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Introduction 

Forensic DNA analysts are routinely asked to evaluate samples from a variety of biological fluids on an 
assortment of substrates. The outcome of that analysis may play a critical role in narrowing a pool of suspects, 
determining paternity, or identifying an unknown decedent. One of the most common types of evidence 
received in a forensic laboratory is a Sexual Assault Evidence Collection Kit (SAECK), which is used to 
gather biological evidence from victims of sexual assault, battery, rape, and attempted rape. In recent years, 
much ado has been made concerning backlogged SAECKs. While great strides have been made to reduce 
historical backlogs (i.e., SAECKs that were never submitted to crime labs for evaluation), room for substantial 
improvement remains regarding slow turnaround times, which occur for a variety of reasons. As recently as 
2014, publicly-funded forensic laboratories reported ~11,000 requests for service that remained uncompleted 
at yearend, i.e., untested >30 days. To realize a true 30-day turnaround time and, ultimately, eliminate end-
of-year backlogs, the U.S. Bureau of Justice Statistics estimated that a 73% increase in the number of DNA 
analysts was required – an unlikely event given that many State and local jurisdictions are struggling to recruit, 
hire, and retain qualified forensic staff. In essence, it is unlikely that the addition of more analysts will solve 
this backlog problem; rather improved technology that is automated, lower-cost, and provides enhanced 
throughput is the solution. 

Obtaining a full, single source male DNA profile from a SAECK sample is most often dependent on the 
extent of release of cells from the evidence substrate and efficient separation of sperm cells from epithelial 
cells (e-cells) and e-cell DNA. The most widely-used methods for processing these sample types employ 
Proteinase K (an enzyme) and an anionic detergent that preferentially rupture e-cells, while leaving sperm 
cells intact. These methods are rooted in the differential extraction (DE) method described by Gill et al. in 
1985. While effective and universally used, these traditional DE processes are manually intensive, prone to 
poor sperm cell DNA recovery, and frequently fail to adequately eliminate non-sperm cell DNA; this, at least 
in part, contributes to slow laboratory turnaround times. That is, recent forensic literature and anecdotal 
reporting suggest that sperm cell pelleting followed by simple water/buffer washes is inadequate for the 
removal of extraneous e-cell DNA, especially in instances where large proportions of e-cells dominate the 
cell mixture. As such, some labs have incorporated use of nucleases, like DNase I, as a means of removing 
unwanted e-cell DNA from the sperm cell fraction. Otherwise, little has changed or been modified in the 
application of the DE process since its original inception. Modifications and improvements to existing DE 
protocols and methods are described in a review by Cotton and Fisher (2015). Some crime laboratories have 
adopted mechanized robotic platforms to automate traditional forms of DE. Those labs do report a reduction 
in hands-on time. Implementation of these large robotic platforms requires substantial financial investment 
and specialized examiner training. Moreover, there are no substantial differences in the chemistry, execution 
of the procedure, or enhancement of sperm cell DNA recovery efficiency. Significant, affordable 
improvement of the DE process will require a combination of changes to both chemistry and technical 
execution of the automation process. As such, recent research and development efforts for forensic DNA 
analysis have focused on exploiting micro-total analysis systems (μTAS) for rapid-DNA analysis of reference 
samples, which do not require DE. That is, these systems are only approved for use with reference samples. 
Intrinsically, these advances fail to address the specific 2 needs of the forensic science community pertaining 
to slow processing times, and the DE of backlogged sexual assault cases. Further, it is yet to be determined 
whether these μTAS or lab-on-a-chip systems ease the growing burden placed on forensic laboratories as a 
result of swelling state legislative requirements for expanding the collection of reference samples from 
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2 Landers – UVA NIJ AWARD # 2020-DQ-BX-0024 
offenders and/or arrestees. In comparison, an affordable, automated, self-contained, disposable centrifugal, 
microfluidic DE device offers an attractive, unconventional approach to standard automation techniques while 
directly addressing many of the limitations associated with traditional DE methods. Our group specializes in 
rotationally-driven systems, which, much like the analytical disc originally described by Anderson et al., 
harnesses the advantages of centrifugal microfluidics (e.g., simplicity, use of low volume, and speed of sample 
processing etc.). Herein, we propose a rotationally-driven microfluidic system that removes the need for 
external pumps and valves for fluid movement control, while avoiding the need for large, clunky, and costly 
robotic platforms for automation. 

Accomplishments 

What are the major goals and objectives of the project? 

Design and develop a simple, inexpensive centrifugally-driven microfluidic disc for forensic differential 
extraction (DE) that integrates two existing on-chip microfluidic modules for DNA extraction and laser-based 
closable micro-valving, as well as an existing rotational platform for microfluidic control. This will provide 
rapid, efficient isolation of the sperm fraction (SF) from non-sperm fraction (NSF) in forensic sexual assault 
samples. 

What was accomplished under these goals? 
Major activities 
The major activities for this project involved the development of a rotationally-driven polymeric microfluidic 
device that promotes proper partitioning and sequestration of the perpetrator and victim contributions found 
in sexual assault evidence. The fluidic architecture of the microdevice and its ability to enable fractionation 
of the sperm (SF) and non-sperm (NSF) fractions, as well as minimize fluid loss throughout the workflow, 
was colorimetrically evaluated with saturates dyes. Following architecture validation via dye studies, on-disc 
sample preparation of mock sexual assault samples with the temperature-controlled differential extraction 
(TCDE) protocol was validated. Effective isolation of the forensically-relevant non-sperm and sperm fractions 
was evaluated via quantification of large autosomal, small autosomal, and Y targets using the QuantifilerÔ 
Trio Kit, as well as comprehensive interrogation of the core CODIS and ESS loci with the PowerPlexÒ Fusion 
Kit. 

1. Design and Fabrication of a Rotationally-Driven Microfluidic Disc for Forensic Differential 
Extraction 

To address the limitations associated with standard DE techniques, a self-contained, rotationally-driven 
microdevice was developed. The benefits associated with the enclosed platform for DE include reduction of 
1) sample and reagent volumes, 2) manual intervention, 3) contamination risk, 4) sample loss, and 5) 
processing time. The architectural schematic of the microdevice was designed on AutoCAD to emulate 
traditional DE workflow features, such as pipetting, mixing, centrifuging, and fractionating. Integration of 
these unit operations into a single device is made possible by the print-cut-laminate (PCL) method, that 
consists of laser-ablating the microfluidic features into common, inexpensive thermoplastic substrates with a 
CO2 laser cutter, followed by alignment and lamination with standard office equipment. 

Each microdevice (Figure 1) consists of five layers, including two outer layers (1 and 5) of clear 
polyethylene terephthalate (PeT: 101.6 µm, Film Source, Inc., Maryland Heights, MO), two fluidic layers (2 
and 4) of clear PeT bound on either side by a heat sensitive adhesive (HSA: 50.8 µm, Adhesives Research, 
Inc., Glen Rock, PA), and a middle optically-dense layer (3) of black PeT (75 µm, Toray Industries, Inc., 
Chuo, Tokyo, Japan). Polymethyl methacrylate (PMMA: 1.5 mm thick, McMaster-Carr, Atlanta, GA) 
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3 Landers – UVA NIJ AWARD # 2020-DQ-BX-0024 
accessory pieces are used to give the chambers the necessary depth/volume and are secured onto the top of a 
laminated disc with a pressure sensitive adhesive (PSA: 55.8 µm, Adhesives Research, Inc., Glen Rock, PA). 

Figure 1. Exploded view (bottom) and 
architectural schematic (top) of the five-layer 
disc. Each disc contains five thermally-bonded 
(180-200 °C) layers of PeT transparency film. The 
top and bottom layers consist entirely of clear 
PeT, while layers 2 and 4, bound by HSA, 
function as microfluidic layers. Layer 3, an 
optically-dense bPeT layer, serves as the primary 
valving layer. Microfluidic inlets and vents are cut 
into the architecture via the same laser-ablation 
process (CO2 laser: VLS 3.50, Universal Laser 
Systems, Scottsdale, AZ) that etches the 
microfluidic features that mimic a traditional DE 
workflow. PMMA was used to add depth to the 
chambers and was attached post-assembly with 
PSA. 

2. On-Disc Differential Extraction 
Protocol and Valving Strategy 

A single device contains four 
indistinguishable domains, each capable of processing a singular cutting of evidence. The process consists of 
an initial lysis of epithelial cells, followed by three intermediate wash steps, and a final sperm cell lysis. 
Figure 2 details a single processing domain and the fluidic protocol/workflow for the proposed on-disc DE, 
as well as the associated laser valve positions. Reagents are loaded into the chambers shown in Figure 2B 
and the on-disc DE workflow begins. Sequence 1 (Figure 2C) consists of the first valve opening event, which 
releases the non-sperm lysis cocktail (NSLC, EA1) into the middle sample chamber upon centrifugation at 
3,000 rpm. The NSLC is incubated in the sample chamber for ~6 minutes and facilitates the release of non-
sperm cell DNA. Upon opening a second downstream laser valve, the eluate and forensically-relevant non-
sperm fraction (NSF) is centrifugally-driven into a recovery chamber. Finally, a channel closure event isolates 
the NSF in the recovery chamber and marks the end of this unit operation. Sequences 2-4, nearly identical, 
consist of sequential water washing steps (Figure 2D, E, F). Sequence 5 comprises the sperm lysis and most 
forensically-relevant step (Figure 2G). The sperm lysis cocktail (SLC, Acrosolv) is driven into the sample 
chamber, incubated for ~9 minutes, and eluted as the forensically-relevant ‘sperm fraction’ (SF) into the 
recovery chamber. Fractions are removed from the disc for downstream analysis by puncturing the PeT 

coverlet and aspirating the corresponding 
fluid with a micropipette. 

Figure 2. Overview of a single processing 
domain. (A) Laser valves are represented by red 
boxes and provide strict flow control and timed 
release of reagents. (B) Reagent loading. (C) Lysis 
of non-sperm cells and NSF isolation. (D-F) 
Wash(es) and isolation of waste fraction(s). (G) 
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4 Landers – UVA NIJ AWARD # 2020-DQ-BX-0024 
Lysis of sperm cells and SF isolation. (H) Complete on-disc DE with isolated SF, waste(s), and NSF. 

3. Evaluating the Architecture of the Prototype Microdevice to Assess Fractionation 

Once the microdevice was designed on AutoCAD, fabricated, and an on-disc workflow proposed, a dye 
study was conducted to verify whether the device worked for its intended DE purpose, i.e., if successful 
fractionation of the discrete fluid volumes occurs. A solution of colored dye offers a visual way of verifying 
valving success by emulating molecules that could potentially have a detrimental effect on downstream DE 
processes – namely PCR – if not removed from the architecture prior to the elution of the final volume and 
forensically-relevant ‘sperm fraction’ (SF). Removal of the dye would suggest that these molecules can also 
be removed from the architecture of the microdevice by simply using the intermediate wash steps. The 
colorimetric evaluation was completed with a 5 mM Allura red solution in 1X Tris-EDTA buffer. Red dye or 
water aliquots were added to the proper reagent chamber (Figure 3, top left) and the workflow detailed in 
Figure 2 was followed (incubations were not performed). Once the workflow was completed, digital images 
of the devices were captured with a desktop scanner and the saturation of each chamber was determined with 
the Fiji distribution of ImageJ. Comparison of the mean saturation values of the fluid volumes in the reagent 
chambers versus the recovery chambers indicates a return to baseline between reagent and recovery chambers 
5 (p-value: 0.9924, a: 0.05) (Figure 3). This suggests that no residual dye is detectable in recovery chamber 
5. In the context of differential extraction, this means that our inexpensive, polymeric, centrifugal device is 
able to provide intricate fraction isolation and elimination of potential PCR inhibitors prior to ingress in the 
SF. 

Figure 3. Image analysis 
to assess the removal of 
concentrated dye from the 
disc architecture. Reagents are 
loaded into the chambers nearer 
the center of rotation and the 
workflow described in Figure 2 
is followed. Digital images of 
each processing domain are 
captured with a desktop scanner 
prior to on-disc processing, i.e., 
the ‘before’ images include dye 
and water aliquots in the reagent 
chambers. Similarly, the discs 
are scanned post-processing, 
i.e., the ‘after’ images include 
the recovered fluid volumes in 

the recovery chambers, prior to mixing in the sample chamber. The mean saturation values for each reagent chamber is 
compared to its corresponding recovery chamber, and visual inspection suggests the mean saturation values in the recovery 
chambers gradually decrease until a return to baseline is observed. (n=3) 

4. Evaluating the Architecture of the Prototype Microdevice to Assess Fluid Recovery 

Reduced fluid recovery in the downstream chambers could potentially negatively impact the efficiency of 
the on-disc workflow and its ability to isolate the individual NSF and SF fractions. For that reason, studies 
were performed to evaluate fluid recovery from the swab chamber into the recovery chambers. This is 
accomplished by adding known volumes of colored dye into same-sized chambers, capturing digital images 
of the dye-filled disc, and associating the known volumes with number of pixels by using the aforementioned 
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6 Landers – UVA NIJ AWARD # 2020-DQ-BX-0024 
cellular contributions. In the following sections, DNA originating from non-sperm and sperm contributions is 
measured independently and in mock sexual assault mixtures following on-disc extraction with genetic 
markers relevant to their requisite contributions. 

5. Proposing a Fully Enzymatic Method of Differential Extraction 

The conventional process used by forensic laboratories to separate the main cell types present in sexual 
assault evidence (epithelial and sperm cells) into the discrete non-sperm (NSF) and sperm (SF) fractions is 
laborious, prone to contamination, and often doesn’t yield adequate sperm cell DNA recovery. The 
microfluidic platform, as mentioned above, addresses several of the issues associated with conventional DE 
(reduced sample and reagent volumes, manual intervention, contamination risk, and sample loss). However, 
addressing the disadvantages of the process at a more fundamental level is also of great importance. Although 
this varies from jurisdiction to jurisdiction, the entire conventional workflow takes from 4-18 hours to 
complete, at times even north of 24 hours. At the aforementioned ‘fundamental level’, the reagents used for 
cell lysis in the conventional process are known PCR inhibitors and can be hazardous to humans. This is due 
to the nature of the cells present in sexual assault evidence, namely sperm cells, which contain disulfide 
bonds on their anterior part, or acrosome. To lyse sperm cells, and therefore extract their DNA, the protease 
enzyme requires assistance in the form of a reducing agent – or DTT – one of the known PCR inhibitors.  

Figure 6. Proposed in-tube fully enzymatic DE workflow. As with the conventional DE process, the first step consists of 
non-sperm cell lysis with prepGEM (MicroGEM) enzyme (incubated at 75°C for 5 min and 95°C for 5 min), followed by a 
centrifugation step for sperm cell pelleting, recovery of the non-sperm fraction, and reconstitution and incubation of the 
sperm cells with a mixture of proteases that do not require the use of reducing agents (Acrosolv). 

Because quantification of DNA in the NSF and SF is achieved by PCR, a purification step is necessary at 
the end of the conventional DE process to eliminate those inhibiting reagents. This adds not only to the time 
of the process, but the cost as well. To that end, we propose a fully enzymatic process of differential 
extraction that utilizes novel enzymes that do not require the use of reducing agents or any other PCR 
inhibitors to complete DNA extraction. Compared to the traditional process, this enzymatic extraction takes 
a matter of minutes to complete, and a purification step is not necessary. 
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7 Landers – UVA NIJ AWARD # 2020-DQ-BX-0024 

6. Optimization of the Enzymatic Temperature-Controlled Differential Extraction (TCDE) 

a. Buffer Selection 

We use commercial kits for the proposed enzymatic extraction of biological fluids that offer a variety of 
buffer options, depending on what type of tissue is being targeted for nucleic acid (NA) extraction. The kit 
provides protocols for the independent extraction of epithelial cells or sperm cells, but not a DE protocol. 
Buffer A is recommended for the extraction of NAs from sperm cells, whereas Buffer B is recommended to 
facilitate extraction of NAs from epithelial cells. We wish to combine these two protocols into a single, 
comprehensive DE process. We investigated whether using a unique buffer for both processes would be 
feasible. The objective was to avoid possible incompatibilities between the methods or incompatibilities with 
downstream processes. Sperm was extracted with the NSCL portion of the process to determine the Y-DNA 
contribution from non-sperm male cells (e.g., round cells, male epithelial cells, etc.). Following that process, 
the same sample was extracted with the SCL portion of the process, using Buffer A in one mode of extraction 
and Buffer B in another mode of extraction. The extracts were amplified with the Quantifiler Trio Kit 
(ThermoFisher) and Ct values were used to evaluate the extraction success (Y-DNA target). Figure 7 shows 
the results. Both buffers are successful in extracting Y-DNA from sperm cells with comparable sensitivity. 
Since Buffer B is utilized for extraction from epithelial cells, it was selected for the SLC portion of the 
extraction as well to simplify the process and avoid issues downstream associated with use of multiple buffers. 

Figure 7. Buffer comparison for enzymatic 
DE. Comparison of non-sperm male cells 
extracted with the NSLC only vs. the SLC using 
both Buffers A and B. The non-sperm Y-DNA 
provides a baseline of male DNA (round cells, 
epithelial cells) compared to the DNA from 
sperm cells. It can be seen that Buffer B performs 
in a comparable way to the recommended Buffer 
A for the SLC. Buffer B, however, is 
recommended for the NSLC, so it’s chosen for 
the SLC too in order to use a unique buffer for the 
purpose of enzymatic DE. 

b. Pelleting Time Study 

Centrifugation is an important step in DE as it allows for the pelleting of intact sperm cells so the 
supernatant (containing the NSF) can be retrieved. The sperm pellet is then resuspended in the sperm lysis 
cocktail so the cells can be lysed, therefore releasing the sperm cell Y-DNA. To investigate the shortest 
amount of time necessary to pellet the sperm, all the while maintaining assay sensitivity (i.e., enriching the 
SF with Y-DNA), we performed a pelleting time study. Liquid mock samples were prepared, and four 
different DE conditions were tested, including centrifugation times of 20, 15, 10, and 05 minutes. The extracts 
were amplified with the Quantifiler Trio Kit (ThermoFisher) and Ct values were used to evaluate the extraction 
success (Y-DNA target). The results of this study are reflected in Figure 8. 
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13. Optimization of the TCDE Protocol 

The Temperature Controlled Differential Extraction (TCDE) chemistry was optimized off-disc for 
microfluidic implementation. Mock sexual assault samples were dried on cotton swabs and extraction was 
performed on whole swabs. The objective was to verify whether the TCDE process is compatible with our 
microdevice or if fine-tuning of the protocol is necessary. The main difference between the TCDE and 
standard/short enzymatic DE methods is the addition of a nuclease treatment following lysis and release of 
DNA from non-sperm cells. Three variations of the TCDE method were tested in-tube, each containing five 
different lytic mixtures. The five master mixes consisted of the following, A: 47 µL water, 50 µL 10X Blue 
buffer, and 3 µL prepGEM; B: 2.5 µL 1:10 prepGEM in 1X Blue buffer, 10 µL 2.5U Benzonase in 2X 
Benzonase buffer, and 20 µL 2X Benzonase buffer (which was prepared by mixing 4 mL of 1M Tris HCl pH 
8, 0.0381g of MgCl2, 0.2338g of NaCl brought up to 100 mL with DI water); C: 2.5 µL 1:10 prepGEM, and 
10 µL 2.5U Benzonase; D: 38.5 µL water, 5 µL 10X Blue buffer, 20 µL Acrosolv, and 4 µL prepGEM; E: 
47.5 µL water, 5 µL 10X Blue buffer, 25 µL Acrosolv, and 10 µL prepGEM. The full TCDE protocol followed 
these steps: master mix A was added to the tube containing the whole swab, vortexed, and incubated at 75 °C 
for 15 min. The liquid was removed from the swab by placing it in a spin basket and centrifuging at 15,000 
rpm for 5 minutes. The supernatant was removed and heated for 5 min at 95 °C, the resulting fraction was 
labeled ‘EF’ or ‘NSF’ for epithelial/non-sperm fraction. Master mix B was added to the swab, while master 
mix C was added to the sperm pellet. Both fractions were vortexed and incubated at 37 °C for 15 min, followed 
by 15 min at 75 °C. The liquid in the swab was removed by centrifuging at 15,000 rpm for 5 min. The fraction 
from the swab was labeled ‘MF’ for material fraction, and the one from the sperm pellet was labeled ‘SF’ for 
sperm fraction. Master mixes D and E were added to the MF and SF, respectively, and incubated at 52 °C for 
5 min, 75 °C for 3 min, and 95 °C for another 3 min. Total and Y-DNA was quantified on the EF/NSF, MF, 
and SF using the Quantifiler™ Trio Kit. Figure 20 shows the Y-DNA and autosomal quantification results. 
The results suggest a substantial amount of both autosomal and Y-DNA is present in the MF, suggesting a 
significant amount of sperm cells stick to the swab. Hence, the TCDE was adapted to reflect this finding. This 
adapted protocol used the same master mixes, with the same input reagent volumes and incubation times, but 
a Benzonase treatment was not done on the swab, only on the sperm pellet. Master mix B was used to 
resuspend the sperm pellet, incubations followed the times and temperatures described previously, and the 
sperm was re-pelleted at 15,000 rpm for 5 min. The supernatant was recovered and labeled as BF, or 
Benzonase fraction. Master mixes D and E were added to both the swab and sperm pellet, and the remaining 
of the process followed the instructions above. 
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21 Landers – UVA NIJ AWARD # 2020-DQ-BX-0024 
are removed from the sample chamber prior to extraction and elution of the critical sperm fraction. On-disc 
extraction studies reaffirmed that prepGEM does not to appear to adversely impact sperm cell integrity, i.e., 
the enzyme lacks the substrate specificity needed to simultaneously rupture non-sperm and sperm cells. 

As part of the project’s aims, we have: 1) optimized the TCDE chemistry for samples dried on common 
substrates such as swabs (Figures 7-12), 2) refined the existing TCDE protocol for use with both common 
laboratory equipment and the low-volume rotational CDx disc (Figures 20 and 21), 3) developed a novel, 
centrifugally-driven microfluidic device that can be inexpensively prototyped and fabricated (Figures 1-5), 
and 4) adapted the TCDE protocol to the CDx disc (Figures 20-21, Table 4). For future work, we aim to 
design, build, and test a prototype instrument that integrates and leverages the in-house engineering expertise 
garnered during the development of existing Landers Lab spin systems. The instrument will achieve supreme 
flow control and step-wise, on-disc TCDE reagent delivery by employing the laser-based, ‘closable valve’ 
methods developed in the Landers Lab. Briefly, the CDx system exploits foundational rotational microfluidic 
principles that drive fluid flow through the architecture and allow the disc to function as a centrifuge (which 
seems somewhat apropos given that most current DE protocols incorporate lengthy, repeated centrifugation 
steps), a pipettor, and a mixing/metering device. The instrument will minimally provide for: timed reagent 
release, temperature control for novel, sequential enzymatic reactions, and fractionation that yields discrete 
sperm (SF) and non-sperm (NSF), and waste fraction from SAECKs. Further, laser-based valving stands to 
effectively reduce device footprint and cost by eliminating the need for external pumps and valves to control 
fluid movement. 
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	Introduction 
	Introduction 
	Forensic DNA analysts are routinely asked to evaluate samples from a variety of biological fluids on an assortment of substrates. The outcome of that analysis may play a critical role in narrowing a pool of suspects, determining paternity, or identifying an unknown decedent. One of the most common types of evidence received in a forensic laboratory is a Sexual Assault Evidence Collection Kit (SAECK), which is used to gather biological evidence from victims of sexual assault, battery, rape, and attempted rap
	-

	Obtaining a full, single source male DNA profile from a SAECK sample is most often dependent on the extent of release of cells from the evidence substrate and efficient separation of sperm cells from epithelial cells (e-cells) and e-cell DNA. The most widely-used methods for processing these sample types employ Proteinase K (an enzyme) and an anionic detergent that preferentially rupture e-cells, while leaving sperm cells intact. These methods are rooted in the differential extraction (DE) method described 
	Obtaining a full, single source male DNA profile from a SAECK sample is most often dependent on the extent of release of cells from the evidence substrate and efficient separation of sperm cells from epithelial cells (e-cells) and e-cell DNA. The most widely-used methods for processing these sample types employ Proteinase K (an enzyme) and an anionic detergent that preferentially rupture e-cells, while leaving sperm cells intact. These methods are rooted in the differential extraction (DE) method described 
	offenders and/or arrestees. In comparison, an affordable, automated, self-contained, disposable centrifugal, microfluidic DE device offers an attractive, unconventional approach to standard automation techniques while directly addressing many of the limitations associated with traditional DE methods. Our group specializes in rotationally-driven systems, which, much like the analytical disc originally described by Anderson et al., harnesses the advantages of centrifugal microfluidics (e.g., simplicity, use o

	Figure
	Accomplishments 

	What are the major goals and objectives of the project? 
	What are the major goals and objectives of the project? 
	What are the major goals and objectives of the project? 

	Design and develop a simple, inexpensive centrifugally-driven microfluidic disc for forensic differential extraction (DE) that integrates two existing on-chip microfluidic modules for DNA extraction and laser-based closable micro-valving, as well as an existing rotational platform for microfluidic control. This will provide rapid, efficient isolation of the sperm fraction (SF) from non-sperm fraction (NSF) in forensic sexual assault samples. 

	What was accomplished under these goals? 
	What was accomplished under these goals? 
	What was accomplished under these goals? 

	Major activities 
	Major activities 

	The major activities for this project involved the development of a rotationally-driven polymeric microfluidic device that promotes proper partitioning and sequestration of the perpetrator and victim contributions found in sexual assault evidence. The fluidic architecture of the microdevice and its ability to enable fractionation of the sperm (SF) and non-sperm (NSF) fractions, as well as minimize fluid loss throughout the workflow, was colorimetrically evaluated with saturates dyes. Following architecture 

	1. Design and Fabrication of a Rotationally-Driven Microfluidic Disc for Forensic Differential Extraction 
	1. Design and Fabrication of a Rotationally-Driven Microfluidic Disc for Forensic Differential Extraction 
	To address the limitations associated with standard DE techniques, a self-contained, rotationally-driven microdevice was developed. The benefits associated with the enclosed platform for DE include reduction of 
	1) sample and reagent volumes, 2) manual intervention, 3) contamination risk, 4) sample loss, and 5) processing time. The architectural schematic of the microdevice was designed on AutoCAD to emulate traditional DE workflow features, such as pipetting, mixing, centrifuging, and fractionating. Integration of these unit operations into a single device is made possible by the print-cut-laminate (PCL) method, that consists of laser-ablating the microfluidic features into common, inexpensive thermoplastic substr
	CO
	2

	Each microdevice (Figure 1) consists of five layers, including two outer layers (1 and 5) of clear polyethylene terephthalate (PeT: 101.6 µm, Film Source, Inc., Maryland Heights, MO), two fluidic layers (2 and 4) of clear PeT bound on either side by a heat sensitive adhesive (HSA: 50.8 µm, Adhesives Research, Inc., Glen Rock, PA), and a middle optically-dense layer (3) of black PeT (75 µm, Toray Industries, Inc., Chuo, Tokyo, Japan). Polymethyl methacrylate (PMMA: 1.5 mm thick, McMaster-Carr, Atlanta, GA) 
	Figure
	accessory pieces are used to give the chambers the necessary depth/volume and are secured onto the top of a laminated disc with a pressure sensitive adhesive (PSA: 55.8 µm, Adhesives Research, Inc., Glen Rock, PA). 
	Figure
	Figure 1. Exploded view (bottom) and architectural schematic (top) of the five-layer disc. Each disc contains five thermally-bonded (180-200 °C) layers of PeT transparency film. The top and bottom layers consist entirely of clear PeT, while layers 2 and 4, bound by HSA, function as microfluidic layers. Layer 3, an optically-dense bPeT layer, serves as the primary valving layer. Microfluidic inlets and vents are cut into the architecture via the same laser-ablation laser: VLS 3.50, Universal Laser Systems, S
	process (CO
	2 

	2. On-Disc Differential Extraction Protocol and Valving Strategy 
	A single device contains four indistinguishable domains, each capable of processing a singular cutting of evidence. The process consists of an initial lysis of epithelial cells, followed by three intermediate wash steps, and a final sperm cell lysis. Figure 2 details a single processing domain and the fluidic protocol/workflow for the proposed on-disc DE, as well as the associated laser valve positions. Reagents are loaded into the chambers shown in Figure 2B and the on-disc DE workflow begins. Sequence 1 (
	coverlet and aspirating the corresponding fluid with a micropipette. 
	Figure 2. Overview of a single processing domain. (A) Laser valves are represented by red boxes and provide strict flow control and timed release of reagents. (B) Reagent loading. (C) Lysis of non-sperm cells and NSF isolation. (D-F) Wash(es) and isolation of waste fraction(s). (G) 
	Figure 2. Overview of a single processing domain. (A) Laser valves are represented by red boxes and provide strict flow control and timed release of reagents. (B) Reagent loading. (C) Lysis of non-sperm cells and NSF isolation. (D-F) Wash(es) and isolation of waste fraction(s). (G) 
	Lysis of sperm cells and SF isolation. (H) Complete on-disc DE with isolated SF, waste(s), and NSF. 
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	3. Evaluating the Architecture of the Prototype Microdevice to Assess Fractionation 
	3. Evaluating the Architecture of the Prototype Microdevice to Assess Fractionation 
	Once the microdevice was designed on AutoCAD, fabricated, and an on-disc workflow proposed, a dye study was conducted to verify whether the device worked for its intended DE purpose, i.e., if successful fractionation of the discrete fluid volumes occurs. A solution of colored dye offers a visual way of verifying valving success by emulating molecules that could potentially have a detrimental effect on downstream DE processes – namely PCR – if not removed from the architecture prior to the elution of the fin
	5. In the context of differential extraction, this means that our inexpensive, polymeric, centrifugal device is able to provide intricate fraction isolation and elimination of potential PCR inhibitors prior to ingress in the SF. 
	Figure
	Figure 3. Image analysis to assess the removal of concentrated dye from the disc architecture. Reagents are loaded into the chambers nearer the center of rotation and the workflow described in Figure 2 is followed. Digital images of each processing domain are captured with a desktop scanner prior to on-disc processing, i.e., the ‘before’ images include dye and water aliquots in the reagent chambers. Similarly, the discs are scanned post-processing, i.e., the ‘after’ images include the recovered fluid volume
	chambers gradually decrease until a return to baseline is observed. (n=3) 

	4. Evaluating the Architecture of the Prototype Microdevice to Assess Fluid Recovery 
	4. Evaluating the Architecture of the Prototype Microdevice to Assess Fluid Recovery 
	Reduced fluid recovery in the downstream chambers could potentially negatively impact the efficiency of the on-disc workflow and its ability to isolate the individual NSF and SF fractions. For that reason, studies were performed to evaluate fluid recovery from the swab chamber into the recovery chambers. This is accomplished by adding known volumes of colored dye into same-sized chambers, capturing digital images of the dye-filled disc, and associating the known volumes with number of pixels by using the af
	Figure
	Figure
	cellular contributions. In the following sections, DNA originating from non-sperm and sperm contributions is measured independently and in mock sexual assault mixtures following on-disc extraction with genetic markers relevant to their requisite contributions. 

	5. Proposing a Fully Enzymatic Method of Differential Extraction 
	5. Proposing a Fully Enzymatic Method of Differential Extraction 
	The conventional process used by forensic laboratories to separate the main cell types present in sexual assault evidence (epithelial and sperm cells) into the discrete non-sperm (NSF) and sperm (SF) fractions is laborious, prone to contamination, and often doesn’t yield adequate sperm cell DNA recovery. The microfluidic platform, as mentioned above, addresses several of the issues associated with conventional DE (reduced sample and reagent volumes, manual intervention, contamination risk, and sample loss).
	Figure
	Figure 6. Proposed in-tube fully enzymatic DE workflow. As with the conventional DE process, the first step consists of non-sperm cell lysis with prepGEM (MicroGEM) enzyme (incubated at 75°C for 5 min and 95°C for 5 min), followed by a centrifugation step for sperm cell pelleting, recovery of the non-sperm fraction, and reconstitution and incubation of the sperm cells with a mixture of proteases that do not require the use of reducing agents (Acrosolv). 
	Because quantification of DNA in the NSF and SF is achieved by PCR, a purification step is necessary at the end of the conventional DE process to eliminate those inhibiting reagents. This adds not only to the time of the process, but the cost as well. To that end, we propose a fully enzymatic process of differential extraction that utilizes novel enzymes that do not require the use of reducing agents or any other PCR inhibitors to complete DNA extraction. Compared to the traditional process, this enzymatic 
	Figure

	6. Optimization of the Enzymatic Temperature-Controlled Differential Extraction (TCDE) 
	6. Optimization of the Enzymatic Temperature-Controlled Differential Extraction (TCDE) 
	a. Buffer Selection 
	We use commercial kits for the proposed enzymatic extraction of biological fluids that offer a variety of buffer options, depending on what type of tissue is being targeted for nucleic acid (NA) extraction. The kit provides protocols for the independent extraction of epithelial cells or sperm cells, but not a DE protocol. Buffer A is recommended for the extraction of NAs from sperm cells, whereas Buffer B is recommended to facilitate extraction of NAs from epithelial cells. We wish to combine these two prot
	Figure
	Figure 7. Buffer comparison for enzymatic DE. Comparison of non-sperm male cells extracted with the NSLC only vs. the SLC using both Buffers A and B. The non-sperm Y-DNA provides a baseline of male DNA (round cells, epithelial cells) compared to the DNA from sperm cells. It can be seen that Buffer B performs in a comparable way to the recommended Buffer A for the SLC. Buffer B, however, is recommended for the NSLC, so it’s chosen for the SLC too in order to use a unique buffer for the purpose of enzymatic D

	b. Pelleting Time Study 
	b. Pelleting Time Study 
	Centrifugation is an important step in DE as it allows for the pelleting of intact sperm cells so the supernatant (containing the NSF) can be retrieved. The sperm pellet is then resuspended in the sperm lysis cocktail so the cells can be lysed, therefore releasing the sperm cell Y-DNA. To investigate the shortest amount of time necessary to pellet the sperm, all the while maintaining assay sensitivity (i.e., enriching the SF with Y-DNA), we performed a pelleting time study. Liquid mock samples were prepared
	were amplified with the Quantifiler Trio Kit (ThermoFisher) and C
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	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
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	Figure
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	13. Optimization of the TCDE Protocol 
	13. Optimization of the TCDE Protocol 
	The Temperature Controlled Differential Extraction (TCDE) chemistry was optimized off-disc for microfluidic implementation. Mock sexual assault samples were dried on cotton swabs and extraction was performed on whole swabs. The objective was to verify whether the TCDE process is compatible with our microdevice or if fine-tuning of the protocol is necessary. The main difference between the TCDE and standard/short enzymatic DE methods is the addition of a nuclease treatment following lysis and release of DNA 
	8, 0.0381g of MgCl
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	47.5 µL water, 5 µL 10X Blue buffer, 25 µL Acrosolv, and 10 µL prepGEM. The full TCDE protocol followed these steps: master mix A was added to the tube containing the whole swab, vortexed, and incubated at 75 °C for 15 min. The liquid was removed from the swab by placing it in a spin basket and centrifuging at 15,000 rpm for 5 minutes. The supernatant was removed and heated for 5 min at 95 °C, the resulting fraction was labeled ‘EF’ or ‘NSF’ for epithelial/non-sperm fraction. Master mix B was added to the s
	Figure
	Figure
	Figure
	are removed from the sample chamber prior to extraction and elution of the critical sperm fraction. On-disc extraction studies reaffirmed that prepGEM does not to appear to adversely impact sperm cell integrity, i.e., the enzyme lacks the substrate specificity needed to simultaneously rupture non-sperm and sperm cells. 
	As part of the project’s aims, we have: 1) optimized the TCDE chemistry for samples dried on common substrates such as swabs (Figures 7-12), 2) refined the existing TCDE protocol for use with both common laboratory equipment and the low-volume rotational CDx disc (Figures 20 and 21), 3) developed a novel, centrifugally-driven microfluidic device that can be inexpensively prototyped and fabricated (Figures 1-5), and 4) adapted the TCDE protocol to the CDx disc (Figures 20-21, Table 4). For future work, we ai
	Figure
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