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Abstract: Circulating, cell-free mitochondrial DNA (ccf-mtDNA) and nuclear DNA (ccf-nDNA) are 
under investigation as biomarkers for various diseases. Optimal ccf-mtDNA isolation parameters, like 
those outlined for ccf-nDNA, have not been established. Here, we optimized a protocol for both ccf-

mtDNA and ccf-nDNA recovery using a magnetic bead-based isolation process on an automated 96-well 
platform. Using the optimized protocol, our data show 6-fold improved yields of ccf-mtDNA when 

compared to the starting protocol. Digestion conditions, liquid handling characteristics, and magnetic 
particle processor programming all contributed to increased recovery and improved reproducibility. To 

our knowledge, this is the first high-throughput approach optimized for mtDNA and nDNA recovery and 
serves as an important starting point for clinical studies.
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Introduction  
 
The presence of mitochondrial DNA (mtDNA) in plasma and serum was first documented more 

than 20 years ago (1). Nearly 10 years later, an association between elevated levels of circulating, cell-
free mtDNA (ccf-mtDNA) and higher rates of mortality in trauma patients was established (2–6). Now, at 
an accelerating rate, levels of ccf-mtDNA are being examined in a variety of human disease states 
including HIV infections (7), major depressive disorder (8), psychological distress (9), type 2 diabetes 
(10), and myocardial ischemia-reperfusion injury (11, 12). Before we can understand the prevalence of 
elevated ccf-mtDNA levels in disease, a robust method to isolate ccf-DNA from large sample sizes is 
needed.  

Surprisingly, while the discovery of ccf-mtDNA is relatively recent, the presence of nuclear DNA 
(nDNA) in the circulation has been known for over 70 years (13). In fact, numerous associative studies 
have since identified differences among the characteristics of ccf-nDNA (more generally termed ccf-
DNA), between healthy individuals and diseased patients (14–20). Lately, ccf-DNA has been evaluated 
for its utility as a reliable diagnostic and prognostic biomarker. Such investigations have demonstrated an 
association between increased levels of ccf-DNA, worsened disease states, and poor clinical outcomes (8, 
21, 22) for various conditions, including cancers (14, 23–25), chronic obstructive pulmonary disease 
exacerbations (21), and acute myocardial infarction (26). However, there has been a lack of consensus 
between protocols for ccf-DNA analysis, including blood draws, sample processing, and isolated ccf-
DNA storage. This preparation inconsistency prevents the use of ccf-DNA analysis in routine clinical 
practice. To address this issue, a literature review identified preanalytical parameters that affected ccf-
DNA concentration and fragmentation (27), including collection tube selection, processing time, and 
storage conditions. 

Increasingly, studies seek to determine whether ccf-mtDNA or ccf-nDNA differentially associate 
with pathology. However, all prior procedural studies were not designed to track and optimize recovery of 
mtDNA and nDNA separately. mtDNA is a small circular genome up to 4 orders of magnitude smaller 
than linear nDNA fragments, and both genomes exhibit substantial differences in their native nucleo-
protein complexes that could affect their isolation (28–30). In this study, we sought to identify an 
isolation method that was amenable to high-throughput platforms without sacrificing maximal, 
quantitative recovery of both ccf-mtDNA and ccf-nDNA. Various technologies have been used to isolate 
ccf-DNA, including column- and magnetic bead (MB)-based DNA affinity approaches, as well as 
alcohol-based precipitation methods. For large sample numbers, the column-based method has been the 
most commonly used, as precipitation methods that involve multiple centrifugation steps create 
bottlenecks in the workflow. Several reports have established that MB-based isolation methods yield 
high-quality DNA in similar quantities to column-based methods (25, 31–34). It has also been reported 
that MB-based extractions were the only method able to isolate key sequences when compared to other 
precipitation- and column-based methods (31). Based on this characteristic, we selected a commercial 
MB protocol for ccf-mtDNA isolation. 

In this study, we focused on the maximization of yield and minimization of variability during ccf-
DNA isolation from human plasma. We optimized the digestion and extraction steps by measuring both 
ccf-mtDNA and ccf-nDNA (total ccf-DNA) recovery, while focusing on yield, throughput, and 
reproducibility. For wide-scale screening of patient samples, any DNA isolation method should be 
adapted to high throughput platforms to reduce processing time without introducing variability. As such, 
we report crucial parameters that influence quantitative recovery of ccf-mtDNA and ccf-nDNA using a 
high throughput, magnetic particle separator-based workflow.

 
Results 
 

There are two aims of this study. The first aim is to identify chemical and laboratory parameters 
of plasma digestion and ccf-DNA extraction component steps that influence yields and provide evidence-
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based recommendations for such parameters that result in maximal ccf-DNA recovery. The first section, 
titled “Summary of ccf-DNA isolation and quantification”, introduces the basic DNA isolation process. 
“Optimization of digestion parameters” addresses optimal digestion conditions while “Optimization of 
extraction parameters” addresses conditions for ccf-DNA extraction. The second aim is to identify 
technical aspects of the ccf-DNA isolation process that limit its reproducibility for high throughput 
experiments. To that end, “Identifying the source of variation in 96-well plate experiments” identifies 
variability in 96 technical replicates across a 96-well plate while the remaining two sections address 
modification of magnetic particle processor (MPP) programming and liquid handling characteristics that 
improve both reproducibility and ccf-DNA yields. 

 
Summary of ccf-DNA isolation and quantification 
 

The process of isolating and quantifying ccf-DNA from plasma required plasma digestion, ccf-
DNA extraction, and qPCR (Fig. 1). As a brief overview, plasma was first incubated with Proteinase K 
(ProK) and sodium dodecyl sulfate (SDS) at 70 °C for 16 h to digest and disrupt protein and lipid 
structures, such as extracellular vesicles that may compartmentalize DNA and interfere with the 
interaction with magnetic beads (MB). Next, MB and Lysis/Binding Solution (LBS) were added to the 
digested plasma. The DNA-bound MB were transferred by the MPP into each subsequent solution. These 
steps removed protein contaminants (Wash 1), condensed and washed the DNA (Washes 2 and 3), then 
eluted DNA in Elution Solution (ES). DNA was stored at -20 °C before ccf-mtDNA and ccf-nDNA 
abundance were simultaneously measured by duplex qPCR. 
 
Optimization of digestion parameters 
 

Based on the variability between protocols used in published studies, we identified protease 
digestion, detergent solubilization, sample volume, and incubation temperature and duration as potential 
factors that might impact ccf-DNA recovery (8, 22, 25, 31, 33–37). Therefore, we tested these variables 
for both ccf-mtDNA and ccf-nDNA (total ccf-DNA) recovery by testing concentrations, volume, and time 
to confirm and refine the effects on ccf-DNA yields (Fig. 2).  

Plasma protein solubilization and digestion have been suggested to release ccf-DNA and increase 
recovery (25, 38). In initial experiments, we found that digestion with ProK for 22 min significantly 
increased total DNA recovery compared to digestions without ProK (Fig. 2a). Note that smaller CT 
values indicate greater DNA recovery. Time of digestion could also contribute to the recovery. Our 
previously described ethanol precipitation method for DNA isolation (9, 39, 40) digested tissue or plasma 
in ProK and SDS for 16 h rather than the 22 min recommended by the manufacturer. Hence, in an 
additional study, we compared the DNA yields from three time points: 22 min, 1 h, and 16 h (Fig. 2b). 
We found that recovery of mtDNA and nDNA improved progressively with longer incubation times (Fig. 
2b).  

It has been general practice to use large volumes of plasma (i.e. 0.5-2 mL) to isolate DNA, 
possibly to support downstream applications (25, 33, 41). However, no clear guidelines have been 
established with regards to the volume of plasma that should be digested, nor evidence of whether this 
parameter affects DNA recovery. We have not identified studies that isolated DNA from less than the 
manufacturer’s recommended volume. To address this, we tested DNA recovery from several plasma 
volumes (300, 150, 75, and 37.5 µL) (Fig. 2c). We wanted to determine the effect on ccf-DNA recovery 
when plasma volumes were decreased but extraction parameters were unchanged. ProK and SDS were 
added in the same proportion across the samples tested. However, the downstream extraction solution 
volumes were based on 300 µL of digested plasma (Script 0; Table 1), and thus, not adjusted for plasma 
volume. Surprisingly, reducing the plasma volume from 300 to 150 µL significantly increased mtDNA 
recovery (an 8-fold increase on average). Thereafter, mtDNA recovery was proportional to the input at all 
volumes ≤ 150 µL (Fig. 2c). Recovery of nDNA showed a similar trend (a 4-fold increase on average) but 
was not significant. To ensure that we were not close to the volume transition point that occurred between 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 16, 2020. ; https://doi.org/10.1101/2020.07.16.206987doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.16.206987


 5 

300 and 150 µL, we chose 75 µL as our standard plasma volume. This has the added advantage of 
preserving valuable samples for additional studies. 

We next wanted to determine whether our current concentrations of ProK and SDS were resulting 
in maximal DNA yields. For ProK, we tested three concentrations (750, 1,500, and 3,000 ng ProK/µL 
plasma) (Fig. 2d) and found that increasing the concentration of ProK did not affect total ccf-DNA yields 
(Fig. 2d). In the above experiments, we had been using a final volume of 0.93% SDS in the plasma 
digestion. We tested whether this was an adequate or limiting amount by using four final concentrations 
of SDS: 0, 0.47, 0.93, and 1.86% (Fig. 2e). We found a significant increase in mtDNA recovery but no 
change to nDNA recovery when SDS was added, and that the increase in mtDNA was independent of the 
SDS concentration (Fig. 2e). To our knowledge, the SDS requirement for maximal ccf-mtDNA recovery 
has not previously been reported. Based on these findings, we chose 1,500 ng ProK/µL plasma and a final 
concentration of 1.86% SDS as our standard parameters, selected primarily to ensure adequate pipetting 
volume and limit variation in later experiments. 

In addition to time, the temperature of ProK digestions are variable across different protocols, 
ranging from 37 °C to 60 °C (7, 8, 10, 22, 24, 25, 31, 33–37, 42, 43). Thus, we tested the impact of 
digestion temperature on plasma DNA recovery. We compared DNA yields obtained when plasma was 
incubated at the temperature recommended by the manufacturer (70 °C) and the temperature of our 
ethanol precipitation-based method (55 °C), which was within the range of temperatures that were 
previously published. When the digestion temperature was decreased from 70 °C to 55 °C, total ccf-DNA 
significantly decreased (Fig. 2f). At this point, our data suggest that incubating 75 µL of plasma with 
1,500 ng ProK/µL plasma and 1.86% SDS for 16 h at 70 °C (Fig. 2g) results in increased yields.  
 
Optimization of extraction parameters 
 

When identifying variables that could influence DNA yields, we selected extraction reagent 
volumes and MPP mixing parameters from our existing protocol as variables that could potentially limit 
DNA recovery. Because we found that a reduced plasma volume (75 µL as opposed to 300 µL) achieved 
better mtDNA recovery, we wanted to determine whether a proportional reduction in reagent volumes 
used during extraction would impact DNA yields. To begin, we extracted DNA from 75 µL of digested 
plasma using the original Script 0, whose extraction reagent volumes were based on 300 µL of digested 
plasma, and Script 1, whose volumes were based on 75 µL of plasma. Scripts 0 and 1 refer to the 
programmed actions of the MPP (i.e. the mixing and transferring of DNA-bound magnetic beads between 
plates) and the reagents that accompany each step. While all the actions were identical between Scripts 0 
and 1, several Script 1 volumes were reduced to evaluate their cumulative effect on DNA recovery. We 
only modified the volumes of LBS+MB, Wash 1 (commercial solution), and Wash 2 (80% ethanol) 
(Table 1). We found that the volumes used in Script 1 did not negatively impact yields (Fig. 3a). In fact, 
mtDNA yields were unaffected while nDNA recovery improved.  

To confirm the results of Script 1, we tested MB or LBS volumes separately to evaluate their 
potential in limiting DNA yields. It has been previously demonstrated that MB were not easily saturated 
with DNA extracted from cells (32). However, MB saturation has not been investigated with regards to 
ccf-DNA isolations. As such, we extracted DNA from digested plasma using several volumes of MB (2.5, 
5, 10, and 15 µL). Despite decreasing the volume of MB, the amount of total ccf-DNA recovered 
remained unchanged, suggesting the MB were in excess for the volume of plasma used (Fig. 3b). 
Likewise, we have not identified studies that have determined whether the volume of LBS influenced 
recovery. To test whether increasing LBS improved recovery, we extracted DNA from plasma using 
several volumes of LBS (101.25, 250, and 643 µL) but a fixed amount of MB. Our results reinforce the 
conclusion made from the script test in Fig. 3a by showing that DNA recovery was unchanged despite a 
decreased volume of LBS, suggesting that LBS was not a limiting reagent (Fig. 3c). To conserve reagents, 
we decided to proceed with the volumes of MB and LBS established in Script 1 (Table 1). 

While the binding capacity of MB is independent of its volume (Fig. 3b), it is not known whether 
the process in which DNA binds to MB is time dependent. We tested this by incubating digested plasma 
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with MB+LBS for 10 min before loading the samples onto the MPP for extraction. This incubation period 
more than doubled the amount of time that the DNA was allowed to interact with the beads (Script 1 
already allotted for 6 min of mixing; Table 1). The extra incubation time was either on a shaking platform 
or a stationary rack (10 min shaking or 10 min still, respectively) and was compared to no additional time 
(indicated as “0” in Fig. 3d). As neither the increased time of DNA incubation with MB nor the agitation 
of the samples before MPP extraction had an effect on ccf-DNA recovery (Fig. 3d), we concluded that the 
standard incubation time was sufficient to reach DNA binding equilibrium.  

Among the variables that we had identified from other studies, the volume in which DNA was 
eluted, which ranged from 30 to 200 µL, was not consistent and could potentially be a significant 
determinant of yields (8, 22, 25, 31, 33–37). To determine if all the DNA was being eluted from the MB 
using our current volume (60 µL), we eluted DNA in both 60 and 120 µL of ES. Because we doubled the 
elution volume, we would expect that the DNA would be half as concentrated when equal volumes of 
eluted DNA were used as the template for qPCR amplification. Assuming 100% extraction and 
quantification efficiencies, 1 CT value represents a 2-fold change in DNA concentration; therefore, we 
added 1 CT to the 60 µL result to compare the extraction recoveries (Fig. 3e). We also wanted to 
determine whether more time would release more DNA from the MB. To test this, we increased the 
eluting time from 6 min to 20 min (Fig. 3f). Increasing both elution volume and time had no impact on 
recovery and were not modified in later experiments.  

In our review of the literature, we identified mixing speeds and the addition of isopropanol during 
the DNA binding step as remaining extraction parameters. We noted that a slow mixing speed was 
recommended for DNA isolation from serum in a technical note released by the manufacturer. In this 
plasma study, we found that a slow mixing speed significantly reduced mtDNA yields but had no 
measured effect on nDNA recovery (Fig. 3g). Furthermore, adding isopropanol to the LBS (for a final 
concentration of 50%) has been used to isolate cell-free DNA from sputum and urine (44) to promote 
DNA precipitation onto the MB (45). When using the Thermo Fisher chemistry, we found that 
isopropanol decreased recovery of mtDNA and nDNA significantly in plasma (Fig. 3h). In summary, 
these studies reinforce the parameter selections in Script 1, with the added benefit of decreasing reagent 
consumption.  
 
Identifying the source of variation in 96-well plate experiments 
 

The first part of this study identified chemical parameters that influenced quantitative ccf-DNA 
recovery. Now, the second aim addresses issues affecting its reproducibility in experiments with large 
sample numbers. In an initial test, we isolated DNA from the same plasma pool for five consecutive days 
and analyzed mtDNA and nDNA yields on the same qPCR plate. We found that there was significant 
variation among batches (Fig. S1a), suggesting that additional variables were yet to be identified. From 
this result, we designed a set of experiments to quantify the relative variation from three potential sources: 
digestion, extraction, and quantification.  

To identify the amount of variation from a single plate, DNA was isolated and quantified from 96 
identical plasma samples (Fig. 4a). Surprisingly, both mtDNA and nDNA recovery were highly variable, 
with a standard deviation of 0.927 and 0.413, respectively (Fig. 4ai). To investigate whether this variation 
was due to well position, we plotted the difference in CT values relative to the median of the plate for 
each well (Fig. 4aii; raw data is presented in Fig. 1b-d). Importantly, while nDNA recovery was largely 
unaffected, less mtDNA was recovered around the edges and corners of the DWP (mtDNA edge effects). 
We did not know whether this variation arose from digestion, extraction, or qPCR quantification. We 
proceeded to work backwards from DNA quantification to identify the source of variation.  

To determine how much of the variation across the plate was contributed by qPCR, we used 
pooled DNA from previous isolations and aliquoted it directly into a PCR plate to act as the source of 
template DNA. This ensured that the amount of DNA in all samples were identical. After qPCR 
quantification, mtDNA and nDNA variation were undetected, and the edge effects unique to mtDNA 
recovery were not present (Fig. 4b). We concluded that the variation did not arise from the qPCR assay 
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itself or its associated liquid handling parameters (Fig. 4bii). We noted that nDNA CT values have a 
higher standard deviation than mtDNA, which would be expected because of the lower concentrations of 
template nDNA (46).  

To determine the variation inherent to extraction, 96 samples of digested plasma were pooled, 
then aliquoted into a 96 DWP for extraction. This approach eliminated digestion as a variable. Subsequent 
qPCR analysis showed that for mtDNA recovery, extraction contributed about two-thirds of the total 
variation across the plate (Fig. 4ci). Variation in mtDNA recovery due to the digestion step was estimated 
by subtraction to be the remaining one-third of the total variation (Fig. 4d). Notably, edge effects in the 
distribution of mtDNA values clearly persisted when digestion variation was eliminated, thus isolating the 
extraction step as the primary source of mtDNA variation (Fig. 4cii). On the other hand, variation in 
nDNA recovery was modest (Fig. 4d). Because mtDNA recovery was highly variable due to positional 
effects, the results prompted further review of extraction parameters.  
 
Modifications to script parameters and plate temperature dramatically improved mtDNA recovery and 
reduced edge effects 
 

The edge effects that occur during ccf-DNA extraction could arise from temperature gradients in 
or across the DNA extraction plates. To determine whether variability was affected by such gradients, 
DNA was extracted with the MPP’s internal heating element either turned off (an ambient temperature of 
23 ˚C) or set to 24 °C for all steps. Variability in mtDNA recovery was significantly reduced when using 
warmed plates compared to ambient temperature (Fig. 5a), but some diminished mtDNA recovery 
remained localized to the top right corner of the DWP (Fig. 5bii; raw data is presented in Fig. S2). To 
determine if further elevating the temperature would result in even greater reductions in standard 
deviation and edge effects, DNA was extracted with the heating element set to 30 °C. However, the 
beneficial effects of warming on variability and positional effects were lost (Fig. S3) and higher 
temperatures were not pursued. 

We were also concerned that MB processing events, such as a second collection of beads, were 
contributing to increased variation in the data. At this point, the manufacturer recommended 
modifications to several MPP script parameters (Script 2; Table 1), such as a single bead transfer between 
the digested plasma and Wash 1 plates and increased mixing times. When DNA was extracted using 
Script 2 at ambient temperature, mtDNA variation was improved relative to Script 1, but positional 
effects were still present (Fig. 5cii). We then combined the use of Script 2 and 24 °C MPP plate heating to 
determine if the improvements were cumulative. Remarkably, we found that when DNA was extracted 
and quantified from pooled, digested plasma using Script 2 at 24 °C that the mtDNA edge effects were 
visually undetectable (Fig. 5dii) and the variation among wells was significantly decreased for both 
mtDNA and nDNA (Fig. 5e). Thus, the data supported the implementation of Script 2 at 24 °C for future 
DNA extractions.  
 
Liquid handling characteristics that further improved mtDNA recovery 
 

We next wanted to evaluate ccf-DNA yields when the entire process (plasma digestion, ccf-DNA 
extraction, and qPCR) was performed using complete automation. However, in preliminary experiments 
we noticed variable volumes of ProK and SDS remaining across wells of the 8-well PCR strips used by 
the LiHa to contain these reagents (Axygen Scientific, Union City, CA, USA). Liquid properties, such as 
viscosity, impact the accuracy in which reagents are dispensed by both manual pipettes and automated 
liquid handlers (47). Such liquids include SDS and glycerol, the main component of our resuspended 
ProK. Because ProK and SDS are crucial for effective plasma digestion (Fig. 2), we wanted to evaluate 
the reproducibility of the LiHa when dispensing these reagents. To achieve this, fluorescein (Thermo 
Fisher) diluted in ProK and SDS were separately dispensed by the LiHa. Fluorescence was measured 
using an Infinite F200 Fluorescence Microplate Reader (Tecan). Compared to fluorescein-spiked water, 
ProK and SDS dispenses varied significantly (Fig. S4). Further testing revealed that, when ProK and SDS 
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were dispensed by the LiHa into plasma, mtDNA recovery was significantly reduced by 2 CT values, or 
four-fold less DNA, in four out of the eight plasma samples (Fig. 6a). Because nDNA recovery was 
unchanged (Fig. 6a), the data supports the visual confirmation (not pictured) that more SDS remained in 
four wells of the 8-well PCR strip (based on data from Fig. 2e). If ProK was not dispensed in adequate 
amounts, both mtDNA and nDNA recovery would have been significantly reduced (based on data from 
Fig. 2a).  

Other manufacturers’ methods have noted that bubbles in the LBS should be avoided as they 
reduce DNA yields (Omega Bio-tek, Inc., Norcross, GA, USA; Beckman Coulter Life Sciences, 
Indianapolis, IN, USA). Because we previously observed bubbles in LBS dispensed by the LiHa (Fig. 
6bi), we compared the effects on yields when LBS was dispensed into digested plasma by the LiHa or a 
manual electronic pipette. While mtDNA recovery was similar to the ethanol precipitation-based 
reference isolation when a manual pipette was used, it was significantly decreased by the LiHa’s dispense 
(Fig. 6bii). However, nDNA yields were significantly better than those obtained by the reference isolation 
when either dispense method was used. Therefore, the data suggests that the manual dispense of SDS and 
LBS improved mtDNA recovery and should be incorporated into all subsequent plasma digestions and 
DNA extractions, respectively. 
 
Discussion 

 
In this study, we focused on optimizing a commercially available MB-based isolation kit for the 

recovery of ccf-mtDNA and ccf-nDNA from plasma for incorporation into an automated platform. This 
study has unexpectedly uncovered flaws in the reproducibility of ccf-mtDNA isolation. Because the 
majority of research has focused on ccf-nDNA (more generally termed ccf-DNA), the manufacturer 
would not be aware of this limitation. Our intention was not to discredit the existing protocol (which 
worked well for ccf-nDNA), but to ensure that the assay served our purposes as a quantitative, high 
throughput method for both ccf-nDNA and ccf-mtDNA isolation. With ccf-mtDNA under investigation 
for its use as a clinical biomarker, additional studies will be necessary to find the optimal procedure. We 
encourage labs interested in achieving maximal ccf-mtDNA recovery to consider the results presented 
here for implementation into their own assays. 

It has been widely accepted that plasma, rather than serum, should be used to evaluate ccf-DNA 
content. Studies have demonstrated that, during coagulation, white blood cell lysis increases the levels of 
nDNA in serum. Moreover, platelet activation during coagulation can also release mitochondria and 
mtDNA (48), and quantification of ccf-mtDNA in a parallel comparison of serum and plasma samples 
from the same individual is consistent with this claim (49). Therefore, immediate processing of whole 
blood to obtain plasma is preferable for isolating ccf-DNA, as both nDNA and mtDNA contamination are 
significantly reduced (27, 34, 49, 50). In our study, we heeded this recommendation and optimized our 
protocol using plasma. However, the lots used in this study had unique levels of total ccf-DNA content 
due to their various origins. Thus, when results are presented as mean CT values, the plasma pool used for 
each experiment is indicated under the panel title to prevent comparison between results obtained using 
different plasma pools.  

The role that plasma digestion plays in quantitative ccf-DNA isolation is largely unclear and, as a 
result, protocols vary in their recommendations concerning plasma volume, temperature, and duration (7, 
8, 10, 22, 24, 25, 31, 33–37, 42, 43), with some protocols disregarding both plasma digestion (25) and 
DNA extraction entirely (21). However, one study hypothesized that proteolytic digestion increases 
isolation efficiencies by releasing ccf-DNA that is bound to proteins or contained in extracellular vesicles 
(25). Our data, like that of Xue et al. (2009), suggested that the absence of ProK significantly decreased 
total ccf-DNA yields. Likewise, mtDNA recovery significantly decreased when SDS was not present, 
thus supporting studies that have demonstrated that some mtDNA is contained within exosomes in the 
circulation (51, 52). Further studies are required to determine how the DNAs isolated in these contexts 
differ in source and characteristic. 
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It has been assumed that volumes of plasma ≥ 500 µL are required to recover adequate DNA yields 
for downstream applications (33). However, we demonstrated that the manufacturer’s recommended 
plasma volume (300 µL) does not produce optimal mtDNA yields in this automated workflow. When we 
isolated DNA from plasma volumes ≤ 150 µL, we observed improved mtDNA recovery for reasons that 
are not clear. In our previously described ethanol precipitation method for ccf-DNA isolation (9, 39, 40), 
plasma was digested at 55 °C, an optimal temperature for that chemistry. In the current MB chemistry, 
total DNA yields were improved at 70 ˚C relative to 55 ˚C with the same ProK, suggesting that digestion 
temperatures need to be optimized for each specific chemistry used. While also required to achieve 
maximal recovery, one downfall of the optimized digestion conditions was the increase in digestion time 
(16 h), and therefore, an overall lengthened isolation process. With breaking the process over two days, 
we find that a similar amount of work can be completed by rearranging the schedule. The improved 
conditions have proved useful for our purposes as a method for obtaining maximal ccf-DNA recovery for 
qPCR assessment. However, that does not mean that for other applications, such as detecting the presence 
of specific DNA sequences or sequencing-based methods, that these specific digestion parameters would 
be sufficient. Thus, this preparation should be carefully tested for any other downstream applications.  

Based on the review of the literature, we expected that improved DNA recovery would come from 
chemistry-specific extraction parameters. However, we were surprised to find that mechanical aspects 
made sizeable differences in the performance of the protocol when assessed for its reproducibility during 
high throughput experiments, rather than the reagents themselves. For example, mtDNA but not nDNA 
recovery was subject to edge effects, resulting in increased isolation variability and decreased yields when 
ambient temperatures were not controlled. The characteristics of mtDNA that contribute to this 
temperature effect are not clear. Furthermore, we thought that modifications to the MPP script, such as 
decreasing the number of bead transfers and mixing characteristics to create Script 2 (Table 1), would 
have no effect on mtDNA edge effects and possibly decrease total DNA yield. Instead, it was somewhat 
helpful in edge effects and yield, and in combination with temperature control, eliminated the plate 
variation. We are unaware of any published descriptions of these effects for mtDNA isolation, either 
cellular or cell-free. 

During the optimization of digestion parameters, we determined that ProK and SDS were required for 
quantitative DNA recovery, but their pipetting was not uniform when using the LiHa. Recognizing that 
further liquid class optimization is required, we had already taken several steps to prevent this 
confounder. First, our solutions were centrifuged to remove bubbles. Second, we performed deep 
pipetting to reduce the likelihood of air aspiration. Third, we greatly decreased the aspiration speed to 5 
µL/sec for both SDS and ProK. Lastly, we knew that pipetting of SDS and ProK was tolerant of at least 
50% pipetting error as we had chosen larger than minimal volumes for the final protocol. The digital 
repeater is a reasonable alternative to automated pipetting in this situation, as liquid dispensing can be 
validated visually and does not significantly increase pipetting time. Furthermore, while we anticipated 
some variability in liquid handling of SDS, the generation of bubbles in the LBS solution and its 
reduction of mtDNA yields was an unforeseen issue that also was easily mitigated by manual pipetting. 
Regardless, we want to highlight that the optimization of liquid handling settings for critical reagents, 
such as SDS and LBS, should be taken into consideration for labs that desire full automation.  

While some studies have expressed concern about the ease of implementing an automated 
workstation into their labs, including an extensive learning curve and empirical optimization (25), we 
recognize that many institutions may not have the funds or need for an automated methodology (32). 
Fortunately, the chemistry surrounding our protocol is compatible with microfuge tube magnets (such as 
the DynaMag-2 magnet used in some of these studies), which bypasses automated MPPs, requires 
minimal training, and is appropriate for small-scale experimentation. However, for implementing ccf-
DNA measurements in routine clinical practice or other high throughput applications, automation would 
limit human error and reduce processing time. As the study of ccf-DNA abundance expands to other 
applications, reliable process automation is an important tool to enable the identification of associated 
clinical parameters.  
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When using a MB-based ccf-DNA isolation approach, there are overlapping parameters of plasma 
digestion that should be applied to achieve maximal mtDNA and nDNA recovery. These include the 
addition of ProK and an extended digestion period of 16 h at 70 °C. However, incubation with SDS only 
improved mtDNA yields. We have also demonstrated that edge effects originating during extraction 
significantly reduced mtDNA recovery with little to no effect on nDNA isolation. Application of uniform 
temperature (24 °C) across all extraction plates coupled with an improved script reduced edge effects and 
improved total ccf-DNA variation between wells. Taken together, these improvements resulted in equal 
or greater yields compared to the common ethanol precipitation-based method. With ccf-mtDNA on the 
rise as a potential clinical biomarker, the need to establish a uniform methodology for its isolation is 
pressing (53). To our knowledge, this is the first high-throughput method optimized for ccf-mtDNA and 
ccf-nDNA recovery. Because we have identified issues in the recovery and reproducibility of an 
automated, MB-based ccf-DNA isolation protocol and outlined initial solutions, this study serves as an 
important starting point for the implementation of ccf-mtDNA and ccf-nDNA analysis in clinical studies. 

 
Experimental procedures 
 
Plasma samples 
 

Five distinct plasma pools (A-E) were used for this study. To obtain plasma pool A, venous blood 
was collected using EDTA-containing vacutainer tubes (Cat. # 367835; Becton, Dickinson and Company, 
Franklin Lakes, NJ, USA) and centrifuged immediately at 950 x g for 15 minutes (min) at 4 °C. Plasma 
was collected, pooled, aliquoted, and stored at -80 °C. Pools B-E were purchased (BioIVT, Hicksville, 
NY, USA). Each lot was aliquoted and stored at -80 °C.  
 
Liquid handling system description  

 
The workstation used in this study was the Freedom EVO 150 automated liquid handler (Tecan, 

Männedorf, Switzerland). This workstation was equipped with an 8-channel fixed tip, water-based 
pipetting system (LiHa) and a robotic arm (RoMa) controlled through the EVOware Standard software 
(EVOware; Ver. 2.3, Tecan). As appropriate, the tips were rinsed twice between pipetting events using 
10% bleach and flushed at both washing stations to minimize sample cross-contamination. A KingFisher 
Presto (Thermo Fisher, Waltham, MA, USA) magnetic particle processor (MPP) was integrated adjacent 
to the workstation. To allow for complete automation, the RoMa was programmed to transport plates 
between the liquid handling platform and MPP turntable.  
 
Automated ccf-DNA isolation 
 

Plasma digestion  
 

Plasma, Proteinase K (ProK; Thermo Fisher), and sodium dodecyl sulfate (SDS; Boston 
BioProducts, Ashland, MA, USA) were dispensed into gasketed, screw-cap tubes (Sarstedt Inc., 
Nümbrecht, Germany) or a 96 deep-well plate (DWP; Thermo Fisher) that was sealed with an 
adhesive PCR seal (Thermo Fisher) and covered with generic packaging tape. Samples were 
incubated in an Innova 44 Incubator Shaker (New Brunswick Scientific, Edison, NJ, USA) or on 
a digital orbital mixing chilling/heating dry bath (Torrey Pines Scientific, Carlsbad, CA, USA). 
Samples digested in tubes were manually transferred to a DWP for extraction. For some 
experiments, samples were pooled to eliminate variation due to digestion. 
 
Extraction of ccf-DNA from digested plasma  
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All samples were extracted using the MPP except for two initial studies that were 
extracted using the DynaMag-2 (Thermo Fisher) benchtop magnet (indicated in the figure 
legend). The reagents described below were loaded by the LiHa or a HandyStep digital repeater 
pipette (BrandTech Scientific, Inc., Essex, CT, USA) as indicated in the results. The MPP scripts 
(Table 1) were created in the BindIt 4.0.0.45 for KingFisher Instruments software (Thermo 
Fisher) and an automation interface to Tecan’s EVOware software executed each step of the 
script as programmed. 

The extraction process used five different buffer incubations. To begin the extraction 
process, the digested plasma was removed from the incubator and left at room temperature (RT) 
for ~15 min while the extraction consumables were placed on the platform. The digested plasma 
was centrifuged at 500 x g for 1 min before removing the seal and being placed on the platform. 
The user then launched the EVOware software and executed the extraction script. Key technical 
aspects of the extraction process, including reagent volumes and mixing characteristics, are 
summarized in Table 1. A DWP supporting a KingFisher 96 tip comb (TC) for deep well magnets 
(Thermo Fisher) was loaded onto the MPP by the RoMa. The TC was loaded onto the magnetic 
head of the MPP and then the DWP was removed from the MPP platform by the RoMA. For 
most experiments, the LiHa dispensed Dynabeads MyOne Silane magnetic beads (MB; Thermo 
Fisher) re-suspended in MagMAX Cell Free DNA Lysis/Binding Solution (LBS; Thermo Fisher) 
into the DWP that contained the digested plasma. The RoMa loaded the plate containing digested 
plasma and MB+LBS onto the MPP. The samples were then mixed by the TC while the LiHa 
dispensed MagMAX Cell Free DNA Wash Solution (Wash 1; Thermo Fisher). After the RoMa 
loaded Wash 1 onto the MPP, the magnet collected the MB and bound DNA. The MPP 
transferred the beads to Wash 1 for subsequent mixing by the TC. The RoMa removed the DWP 
containing the residual digested plasma and the process of plate addition, mixing, and removal 
repeated for Washes 2, 3 (80% ethanol) and the MagMAX Cell Free DNA Elution Solution (ES; 
Thermo Fisher). All extraction reagents were dispensed into DWPs except ES, which was 
dispensed into a KingFisher 200 µL 96 well plate (Thermo Fisher). To release the DNA from the 
MB, the MB and ES were mixed by the TC and then the MB were captured by the magnet. The 
RoMA collected the ES plate (containing DNA) and placed it onto a magnetic plate (Alpaqua, 
Beverly, MA, USA) to capture any MB carryover. The ES solution was then transferred to a 96-
well PCR Plate (Thermo Fisher) for storage and ended the automation. The plate was manually 
sealed with an adhesive PCR seal and stored at -20 °C.  

  
Ethanol precipitation-based reference isolation  
 

For comparison, we isolated ccf-DNA using a previously described ProK digestion and ethanol 
precipitation method (9, 39, 40) with the minor modification of using ES for DNA resuspension. In brief, 
75 µL of plasma were incubated at 55 °C for 16 h with 0.83 µL of 20% SDS, 7.58 µL of 5 M Tris-HCl 
(pH 8.5; Thermo Fisher), 0.76 µL of 5 M EDTA (Thermo Fisher), 3.12 µL of 5 M NaCl (Thermo Fisher), 
2.62 µL of 20 mg/mL ProK, and 0.70 µL of 1% BME. After the overnight digestion, the samples were 
allowed to cool at RT for 5 min. The samples were then diluted 4.5:1 with pre-mixed digestion buffer 
containing 0.2% SDS, 100 mM Tris-HCl, 5 mM EDTA, 200 mM NaCl based on the concentration of the 
stock solutions described above (409.4 µL of digestion buffer for 90.6 µL of digested plasma). The 
digestion buffer was followed by 170 µL of 5 M NaCl and a five-minute incubation on ice to precipitate 
proteins. The samples were centrifuged at 26,000 x g for 15 min at 4 °C. The supernatant was transferred 
to a fresh tube to which 800 µL of cold 100% ethanol (Decon Labs Inc.) and 1 µL of GlycoBlue nucleic 
acid co-precipitant (15 mg/mL; Thermo Fisher) were added. The tubes were centrifuged again at 26,000 x 
g for 15 min at 4 °C. The supernatant was removed by aspiration and 500 µL of cold 70% ethanol was 
added. The tubes were centrifuged at 28,500 x g for 5 min at 4 °C. The supernatant was removed by 
aspiration and the pellet air dried at 37 °C for 15 min. 60 µL of ES was added to the tubes and incubated 
at 55 °C for 1 h. The resuspended DNA was stored at -20 °C. 
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Quantitative polymerase chain reaction (qPCR) 
 

ccf-mtDNA and ccf-nDNA abundance were measured simultaneously by duplex qPCR using 
TaqMan-based assays. These duplex reactions were run in triplicate (3 wells) on a QuantStudio 5 Real-
Time PCR System (Thermo Fisher). One of two duplex assay pairings were used for each experiment; 
both of which have been previously validated (9, 54). The first pairing targeted mitochondrial-encoded 
human NADH:ubiquinone oxidoreductase core subunit 1 (ND1) and nuclear-encoded human beta-2-
microglobulin (B2M). The second pairing targeted mitochondrial-encoded human NADH: ubiquinone 
oxidoreductase core subunit 4 (ND4) and nuclear-encoded human peptidylprolyl isomerase A (PPIA). 
Each target’s assay, composed of two primers and a fluorescent probe, were assembled as a 20X working 
solution according to the manufacturer’s protocol (Integrated DNA Technologies, Newark, New Jersey, 
USA) and stored at -20 °C. 

For a duplex reaction, primer/probe ratios of 1:1 nmole (i.e. primer-limited) for mtDNA assays 
and 3:1 nmoles for nDNA assays were used. Thermocycling conditions were as follows: an initial 
denaturation step at 95 °C for 20 sec followed by 40 cycles of 95 °C for 1 sec, 63 °C [ND1/B2M] or 59 
°C [ND4/PPIA] for 20 sec, and 60 °C for 20 sec. Assay sequences are in Table S1. Either 2X Luna 
Universal qPCR Master Mix (New England Biolabs, Ipswisch, ME, USA) or 2X TaqMan Fast Advance 
Master Mix (Thermo Fisher Scientific) were used in this study. The qPCR master mix and TaqMan 
assays for both mtDNA and nDNA targets were diluted to 1X in the final reaction volume. Reactions with 
a final volume of 8 µL contained 3.2 µL of template DNA; reactions with a final volume of 10 µL 
contained either 3.2 µL or 1 µL of template DNA. While the qPCR reaction size did not impact the 
results, the volumes are indicated in the figure legends.  
 
Statistical analysis 
 

All statistical analyses were performed using GraphPad Prism (GraphPad Software, Ver. 8.3). 
Normality of distribution was tested in experiments with 96 biological replicates using the Anderson-
Darling, D’Agostino & Pearson, Shapiro-Wilk, and Kolmogorov-Smirnov tests; nonparametric statistics 
were applied unless all tests confirmed normality, for which parametric tests were used. The statistical 
test used for each experiment is indicated in the figure legends. P-values < 0.05 were considered 
statistically significant. 

 
Data availability 
 
 All data are contained within the manuscript.  
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   Script  

Step  Process 0 1 2 

1  

Lysis/Binding Solution (µL)  405 125 

Magnetic Beads (µL) 10 3 5  

Mix time (min) [speed]  6:00 [fast] 6:00 [fast]* 
1:00 [fast]* 

8:00 [medium]* 

Number of bead collections 2 1 

2 

Wash 1 (µL) 450 265 

Mix time (min) [speed] 1:00 [fast] 1:00 [fast]* 1:00 [medium]* 

Number of bead collections 1 

3 

Wash 2 (µL) 900 475 

Mix time (min) [speed] 1:00 [fast] 1:00 [fast]* 

Number of bead collections 1 

4 

Wash 3 (µL) 200 

Mix time (min) [speed] 00:30 [medium] 00:30 [medium]* 

Number of bead collections 1 

5 

Elution Solution (µL) 60 

Mix time (min) [speed] 

6:00 [medium] 6:00 [medium]* 

Activate magnet to collect beads 

2:00 [slow] 

 
Table 1. Summary of ccf-DNA extraction scripts used by this study. Each step in the process included 
solution volume(s) (µL), mix time (min), and mix speed variables. Beads were collected by the 
magnet and transferred to the next step as indicated. Temperature (24 °C) was an additional variable 
that was superimposed on Scripts 1 and 2, when applicable.  

* Indicates where uniform temperature (24°C) is applied to the extraction plates, when applicable 
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Figure 1. Workflow of automated isolation of ccf-DNA from plasma. Plasma, Proteinase K, and SDS 
were dispensed into a deep well plate and incubated at 70 °C for 16 hours (h) to digest and disrupt 
protein and lipid structures. Following the overnight digestion, magnetic beads resuspended in 
lysis/binding solution were added to the samples. Magnetic bead-bound DNA was transferred to 
subsequent wash steps by a magnetic particle processor. Total DNA was eluted and stored at -20 °C 
(or -80 °C) before quantification by qPCR.  
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Figure 2. Optimization of digestion parameters. Depicted under each panel, the conditions tested 
include: (a) addition of ProK, (b) time of digestion, (c) plasma volume, (d) ProK concentration, (e) 
addition and final concentration of SDS, and (f) digestion temperature. The final conditions are 
summarized in (g). Variables color red are tested for contribution to DNA recovery. The plasma pool 
used for each experiment is indicated for each panel. Extractions were performed either by (a, b) the 
DynaMag-2 magnet or (c-f) Script 0 (at ambient temperature) in triplicate for each condition except for 
(b), which was done in duplicate. mtDNA and nDNA quantification are presented as mean CT values 
(log units) ± standard deviation. All reactions were run using a final volume of 8 μL with 3.2 μL of 
template DNA except (a) and (e), which were run in a final volume of 10 μL with 3.2 μL of template 
DNA. Statistical analysis was performed using (a, f) one-tailed, unpaired t-tests or (b-e) ordinary one-
way ANOVA with Tukey’s multiple comparisons test between all conditions (p-values: * < 0.05, ** < 
0.01, *** < 0.001, **** < 0.0001). In (c) and (e), all post hoc comparisons to the left-most condition are 
significant; however, for visual simplicity, only the p-value representing the ordinary one-way ANOVA 
is shown.  
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Figure 3. Optimization of extraction parameters. Depicted under each panel, the 
conditions tested include: (a) relative extraction volumes, (d) additional incubation 
with magnetic beads, (e) the addition of isopropanol to the lysis/binding and magnetic 
bead solution, and (f) MPP mixing speed, which were assessed for their impact on 
total DNA recovery. Varying volumes of (b) lysis/binding solution, (c) magnetic beads, 
and (g) elution solution, in addition to (h) eluting time, were evaluated to determine 
their points of saturation. Variables colored red are tested for their contribution to 
DNA recovery. The plasma pool used for each experiment is indicated. These 
extractions were performed using (a) Script 0 or (a-h) Script 1 (both at ambient 
temperature) in triplicate for each condition. mtDNA and nDNA quantification are 
presented as mean CT values (log units) ± standard deviation. All reactions were run 
using a final volume of 8 µL with 3.2 µL of template DNA except (b) and (c), which 
were run in a final volume of 10 µL with 1 µL of template DNA. Statistical analysis 
was performed using (a) a two-tailed, unpaired t-test, (e-h) one-tailed, unpaired t-
tests, or (b-d) ordinary one-way ANOVA with Tukey’s multiple comparisons test 
between all conditions (p-values: * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001).  
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Figure 4. Identifying the source of variation during 96-well plate experiments. Depicted under the title 
of each panel are the steps in the process required to isolate and quantify ccf-DNA. When colored red, 
the step is being tested for its contribution to plate-wide variation across an identical sample isolated 
and/or quantified 96 times. To determine the combined variation contributed by plasma digestion, DNA 
extraction, and qPCR component steps, (a) ccf-DNA from plasma were digested overnight, extracted 
using Script 1 (at ambient temperature), and quantified by duplex qPCR (n = 96). To determine 
variation contributed by qPCR alone, (b) previously isolated ccf-DNA was pooled and quantified by 
duplex qPCR (n = 96). To determine the variation contributed by extraction alone, (c) pooled, digested 
plasma was isolated using Script 1 (at ambient temperature) and quantified by duplex qPCR (n = 96). 
(d) The pie charts summarize the calculated variation contributed by each process (based on the total 
standard deviation presented in (a)) on mtDNA and nDNA recovery. (a-c) ∆CT (plate median - 
experimental value [exp]) was calculated for each well and used in (i) to visualize the distribution of 
variation for 96 samples and in (ii) to determine the location of variation. In panel (ii), positional effects 
are visualized by assigning a color to ∆CT values ranging from -3.0 (less DNA, green) to 3.0 (more 
DNA, red), relative to 0.0 (plate median, yellow). Positional edge effects originating during extraction 
reduced mtDNA recovery only. qPCR reactions were run using a final volume of 8 µL with 3.2 µL of 
template DNA.  
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Figure 5. Modifications to script parameters and MPP temperature reduced the variation between 
wells. Each panel title (a-b, d-e) denotes the script being tested and the temperature (ambient or 24 
°C) of extraction. Four plates of pooled, digested plasma were used to evaluate (a, c) the effects of a 
modified script and (b, d) uniform temperature (24 °C) on (e) the distribution of values across each 
plate. (a-d) ∆CT (plate median - experimental value [exp]) was calculated for each well and used in 
(i) to visualize the distribution of variation for 96 samples and in (ii) to determine the source of 
variation. In panel (ii), positional effects are visualized by assigning a color to ∆CT values ranging 
from -3.0 (less DNA, green) to 3.0 (more DNA, red), relative to 0.0 (plate median, yellow). mtDNA 
and nDNA quantification are presented as mean CT values (log units) ± standard deviation. (e) Violin 
plots were used to compare the distribution of variation of the four plates. qPCR reactions were run 
using a final volume of 8 µL with 3.2 µL of template DNA. Statistical analysis was performed using 
(e) F tests between 1 (ambient) and all other conditions (p-values: * < 0.05, ** < 0.01, *** < 0.001, 
**** < 0.0001).  
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Figure 6. Liquid handling characteristics that further 
improved mtDNA recovery. Depicted under the title of 
each panel (a, b) are the steps in the process required 
to isolate and quantify ccf-DNA. When colored red, the 
step is being tested for its contribution to DNA 
isolation. To determine if the liquid handling settings 
were dispensing the digestion reagents accurately, (a) 
ccf-DNA was isolated and quantified by qPCR from 
two sets of plasma samples (n = 8) that differed in the 
ProK and SDS pipetting method (LiHa or manual). To 
determine if our liquid handling settings were pipetting 
the lysis/binding solution accurately, (b) ccf-DNA was 
isolated from two plates of plasma samples (n = 96) 
that differed in the pipetting method (LiHa or manual). 
In addition, ccf-DNA was isolated from plasma 
samples using our ethanol precipitation method as a 
reference benchmark for maximal ccf-DNA recovery (n 
= 6). Plasma pool D was used for all experiments. 
mtDNA and nDNA quantification are presented as 
mean CT values (log units) ± standard deviation. All 
reactions were run using a final volume of 8 µL with 
3.2 µL of template DNA. Statistical analysis was 
performed using (a) an F test or (b) nonparametric 
Kruskal-Wallis test with Dunn’s multiple comparisons 
test between all conditions (p-values: * < 0.05, ** < 
0.01, *** < 0.001, **** < 0.0001). 
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Supporting Information 
  

 

 Probe Forward Primer Reverse Primer 

ND1 

 
5’- /5HEX/CCA TCA CCC 
/ZEN/TCT ACA TCA CCG 

CCC /3IABkFQ/ -3’ 
 

5’- GAG CGA TGG TGA 
GAG CTA AGG T -3’ 

5’- CCC TAA AAC CCG 
CCA CAT CT -3’ 

B2M 

 
5’- /56-FAM/ ATG TGT CTG 
/ZEN/GGT TTC ATC CAT 
CCG ACA /3IABkFQ/ -3’ 

 

5’- TCT CTC TCC ATT CTT 
CAG TAA GTC AAC T -3’ 

5’- CCA GCA GAG AAT 
GGA AAG TCA A -3’ 

ND4 

 
5’- /5HEX/ CCG ACA TCA 
/ZEN/TTA CCG GGT TTT 
CCT CTT G /3IABkFQ/ -3’ 

 

5’- ACA ATC TGA TGT TTT 
GGT TAA ACT ATA TTT -3’ 

5’- CCA TTC TCCTCC 
TAT CCC TCA AC -3’ 

PPIA 

 
5’- /56-FAM/ AAT TCA CGC/ 
ZEN/AGA AGGA ACC AGA 

CAG T/3IABkFQ/ - 3’ 
 

5’- GTG GCG GAT TTG 
ATC ATT TGG -3’ 

5’- CAA GAC TGA GAT 
GCA CAA GTG -3’ 

Table S1. qPCR assay sequences. Two sets of duplex qPCR assays were used in this study. The 
first targeted ND1 and B2M while the second targeted ND4 and PPIA.  
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 Figure. S1. ccf-DNA variation. When several days of ccf-DNA isolations were quantified at once by 
duplex qPCR, (a) both mtDNA and nDNA yields were significantly variable between days. Statistical 
analysis was performed using ordinary one-way ANOVA (p-values: * < 0.05, ** < 0.01, *** < 0.001, 
**** < 0.0001). (b-d) Raw data corresponding to Fig. 5a-cii with mtDNA and nDNA presented as ∆CT 
(plate median – experimental values).  
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Figure S2. ∆CT (plate median – experimental values) have been added to the plate depictions 
corresponding to those in Fig. 6a-dii.   
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Figure S3. Applying 30 °C across all extraction 
plates did not improve standard deviation or 
edge effects. For this experiment, the 
temperature setting of the MPP was either off or 
at 30˚C during the extraction process.  
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Figure S4. Volumes of ProK and SDS dispensed by the LiHa were variable. Fluorescein diluted in (a) 
water, (b) ProK, and (c) SDS was dispensed by the LiHa and fluorescence was measured (n = 64 per 
group). ∆Fluorescence (plate median – exp) was calculated for each dispense. (d) Violin plots were 
used to compare the distribution of variation of the three conditions and statistical analysis was 
performed using multiple F tests where water was used as the reference condition (p-values: * < 0.05, 
** < 0.01, *** < 0.001, **** < 0.0001).  
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