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Abstract
The InnoXtract™ extraction and purification system is a purification method designed for DNA extraction from low-template 
samples, specifically rootless hair shafts. Its ability to successfully capture highly fragmented DNA suggests its suitability 
for use with other challenging sample types, including skeletal remains. However, the lysis and digestion parameters required 
modifications to successfully optimize the method for this sample type. A two-part digestion was developed utilizing a home-
brew digestion buffer (0.5 M EDTA, 0.05% Tween 20, and 100 mM NaCl) and a supplemental lysis with the Hair Digestion 
Buffer included in the InnoXtract™ kit. Additionally, the magnetic bead volume was modified to improve DNA recovery 
from these challenging samples. With the altered protocol, the quality and quantity of DNA recovered from InnoXtract™ 
extracts were comparable to another commercial skeletal extraction method (PrepFiler™ BTA). This modified extraction 
method successfully purified sufficient amounts of quality DNA from a variety of skeletal samples to produce complete STR 
profiles. Successful STR typing from surface decomposition, burned, cremated, buried, and embalmed remains indicates the 
potential of this new method for challenging human identification and missing-person cases.

Keywords  DNA extraction · InnoXtract™ · Skeletal remains · Short tandem repeats (STR) · Human identification (HID) · 
Forensic sciences

Introduction

The National Institute of Justice refers to the accumulation 
of unidentified remains and missing persons as “the nation’s 
silent mass disaster” [1]. There are multiple techniques that 
can be used to aid in human identification (HID), such as 
the examination of dental records or other anthropological 
techniques, but these methods are often limited and rarely 
provide definitive identifications [2, 3]. However, DNA 
typing through the analysis of traditional STR markers is 
considered the gold standard in HID and can provide this 
individualization even when the quantity and/or quality of 
biological material is limited. This is often the case with 
mass disasters, missing persons, or mass burials, when only 
skeletal remains are available for HID.

Compared to traditional forensic samples (blood, semen, 
saliva, etc.), DNA extraction from skeletal remains is a time-
consuming and complicated process due to the inherent 
nature of the sample. Skeletal samples contain relatively low 
amounts of DNA that naturally reduce the extraction yield 
[4]. Additionally, skeletal samples contain PCR inhibitors 
(both endogenous and exogenous) that require an effective 
DNA extraction and purification method that is capable of 
sequestering and removing a variety of inhibitors for suc-
cessful PCR amplification and subsequent analysis [4].

In addition to PCR inhibition, DNA extraction from skel-
etal remains is also often hindered by DNA damage and 
degradation; therefore, DNA extraction methods must be 
able to capture small fragments (< 200 bp) of DNA for a suc-
cessful analysis [4]. In addition to the expected issues with 
processing skeletal remains, there are numerous other situ-
ations that may further impact the success of DNA typing, 
such as burning, cremation, embalming/chemical treatment, 
and burial [5–7]. Therefore, DNA extraction methods for 
skeletal remains must be able to overcome many challenges 
presented by these samples and environmental insults.
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Because there are many factors to consider when pro-
cessing skeletal samples, a wide range of DNA extraction 
techniques have been investigated. The protective barrier of 
the calcified extracellular matrix requires an additional dem-
ineralization step to successfully extract DNA from skeletal 
samples [4]. Total demineralization of skeletal samples uses 
high concentrations of a chelating agent, such as EDTA, to 
remove calcium ions from the sample. This method involves 
an overnight incubation that includes both lysis and com-
plete demineralization by fully dissolving the bone powder, 
allowing maximum DNA recovery [4, 8]. While total dem-
ineralization of skeletal samples is time-consuming, incom-
plete demineralization methods reduce extraction times by 
only partially demineralizing the samples using a shorter 
incubation period (two hours vs. overnight) and also often 
uses less bone tissue.

The PrepFiler™ BTA kit is a modified version of the tra-
ditional PrepFiler™ kit that has been designed to extract 
DNA from bone, tissue, and adhesives (Thermo Fisher 
Scientific, South San Francisco, CA). Silica-coated para-
magnetic bead-based chemistry is used with incomplete 
demineralization and a shorter incubation time [9]. Multi-
ple studies have demonstrated sufficient removal of inhibi-
tors and the generation of interpretable STR profiles from 
skeletal samples using this chemistry [10–12]. Conversely, a 
study by Amory et al. detected a PCR inhibitor (presumably 
calcium) that appeared to only affect a total demineraliza-
tion method but had no impact on the partial demineraliza-
tion ICMP method. This inhibition was not detected during 
quantification but resulted in poor downstream STR pro-
files when the total demineralization extracts were ampli-
fied [13]. Although complete demineralization facilitates the 
total release of DNA, it also releases more inhibitory agents 
from the extracellular matrix of the sample. Overall, partial 
demineralization DNA extraction methods, such as Prep-
Filer™ BTA, are common in many forensic laboratories due 
to the successful recovery of quality DNA, reduced process-
ing time, minimal starting bone material, and compatibility 
with automatic platforms.

The InnoXtract™ Extraction and Purification System 
by InnoGenomics Technologies (New Orleans, LA) also 
utilizes a magnetic bead-based chemistry for successful 
extraction of challenging DNA samples. It is specifically 
marketed for use with low-level samples such as touch 
DNA and rootless hair shafts [14]. Gutierrez et al. analyzed 
rootless hair shafts utilizing InnoXtract™ and successfully 
extracted highly degraded nuclear DNA [15]. The ratio of 
surface area to volume of the magnetic beads utilized with 
the InnoXtract™ method targets smaller fragments and leads 
to greater success with these highly compromised samples, 
suggesting that degraded skeletal samples may also be suit-
able for extraction using this kit [14]. Because InnoXtract™ 
is typically used for hair samples, its lysis parameters require 

modifications and the addition of a homebrew digestion 
buffer for optimal DNA extraction from skeletal remains.

In this study, the original InnoXtract™ protocol was mod-
ified to include a two-part digestion similar to that of Prep-
Filer™ BTA methods. A homebrew digestion buffer consist-
ing of 0.5 M EDTA, 0.05% Tween 20, and 100 mM NaCl 
provided the initial lysis, which was coupled with the InnoX-
tract™ Hair Digestion Buffer as a supplemental lysis step. 
The overall quality and quantity of DNA in the extracts were 
assessed with each modification to the extraction method. 
Additionally, the optimal bone powder input mass, optimal 
magnetic bead volume for purification, and the versatility of 
the kit to extract DNA from a variety of challenging skel-
etal samples (buried, decomposed, embalmed, burned, and 
cremated remains) were also assessed. Results were com-
pared to those obtained using the PrepFiler™ BTA method. 
Overall, the implementation of these modifications to the 
currently available InnoXtract™ extraction kit can provide 
DNA analysts with a new alternative method to extract DNA 
from limited and highly degraded skeletal samples.

Materials and methods

Sample preparation and selection

Skeletal samples (n = 33) were collected from 23 cadavers 
donated to the Southeast Texas Applied Forensic Science 
(STAFS) Facility at Sam Houston State University. To exam-
ine the versatility of InnoXtract™, bone samples exposed to 
a variety of insults were studied, including cremated (n = 2), 
embalmed (n = 7), burned (n = 15), surface-decomposed 
(n = 6), and buried (n = 3) remains.

Maceration was performed on select samples to remove 
any tissue or debris present. Window cuts were taken from 
18 femora, six tibiae, five humeri, two vertebrae, two teeth, 
and one carpal using a rotary power tool (Dremel Stylus™, 
Racine, WI). Next, the surface of these samples were sanded, 
removing any additional foreign material and exogenous 
DNA, and cut into 0.5 cm2 bone chips using the Dremel and 
cutting disks. The chipped samples went through a series 
of wash steps that included 20% bleach, at least two cycles 
of deionized sterile water, and 100% ethanol. After drying 
overnight in a sterile fume hood, the samples were powdered 
using a freezer mill (SPEX 6770, Metuchen, NJ) and liquid 
nitrogen. Crushing parameters involved a 10 min pre-cool 
before a 1 min crush cycle, 1 min cooling cycle, and a final 
1 min crush cycle.

Initial optimization of the new modified InnoXtract™ 
method was performed using a 1-year-old surface-decom-
posed femur sample (sample 32). All DNA extractions were 
performed in a dedicated UV-irradiated low-copy-number 
clean room while wearing appropriate disposable protective 
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gear (gloves, hair net, face mask, gown, and shoe covers). 
Extraction blanks were performed with each method to 
monitor contamination.

Preliminary study: lysis and purification method 
comparison

Initial work involved comparing established extraction meth-
ods (PrepFiler™ BTA and Intermountain Bone/Tooth Pro-
cessing and Purification utilizing EZ1® Advanced XL (QIA-
GEN, Hilden, Germany) instrumentation) and the coupling 
of these established lysis parameters with InnoXtract™ puri-
fication in triplicate, as indicated in Table 1, to determine 
which method provided the best quality extract when paired 
with the InnoXtract™ kit [9, 16–18]. DNA extracts were 
then quantified using the Quantifiler Trio DNA Quantifica-
tion kit (Thermo Fisher Scientific) [19].

Lysis parameter optimization study

Extractions were performed in triplicate on 50 mg of bone 
powder by modifying the lysis parameters of the InnoX-
tract™ manufacturer’s protocol comparing a single-diges-
tion and two-part digestion lysis (Online Resource 1) [16].

Single‑digestion  Three hundred ninety µL of homebrew 
digestion buffer (0.5 M EDTA, pH 8.0; 0.05% Tween 20, 
100 mM NaCl) was combined with 25 µL of 20 mg/mL 
proteinase K and 3 µL of 1 M DTT. Samples were then incu-
bated at 56 °C for 2 h at 1100 rpm. Following incubation, 
405 µL of supernatant was collected, and extraction contin-
ued following the InnoXtract™ manufacturer’s protocol for 
binding, washing, and elution [16]. However, the sample was 
eluted in 30 µL of TE instead of the specified 20 µL.

Two‑part digestion method  Two hundred µL of a homebrew 
digestion buffer (0.5 M EDTA, pH 8.0; 0.05% Tween 20, 
100 mM NaCl) was coupled with 25 µL of 20 mg/mL Pro-
teinase K and 3 µL of 1 M DTT. The samples were then incu-
bated at 56 °C for 2 h at 1100 rpm. After incubation, 200 µL 
of supernatant was collected, and 205 µL of InnoXtract™ Hair 
Digestion Buffer was added. Following this supplemental lysis, 

extraction continued following the InnoXtract™ manufactur-
er’s protocol for binding, washing, and elution [16]. However, 
the sample was eluted in 30 µL of TE instead of the specified 
20 µL to account for the loss during the final drying step.

DNA quantification and STR typing

DNA extracts were quantified via real-time quantitative PCR 
(qPCR) on the ABI 7500 Instrument (Thermo Fisher Scien-
tific) using the Quantifiler Trio DNA Quantification Kit and 
2 µL of sample [19]. A non-template control was included to 
monitor contamination. A standard curve was generated, and 
the data was accepted if the R2 value was greater than 0.99.

STR amplification was performed using the Investigator 
24plex QS Amplification Kit (QIAGEN) following the man-
ufacturer’s protocol on the Veriti-96 well system (Thermo 
Fisher Scientific), targeting 0.8 ng of large target DNA [20]. 
Both negative and positive controls were included. PCR 
products were then separated and detected using the ABI 
3500 Genetic Analyzer (Thermo Fisher Scientific). Genema-
pper IDX v1.4 software (Thermo Fisher Scientific) was used 
for automatic genotype calling with an analytical threshold 
of 100 RFUs and a stochastic threshold of 200 RFUs.

Data analysis

To analyze the efficiency of each extraction method, the 
quantification results and STR profile data were analyzed 
using Excel software (Microsoft, Redmond, WA). Student t 
tests were used to assess statistical significance of large and 
small target DNA yield and the average peak height and 
average peak height ratio between lysis methods. p values < 
0.05 = α were considered significant.

The occurrence and extent of stochastic effects, including 
loci and allelic dropout, were also examined. To monitor the 
effect of degradation on each sample, the degradation index 
(

DI =
Concentration of Small Target

Concentration of Large Target

)

 was assessed. The presence 
of inhibition was recognized using two methods. First, the 
change in cycle threshold (CT) of the internal PCR control 
(ΔIPC) was examined when analyzing the quantification 
results. The IPC for standard one was not included in this 
calculation. Inhibition was also monitored when examining 
the STR profiles by analyzing the quality sensor signals and 
d e t e r m i n i n g  t h e  r a t i o  o f  Q S 2  t o  Q S 1 
(

QS Ratio =

Qulity Sensor 2

Quality Sensor 1

)

 . If the QS2 signal dropped 20% 
below the QS1 signal, then inhibition was recorded [20].

Purification parameter optimization study: 
magnetic bead volume

DNA extractions were performed in replicates of five on 
50 mg of bone powder using increasing volumes of magnetic 

Table 1   Pairings of lysis and purification methods tested

Lysis parameters Purification parameters

PrepFiler™ BTA [9] PrepFiler™ BTA [9]
PrepFiler™ BTA [9] InnoXtract™ [16]
Intermountain bone/tooth process-

ing and purification [17]
EZ1, large volume protocol [18]

Intermountain bone/tooth process-
ing and purification [17]

InnoXtract™ [16]



	 International Journal of Legal Medicine

1 3

beads (10, 15, 20, 25, 30 µL) following the two-part digestion 
method. DNA quantification and data analysis followed pre-
viously described methods in “Lysis parameter optimization 
study.”

Sample input optimization study

DNA extractions were performed in replicates of five using 
25 mg or 40 mg of bone powder utilizing the two-part diges-
tion method and 20 µL of magnetic beads. DNA quantification 
and data analysis followed the previously described methods in 
“Lysis parameter optimization study” and were compared with 
the 50 mg extracts collected in the magnetic bead study, above.

Comparison to established skeletal extraction 
method: optimized InnoXtract™ vs. PrepFiler™ BTA

Extractions were performed on 33 samples utilizing the opti-
mized InnoXtract™ method (two-part digestion, 20 µL of mag-
netic beads, and 50 mg of bone powder) and the PrepFiler™ 
BTA method [9]. DNA quantification, STR typing, and data 
analysis followed the previously described methods in “Lysis 
parameter optimization study,” except 0.8 ng of small frag-
ment DNA was targeted, and automatic genotype calls were 
performed by OSIRIS v.2.16 in conjunction with ArmedX-
pert™ v.3.1.1 with an analytical threshold of 75 RFU and an 
interpretation threshold of 200 RFU. Additionally, a paired t test 
was used for comparing the small target DNA yield and allele 
recovery percentage for each sample between the two methods.

Results

Lysis and purification method comparison

When comparing DNA yields from the full Prep-
Filer™ BTA extraction protocol with DNA yields using 

PrepFiler™ BTA lysis coupled with InnoXtract™ puri-
fication (Fig. 1), no significant difference was observed 
in the large (PrepFiler™ BTA, 0.0807 ± 0.0127 ng/µL; 
PrepFiler™ BTA/InnoXtract™, 0.0631 ± 0.0046 ng/µL; p 
value = 0.139) or small qPCR target yields (PrepFiler™ 
BTA, 0.1074 ± 0.0100 ng/µL; PrepFiler™ BTA/InnoX-
tract™, 0.0906 ± 0.0036 ng/µL; p value = 0.091). On the 
other hand, a significantly higher yield was observed for 
both the large (Intermountain/EZ1, 0.0475 ± 0.0300 ng/
µL; Intermountain/InnoXtract™, 0.0721 ± 0.0047 ng/µL; 
p value = 0.003) and small targets (Intermountain/EZ1, 
0.0528 ± 0.0102  ng/µL; Intermountain/InnoXtract™, 
0.0782 ± 0.0075 ng/µL; p value = 0.047) when Intermoun-
tain Forensics lysis methods were coupled with InnoX-
tract™ purification rather than purification using the EZ1 
Advanced Instrumentation.

No significant difference between the two methods was 
observed when InnoXtract™ purification was coupled with 
either of the established lysis methods (PrepFiler™ BTA 
and Intermountain Forensics). However, when examin-
ing the average large fragment recovery, PrepFiler™ BTA 
with InnoXtract™ purification appears to recover a slightly 
lower yield of 0.0631 ± 0.0046  ng/µL compared to the 
0.0721 ± 0.0047 ng/µL recovered when using Intermoun-
tain Forensics coupled with InnoXtract™ (p value = 0.123). 
The opposite observation was true when we examined the 
average small fragment recovery. PrepFiler™ BTA lysis 
coupled with InnoXtract™ purification appeared to pro-
vide a higher yield of 0.0906 ± 0.0036 ng/µL compared 
to Intermountain Forensics lysis coupled with InnoX-
tract™ purification, which recovered 0.0782 ± 0.0075 ng/
µL (p value = 0.103) (Fig.  1). The average DI values 
(PrepFiler™ BTA, 1.3455 ± 0.0987; PrepFiler™/InnoX-
tract™, 1.4483 ± 0.1649; Intermountain Forensics/EZ1, 
1.1284 ± 0.2895; Intermountain Forensics/InnoXtract™, 
1.0959 ± 0.1806) for all methods fall below 1.5. However, 
both methods that involve PrepFiler™ BTA lysis resulted in 

Fig. 1   Average DNA yield 
comparing lysis/purification 
methods: PrepFiler™ BTA and 
PrepFiler™ BTA/InnoXtract™ 
had similar average large and 
small target yields. Intermoun-
tain Forensics/EZ1 had signifi-
cantly lower yields compared 
to Intermountain Forensics/
InnoXtract™. PrepFiler™ BTA/
InnoXtract™ and Intermoun-
tain Forensics/InnoXtract™ 
had similar DNA yields. (Data 
reported as µ ± σ; * indicates a 
p value < 0.05; ** indicates a p 
value < 0.005)
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higher DI values compared to Intermountain Forensics lysis 
methods (n.s., p value > 0.05).

Lysis parameter development

The two-part digestion method using the InnoXtract™ 
Hair Digestion Buffer as a supplemental lysis resulted in a 
significant increase (p value = 0.003) in small target yield 
(0.0951 ± 0.0039 ng/µL) compared to the single-digestion 
method (0.0625 ± 0.0058 ng/µL) (Fig. 2). When the DI val-
ues of each extraction method were compared (single-diges-
tion, 0.8582 ± 0.0148; two-part digestion, 1.2857 ± 0.0875), 
it was noted that the two-part digestion resulted in signifi-
cantly higher values (p value = 0.021). Complete STR pro-
files were obtained for samples using both methods. When 
comparing key STR profile metrics, the average peak height 
(p value = 0.921) and peak height ratios (p value = 0.737) did 
not show a significant difference regardless of a single- or 
two-part digestion. A summary of the STR profile metrics 
obtained for the InnoXtract™ lysis and digestion methods 
can be found in Online Resource 2.

As expected with most skeletal remains, the electro-
pherograms of both methods contained the classic “ski-
slope” effect in some dye channels but appeared more 
prevalent in the two-part digestions [21]. Additionally, 
in two of the three replicates of the single-step digestion 
method, the DNA profiles exhibited split peaks or shoul-
ders in the short amplicons, despite containing less than 
0.8 ng of target DNA. Although no signs of inhibition 
appeared when comparing the ΔIPC CT values during 
quantification, inhibition was detected when examining the 
quality sensors during STR amplification with complete 
dropout of the QS2 marker in a single-digestion replicate. 
The Investigator 24plex QS protocol states that inhibition 
is present when the QS2 signal drops below 20% of the 
QS1 signal. Therefore, following these guidelines, PCR 
inhibition was only detected in this replicate; however, 
the other replicate had a lower QS ratio of 46%. The pres-
ence of split peaks in these samples suggests inhibition 

regardless of whether the QS sensors fall below the inhibi-
tion threshold of 20%.

Optimal magnetic binding bead volume and sample 
mass

When examining the effect of magnetic binding bead vol-
ume on DNA yield, a positive correlation was present until 
20 µL bead input, where the highest average small target 
DNA yield was recovered (Online Resource 3). By increas-
ing the magnetic binding beads from 15 to 20 µL, a statisti-
cally significant increase in average small target DNA yield 
was captured (15 µL, 0.108 ng/µL; 20 µL, 0.138 ng/µL; p 
value = 0.008). Additionally, the 20 µL of magnetic beads 
provided a statistically significant increase in the small tar-
get DNA yield compared to the 10 µL of magnetic beads 
specified in the InnoXtract™ protocol (10 µL, 0.101 ng/µL; 
p value = 0.002). Further increasing the magnetic bead vol-
ume to 25 µL did not result in higher DNA yields than those 
recovered using the 20 µL of beads (25 µL, 0.129 ng/µL; 
p value = 0.349). However, when 30 µL of magnetic beads 
were used, a statistically significant decrease in the small 
target DNA yield was identified relative to the yield recov-
ered when following the 10 µL bead input specified by the 
protocol (30, 0.075 ng/µL; p value = 0.011).

When modifying the sample input mass, it was deter-
mined that the addition of more bone powder provided a 
statistically significant increase in DNA yields. The use of 
50 mg of bone powder provided the highest average large 
and small target DNA yields of 0.100 ng/µL and 0.138 ng/µL 
respectively. Online Resource 4 compares the DNA yields 
for each sample input.

Comparison to PrepFiler™ BTA methods

A thorough comparison between the optimized InnoXtract™ 
method and PrepFiler™ BTA was performed by examin-
ing 33 challenging skeletal samples. The two methods were 

Fig. 2   Lysis and digestion 
method effects on DNA yield: 
a two-part digestion method 
resulted in a significantly larger 
DNA yield for small targets. 
(Data reported as µ ± σ; * indi-
cates a p value < 0.005)
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determined to produce similar small target DNA yields (p 
value = 0.148) (Fig. 3). The InnoXtract™ small target DNA 
yields ranged from 0.0085 to 56.4058 ng/µL, whereas the 
PrepFiler™ BTA small target DNA yields ranged from 0.0077 
to 124.1780 ng/µL. To examine the versatility of InnoXtract™ 
with various challenging skeletal samples, sample insults 
included cremation, embalming, burning, surface decompo-
sition, and burial. Both InnoXtract™ and PrepFiler™ BTA 
methods resulted in quantifiable DNA for all insults, with an 
embalmed humerus sample providing the highest small target 
DNA yield for both methods. However, a range of DNA yields 
were recovered from all insults (Fig. 3).

The overall allele call rates for each method were simi-
lar between InnoXtract™ and PrepFiler™ BTA methods (p 

value = 0.086) (Fig. 4). Three InnoXtract™ extracts (19, 31, 
33, noted in Fig. 4) failed to amplify, indicated by the dropout 
of the Investigator 24plex quality sensors. PCR amplification 
still failed for these three samples after reamplifying utilizing 
different replicate extracts or a combination of the original 
and replicate extract to reach sufficient volume. Additionally, 
the QS2 marker dropped out in two samples (12 and 13). 
Both samples exhibited poor peak morphology, with several 
split peaks present, suggesting inhibition. However, no signs 
of PCR inhibition were detected in these five samples when 
examining the ΔIPC CT values. When examining the versa-
tility of the newly optimized InnoXtract™ method, full STR 
profiles were recovered from embalmed, burned, and surface-
decomposed remains. PrepFiler™ BTA was also successful 

Fig. 3   Challenging skeletal samples (DNA yield): no statistically significant difference was seen when comparing the small target DNA yields 
for the InnoXtract™ and PrepFiler™ BTA methods

Fig. 4   Challenging skeletal samples (STR typing): no significant differences between InnoXtract™ and PrepFiler™ BTA methods. (* indicates 
samples that failed to amplify)
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in recovering a full STR profile from cremated remains. How-
ever, both methods were unable to successfully recover a full 
profile from any of the buried samples. The key STR metrics 
for both methods can be found in Online Resource 5.

Discussion

Coupling of lysis and digestion parameters

To successfully optimize the InnoXtract™ method for skel-
etal samples, it was necessary to first modify the lysis and 
demineralization parameters. By coupling the InnoXtract™ 
purification with the Intermountain Forensics lysis method, 
a significant increase in both large and small target DNA 
yield was observed. This result highlights the capabilities 
of the InnoXtract™ purification process and the success of 
the magnetic bead recovery. However, this improvement was 
not unexpected since the traditional Intermountain Forensics 
method utilizes the EZ1 platform for automatic purification 
and the InnoXtract™ purification process is manual allow-
ing for more analyst discretion and control.

When comparing the two methods coupled with InnoX-
tract™ purification, there were no significant differences in 
DNA recovery. However, PrepFiler™ BTA coupled with 
InnoXtract™ provided a slightly higher recovery of small 
DNA fragments. The optimal ratio of surface area to vol-
ume of magnetic beads in the InnoXtract™ purification is 
designed to enhance the recovery of small DNA fragments 
[14]. Because DNA in skeletal samples is often highly frag-
mented, it is important that this attribute is not diminished 
by the InnoXtract™ lysis parameters designed for DNA 
extraction from skeletal remains. Therefore, small target 
recovery was given precedence, suggesting that PrepFiler™ 
BTA lysis parameters may be more compatible with InnoX-
tract™ purification. The DI is another parameter that can be 
used to assess the quality of DNA extracted from a sample. 
Because these samples are collected from a homogenized 
mixture of bone powder, they are expected to exhibit similar 
levels of degradation. However, both methods that involve 
PrepFiler™ BTA lysis resulted in higher DI values com-
pared to Intermountain Forensics lysis methods, indicating 
the ability to capture a higher number of small DNA frag-
ments when following these lysis parameters.

Homebrew digestion buffer development

Because recovering highly fragmented DNA is crucial when 
processing degraded skeletal samples, it was decided that the 
homebrew digestion buffer should perform similarly to the 
PrepFiler™ BTA buffer to maximize the chance of recovering 
these small fragments of DNA. The homebrew digestion buffer 

was therefore designed to be similar to the PrepFiler™ BTA 
lysis buffer as coupling this lysis buffer with InnoXtract™ 
purification appeared to have overall higher yields of small 
DNA fragments (although not significantly) compared to the 
Intermountain Forensics method. The PrepFiler™ BTA initial 
lysis step involves a chelating agent, detergent, salt, reducing 
agent, and enzyme [22]. DTT (reducing agent at 1 M) and 
proteinase K (enzyme at 20 mg/mL) were maintained in the 
InnoXtract™ lysis parameters; however, the volume (and 
therefore the concentration in the working solution) of DTT 
was reduced to 3 µL. Most likely, the large volume of DTT 
specified in the InnoXtract™ protocol was necessary to break 
the disulfide bridges in cystine residues present in hair [23].

Similar to the PrepFiler™ BTA lysis buffer, we also 
maintained a chelating agent –0.5 M EDTA, a detergent 
–0.05% Tween 20, and a salt –100 mM NaCl in the home-
brew digestion buffer. Most skeletal extractions involve the 
addition of EDTA as a chelating agent at 0.5 M to aid in 
demineralization of bone samples [4, 24–30]. Loreille et al. 
state that to fully dissolve 1 g of bone powder, 15 mL of 
0.5 M EDTA is needed [4]. However, because InnoXtract™ 
involves only a partial demineralization, this ratio could not 
be maintained. The detergent chosen was selected according 
to the Dabney method [28, 29]. Several studies indicate that 
the Dabney method (or adaptations of this method), which 
involves an incubation in 0.45 M EDTA, proteinase K, and 
0.05% Tween 20, successfully extracted DNA from highly 
challenging skeletal remains [5, 28–30].

Lysis parameter development

Because PrepFiler™ BTA lysis involves a two-part diges-
tion and this method provided a higher small target yield 
compared to the single-step digestion of the Intermountain 
Forensics lysis method, a two-part InnoXtract™ digestion 
method was examined [9, 17]. The PrepFiler™ BTA lysis 
method involves an initial lysis using the bone, tooth, and 
adhesive (PrepFiler™ BTA) lysis solution specialized for 
these samples. A supplemental lysis is then performed using 
the traditional PrepFiler™ lysis buffer. This buffer is typi-
cally used for more common forensically relevant sample 
types (blood, saliva, semen) [9]. Following this protocol, 
we coupled the homebrew digestion buffer with the InnoX-
tract™ Hair Digestion Buffer and compared it with a single-
step digestion using only the homebrew digestion buffer.

In addition to the added benefits of an additional lysis 
step, it is likely that the supplemental lysis using the InnoX-
tract™ Hair Digestion Buffer provided a significant increase 
in small target yields because of the improved ability to 
remove inhibitors commonly found within skeletal samples 
(Ca+2, collagen, humic acid, etc.). Because InnoXtract™ 
was initially designed with the Hair Digestion Buffer 
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interacting with the magnetic beads and binding solution, it 
is likely that maintaining this chemical environment allowed 
for more effective DNA capture and purification. The signifi-
cant increase in the DI when comparing single- and two-part 
digestions also highlights the increased recovery of small 
DNA fragments when the homebrew digestion buffer is 
combined with the Hair Digestion Buffer, further suggesting 
that the Hair Digestion Buffer is vital for this small fragment 
recovery.

Detection of PCR inhibition

The ability to obtain full STR profiles for both homebrew 
methods indicates that InnoXtract™ can successfully extract 
sufficient quantity and quality of DNA for HID, despite signs 
of DNA degradation and PCR inhibition in some samples. 
The presence of split peaks in two of the single-digestion 
profiles is potentially due to PCR inhibition, limiting the 
ability of the DNA polymerase to perform complete ade-
nylation. We hypothesized that a supplemental lysis using 
the InnoXtract™ Hair Digestion Buffer may be required to 
mitigate these PCR inhibitors, as this buffer maintains the 
correct chemical environment for effective DNA isolation 
and purification.

Despite the appearance of split peaks, no indications of 
PCR inhibition were detected when examining the ΔIPC 
CT values during DNA quantification. However, the qual-
ity sensors within the Investigator 24plex QS kit suggested 
that inhibition may be present. The conflicting results in the 
detection of PCR inhibition using qPCR and STR amplifica-
tion could be due to differences in amplicon length and vol-
ume of extract. The IPC amplicon is 130 bp compared to the 
435 bp amplicon of the QS2 marker in Investigator 24plex 
QS [19, 20]. This length difference likely provides Investiga-
tor 24plex QS with an increased sensitivity when detecting 
PCR inhibition. Additionally, only 2 µL of DNA extract is 
added to the qPCR amplification, while up to 15 µL of DNA 
was added to the STR amplification allowing for an increase 
in the amount of inhibitory agent in the PCR [19, 20]. Other 
studies have also identified situations where PCR inhibition 
was not detected during qPCR [13, 31, 32]. Pionzio and 
McCord hypothesized that the length and sequence of the 
IPC amplicon can impact the detection of inhibition and 
suggested the use of a longer IPC amplicon with lower GC 
content to improve the detection of PCR inhibitors [31]. 
Holmes et al. suggest that quantification using the Inves-
tigator® Quantiplex® Pro Kit (QIAGEN) rather than the 
Quantifiler® Trio kit used in this current study may be more 
suitable for skeletal extracts, as it is more tolerant of cal-
cium, a PCR inhibitor commonly found in skeletal samples 
[33]. They noted that small target yields were still accurately 
predicted and that PCR inhibition was flagged when higher 
amounts of calcium were spiked in the extracts [33].

Because a two-part digestion provided increased small 
target DNA yields and improved profile quality by limiting 
PCR inhibition, it was decided to proceed forward with this 
method as the optimized lysis and demineralization protocol 
for skeletal samples when using the InnoXtract™ kit.

Optimal magnetic bead volume

Although rootless hair shafts and skeletal remains are often 
both low-template samples, it was assumed that a greater 
volume of magnetic binding beads would be required for 
DNA extraction of skeletal samples because the volume of 
magnetic beads was optimized for the limited DNA recov-
ery from a single rootless hair shaft (Sudhir Sinha, PhD, 
Personal Communication, April 12, 2021). Both 20 µL and 
25 µL of magnetic beads provided significantly higher DNA 
yields than the 10 µL specified in the protocol. However, 
further increasing the volume to 30 µL caused a significant 
decrease in DNA yield. Potentially, this overabundance of 
magnetic beads resulted in sample loss due to incomplete 
DNA coverage on all of the beads and subsequent competi-
tion of the beads for surface area along the magnetic stand. 
Because no significant increase in DNA yield was observed 
when increasing the volume of the beads from 20 to 25 µL, it 
was determined that 20 µL of magnetic beads were sufficient 
for InnoXtract™ to successfully extract skeletal samples.

Optimal sample input mass

In addition to modifying the magnetic bead volume, the 
optimal sample input mass required investigation. Several 
studies have shown that the ratio of bone powder to lysis 
solution can affect the overall quantity and quality of recov-
ered DNA. Specifically, increasing this ratio can result in 
greater DNA recovery, likely due to a decrease in PCR inhi-
bition [4, 25, 34]. Additionally, increasing this ratio may 
allow for more interactions between the sample and reagents. 
Traditionally, this analysis would involve increasing the vol-
umes of lysis solution; however, for the successful capture of 
small fragments with InnoXtract™ methods, it is important 
to maintain the volume of lysis solution and binding solu-
tion. Therefore, it was decided to reduce the bone powder 
sample input to examine if this reduction may allow for an 
increase in interactions between the homebrew digestion 
buffer and bone tissue, leading to improved digestion and 
lysis, and, therefore, to an increased recovery in DNA yield. 
However, it was determined that higher sample inputs of 
50 mg resulted in a statistically greater DNA recovery for 
both large and small amplicons. Because utilizing 50 mg of 
sample input successfully provided sufficient quality (aver-
age DI, 1.37; ΔIPC, − 0.53) and quantity of large and small 
target DNA, further investigation of greater bone powder 
inputs was not necessary. Additionally, limiting the sample 
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input to 50 mg conserves precious bone and provides a com-
parable method to PrepFiler™ BTA, which also requires 
only 50 mg of sample.

Comparison to an established method, PrepFiler™ 
BTA, using challenging skeletal samples

PrepFiler™ BTA is a widely used commercial kit for process-
ing skeletal samples that provides a suitable comparison method 
for the optimized InnoXtract™ method. Similarly to the newly 
developed method, PrepFiler™ BTA also employs a partial 
demineralization and utilizes paramagnetic silica-bead-based 
technology during purification. Additionally, it was important 
to examine whether the optimized InnoXtract™ method could 
successfully extract DNA from challenging skeletal samples 
(cremated, embalmed burned, surface-decomposed, and buried 
remains) that are more representative of forensic samples in cases 
such as missing persons, skeletal recoveries, and cold cases.

The overall DNA yield and allele recovery were similar 
between both methods, suggesting that the newly optimized 
InnoXtract™ method aligns with established methods. How-
ever, the InnoXtract™ method had indications of PCR inhi-
bition issues (amplification failure, dropout of QS2 mark-
ers, and poor peak morphology) when examining samples 
12,13, 19, 31, and 33. Because the extracts of these samples 
were fully consumed, a dilution and reamplification were 
not possible to determine if PCR inhibition could be over-
come. Other than the extraction method, no common feature 
was identified for these samples, and they all resulted in full 
profiles when processed using PrepFiler™ BTA methods.

Unfortunately, due to the limited availability of cadavers for 
certain environmental insults, it is impossible to draw defini-
tive conclusions based on these characteristics. Nevertheless, 
InnoXtract™ demonstrated success with at least one sample 
per insult providing at least 70% allele recovery. InnoXtract™ 
methods also successfully extracted DNA of sufficient quality 
and quantity from compromised skeletal samples for HID, 
with 25 of the 33 samples meeting the minimum CODIS loci 
requirement of 8 of the original 13 loci present. Additionally, 
at least one sample from all insult groups met this require-
ment. Overall, these findings suggest that InnoXtract™ is 
capable of successfully extracting sufficient amounts of qual-
ity DNA from compromised skeletal remains. Furthermore, 
this newly optimized method is comparable in performance 
to the well-established PrepFiler™ BTA kit.

Conclusion

Because InnoXtract™ was designed to extract DNA from 
hair samples, modifications to the lysis parameters were 
needed to optimize InnoXtract™ for successful DNA 

extraction from skeletal samples. The addition of a home-
brew digestion buffer composed of 0.5 M EDTA (pH 8.0), 
0.05% Tween 20, and 100 mM NaCl provided the initial 
demineralization and lysis. A supplemental lysis using the 
Hair Digestion Buffer provided in the kit allowed for an 
increased recovery in small DNA yield. Because the mass 
of starting tissue and expected DNA yield of skeletal sam-
ples is presumed to be greater than that of a single rootless 
hair shaft (which the kit was originally designed for), the 
magnetic binding bead volume was increased to 20 µL, and 
50 mg of bone powder was found to be optimal for DNA 
extractions with the InnoXtract™ kit.

Overall, this optimized InnoXtract™ method generated 
comparable results to another commercial partial deminer-
alization method (PrepFiler™ BTA), and this workflow is 
similar to those currently implemented within crime labs, 
allowing for easy transitions between extraction methods. 
Additionally, the overall InnoXtract™ kit is available at 
a more affordable price than other manufactured skeletal 
extraction kits, and the reagents required for the homebrew 
digestion buffer are sourced from common forensic labora-
tory reagents, reducing the time and cost of purchasing new 
materials. Furthermore, because this method implements a 
partial demineralization, samples can be processed, from 
powder to extract, in a matter of hours rather than the days 
needed for complete demineralization methods. The rela-
tively low sample input of 50 mg provides an additional ben-
efit by limiting the consumption of precious evidence mate-
rial and allowing a potential screening method for overall 
genotyping success. Therefore, this newly optimized InnoX-
tract™ method can provide DNA analysts with an affordable 
alternative extraction method for processing the limited chal-
lenging skeletal samples often encountered in HID cases.

Additionally, this workflow was able to extract sufficient 
amounts of quality DNA for successful STR typing of vari-
ous challenging skeletal samples. Full STR profiles were 
recovered from three of the five insult groups with an overall 
allele recovery of 78.83%. However, many samples were still 
too degraded or had inadequate quantity for sufficient DNA 
recovery and successful STR typing. Therefore, other down-
stream genotyping methods for InnoXtract™ extracts could 
be investigated to fully utilize the high recovery of small 
DNA fragments. Future studies will investigate various 
genotyping approaches, such as next-generation sequencing 
assays or SNP microarrays from samples extracted using the 
optimized InnoXtract™ method to demonstrate its compat-
ibility with a wide range of HID applications.
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