of the process [10– 12] and obtain high- fidelity data— that 
is, data where each allele in the PCR tube is represented by good 
signal intensities. Even for these sample types, however, drop- out 
can occur since fractionation of the extract volume into two parts— 
one that is amplified and another that is stored— can cause partial 
profiles when the starting DNA copy number is small. As illustrated 
in the outer loop of Figure 1, in the bulk pipeline, only a small volume 
fraction (usually less than 15 µL) [13,14], VPCR, is transferred from the 
extract volume, Vext, to the PCR tube for amplification. The act of 
extracting DNA decouples alleles that are paired while the cell is in-
tact, resulting in variability in the number of DNA molecules of each 
allele type that are found within Vext. Thus, when VPCR is transferred 
only a subset of DNA molecules will be sampled. If the starting copy 
number of DNA is low it is possible that zero copies of a given allele 
will be transferred, leading to complete allele drop- out. Thus, com-
plete allele drop- out is inherent in the laboratory process and cannot 
be relieved by enhancing post- PCR conditions alone. Unfortunately, 
since forensic samples contain DNA from any number of individuals 
in any mixture proportion it is nearly impossible to assemble a bulk 
mixture pipeline devoid of volume fractionation effects [15].

A single- cell strategy overcomes these challenges by treat-
ing one cell at a time using a direct- to- PCR extraction/amplifi-
cation approach. As illustrated in the inner loop of Figure 1, in a 
forensically relevant single- cell pipeline cells are sequestered be-
fore extraction and, thus, both alleles are necessarily transferred 
to the extraction/amplification tube. It is at this point that DNA 

extraction, amplification, and fragment analysis ensue, resulting in 
a set of scEPGs where each renders a profile from an individual cell. 
Notably, in the single- cell strategy the extract is not fractionated, 
which circumnavigates its negative effects. Applications of single- 
cell methodology to forensics are not new [16], nor is it devoid of its 
own challenges. Single- cell laboratory systems, for example, require 
direct- to- PCR reagents that are compatible with downstream PCR 
ones. In bulk mixture samples, adverse effects of reagent compati-
bility are less obvious, but in the single- cell regime small PCR ineffi-
ciencies can have a significant impact on profile qualities [17].

Single- cell adaptations to meet forensic requirements were de-
scribed as early as 1997 [16], where the authors summarized that 
of the 226 micro- dissected cells, 114 resulted in a full profile, and 
the allele dropout rate was a manageable 39%. More recently, semi- 
automated procedures have been used to garner single- cell data in a 
mechanized fashion [18– 21]. The myriad ways single- cell analysis can 
be implemented in the forensic laboratory can be divided into three 
broad categories: (a) manual micromanipulation techniques that rely 
on significant analyst engagement and include pico- pipetting, laser 
micro- dissection, and other micromanipulators; (b) semi- automated 
methods that require the analyst to review and select cells for pro-
cessing, though collection is managed by the instrumentation through 
microfluidics [19,20]; and (c) fully automated methods that do not rely 
on significant labor, and use micro-  or nano- liters of reagents [22].

With the aim of optimizing semi- automated approaches, this 
work describes efforts to characterize and enhance a pipeline that 
incorporates the DEPArray™ instrument into the forensic single- cell 
system. Here, cell identification and selection are performed using 
immunostaining and bright field imaging. Fluorescently labeled 
cells are loaded onto a silicon chip consisting of ca. 300,000 micro- 
electrodes that apply alternative current in- phase or counter- phase 
voltages within the cartridge, trapping cells into field cages while 
acquiring high- resolution images for each cell. After the cells are se-
lected, they are collected in 0.2 mL tubes using DEPArray™ Buffer. 
Next, the cells are washed in Phosphate Buffer Saline (PBS), an iso-
tonic solution.

PBS is a salt solution containing sodium phosphate and potas-
sium phosphate, which balances salt concentrations around the cell, 
reducing the chance it will lyse. Though it is useful in this regard, 
PBS is a known PCR inhibitor [23– 25] having detrimental effects 
on results [26– 31]. This study, therefore, aims to optimize a semi- 
automated single- cell pipeline by focusing on the PBS and protein-
ase K concentrations within it. Lower concentrations of proteinase 
K were investigated for the purposes of reducing reagent usage. 
An optimized procedure is one defined as producing high quality 
single- cell EPG signal, wherein quality was assessed using five per-
formance metrics: (a) profile drop- out; (b) rates of allele drop- out; (c) 
allele peak heights; (d) peak height ratios; and (e) peak heights as a 

• Lower PBS concentrations improved scEPG qualities.
• Changes to proteinase K concentrations did not impact scEPG qualities.
• Median allele detection rate per cell was 90% for the best performing treatment.
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function of molecular weight (i.e., EPG sloping) across 241 single leu-
kocytes. Treatments producing many EPGs with high quality signal 
were taken to be those supporting good single- cell extraction and 
amplification efficiencies and were, thus, implemented.

2  |  MATERIAL AND METHODS

White blood cells (WBC) were obtained from whole blood samples of 
two unknown individuals, in accordance with the ethical standards of 
the Institutional Review Board, Protocol number Pro2018002536. A 
total of 241 single- cells were sequestered, extracted, and analyzed 
as described in the following sections.

2.1  |  Cell staining and isolation using DEPArray™ 
technology and STR profiling

All WBCs were collected using the DEPArray™ benchtop system 
using the manufacturer's recommendations [32]. Briefly, single- cell 

identification and selection were performed using immunostaining 
and bright field imaging. The WBCs were stained using the Forensic 
Sample Prep kit [32] according to recommendations, which stains 
the leukocytes with anti CD45 PE, and nuclei with DAPI. The fluo-
rescently tagged cells were then loaded onto a silicon chip consisting 
of over 300,000 micro- electrodes that applied alternative current 
in- phase or counter- phase voltages, trapping cells into field cages 
while acquiring images for each cell as depicted in Figure 2A. Once a 
maximum of 47 WBCs were selected, they were routed to a parking 
chamber on the DEPArray™ cartridge and each were then collected 
in 0.2 mL MicroAmp® Reaction Tubes for washing and volume re-
duction, direct- to- PCR extraction, STR amplification, electrophore-
sis, and data analysis.

2.2  |  Volume reduction and extraction

According to the manufacturer's volume reduction recommenda-
tions [33], once a single- cell is dispensed into the 0.2 mL tube, the 
next step is to administer 100 μL of 1X (10 mM) Ca2+ and Mg2+ 

F I G U R E  1  Schematic of the single- cell (inner) and traditional bulk (outer) laboratory pipelines. Each contributor's cell is distinguished by 
color. A heterozygous genotype contains two alleles (i.e., one dark shade, and one light shade), while homozygous loci contain one allele (i.e., 
dark shade). In traditional bulk mixture systems the cells are lysed, and the DNA is extracted and purified into a final volume, Vext. A portion 
of Vext is transferred to a PCR tube, VPCR, to which PCR reagents are added. It is during this step that some alleles may not be sampled, 
driving allele drop- out (e.g., alleles 16 and 17 from the green and blue contributor, respectively). Amplification, electrophoresis and fragment 
analysis ensue resulting in one EPG containing, potentially, incomplete signal. The minimum number of contributors that could explain the 
evidence is two, though ground truth is four. Interpretation, therefore, requires computational systems that estimate the likelihoods of the 
data given certain genotypes are present in the signal, which requires a series of assumptions (e.g., the NOC or if a known contributor's 
genotype is represented in the data). An alternative is the single- cell system, which is depicted in the inner loop. Here, the cells are separated 
into distinct vessels prior to lysis and DNA extraction. Lysis and extraction are conducted using direct- to- PCR reagents followed by the 
addition of PCR reagents to the entire Vext, avoiding fractionation. Fragment analysis follows, resulting in an scEPG for each cell, where the 
light shaded alleles are represented as unfilled peaks and the dark alleles are depicted in the electropherogram as solid peaks. Each scEPG, 
therefore, is composed of a single contributor's DNA, circumnavigating the need to deconvolve genotypes
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free PBS. The aim of volume reduction is to reduce this relatively 
large volume (i.e., ca. 100– 150 µL) to ca. 2 µL for DNA extrac-
tion. The volume was reduced using the VRNxT™ instrument, 
which uses centrifugal force to collect and trap unwanted liquid 
in a dedicated cap for disposal, mitigating user- specific variable 
results and decreasing the risk of cell loss. To the 2 µL of PBS 
containing the cell is added 3 μL of PicoPure™ extraction mix for 
a total of 5 µL direct- To- PCR extraction volume. The extraction 
mix was prepared by adding reconstitution buffer into one vial 
of lyophilized proteinase K enzyme [34]. Since preliminary ex-
periments using the manufacturer's recommendations showed 
lower than expected signal quality when compared with those 
acquired from micromanipulation methods [17], four collection/
extraction reagent modifications were prepared and tested on 

single leukocytes collected from the DEPArray™ instrument. 
As depicted in Table 1, three concentrations of PBS— that is, 1X 
(10 mM), 0.5X (0.5 mM), 0.25X (0.25 mM)— were trialed, as were 

F I G U R E  2  A, Brightfield, DAPI and PE images of white blood cells from the DEPArray™ instrument. Based on visual inspection a maximum of 
47 cells were collected, washed, extracted, and amplified using direct- to- PCR methods, where the amplification reagents were added directly to 
the extract, circumnavigating fractionation and its effects. A portion of the amplified product was injected into a 3500 Genetic Analyzer using 
post- PCR conditions with a limit of detection of one copy of DNA. Since there was no extract fractionation and the limit of detection is one 
copy, any allele drop- out across any STR locus, L, was the result of the cell quality or reagent incompatibilities. In some cases, allele drop- out may 
be so prevalent as to induce full profile drop- out— that is, 0% of the alleles (heterozygote or homozygote) are detected. B, Stacked plots depicting 
the percentage of profiles exhibiting profile drop- out versus those with at least one allele with a peak height exceeding the AT of 30 RFU, across 
the four treatments. If profile drop- out is more prevalent in one or more treatments it could indicate early cell lysis, inefficient cell collection, 
or cell/DNA loss during volume reduction. Though the cause of profile drop- out cannot be determined by this statistical analysis, exploring full 
profile drop- out is an important factor when optimizing. C, Pie charts showing the percentage of profiles exhibiting full (100%), most (50%– 
99%), few (1%– 49%), and no alleles across the heterozygous alleles, where the known alleles are at least two STR units apart. D, A scatterplot 
depicting the frequency of allele detection per cell for all heterozygous alleles where the known alleles are at least two repeat units apart with 
median values 0.8, 0.8, 0.9, and 0.9 for PP1, PP2, PP3, and PP4, respectively. Significant p- values are shown

TA B L E  1  Description of the four collection/extraction 
treatments across 241 single leukocytes collected using the 
DEPArray™ system and coupled with PicoPure™ extraction

Treatment
PBS/proteinase K 
concentration

Number of 
single- cells

PP1 1X/high 77

PP2 1X/low 47

PP3 0.5X/low 63

PP4 0.25X/low 54
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two proteinase K concentrations. The DNA extracted using a 
“high” (i.e., recommended) concentration of proteinase K were 
those using a PicoPure™ extraction mix where 93 µL of extrac-
tion buffer was added to the tube containing a pre- determined, 
unknown amount of lyophilized proteinase K. Notably, 93 µL is 
not the manufacturer's volume recommendation. However, the 
recommended protocol as outlined within the manual [34] does 
not presume any pre- existing volume (i.e., 2 µL) in the extraction 
tube and stipulates a full 5 µL be aliquoted directly to the vessel 
containing the cells. By reconstituting the proteinase K with 93 µL 
rather than the stated 155 µL, the proteinase K concentration of 
the extract remains equal to the manufacturer's. More specifi-
cally, the manufacturer's recommendations stipulate that 5 µL of 
x[μg Pro K]/155 [μL] extraction buffer be pipetted into a dry tube. 
To account for volume differences, we pipetted 3 µL of x[μg Pro 
K]/93 [μL] extraction buffer into a tube already containing 2 µL of 
PBS, a necessary outcome of integrating the DEPArray™ system 
into the single- cell pipeline. In contrast, the “low” proteinase K 
treatment was one that included the addition of 155 µL of re-
constitution buffer to the lyophilized proteinase K. The use of 
1X PBS and the addition of 93 µL of reconstitution buffer (i.e., 
high proteinase K) represents each of the manufacturer's recom-
mendations [32,34] used in tandem, and is named PP1. Though 
treatment combinations using low PBS and high proteinase K con-
centrations were possible, we focused on exploring effects of low 
proteinase concentrations since it represents a process using only 
one tube of proteinase K per 47 cells and, therefore, represented 
a more efficient laboratory pipeline.

After addition of extraction buffer, the sample was centrifuged 
at 300g for 3 min and then incubated at 65°C for 3 h. To inactivate 
the proteinase K, the sample was incubated at 95°C for 10 min, and 
multiplex STR amplification followed.

2.3  |  STR analysis

Direct single- cell STR amplification was performed in a total reac-
tion volume of 12.5 μL using the GlobalFiler™ PCR Amplification kit 
[13] (Life Technologies Corporation), where 7.5 μL of amplification 
reaction mix was directly added to each well containing 5 µL of the 
extract (i.e., 2 µL of solution containing one cell of DNA in addition 
to the 3 µL of extraction mix). All thermal cycling was completed in 
a GeneAmp® 9700 PCR thermal cycler (Applied Biosystems) with 
ramp speeds, temperatures, and incubation times following the 
manufacturer's recommendations [13]. A total of 30 PCR cycles was 
used. In preparation for fragment separation, 1 μL of PCR product 
was added to 9.7 μL of HiDi formamide and 0.3 μL of GeneScan™ 600 
Liz® (60– 460) Size Standard v2.0 (Applied Biosystems). Products 
were separated and detected using an injection potential and time 
of 1200 V and 25 s, respectively, on an Applied Biosystems 3500 
Genetic Analyzer. All profiles were analyzed using OSIRIS Version 
2.10.3. An analytical threshold (AT) of 30 relative fluorescence units 
(RFU) was applied.

2.4  |  Data preparation and data clean- up

In this study, the genotype of single- cell DNA samples is known 
as determined by extracting the DNA from 100 µL of whole blood 
using the QIAamp Investigator DNA Extraction kit [35]. A mass 
of 0.25 ng of DNA was amplified using the recommended cycling 
parameters (i.e., 29 cycles) for the GlobalFiler™ STR assay [13]. 
STR fragment analysis occurred as previously described for the 
single- cell samples.

The first step in the analysis process was to quality control check 
each single- cell sample and confirm that the apparent alleles of the 
single- cell samples were consistent with the known genotype, and 
no inconsistencies were noted. Samples with more than two loci 
exhibiting drop- in [36] were removed from further analysis, where 
drop- in was defined as an extraneous peak that did not fall within a 
stutter or allele position and that exceeded the AT of 30 RFU.

2.5  |  Statistical analysis

2.5.1  |  Profile drop- out

Since PBS is used to maintain the integrity of the cell, we tested 
the effects of the collection/extraction treatments on the propen-
sity to observe full profile drop- out. High rates of profile drop- 
out were taken as an indication that the combination of collection 
and extraction reagents was sub- optimal. An EPG was classified 
as exhibiting full profile drop- out if no known allele's peak height 
crossed the AT of 30 RFU. Allelic drop- out, generally, originates 
from two sources: (a) sampling effects, which are the result of zero 
copies of a given allele surviving the pre- PCR process [10]; and (b) 
detection effects, which occur when DNA targets survive the pre- 
PCR stage and are amplified but the number of amplified copies 
are too low to illicit adequate fluorescence [12]. Simulations by the 
authors of References [12,37] show that for well- preserved DNA, 
carefully chosen post- PCR laboratory settings can significantly 
reduce negative effects from the latter while simultaneously mini-
mizing complete drop- out. That work was experimentally corrobo-
rated in [10]. Given the PCR cycle number was set to 30 and the 
injection time set to 25 s on a 3500 Genetic Analyzer, a limit of de-
tection of one amplifiable copy of DNA [10,38] was obtained. Thus, 
within the context of this work signal loss and intensity differences 
can be attributed to pre- PCR treatments and their compatibility 
with downstream amplifications. We recorded the proportion of 
scEPGs with 0 detected alleles and the proportion of samples for 
which there was at least one allele whose height exceeded the AT. 
Because we were interested in reviewing the entire profile, both 
heterozygous and homozygous loci were interrogated. We applied 
the chi- square for independence (JMP® Pro 15) to statistically test 
the null hypothesis that full profile dropout is independent of the 
pre- PCR treatment applied. A p- value threshold of 0.05 was used 
to reject the null hypothesis. When performing post- hoc tests, we 
use the Bonferroni corrected p- value threshold of 0.008 [39].
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2.5.2  |  Frequency of allele detection

To alleviate confounding effects from stutter, when determining al-
lele detection rates only heterozygous loci with STRs at least two 
repeat units apart were used. This represented 10 and 15 loci for 
the two individuals. In total, 3380 heterozygous alleles meeting this 
criterion were evaluated.

The frequency of allele detection was performed on a per cell 
basis since previous work demonstrated that there is inconsistency 
in the quality of the signal of EPGs generated from distinct cells and 
that a single likelihood of allele drop- out does not effectively charac-
terize those data [17]. Specifically, rates of allele drop- out were deter-
mined by counting the number of heterozygous alleles crossing the 
AT of 30 RFU and dividing that value by the total number of expected 
heterozygous alleles based on the known genotype. We statistically 
assessed if the rates of allele drop- out are interchangeable between 
treatments by applying the permutation test function in JMP® Pro 15. 
In the permutation test, the frequency of alleles detected per cell is 
randomly shuffled among treatments, under the null hypothesis that 
the treatment has no effect on the frequency of allelic detection. A 
p- value was calculated using the F- ratio obtained from the data as 
compared to the F- ratios obtained after performing 105 simulations 
under the null hypothesis. A p- value threshold of 0.05 was used to 
reject the null hypothesis. The post- hoc p- value threshold was 0.008. 
Only significant p- values are expressed in the figures.

2.5.3  |  Average peak height and their ratios

To compute the average peak height ratios and average peak heights 
we, once again, only use the heterozygous alleles that are at least 
two repeat units apart. The average peak height per cell was de-
termined by summing the heights of the heterozygous allele peaks 
and dividing by the number of heterozygous alleles. The average 
peak height ratio per cell was determined by taking the average peak 
height ratio across candidate loci, which was calculated by dividing 
the height of the less intense allele by the height of the more intense 
one. If an allele was not detected, a peak height of 1 RFU was as-
signed. Hypothesis testing was conducted with a permutation test, 
using the F- ratio statistic. A p- value threshold of 0.05 and 0.008 was 
used to reject the null hypothesis for the multi- factor and pair- wise 
tests, respectively.

2.5.4  |  EPG sloping

Another measure of EPG quality is EPG sloping, where the peaks 
exhibit a downward trend as the molecular weight of the target frag-
ment increases [40]. The statistic representing EPG sloping is the 
exponential parameter, �, in a model describing the tendency of the 
peak height, Hl, associated with the known genotypes at locus l, to 
exponentially decrease with the average base pair size of the STR 
alleles at that locus, sl.

If there is significant sloping due to inhibition or DNA degrada-
tion, � will take a negative value. In contrast, if there is good signal 
balance across all loci, indicating good reagent compatibility and 
high DNA quality, � will be close to zero. When calculating the pa-
rameters both heterozygous and homozygous alleles are used. To 
test if the collection and extraction treatments have a significant ef-
fect on �, a permutation test using the F- ratio statistic and the same 
p- values as previously described was applied.

3  |  RESULTS AND DISCUSSION

With the aim of producing a semi- automated single- cell process ca-
pable of yielding high quality signal, 241 single WBC profiles from 
two individuals were studied across four collection/extraction treat-
ments (Table 1).

3.1  |  Profile drop- out

In Figure 2A, we show the size and shape of a typical leuko-
cyte chosen for further processing. To be selected, a spherically 
shaped object must be centered in one of the DEPArray™ cages 
when viewed in brightfield and PE mode. Choosing objects that 
fall in the center of a cage improve the chance of effectively rout-
ing it. Under DAPI filters, the size and shape of the object must 
be spherical, but with a dense bright spot in the same location as 
the object observed using PE filters. These characteristics indicate 
that the object- of- interest is a whole WBC, with an intact nucleus. 
Any images suggesting two or more cells are in a cage or that the 
cells/nucleus are compromised are invalidated, and not selected 
for collection.

In contrast to bulk pipelines that produce a single EPG per 
crime- scene sample, the single- cell pipeline produces n scEPGs 
per sample— one for every cell collected. Despite the sensitive 
post- PCR conditions and the absence of fractionation from the 
pipeline, scEPGs are known to vary in their quality [16,17,19], 
wherein some display peaks at every allele position across all loci, 
while others exhibit partial or full profile drop- out, as illustrated 
in Figure 2A. As described in section 2.2, the cell is collected into 
a 0.2 mL amplification tube in proprietary DEPArray™ Buffer. At 
the completion of the collection step, 100 µL of PBS is added to 
the tube. The cell, collection buffer and PBS buffer undergo vol-
ume reduction, decreasing the volume from hundreds of micro-
liters to ca. 2 µL. Given the series of steps, cell loss or rupture 
could have occurred during cell collection or volume reduction. 
Though it is impossible to determine the cause of profile drop- 
out when it occurs, comparing its rate across treatments can 
challenge the hypothesis that no significant difference exists, and 
expose which treatments are associated with an increase in profile 
drop- out. Specifically, Figure 2B are stacked plots presenting the 

(1)Hl = Ae
�
‼

sl
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proportion of samples for which profile drop- out was observed 
and the proportion of samples for which it was not. The figure 
shows four interesting features. First, the p- value of 0.12 indicates 
that there is no evidence that profile drop- out is dependent on 
the collection/extraction treatments employed. Next, when PP2, 
PP3, and PP4— low proteinase K concentrations with decreasing 
PBS concentrations— are examined, the trend is suggestive that 
lower PBS concentrations impact profile drop- out. However, 
when viewed in conjunction with the results from PP1 (i.e., 1X 
PBS) and PP4 (0.25X PBS), which show similar profile drop- out 
rates, no definitive trend emerges. When coupled with the change 
in profile drop- out rates of 16% and 4% between PP1 and PP2, we 
conclude that the four reagent combinations had no significant or 
consistent effect on profile drop- out, suggesting lower than rec-
ommended PBS and proteinase K concentrations may be viable 
laboratory options when developing a forensically relevant single- 
cell process.

3.2  |  Frequency of allele detection

To explore the effects of pre- amplification reagents on profile quali-
ties, we examined each treatment by assessing the percentage of 
scEPGs containing all (100%), most (50%– 99%), some (1%– 49%), 
or no (0%) heterozygous alleles. The pie charts of Figure 2C dem-
onstrate that although the percentage of samples rendering allele 
detection rates greater than 50% are similar across treatments, 
there is a noticeable difference in the percentage of samples exhibit-
ing 100% of their heterozygous alleles. More specifically, PP3 and 
PP4 resulted in 14% and 13% of the profiles with full allele detec-
tion as compared to 2% for PP1 and PP2. In addition, the results 
of Figure 2D show that the frequency of allele detection per cell 
have medians of 0.8, 0.8, 0.9, and 0.9 for PP1, PP2, PP3, and PP4, 
respectively, and a p- value of 0.034. Post- hoc multiple comparisons 
suggest, in particular, that the allele drop- out rates are not statisti-
cally the same for PP1 and PP3. Taken together, the PP3 and PP4 
treatments again emerge as viable options for the collection and 
direct- to- PCR analysis of single- cells.

3.3  |  Average peak height and their ratios

Developing a forensically relevant single- cell process is reliant on 
high extraction efficiency and good direct- to- PCR reagent compat-
ibility. Good reagent compatibility will be borne out in the quality 
of the scEPG, which can be explored using several metrics. Though 
not as important as peak detection, peak heights indicate a well- 
assembled pipeline since the height of an allele is a proxy for the 
number of synthesized copies of DNA procured during PCR, which 
is a function of the efficiency of the PCR reaction [10,11]. If the PCR 
efficiency is low, the peak heights will also be low. Though forensic 
DNA samples are known to carry PCR inhibitors causing a variety 
of unwanted effects [28,31,41– 43], the single- cells utilized in this 

study were from whole- blood, and so any overall differences in peak 
heights between treatments will necessarily be a reflection of the 
amplification efficiency for a set of STR targets.

As shown by Zhu et. al [23], higher concentrations of PBS can 
have detrimental effects on PCR efficiency, which would be re-
flected in lower peak heights. Figure 3A shows density plots of the 
high and lower peak intensity [RFU] of heterozygous alleles. In a well- 
performing system, most of the heterozygous alleles will be associ-
ated with peaks that are of the same and higher intensity, resulting in 
a plot with more points falling near the x = y line, and away from the 
origin. Unlike treatments PP1 and PP2, those of PP3 and PP4 show 
a higher density of heterozygous peaks near x=y and away from the 
origin. These data are further explored in Figure 3B,C. Figure 3B is 
the scatterplot of the average peak height per cell grouped by treat-
ment, and the overall p- value demonstrates significant differences. 
Post- hoc pairwise testing shows all statistically significant results 
are seen between groups of cells collected with high concentrations 
of PBS and those collected with lower than recommended con-
centrations. Notably, the median average peak height rendered by 
PP3— that is, low proteinase K and 0.5X PBS— is 667 RFU, which is 
consistent with the median peak heights obtained with single epi-
thelial cells collected in the absence of PBS [17]. The peak heights 
obtained from PP1 and PP2 are similar to those obtained when using 
an unrelated, though analogous, treatment (i.e., LysePrep extraction 
and a 31 cycle PowerPlex Fusion 6c amplification) [19] showing that, 
in general, forensically relevant single- cell pipelines are readily im-
plemented using a variety of treatments and improved results can be 
obtained by systematically evaluating the effect of each component 
on EPG results.

Though permutation tests suggested peak height ratios were also 
influenced by the pre- amplification components (Figure 3B), there 
was no post- hoc pair rendering p- values less than the Bonferroni- 
corrected significance threshold. When evaluating any trends be-
tween PP1 and PP2 (i.e., same 1X PBS, with changing proteinase K), 
and between PP2, PP3, and PP4, no clear trends emerge. Despite 
this result, improved peak heights and, thus, amplification efficien-
cies result from reducing PBS concentrations. In addition, the peak 
height and ratio outcomes between PP1 and PP2 suggest that mod-
estly decreasing proteinase K concentrations do not negatively im-
pact results.

3.4  |  EPG sloping

The last of the EPG features studied was that of sloping, which is 
represented by the exponential parameter, β (Equation 1). As shown 
in Figure 4A, large negative βs means there is a substantive decrease 
in signal intensity across base pair lengths, while β values near zero 
suggest there is peak balance across the size of the fragments. The 
scatter plot of Figure 4B shows βs for each cell across treatments. 
Permutation testing confirms what can be surmised by visual inspec-
tion: that the collection and extraction conditions influence EPG 
results, with PP3 and PP4 showing significant improvement over 
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F I G U R E  3  A, Density plots of the less intense peak heights plotted against heights of more intense allele peaks for all heterozygous 
alleles across four treatments. Also shown is the x = y line. B, Scatter plot depicting the average peak height per cell, in RFU, for all the 
heterozygous alleles across the four PBS and proteinase K treatments with median values 333, 314, 667, and 761 for PP1, PP2, PP3, and 
PP4, respectively. The permutation test indicates that the peak height is significantly different. Pairwise tests giving p- values below the 
Bonferroni corrected threshold of 0.008 are also shown, where we see the peak heights between PP1 and PP2 are of the same distribution, 
as are those of PP3 and PP4. C, Scatter plot depicting the average peak height ratio per cell for the heterozygous alleles separated by 
treatment, with associated median values 0.64, 0.61, 0.60, and 0.64 for PP1, PP2, PP3, and PP4, respectively. Significant p- values are 
shown

F I G U R E  4  A, Representative EPGs obtained when amplifying DNA procured from a single white blood cell for 30 cycles using the 
GlobalFiler™ assay, which contains 21 STR tri-  or tetra- nucleotide repeats ranging from ca. 80 to 400 b.p. The first exemplar EPG obtained 
under PP2 conditions (i.e., 1X PBS and lower Pro K) shows severe EPG sloping with a β- value of −0.0325. The second EPG shows one with 
a near- 0 β- value, indicative of the good peak height balance across base- pair size. This EPG was obtained under PP3 conditions (i.e., 0.5X 
PBS and lower Pro K). The treatment rendering more samples with β values near zero, the more conducive that treatment is to single- cell 
forensics. B, Scatter plot depicting the β- values across treatments with medians −0.01, −0.0125, −0.0025, and −0.0011 for PP1, PP2, PP3, 
and PP4, respectively. Pairwise p- values less than the Bonferroni corrected threshold of 0.008 are included
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collection conditions using 1X PBS. Notably, the p- value between 
PP3 and PP4 also indicates improvements to sloping when the PBS 
concentration is 0.25X, but the medians suggest the improvement is 
marginal. The largest enhancement is seen between PP2 and PP3, 
where the median β value increased by a factor of 5.

Though PBS is a valuable component to single- cell pipelines, 
its effect on the availability of Mg2+ [26], which is an important co- 
factor of Taq Polymerase, can clearly impact EPG quality. An alter-
native to decreasing PBS concentrations is to maintain the PBS’s 
concentration at 1X but to supplement the PCR amplification reac-
tion mix with additional Mg2+ by the addition of MgCl2. This treat-
ment was trialed, but the resulting EPGs contained high noise levels 
(likely the result of nonspecific amplification), which did not induce 
further analysis (data not shown).

Taken together, the reasonable rates of profile drop- out, large 
peak heights, and very good sloping values suggest that modest 
modifications to PBS concentrations from 1X to 0.5X, or even 0.25X, 
with modest reductions in proteinase K concentrations render many 
good quality scEPGs suitable for forensic purposes.

4  |  CONCLUSION

Whether a semi- automated or manual single- cell sequestration 
technique is adopted, signal quality from the direct- to- PCR extrac-
tion and amplification of single- cells is reliant on reagent compat-
ibility across the variety of steps required of this type of system. 
This is especially true when coupling components, reagents, or steps 
from independent vendors. Since PBS was deemed a necessary rea-
gent, explorations into the effects of PBS concentrations ensued 
and showed that PBS concentrations at 0.5X or 0.25X improve EPG 
results without negatively impacting full- profile drop- out. In addi-
tion, decreasing the proteinase K concentration had no detrimental 
effects. Since barriers to implementation of single- cell technolo-
gies into crime laboratory environments will be driven by success-
ful single- cell EPG procurement, reasonable reagent costs and the 
development of sound interpretation techniques, this work sup-
plements existing literature by demonstrating most scEPGs render 
good quality profiles when the individual system components are 
well- joined and compatible [16,19– 21,44,45]
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