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Optimizing Storage and Handling of DNA Extracts
REFERENCE: Lee SB, Crouse CA, Kline MC: Optimizing storage and handling of DNA extracts; Forensic Sci
Rev 22:131; 2010.
ABSTRACT: Nucleic acid sample storage is of paramount importance in forensic science as well as in
epidemiological, clinical, and genetic laboratories. Millions of biological samples, including cells, viruses, and
DNA/RNA, are stored every year for diagnostics, research, and forensic science. PCR has permitted the analysis
of minute sample quantities. Samples such as bone, teeth, touch samples, and some sexual assault evidence may
yield only low-quality and low-quantity DNA/RNA. Efficient storage of the extracted DNA/RNA is needed to
ensure the stability of the sample over time for retesting of the CODIS STRs, mtDNA, YSTRs, mRNA, and other
future marker-typing systems.
Amplification of some or all of these markers may fail because the biological material has been highly
degraded, contains inhibitors, is too low in quantity, or is contaminated with contemporary DNA. Reduction in
recovery has been observed with refrigerated liquid DNA extracts and also those exposed to multiple freeze-thaw
cycles. Therefore, the development of optimal storage and amplification methods is critical for successful recovery
of profiles from these types of samples since, in many cases, retesting is necessary.
This review is divided into three sections. The Introduction and Background covers forensic DNA storage,
factors that influence DNA stability, and a brief review of molecular strategies to type non-optimal DNA. Section
I covers the importance of DNA extract storage in forensic and non-forensic DNA databanks and the mechanisms
responsible for loss during storage. Finally, Section II covers strategies and technologies being utilized to store
DNA.
KEY WORDS: DNA storage, FTA, SampleMatrix, trehalose.

INTRODUCTION AND BACKGROUND
Forensic DNA Storage Issues
Millions of biological samples, including cells, viruses,
and DNA/RNA, are stored every year for diagnostics,
research, and forensic science. DNA extracts from forensic
evidence samples such as hair, bones, teeth, and sexual
assault evidence may contain less than 100 pg of DNA
[31,32,61,71]. Low DNA yields may be due to damage
[13,17,38] or degradation [23,35,38]; small cell numbers
found in low copy number (LCN) or “touch” samples
[7,14,31,32,34,38.42,44]; oligospermic [68] or aspermic
perpetrators [66]; or low male DNA from extended interval
post-coital samples in sexual assault cases [33]. Trace
biological evidence (e.g., fingerprints and touch evidence)
may provide low yields [7,42,45,65,75,79]. Biological
evidence may be consumed with the result that the DNA
extracts may be the only remaining genomic resource to
retest and test with new technologies for retrospective and
prospective testing. Optimal storage of DNA is therefore
critical to retrospective (retesting) or prospective
(downstream analysis with additional or new genetic
markers) testing [16,46,50].
Factors Influencing DNA Stability
Degradation is a major factor in the ability to analyze
low-quantity samples such as those derived from ancient
or degraded bones and teeth and those from mass disasters

[13,14,38,55,58]. Degradation results in the reduction or
loss of the structural integrity of cells and the quantity and
quality of genomic DNA. Many laboratories store DNA
extracts frozen in Tris EDTA (TE) buffer. However,
reduction in DNA recovery may occur with refrigerated
liquid DNA extracts and those repeatedly frozen and
thawed [20,67] or stored in certain microcentrifuge tubes
[28,29,46].
Low yields or loss of DNA due to these factors may
preclude or diminish the ability to test LCN crime scene
samples using current STR methods; therefore, other
methods such as mini-amplicon STRs [5,17,35,53,56,57]
or less discriminating mtDNA testing [23,49] are typically
dictated for low-quantity samples in advanced states of
degradation. The quantity and quality of template DNA
from many low-copy forensic samples falls below
recommended thresholds (0.5 to 1.25 ng; [18]) and ineffective storage only exacerbates further sample loss. Poor
sample quality and the presence of inhibitors may lead to
incomplete genetic profiles or no profile, reducing the
probative value of the results.
In addition to sample quantity and intrinsic differences
in sample types resulting in differences in quality and
quantity, extrinsic differences resulting from (a) the
effectiveness of the extraction method utilized; (b) the
type and effectiveness of preservatives and storage buffers
(e.g., presence of antimicrobial agents and nuclease inhibitors in the storage matrices and buffers); (c) purity,
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especially regarding the amount of nuclease contamination; (d) ionic strength; (e) tube material and quality; (f)
exposure to UV light; (g) temperature and humidity range
and duration in short- or long-term storage; and (h)
exposure to multiple freeze-thaw cycles (as occurs with
repeated sampling or unexpected power loss), may all
lead to differences in the ability to recover and retest the
samples.
Non-optimal Sample Typing Strategies
Modifications to existing amplification and typing
protocols such as mini-amplicons, whole genome
amplification (WGA) [6,34], and LCN protocols
[14,31,32,61,71] to increase the DNA signal and
consequently, the analytical success rate of challenged
samples, are currently being investigated [62,64]. Other
approaches have been adopted that include addition of
more Taq polymerase and BSA (J. Wallin of California
Department of Justice, personal communication) and
increasing cycle number or injection time [26]. Amplifying
DNA with over 28 cycles is widely used [26]; nested
primer amplification and increased time and voltage for
electrokinetic injection of samples have also improved
profiling success [45]. Post-PCR purification to remove
any ionic components that compete with PCR products
during electrokinetic injection has also been used to
enhance results [48].
New PCR enhancement reagents have also recently
been reported [47]. PCRboost™ has been reported to
enhance amplification of low-quality and low-quantity
samples and those containing inhibitors such as hematin
and humic acid [47] as well as indigo dye [78]. Although
these approaches have resulted in some success, they
have not been universally adopted by forensic DNA
laboratories due to inconsistent results (especially on
highly degraded, inhibited, or low-quantity samples),
high cost, and/or additional validation requirements. The
mini-amplicon multiplex AmflSTR® MiniFiler™ [53]
has greatly improved the ability to amplify degraded
samples; however, it does not contain all of the CODIS
core loci. In addition, new STR multiplexes are continually
being developed and optimized with the goal of enhancing
amplification and improving results for highly degraded,
inhibited, low-quantity samples.
These new developments in non-optimal DNA sample
methodologies underscore the importance of DNA storage.
New methods that push the lower limit of detection
expand applications to extremely low-quantity and lowquality samples. Stable DNA storage and handling over
time are therefore especially important when the amount
of sample is limited.

I. IMPORTANCE OF SAMPLE STORAGE
A. Forensic DNA Databanks and Casework Samples
The importance of DNA storage is obvious in the
global growth and expansion of forensic DNA databases
and repositories. The Combined DNA Index System
(CODIS) currently has 8,080,941 offender profiles and
311,560 forensic profiles as of March 2010 [25]. The
European Network of Forensic Science Institutes that
includes 36 countries reports 7,247,183 offender profiles
and 800,854 “stains” as of June 2009 [24]. The Armed
Forces DNA Identification Laboratory (AFDIL) provides
worldwide scientific consultation, research, and education
services in the field of forensic DNA analysis to the
Department of Defense and other agencies. AFDIL
provides DNA reference specimen collection, accession,
and storage of United States military and other authorized
personnel and processes thousands of samples in casework
each year. Forensic DNA laboratories around the world
also process thousands of samples each year. All of these
samples need to be properly stored and maintained. In
addition to these samples, many laboratories conducting
forensic DNA casework and data banking also store
casework extracts as well as dilutions of the extracted
DNA samples. Finally, new international forensic DNA
databases, expansion of database laws to include arrestees,
missing persons databases, and additional DNA samples
from new property crime casework programs collectively
increase the rate of growth and expansion of the number
of stored DNA extracts.
B. Non-Forensic DNA Databanks and Biobanks
In addition to the growth and expansion of forensic
DNA databanks, several other types of DNA biobanks
have been established. These include clinical biobanks to
assist in the development of new medicines and drugs
[63]. For example, the UK Biobank has set a goal to
collect, store, and eventually distribute half a million
samples with related medical information from 30 to 35
clinics in Great Britain [11]. Additional efforts are
underway at the Vanderbilt University School of Medicine
in Nashville, TN, where they are planning on a 250,000person DNA study, and the Oakland, CA, Kaiser
Permanente DNA Biobank of 500,000 samples [11].
Several DNA banks have been established for studying
human evolution. These include the worldwide Genographic project run by Dr. Spencer Wells and the National
Geographic Society [81].The goal of this study is to
analyze historical patterns in DNA from participants
around the world to better understand our human genetic
roots [81]. Biodiversity DNA databanks have also been
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established supporting research on global diversity in
response to extinctions. One such group hosts the DNA
Bank Network [82] with 10,448 taxa containing 32,532
DNA samples.
C. Mechanisms of DNA Loss
Understanding the different mechanisms of DNA
loss provides a foundation for developing the most optimal
methods for efficient storage of DNA. It is well known
that DNA may be damaged with exposure to temperature
fluctuations such as freeze-thaw cycles [20,67]. In addition,
it is well known that both water and oxygen may damage
DNA through hydrolysis and oxidative damage [12].
Many laboratories have therefore explored other options
for storage, including dry state storage.
The assumption is often made that if nucleic acids are
dried they are then stable for long periods of time. However,
it is becoming increasingly evident that degradation can
occur during storage that can irreversibly damage the
samples. For example, Lindal [51] reviewed evidence that
DNA can undergo chemical changes such as depurination,
hydrolysis, and oxidation even at low moisture content.
Hofreiter et al. [37] suggest that such chemical degradation
might be responsible for the difficult recovery of DNA
from aged samples. Although dried DNA is stable in the
short term, it is nevertheless imperative to prevent
detrimental chemical changes for optimal recovery.
More recently, dry-storage DNA damage has been
studied and it was found that solid-state DNA degradation
is greatly affected by atmospheric water and oxygen at
room temperature [12]. DNA may be lost by aggregation.
As pointed out by Bonnet et al. [12], loss by aggregation
is highly significant since laboratory plastic tubes and
plate seals generally are not airtight and therefore both
water and oxygen may adversely react with DNA. In this
study the authors also tested the stabilizing effects of the
additive trehalose. In the presence of trehalose, solid-state
natural DNA, heated to 120 oC, does not denature [83].
This stabilization effect of trehalose may be explained by
its ability to block the negative charges on the phosphates
(water replacement) or by hydrogen bonding between
trehalose and DNA, which may reduce the DNA structural
fluctuations (vitrification hypothesis) [2,83].
Mechanisms for DNA damage during storage have
recently been reviewed [12]. In addition to chemical
damage, loss may also occur by the co-extraction and then
subsequent action of nucleases that may not have been
removed in the purification procedures. This is an
important consideration in crude DNA extraction
procedures such as Chelex® [76] that are then stored over
time. In addition, loss may also occur during any additional

manipulations of the DNA via purification through
additional phase separations and column purifications.
Finally, dilutions of DNA and subsequent storage in dH20
may also result in loss through damage by water [12].
II. DNA STORAGE AND HANDLING
STRATEGIES
A. Tube Characteristics
It has been well documented that loss of DNA may
occur due to the material and quality of the tubes used to
store the samples [43,46]. Polypropylene plastic microcentrifuge tubes that are routinely utilized in forensic DNA
laboratories may retain DNA [28,29,46] with the amount
of adsorbed DNA as high as 5 ng /mm2 of tube wall [28].
In addition, different tube lots from the same manufacturer
have been reported to retain variable amounts (5% to
95%) of DNA [29]. The authors suggest the use of polyallomar tubes or introducing 0.1% detergent, Triton-X
100, to prevent the retention of DNA on polypropylene
tubes [29].
Polytetrafluoroethylene (PTFE, known commercially
as Teflon ® ) tubes have also been compared to
polypropylene for DNA storage [43]. Kline et al. conducted
an inter-laboratory blind quantification study and reported
that recovery of the low-target [DNA] samples (50 pg),
stored in PTFE tubes was 73% versus only 56% from
samples stored in polypropylene. This suggests that at this
low level [DNA], a significant proportion of the sample
DNA binds to the polypropylene walls and greater DNA
recovery can be achieved with storage in PTFE-coated
tubes [43].
B. Cold Storage
Among the most common strategies for DNA
preservation are cold and dry storage strategies that include:
(a) 4 oC refrigeration; (b) –20 oC; (c) –80 oC; (d) –196 oC
(liquid nitrogen); and (e) dry storage on a solid matrix.
Protection in the “dry state” and cryopreservation at -196
˚C both maintain the DNA in the glassy or vitreous state.
In the glassy state, DNA and other molecules lose the
ability to diffuse. This results in very little movement at
the molecular level. In fact, “movement of a proton (the
hydrogen ion) has been estimated to be approximately
one atomic diameter in 200 years”; this in turn makes any
chemical reactions highly unlikely over hundreds of years
[9]. If, however, moisture is reintroduced to the “dry
state” or an increase in temperature occurs above the glass
transition temperature of water (nominally –135 oC),
chemical reactions may start again resulting in DNA
instability [9].
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Storage at –20 oC to –80 oC may provide adequate
conditions depending on the quality and quantity of DNA
needed for further testing and the duration of storage.
Most forensic DNA laboratories utilize –20 oC to –80 oC
freezers for storage. Forensic DNA research efforts have
focused on developing new methods of amplification and
typing with low-quality and low-quantity samples due in
part to the observation that current storage methods are
not optimal. Neither –20 oC nor –80 oC conditions have
been shown to provide long-term storage quality equivalent
to maintenance at liquid nitrogen temperatures [9]. Unfortunately, the storage of all forensic DNA extracts at liquid
nitrogen temperature is not practical with over 16 million
samples in U.S. and European forensic databanks alone!
As stated by Baust, “There are few studies that
provide definitive answers to the question of optimal
storage conditions for DNA.” [9] The National Institute
of Standards and Technology (NIST) and the National
Cancer Institute have published data that suggest that
“colder is better” and NIST has shown humidity control
to be an important factor in stable storage. This is consistent
with the fact that cryopreservation and dry-state storage
both reduce DNA chemical reactivity.
Forensic DNA scientists face additional variables in
optimizing DNA storage protocols. These variables
include the initial contaminants that might be co-extracted
with the DNA from crime scene samples, different DNA
purities and final dilution buffers utilized in DNA
extraction methodologies, the integrity of storage
conditions including exposure to different temperatures,
humidity and light, the tube material and efficiency of the
seal, and downstream sample requirements. According to
Baust, “Dry matrix storage should be dry and devoid of
changes in moisture content … and cold conditions should
rely on stable, noncycling temperatures.” [9] That is,
when storing samples, there should be no temperature
fluctuations such as those found in frost-free cycles of
most modern refrigerators and there is a need to conduct
comparative tests on DNA storage methodologies on
forensic DNA samples over time using different storage
approaches.

qPCR and PCR assay of a 757-bp fragment. The highest
quantity of DNA remained in samples stored at –80 oC,
regardless of storage additives, and those dried at room
temperature in the presence of trehalose [72]. DNA quality
was best preserved in the presence of trehalose, either
dried or at –80 oC; significant quality loss occurred with
–20 ˚C and 4 oC storage [72]. These results indicate that
dry storage with an additive such as trehalose may improve
recovery of low-quantity and low-quality DNA versus
traditional liquid extract freezer storage.
DNA storage tests under different conditions and a
literature review has been conducted by the DNA Bank
Network of Germany [82]. This organization was
established in spring 2007 and is currently funded by the
German Science Foundation (DFG) and was initiated by
GBIF Germany (Global Biodiversity Information Facility).
DNA bank databases of all their partners are linked and are
accessible via a central Web portal [21] providing DNA
samples of complementary collections (microorganisms,
protists, plants, algae, fungi, and animals) to support
biodiversity applications. In their reviews and the results
of their tests they determined that long-term storage of
DNA samples in buffer should be carried out at –80 oC or
below. Furthermore, as expected, dried, lyophilized DNA
must be stored at low relative humidity to avoid DNA
aggregation [22]. They also determined that energy and
environmental costs were the main reasons to support dry
storage at ambient temperature [22].

C. Dry Storage Comparisons

3. SampleMatrix®/QiaSafe
Biomatrica Inc. has recently developed a proprietary
technology for the dry storage of biological materials at
ambient temperatures. The key component of this
technology is SampleMatrix® (SM, also known as
QiaSafe), a synthetic chemistry storage medium that was
developed based on anhydrobiosis (“life without water”),
a natural protective mechanism that enables survival of
some multicellular organisms in extremely dry environments [19]. Such organisms can produce high concentrations of disaccharides, particularly trehalose, a non-

1. Trehalose
In 2005, Smith and Morin conducted a comparison of
different storage conditions with the addition of potential
preserving agents [72]. Dilutions of known concentrations
of human placental DNA, and gorilla fecal DNA, were
stored under four conditions (4 ˚C, –20 ˚C, –80 ˚C, dry at
room temperature), with three additives (TE buffer, Hind
III digested Lambda DNA, and trehalose. The effectiveness
of the different methods was tested periodically using

2. FTA® Technology
FTA® Cards contain chemicals that lyse cells, denature
proteins, and protect nucleic acids from nucleases,
oxidative, and UV damage. Others have evaluated treated
filter paper for collection and storage of buccal cells. The
treated filter paper technology FTA® [69] is used in a
room-temperature storage product, offered by GenVault
(Carlsbad, CA). Following 7 years of storage, Sigurdsen
et al. found only modest DNA yields and reduced recovery
that was insufficient for WGA [69]. However, others have
shown good recovery from FTA® paper for forensic DNA
analysis [27,59,70,74].
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reducing disaccharide of glucose, to protect their cellular
structures during prolonged droughts and can be revived
by simple rehydration [19]. Recent evidence suggests that
trehalose can preserve intact cells in vitro in the dry state
[80]. Trehalose disaccharides are predicted to interact with
DNA molecules through minor groove interactions based on
hydrogen bonding (Figure 1A; [16]). Biomatrica has
developed proprietary synthetic compounds that mimic the
protective properties of anhydrobiotic molecules with
additional improvements that are especially pertinent to
protecting DNA during dry storage. SM, a much improved
synthetic formulation, is predicted to form similar
interactive patterns with DNA as naturally occurring
anhydrobiotic molecules (Figure 1B [16]).
The protective properties of SM are based on its
ability to form a stabilizing structure via glass formation
at a higher temperature than natural disaccharides and
therefore to provide improved protective properties as
compared to trehalose [16].
Storage of samples at different amounts demonstrated
the protective properties of SM on DNA when PCR
amplicons were detected in essentially all SM-protected
samples at 70 oC, whereas unprotected samples showed

(A)

more variable results. This is especially apparent in samples
containing limited amounts of DNA (≤10 ng). It is
noteworthy that the 4-ng samples stored at –20 oC for 24
h did not amplify as well as an identical sample stored dry
in SM at 70 oC (Figure 1C [16]).
Stabilization of low-concentration DNA samples in
SM has also been observed over 1 year [1,50]. For this
study, purified male and female DNA was extracted from
buccal swabs using DNA IQTM (Promega, Madison, WI)
followed by quantification using the Quantifiler® Human
DNA Quantification Kit (Applied Biosystems: Foster
City, CA). DNA samples from the male and female
donors were serially diluted and added in replicates into
SM multiwell plates and tubes for final DNA
concentrations ranging from 4 ng to 0.0625 ng in a total
of 20 μL of water. Replicate DNA samples (n = 4) at each
concentration were applied into SM multiwell plates and
then dried overnight in a laminar flow hood at room
temperature. Samples were maintained inside a storage
cabinet with desiccant included to create a humiditycontrolled environment (SM+D samples). A separate set
of samples was stored inside an identical storage cabinet
without desiccant to assess the effects of uncontrolled

(B)

(C)

Figure 1. Protective properties of SM with nucleic acid molecules. (A) Three-dimensional depiction of trehalose disaccharides used
in nature predicted to interact with nucleic acid molecules through minor groove interactions based on hydrogen bonding. (B) Threedimensional depiction of SM as it is predicted to form similar interaction patterns as trehalose. (C) PCR results on human gDNA with
and without SM protection, after 24 h at 70 ˚C or 3 d at 70 ˚C are shown. Various amounts of human genomic DNA (100 ng, 50 ng,
20 ng, 10 ng, and 4 ng) were applied in microcentrifuge tubes containing SM or into empty tubes (control samples). The samples
were allowed to air dry overnight in a laminar flow hood. Samples were then placed on a heat block maintained at 70 ˚C. Samples
were removed from the heat block at 24 h or 72 h and the DNA was hydrated in 10 μL water for 15 min on the benchtop prior to use
in downstream applications without further purification. Aliquots of rehydrated samples were used to amplify the fibroblast growth
factor 13 (FGF13) gene by PCR using 2.5 U Taq DNA polymerase (NEB), 3 μL 10× thermopol reaction buffer (NEB), 0.5 μL dNTPs
(10 mmol/L each nucleotide), FGF13 forward (5'gaatgttaacaacatgctggc3') and FGF13 reverse (5'agaagctttaccaatgttttcca3') in a final
volume of 30 μL. Cycling parameters were: 94 ˚C for 5 min followed by 40 cycles of 94 ˚C for 15 sec, 55 ˚C for 30 sec, and 72 ˚C
for 30 sec. A 10-μL aliquot of each PCR reaction was run on a 0.8% agarose gel stained with ethidium bromide.
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humidity on sample stability when stored in SM (SM–D
samples). Identical samples were also aliquoted into
empty polypropylene microcentrifuge tubes and stored
frozen at –20 oC as standard in-house controls (Control)
for comparison. The samples were processed immediately
(0 d), 1 d, 1 week, 2 weeks, 1.5 months, 2 months, 3
months, 6 months, and 1 year prior to recovery and
analysis by quantitative PCR followed by PowerPlex®16
STR analysis. Samples stored dry in SM were rehydrated
with 20 μL of water and used directly in downstream
applications without further purification to remove matrix
components [1,50].
Recovered samples were quantified to determine the
yield of DNA following dry storage in SM versus frozen
control reference samples and also compared to initial
quantification values obtained from the original DNA
stock solutions at the time of sample preparation (0 d).
Based on these quantification values, the average yield of
DNA recovered following dry storage in SM under
controlled humidity (SM+D-Red) conditions was
dramatically improved as compared to samples stored
without humidity control (SM–D-Beige) and in-house
control (Control-Blue) samples stored frozen for 1 year
(Figure 2A [1,50]). Similar results were detected after 4
months of storage where recovery of SM-stored DNA
was significantly improved versus conventional
polypropylene microfuge tubes (Figure 2B [16]).
A consortium of DNA biodiversity laboratories also
conducted research on DNA storage that focused on new
and suitable protective substances, storage at higher
temperatures, rehydration of lyophilized DNA, and the
usage of special cryotubes [22]. A workshop for longterm storage of DNA samples was held August 12, 2009,
at the Systematics 2009 conference in Leiden, Netherlands
[22]. At this workshop, it was reported that the characteristics of four commercial dry-storage systems at ambient
temperature were tested: GenPlate, QIAsafe also known as
SampleMatrix®, GenTegraTM, and DNAshell . It is worth
noting that GenPlate storage is based on FTA® paper and
GenTegraTM is designed to protect RNA samples (see http:/
/www.genvault.com/html/products/gentegra-RNA.html)
with both being products of the same manufacturer
(GenVault). DNAshell is a product from Imagene.
Preliminary results of DNA storage experiments based on
q-RT PCR data were presented by the DNA Bank Network.
QIAsafe/SampleMatrixTM shows good storage performance
at ambient temperature but did better at –20 oC and –80 oC.
Unbuffered DNA in water (RT, 4 oC and –20 oC) was subject
to fast degradation as would be expected from hydrolysis.
The samples stored in QIAsafe/SampleMatrix provided
comparable results to the theoretical best practice of
samples storage in liquid nitrogen [22].

(A)

(B)
Figure 2. DNA recovery from samples stored in SampleMatrix®
versus –20 oC. (A) Average DNA Recovery of SampleMatrix®stored DNA versus –20 oC frozen controls. Replicate DNA
samples at seven different concentrations were stored at ambient
room temperature in SampleMatrix® with dessicant (SM+D),
without dessicant (SM–D), or at –20 oC as frozen liquid (TE)
controls in polypropylene microfuge tubes. Quantification was
performed utilizing the Quantifiler ® Human DNA
Quantification Kit as per manufacturer’s recommendations.
Recovery from SM+D stored samples at room temperature was
higher than that of frozen controls for every concentration.
Error bars show the standard deviation for each time point and
concentration from four relicates. (B) 10 ng of Control DNA
(K562) was stored in SM and microcentrifuge tubes (MT) with
no SM for 4 months at room temperature and at –20 oC. 1%
agarose gel electrophoresis in 1X TBE followed by EtBr
staining and laser flatbed scanning with an FMBIO III plus was
used to detect the recovered DNA.

4. Shipping Study
The ability of SM to protect samples during shipment
and storage conditions was evaluated in studies performed
at NIST (Gaithersburg, MD [16]). Aliquots of 20 μL of
human genomic DNA samples at 1.0 ng/μL, 0.25 ng/μL,
and 0.05 ng/μL in Tris EDTA (TE) buffer were placed
into multiple individual wells in four separate 96-well
plates containing SM. The plates were dried overnight in
a laminar flow hood and then sealed with aluminum foil
seals provided by the manufacturer [16].
Two plates were shipped continuously across the
country for 208 d in a cardboard shipping container (with
no insulation or cold source). The remaining two plates
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were maintained at laboratory ambient temperature
conditions. A temperature and humidity monitor was
included in the shipping container to continuously monitor
the environmental conditions experienced during shipping
and storage. Control DNA samples of identical concentration in TE were stored at 4 oC in PTFE containers.
The shipped samples were exposed continuously to
environmental conditions (some extreme) during the
summer and early fall of 2007. In total, the package
traveled six times between Gaithersburg, MD, and San
Diego, CA, via U.S. Postal Service. This series of shipping
events was followed by an additional 14 d in a car trunk
in Maryland. The package was then mailed across the
country two more times and then maintained at ambient
environmental conditions in a Maryland home attic for an
additional 56 d including the month of August. The plates
were then removed from the shipping container and
stored at laboratory ambient conditions for the remainder
of the study (208 d total).
The other two plates were maintained at ambient
temperature within the laboratory for the entire 208 d
study without humidity control. During the summer,
energy conservation efforts used to control the building
HVAC system were detected and can be observed in the
resulting temperature and humidity plots (Figure 3 [16]).
Positive control DNA samples of identical concentration
in TE were stored at 4 oC in PTFE containers for the
duration of the study.
Data obtained from the temperature and relative
humidity (RH) monitor indicate that the mailed samples
were exposed to a maximum of 51.6 oC, 73% RH, and a
minimum of 5.3 oC, 15% RH, with median and average
conditions of 22.1 oC, 40% RH, and 23.6 oC, 39% RH,
respectively (Figure 3). Laboratory ambient conditions
reached a maximum of 26.4 oC, 58% RH, and a minimum
of 19.4 oC, 11% RH; median and average conditions were
22.2 oC, 41% RH, and 22.4 oC, 38% RH, respectively.
Energy conservation measures were implemented during
the months of August through November 2007 (that
caused the fluctuations seen in the ambient temperature
and humidity plots in Figure 3 [16]).
In order to assess any effects on DNA stability during
long-term storage, DNA samples from four time points (0
d, 8 d, 23 d, and 56 d), were rehydrated and analyzed using
quantitative PCR (Quantifiler® by Applied Biosystems).
Identical control DNA samples that were stored dry in
SM, but maintained at room temperature in the laboratory,
were also quantified in the same manner. Results
(comparison of Ct values) indicate that overall there was
little to no difference in the amount of DNA recovered
following storage and shipment in SM as compared with
samples maintained dry in SM at room temperature (Figure

(A)

(B)
Figure 3. Temperature and humidity plots over 208 days of
DNA storage (A) under various shipping conditions and (B) at
ambient temperature in the laboratory.

4). These results indicate successful protection of dried
DNA samples in SM during shipment in a standard
cardboard shipping box without extra insulation or cold
source.
To assess the yield of recovery following storage in
SM for 208 d, quadruplicate DNA samples subjected to
shipping stress were analyzed by qPCR as described
above and compared with identical control samples stored
in SM in the laboratory. Also included for analysis were
the original DNA samples maintained in buffer and
maintained at 4 oC in PTFE containers for the same time
period.Results of recovery of DNA following shipment
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Figure 4. Delta Ct values from qPCR of shipped versus ambient-stored samples over 56 d. The X-axis displays
time in days and the Y-axis displays the delta Ct value. Well-characterized DNA of a known concentration was
diluted to target concentrations of 1.0, 0.25, and 0.05 ng/μL (50 pg/μL). TE–4 buffer was used as the fourth sample
set. Data show that in general there is slight to no difference (displayed when Y = 0) in the relative value of DNA
quantity and quality between the samples that were held at ambient temperature and humidity and the samples that
were shipped and held in extreme environmental conditions.

and storage for 208 d indicate that the amount of DNA
recovered from samples protected dry in SM following
exposure to shipping stress and storage is comparable
with identical DNA samples that were maintained at
ambient temperatures in the laboratory for the same time
period (Table 1). There was a slight decrease in the
amount of DNA as compared to samples maintained in
solution in PTFE containers and kept at 4 oC (Table 1).
The use of PTFE containers is unfortunately not cost
effective for the number of samples that need to be stored
[16].
Samples subjected to shipping stress and those stored
for the identical time period at ambient laboratory
conditions were also analyzed by multiplex STR analysis
using AmpFlSTR Identifiler® (Applied Biosystems).
Rehydrated samples were used directly in amplification
reactions without further purification. Profiles obtained
from DNA stored in SM (1 ng used for amplification)
were compared with samples maintained in solution at 4
˚C in PTFE-coated tubes. Slightly lower relative fluorescence units (rfu) were obtained from samples subjected
to shipping stress while stored dry in SM. However, all
samples gave complete Identifiler® profiles above 200
rfu, even samples amplified from 250 pg input DNA [16].
Table 1. Quantification results (n = 4) after 208 days of storage
under various conditions
DNA
(ng/μL)

Shippeda

Condition
Lab ambient

4 oC PTFEa

1.00

0.65 ± 0.06

0.69 ± 0.03

1.01 ± 0.02

0.25

0.18 ±0.03

0.20 ± 0.01

0.30 ± 0.01

0.05

0.04 ±0.00

0.04 ± 0.06

0.05 ± 0.00

a

Shipped: in SampleMatrix; PTFE: polytetrafluoroethylene container.

D. Additional Practically Significant DNA Storage
Modalities
Genomic DNA is also stored in variable number of
tandem repeat (NVTR) restriction fragment length
polymorphism (RFLP) Southern blot membranes, slot
blots, and dot blots (both DQ alpha and PM), as well as in
the liquid PCR products. Extraction and typing was
recently reported from DNA extracted from VNTR-RFLP
Membranes [73]. In addition, genomic DNA can be
isolated from PCR products such as DQ Alpha products
[36], PM, D1S80, and CTT STR products [60], and the
isolated genomic DNA can be typed utilizing new genetic
markers. It is expected that the new STR multiplex
products can also be utilized in the same manner, that is,
as a source of genomic DNA as the template is not
consumed in the PCR reaction. This suggests that in cases
where all the evidence and extracted DNA and dilutions
have been consumed, the remaining PCR products may
also be stored for future typing and retesting. Finally, it
has been well documented that a portion of the DNA is
lost in columns such as Centricon-100s and Microcon
100s [52]. If the entire sample is consumed in the extraction,
then any remaining DNA extracted from the columns and
eluates could also be stored under the most optimal
conditions for future testing.
Finally, there are recently developed forensic methods
that are based on RNA, indicating the need to optimize
RNA storage as well as DNA. Different genetic expression
patterns exist in different tissue types and detection of
differential expression has been utilized to determine the
origin of biological evidence based on determining relative
abundance of messenger RNA. Body fluid identification
has been reported based on their mRNA profiles [8,3941,54,84]. In addition, estimating the age of a bloodstain
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was reported using analysis of mRNA: rRNA ratios [4].
This type of information may be a useful tool in establishing
when the evidence was deposited and may help in
determining when a crime was committed. Advantages of
the mRNA-based approach versus the conventional
biochemical tests include greater specificity, simultaneous
and semiautomatic analysis, rapid detection, decreased
sample consumption, and compatibility with DNA
extraction methodologies. The quantification of the
amounts of the mRNA species relative to housekeeping
genes is a critical aspect of the assays [8,40]. These
relatively new RNA-based methods require sensitivity
and a high degree of quantitative accuracy and highlight
the need to stabilize the storage of both RNA and DNA in
extracts. Stable dry storage of RNA for gene expression
analysis out to 11 d [77] and for microarray expression
analysis out to 4 weeks [30] has recently been reported.
The future of biological evidence analysis will
continue to require the development, validation, and
adoption of new methods and genetic markers [15]. The
optimization of storage of nucleic acid extracts is a pivotal
step toward maximizing the potential of the new methods
and markers in future testing.
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