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Abstract
Purpose of Review Precise treatment of a disease, with a concerted analysis at the genomic and phenotypic level, is a paradigm shift
from the one-size-fits-all treatment practiced for centuries. As part of the PrecisionMedicine Initiative, a million cohort samples will
be collected for research and development of unique genetic markers in the study of the relationship of genomic markers to cancer.
The million cohort samples are only as good as the conditions under which the samples are collected and stored. The purpose of this
review is to discuss an economically viable biobanking solution for tissue, blood, and nucleic acid storage for such an endeavor!
Recent Findings Tissue biopsy and whole blood are two common types of tissues collected for the Precision Medicine Initiative.
Tissue samples can be stored as formalin-fixed paraffin-embedded (FFPE) blocks at ambient for decades, but fresh tissue samples
although limited in sample size are better suited for downstream application. Postmortem collection of tissue is a good alternative to
fresh tissue samples if the samples can be acquired in a timely manner before cold ischemia sets in. Blood is the preferred tissue
sample for the Precision Medicine Initiative as it is easy to collect compared to other tissue types. Energy and space limitations are
going to be crucial for storing a million samples for decades. Dry storage at ambient temperature is an alternative to the ultra-low-
temperature storage of samples. Dry storage of whole blood samples as dried blood spots (DBS) or of the isolated components such
as nucleic acids at ambient is ideal. In this review, we discuss the ambient temperature storage of blood samples and of nucleic acid.
Summary The million cohort biobanked blood and tissue samples will be crucial references for decades to come as new
discoveries are made and new markers identified. Collection of blood samples at ambient as DBS and storage of the associated
nucleic acid at ambient will be the key to the long-term success of biobanking of this large cohort.

Keywords Biobanking . Precision medicine . Biospecimen . FFPE . Tissue . Blood . Nucleic acid . Dry storage . Ambient
storage . DNA . RNA

Introduction

The last decade has seen significant advances in sources of
individual patient-relevant biological information such as geno-
mics, proteomics, metabolomics, microbiomics, and molecular
diagnostics. The Precision Medicine (earlier called and now

confused with personal medicine) Initiative kick started by
President Obama under the auspices of the National Institute
of Health (NIH) January 20, 2015 [1•] aims to coalesce this
diverse dataset to better maintain individual health and improve
the management of chronic disease and cancer. In the new age
of interactive medicine, where the individual has the freedom
and the ability to dictate to an increasing extent the treatment
options, this initiative is indeed timely. The vast amount of
electronic medical records (EMRs), combined with the precip-
itous drop in whole genome sequencing cost paired with the
multitude of cohort studies presently underway, will allow an
ever-improving determination of the interrelation between phe-
notypic and genotypic information.

Precision medicine is an integrative approach to treatment
(Fig. 1a). Euan Ashley [2•] provides an elegant description of
the differences between Precision medicine and personal medi-
cine and the challenges of Precision medicine in the areas of
sequencing technology, algorithm development, and data sharing
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in context of adapting patient sequencing to the requirements of a
clinical diagnostic. Precision medicine can apply the individual-
ity of ones genotypic and phenotypic makeup to the treatment
debilitating and life-threatening diseases such as cancer. The syn-
ergy between genetic markers and new therapies for cancer treat-
ment is one powerful example of precision medicine where the
favorable outcome is biased by treatment personalized to the
individual rather than to the disease. Advances in non-invasive
diagnostics for cancer where routine blood sample collection can

be used for tracking progression of the disease are much more
affordable and less painful than a solid tissue biopsy alternative.
For example, liquid biopsies [3•] are now routinely used for the
analysis of cell-free DNA to look for progression/regression of
cancer as well as additional genomic mutations. Opponents of
precision medicine [4, 5•] argue that matching the genotypic and
phenotypic makeup of the individual to the treatment will not
work, but thus far an individual-refined approach to selecting
treatments has yielded demonstrable if still limited success.
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A new concept in biobanking is bioinformatic biobanking
where the sample is analyzed upfront for genotyping, gene
expression profiling, whole genome sequencing, and RNA
sequencing, and the information along with the relevant
biodata are stored digitally for future reference. An individual’s
immutable genetic markers form a library to be queried over a
lifetime for continuing patient management. Once a sample is
analyzed and the data stored, it is then a simpler matter of
bioinformatically querying the data when and as required.
This approach is currently being implemented by Helix person-
al genomics with whole genome sequencing, the first step,
however, once the genomic analysis is completed; any future
test queries involve only a bioinformatic search as opposed to
additional sample collection and repeated analysis.

Sample Types Required for Precision
Medicine

The Million Donor cohort comes with a great responsibility for
those institutions preserving these samples to answer future re-
search questions [6]. Precisionmedicine’s successwill depend on
the donor pool size and donor diversity connected to EMR data.
Biobanking of the collected sampleswith a user-friendly network
for analysis of big data is crucial not only to the near-term goals
of the Precision Medicine Initiative but also to the future as

new methods and processes are developed. Sample availability
and sample preservation via biobanking are keys to the future of
the Precision Medicine Initiative and beyond. Access to a large
number of samples is necessary to fulfill the vision of combining
established clinicopathological parameters with emergingmolec-
ular profiling approaches to create diagnostic, prognostic, and
therapeutic solutions that are precisely tailored to an individual
patient’s unique requirements.

The most common sample types collected for precision med-
icine are tissue samples and whole blood. Tissue samples can be
further subdivided into liquid biopsy samples for circulating
tumor cells (CTC), tissue biopsy samples such as formalin-
fixed paraffin-embedded (FFPE) tissue, fresh frozen tissue sam-
ples, or wet mount tissue slides. Whole blood samples can be
either peripheral blood mononuclear cells (PBMCs), serum, or
plasma. Additional, albeit less common, sample types collected
are cerebrospinal fluid (CSF), urine, and fecal material. When
collecting these samples, it will be imperative to have BTrue
Control^ samples from surrounding disease-free tissue and cor-
responding known disease-state samples for comparisons which
are not always practical for tissue biopsy samples or CSF. In
such instances, Bexternal^ matched controls must serve as ac-
ceptable substitutes for True Control samples.

Sample collection is an intricate process that involves hav-
ing many facets of the process coming together such as par-
ticipant willingness, maintenance of anonymity of the sample
source, and collecting samples in an ethically appropriate
manner. Primarily, sample collection depends on the individ-
ual’s willingness to participate in the clinical study and their
trust in the collecting institution. Higher participation rates
may be anticipated if the need for the study results is focused
on the greater good of the community [7]. Often, the most
problematic when collecting large number of donor samples
is maintaining donor anonymity. The Kaiser foundation ad-
mits that donor personal information is vulnerable and has
placed controls to mitigate the issue such as educating the
donor as well as assigning an alternate identification to donor
samples that are for the Precision Medicine Initiative [8].

Both private and federally funded institutions have set up re-
positories to collect and archive biological samples to be then
made available to researchers globally through for-profit, paid ser-
vices, or for free through not-for-profit organizations. One such
globally recognized institute, the Kaiser Foundation, launched
their initiative in October of 2015 and has thus far accumulated
over 220,000 samples through volunteers with an end goal of
collecting a total of 500,000 samples [8, 9•]. The Kaiser
Foundation has the added advantage of possession of the patient’s
lifestyle and EMRs that can be integrated along with the sample.

A typical workflow (Fig. 1b) for biobanking of donor samples
starts with collection of samples either at the medical institution
(such as biopsy samples), off-site clinics for whole blood and
plasma collections, or by at-home kits provided for collection
of dried blood spots (DBS), buccal, urine, or fecal samples by

�Fig. 1 a PrecisionMedicine initiative will bring advances in a wide range
of Bomics.^ Precisionmedicine caters to the precise treatment of a clinical
condition where the treatment is targeted to the genetic makeup or genetic
markers of the individual rather than a customized or personalized
treatment regimen where the treatment is a one-of-a-kind approach would
have a better clinical outcome for the patient. Precision medicine is a
holistic approach to treatment where for the first time the treatment
options will take into consideration the phenotypic, proteomic,
metabolomic, and the genomic composition of the individual and
possibly tied to the microbiome as well as the environmental and lifestyle
of the individual. This approach is markedly different from the norm
where the symptom is treated in isolation rather than a Bwhole.^ b
Infrastructure needed to biobank samples in a laboratory (left to right).
Blood, buccal swab or tissue biopsy/aspirate samples collected from
donors are transported to the research facility if the collection site is
remote to the sample processing laboratory. To maintain traceability and
transparency should be mandatory to all human samples, and the samples
are cataloged electronically when received and connected with the donors
electronic health record (EHR) if available, along with other relevant
information before either biobanking or processing the sample for nucleic
acid or other biomolecule (DNA, RNA, buffy coat, proteins) extraction.
Depending on the size of the donor pool, the most efficient means of
processing the large cohort of samples is by automation. The biomolecule
extracted is analyzed for quantity and quality before storage in a biobank
at − 80 °C or − 196 °C (liquid nitrogen). Consequently, for an economical
means of storage of a large cohort of samples, the extracted biomolecules
can be stored in a chemistry for dry state or Bglassy state^ such as RNA/
DNA stable (Biomatrica), RNAsecure (ThermoFisher), or GenTegra
RNA/DNA (GenTegra LLC) or on treated paper such as Whatman FTA
or GenSaver or untreated paper such asWhatman 903 or GenCollect. The
choice of media for storage for biobanking is institute-dependent
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the donors. Depending on the number of samples being proc-
essed by a laboratory, the nucleic acid extraction (DNA and/or
RNA) from the samples can be either automated or manual. The
quantification and qualification of the extracted nucleic acid by
optical density or fluorescence-based methods are typically
followed by storage of the nucleic acid. Most nucleic acid sam-
ples are analyzed for gene expression by quantitative reverse
transcription polymerase chain reaction (q-RTPCR), polymerase
chain reaction (PCR), or next-generation sequencing (NGS).
These techniques generally require less than 10 ng to 1 μg of
total nucleic acid per test. Of prime importance is protection of
the integrity of the sample during transit to the processing site
since this will determine the quality of nucleic acid isolated and
thus impacts all downstream applications. Nucleic acid samples
are typically stored frozen at − 20 or − 80 °C but can also now be
stored dried at ambient in a stabilization media.

There are many factors that affect the integrity of the isolated
nucleic acid during storage. Long-term storage via cryopreserva-
tion of extracted DNA and RNA samples at − 80 or at − 196 °C
(liquid nitrogen) is often described as the ultimate standard, but
cryopreservation puts the specimen at risk of dehydration by cold
sublimation, heat damage upon loss of power during natural
disasters, and transient damage due to repeated use-thaw cycles.
Chemical and biological processes can both affect the quality of
the stored nucleic acid. Moreover, preservation methods must be
cost-effective and able to deliver quality specimens that will yield
both short-term and long-term samples obtained either in the
discovery phase or clinical trials. Cryopreservation and ambient
storage of extracted nucleic acid samples are both now accept-
able modes of preservation. Presently, biological samples are
cryopreserved either by private repositories (e.g. BioBanking
without Borders LLC, NC, USA) or by public repositories (e.g.
American Type Culture Collection, Manassas, USA, and Coriell
Institute, NJ, USA). The cost of cryopreservation may become
prohibitive when the goal is a million cohort samples for the
Precision Medicine Initiative.

Blood samples collected in ethylenediaminetetracetic acid
(EDTA) tubes are the most economical and convenient form of
sample collection for the Million Cohort PrecisionMedicine and
the Million Cohort Veteran initiative [10•]. Many specialized
blood collection tubes are commercially available for stabiliza-
tion of transcripts such as Tempus Blood RNA tubes and
PAXgene Blood RNA tubes [11]. The approach for storing sam-
ples for short-term use and long-term biobanking needs can differ
but will always determine the quality of the sample. Acceptable
short-term storage of weeks to months of blood and blood com-
ponents such as serum, plasma, and peripheral blood mononu-
clear cells (PBMC’s) is at 4 to − 20 °C. Long-term storage for
many decades requires storage at − 196 °C under liquid nitrogen
or at ambient on treated paper such as Ahlstrom-Munksjö
GenSaver™ or Whatman® FTA cards. For short-term storage,
untreated paper such asWhatman 903 paper, Ahlstrom-Munksjö
GenCollect™ paper, may be used. Since the 1960s, DBS stored

on treated paper have been used for metabolic screening, but
DBS can also be used for virology, immunology, toxicology,
molecular epidemiology, biomarker analysis, drug monitoring,
health and wellness, and other diagnostic applications [12].
Both untreated and treated paper products function by drawing
water out of the sample causing localized dehydration. In addi-
tion, treated papers such as Whatman FTA and Ahlstrom-
Munksjö GenSaver cards further stabilize the sample by either
lysis of the cells and/or by prevention of different kinds of oxi-
dative damage to the sample. DNA [12] and proteins [13•] can be
isolated fromDBS, after decades of storage without compromise
to the quality of biomolecules. Björkesten et al. [13•] demonstrat-
ed that a 1.2-mm diameter punch of DBS can give enough sam-
ple for a 92-plex protein extension assay (PEA). When analyzed
from up to 30-year-old DBS samples, 36% of proteins stored at
+ 4 °C and 73% of proteins stored at − 24 °C were not affected
with 99% reproducibility using the PEA, whereas half-lives of
remaining proteins in DBS samples were between 10 and
50 years. Long-term storage temperature did affect proteins in
DBS, as those stored at − 24 °C were better preserved than DBS
stored at + 4 °C. DNA stored for decades on treated paper is
superior to that stored on untreated paper. Viral RNA [14] and
messenger RNA [15] in blood can be successfully stored in DBS
for extended periods of time. Ribosomal RNA (18S and 28S
rRNA) is more labile when stored in DBS yielding a less than
ideal RNA integrity number (RIN), a RIN of 6.5 to 10 being
ideal. To date, there is no commercially available solution for dry
storage of RNA in blood other than storing at − 196 °C.

Another common sample type collected for Precision
Medicine Initiative will be tissue samples from biopsies.
Although core biopsy samples yield a healthy amount of tissue,
tissue biopsy procedure is a painful process for the patient and
can potentially cause considerable trauma to the surrounding
tissue. Fine needle aspirate (FNA) biopsywith a 21-gauge needle
to remove tissue samples for pathology is less traumatic to the
patient and to the surrounding tissue. Compared to core biopsy
samples that are typically about 17mg ormore, the FNA samples
are just 2 to 10 mg and the amount of sample that is donated to
research is often less than 1 mm, as priority for testing of the
biopsy sample is to perform cytopathology. The best outcome for
nucleic acid-based testing from tissue samples is to isolate
nucleic acid from fresh or fresh-frozen at − 196 °C tissue sam-
ples. There is no ambient temperature method available to pre-
serve tissue samples for extracting good quality nucleic acid.

FFPE is the most common method of preserving tissue sam-
ples at ambient. FFPE tissue storage has been used for 3 decades
[16•] as the means of keeping tissue samples at ambient temper-
ature for future research [17, 18]. This has created a large re-
source of pathologically interesting human and animal samples.
Fixing tissue samples with formalin and embedding in paraffin
preserves the pathology of the tissue. But, formalin fixation can
cause both inter and intra protein crosslinking [19–21] as well as
cross-linking of histones to DNA [22]. Other factors affecting the
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quality of nucleic acid from FFPE samples include buffering
formalin, time and temperature of fixation, and penetration of
formalin into the tissue by stasis or by ultrasound or microwave
irradiation. The nucleic acid and protein quality are additionally
dependent on the time of collection of tissue following post-
mortem interval and cold ischemia. Acceptable time for collec-
tion of tissue samples is between 4 h postmortem interval and
12 h after cold ischemia has set in. Acceptable time for formalin
fixation of tissue postmortem is < 48 h for RNA [23, 24], < 24 h
for proteins [12, 25–29], and < 72 h for DNA [30–33]. It would
be best to isolate the nucleic acids from FFPE samples on or
before the acceptable time to ensure the best outcome for the
quality of the nucleic acid isolated. The isolated nucleic acid
can be further stored at ambient by removing the aqueousmedia
from the nucleic acid sample or by adding some commercially
available stabilizers for ambient storage of nucleic acid.

Although cross-linking of nucleic acid is of concern with aged
FFPE samples [16•, 30], nucleic acid extracted from FFPE
samples has been successfully used for amplification, single
cell analysis, and methylation studies. Decalcification of the
FFPE sample using EDTA allows for longer PCR product
[34], stronger fluorescence in situ hybridization (FISH) signals,
lower background staining [35], and superior comparative ge-
nomic hybridization [36] results as compared to other methods.

Nucleic Acid Extraction and Storage

The quality and quantity of nucleic acid (DNA and RNA) de-
pends on the quality of the nucleic acid in the starting material
and the extraction method. There are many commercially avail-
able kits for extracting nucleic acid from varied sample types

A

B

C

1 2 3 4

RIN: 10.0 RIN: 10.0 RIN: 9.6 RIN: 8.0

RIN: 10.0 RIN: 10.0 RIN: 9.3 RIN: 8.1

RIN: 10.0 RIN: 10.0 RIN: 9.7 RIN: 8.5

-20 °C 25 °C 37 °C 56 °C

Fig. 2 Dry vitreous state or “glassy state” storage of total RNA isolated
fromHeLa cells diluted to 0.2 µg/µL in water (a), 10mMCitrate buffer at
pH 7.0 (b), or 1 mM EDTA (c) was added to GenTegra-RNA as per
manufacturer’s instructions and air dried before freezing at -20 °C
(unaged) or aging the samples by heating at 25 °C (column 2), 37 °C
(column 3), or 56 °C (column 4) for 7 months. Upon completion of the 7-
month incubation, the samples were rehydrated and analyzed by

electrophoresis in the Agilent Bioanalyzer. RIN scores and strand
breakage frequencies for the aged samples were calculated (Table 1)
from the ratios of the peak heights of 18S and 28S rRNA of HeLa
RNA in GenTegra-RNA stored in dry state at -20 °C to HeLa RNA
stored in GenTegra-RNA for 7 months at 25 or 37 °C (equivalent to 1
year, 8 months at ambient) or 56 °C (equivalent to 6 years, 2 months at
ambient or 25 °C)
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such as blood, PBMC’s, serum, DBS and fresh or frozen tissue
samples. Decalcified FFPE samples are treated in the same
manner as tissue samples. The common mechanism by which
most nucleic acid extraction kits work is through lysis of the
cells to release the nucleic acid followed by capture of the
nucleic acid in chaotropic agents such as guanidinium salt on
paramagnetic silica beads or on glass fiber filters. The silica
beads or glass fiber filters are then washed to remove the pro-
teins and cellular debris leaving relatively clean nucleic acid on
the beads/filter. The nucleic acid is then released with a buffered
elution solution most commonly Tris-EDTA at pH 8.3. But,
extraction methods or kits must be chosen that are well suited
to the sample type [37–40]. In the literature, opinions vary
regarding the choice of nucleic acid extraction kit to use for
different sample types. Molteni et al. [38] determined that the
efficiency of extracting DNA from DBS on plain paper and
Whatman FTA paper was better with Masterpure kit than with
Qiagen’s QiaAmp Blood mini kit and GenSolve DNA extrac-
tion kit (GenTegra LLC) next best. In contrast, Daniels et al. of
Broad institute [40] determined that the efficiency of extracting
DNA from DBS on Whatman FTA paper was superior with
GenSolve DNA extraction kit than the Qiagen’s QiaAmp
Blood mini kit. Mathew et al. [41] report comparable quality
of DNA extracted from DBS on Whatman FTA paper with the
GenSolve DNA extraction kit to that extracted from whole
blood samples. These DNA samples were compared on the
Illumina BovineSNP50 iSelect BeadChip which requires un-
bound, relatively intact (fragment sizes ≥ 2 kb), and high-
quality DNA.

Superior quality total RNA can be extracted with the time-
tested phenol extraction using the commercially available Tri
Reagent available from Molecular Research Center and other
suppliers, although good quality total RNA can also be ob-
tained by using commercially available RNA extraction kits
(Zymo Research, Qiagen, and ThermoFisher).

Clearly, the choice of method of nucleic acid extraction is
dependent on prior sample expertise and analysis methods to
be used for the study. A distinction between the quantity of
nucleic acid extracted versus the quality of nucleic acid is
crucial, as having large quantity of compromised nucleic acid
will still result in an unsatisfactory outcome. A good check for
the quality of DNA and RNA is by calculating the DNA
integrity number (DIN) [42] or the RNA integrity number
(RIN) [43, 44] of the sample by electrophoresis in the
Agilent TapeStation or similar device. The quality of DNA
can also be assessed by amplification of a 3 to 7 kb fragment
of a low copy housekeeping gene such as glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) [45] and for RNA a >
0.9 kb fragment of a low copy gene such as RNase P [39].

Nucleic acid (both DNA and RNA) extracted from samples
can be stored either at very low temperatures of − 20, − 80, or
− 196 °C or in a dry state by spray drying, lyophilization, air
drying in the presence of commercially available protective
chemistries such as RNAstable, DNAstable (Biomatrica Inc.,
San Diego, CA), GenTegra-DNA [46], or GenTegra-RNA
(GenTegra LLC, Pleasanton, CA), or by spotting on paper.
The ribose-phosphate backbone in RNA molecules make
them susceptible to degradation. RNA consequently needs to

Table 1 Total RNA extracted from HeLa cells were diluted to 0.2 μg/μL in GenTegra-RNA combined with water, 10 mM citrate buffer at pH 7.0, or
1 mM EDTA respectively and air-dried as per the manufacturer’s instructions

RNA Buffer in GenTegra-
RNA

Storage Duration Recovery
%

RIN
score

28S:18S Normalized
ratio
BRn^

Strand break per
fragment
B-ln(Rn)^

Strand break per
kb
BX^

HeLa Water − 20 °C 7 months 100 10.0 1.10 1.00 0.00 0.00

Ambient 100 10.0 1.22 1.11 − 0.10 − 0.03
37 °C 101 9.6 1.16 1.05 − 0.05 − 0.02
56 °C 101 8.0 1.00 0.91 0.10 0.03

Citrate Buffer − 20 °C 7 months 100 10.0 1.15 1.00 0.00 0.00

Ambient 100 10.0 1.35 1.18 − 0.16 − 0.05
37 °C 101 9.3 1.22 1.06 − 0.06 − 0.02
56 °C 101 8.1 1.00 0.87 0.14 0.04

1 mM EDTA − 20 °C 7 months 100 10.0 1.15 1.00 0.00 0.00

Ambient 100 10.0 1.29 1.13 − 0.12 − 0.04
37 °C 101 9.7 1.29 1.13 − 0.12 − 0.04
56 °C 101 8.5 1.11 0.96 0.04 0.01

The RNA samples were stored at − 20 °C, ambient (25 °C), 37 °C, or 56 °C for the duration of 7 months. The samples were rehydrated to the original
volume with RNase free water. The% recovery of the samples on hydration, the RIN scores, and the strand break per fragment and per kilobase (kb) was
calculated from the Agilent Bioanalyzer output. Samples diluted in either water, citrate buffer, or EDTA have similar outcomes with less than 0.03 breaks
per kb. Seven months of stability at 56 °C is equivalent to 6 years, 2 months at ambient indicating that total RNA stored in GenTegra-RNA can be kept
unharmed for that period of time at ambient
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be stored short term at − 80 °C or long term at ultra-low tem-
perature of − 196 °C or in a precipitated form under ethanol. It
is also possible to store RNA vitrified in the dry state at am-
bient in the presence of protectants (GenTegra-RNA) that
form the Bglassy state^ to prevent oxidative, hydrolytic, or
RNase damage to the ribonucleic acid. The protective chem-
istries also allow the dry nucleic acid to re-dissolve easily
because the chemistries prevent the formation of the gel-
state that pure nucleic acids often form at high concentration.
The gel-state makes solubilization very difficult without using
mechanical forces that will also break the nucleic acid strands.

Oxygen and water are essential components in the generation
of reactive molecules with the degradation process accelerating
with increased temperature, reduced ionic strength of storage
solution, increased concentration of divalent cations (greater than
5 ppb), or nucleolytic enzymes. In aqueous solutions (a conve-
nient format for storage), nucleic acids are sensitive to
depurination, depyrimidination, deamination, and hydrolytic
cleavage. To inhibit this acid-catalyzed degradation of DNA,
sample storage solutions for DNA need to be slightly alkaline-
buffered solutions such as tri-buffered to pH of 8.3. Nucleic acid

extracted from clinical samples likely contains up to 30 to 40 ppb
of iron (from heme or haem). Presence of even trace amounts of
divalent cations (greater than 5 ppb) increases the oxidative deg-
radation of nucleic acid due to the formation of highly reactive
free radicals via Fenton reaction [47]. Adding chelating agents
such as EDTA, EGTA to a concentration of 500 mM to the
nucleic acid storage solution would ensure that the intrinsic di-
valent cations present in the clinical samples are chelated.

Dry storage of nucleic acids in the presence of protective
chemistries causes the molecules to lose the ability to diffuse
as the sample undergoes a non-crystalline amorphous phase
or a glassy state. In this dry glassy state, the movement of
protons is expected to be approximately one atomic diameter
in 200 years, thus preventing both oxidative and nucleolytic
degradation of the nucleic acid. Storage at ultralow temper-
atures of − 196 °C also vitrified as the water becomes solid
ice and the molecules lose their ability to move. If moisture
is added to the dry sample or the temperature is raised in
ultra-cooled samples above the glass transition temperature
of water, DNA/RNA damage can occur as the proton move-
ment and reactivity resume [48]. Trace amounts of RNase

A

B

C

1 2 3 4
-20 °C 25 °C 37 °C 56 °C

RIN: 9.3 RIN: 8.2 RIN: 5.7 RIN: 3.4

RIN: 9.0 RIN: 8.2 RIN: 5.8 RIN: 3.6

RIN: 9.0 RIN: 8.1 RIN: 6.5 RIN: 4.5

Fig. 3 Rat liver RNA diluted to 0.2 µg/µL in water (a), 10 mM citrate
buffer at pH 7.0 (b), or 1 mM EDTA (c) was added to GenTegra-RNA as
per manufacturer’s instructions and air dried before freezing at -20 °C
(unaged) or aging the samples by heating at 25 °C (column 2), 37 °C
(column 3), or 56 °C (column 4) for 7 months. Upon completion of the 7-
month incubation, the samples were rehydrated and analyzed by
electrophoresis in the Agilent Bioanalyzer. RIN scores and strand
breakage frequencies for the aged samples were calculated (Table 2)
from the ratios of the peak heights of 18S and 28S rRNA. The high

content of residual cellular constituents in rat liver could be responsible
for the poor quality of the RNA as evident by the RIN score of the treated
sample. Eighty percent of RNA was protected when stored with
GenTegra-RNA for 7 months at 25 °C , 66% protected when stored in
GenTegra-RNA for 7 months at 37 °C (equivalent to 1 year, 8 months at
ambient or 25 °C). Heating theGenTegra-RNA treated RNA for 7months
at 56 °C (equivalent to 6 years, 2 months at ambient), RIN values dropped
to RIN3.5 (4% protected), indicative of about 0.2 strand breaks per
kilobase (Table 2)
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would also become active upon rehydration causing RNA
damage.

Successful storage of biomolecules including nucleic acid is
ultimately dictated by the purity of the extracted material. Dry
storage of highly pure total RNA samples from HeLa cells with
a RIN of 10 can be stored dry for up to 6 years and 2 months at
room temperature in GenTegra-RNA (Fig. 2) without apprecia-
ble loss of RNA integrity or strand breakage (Table 1), but rat
liver RNA (Fig. 3) that carries along cellular impurities in the
extracted total RNA shows degradation of up to 0.2 strand
breaks per kilobase, deterioration in RIN from 9.0 to 4.0, and
a short storage life of 1 year and 8 months (Table 2). Human
blood lymphocyte RNA, like rat liver RNA (at an intermediate
level of residual purity), displays more damage after 4 years as
assessed by RIN analysis, suggestive of 0.4 to 0.5 RNA breaks
per kilobase after 4 years of ambient temperature dry-state stor-
age in GenTegra-RNA.WBCRNA, like rat liver RNA samples
stored with additional 1 mm of EDTA, incurred much less
damage upon 7 months storage at 56 °C (only about
0.1 break/kb) (data not shown). RNA strand breakage (X) in
Tables 1 and 2 is determined from the calculated RIN value of
the aged RNA to the RIN value of the unaged RNA stored at −
20 °C. To estimate the strand break density (X) from
Bioanalyzer data for each sample, 18S/28S ratio of ribosomal
RNA (rRNA) was calculated by comparing measured 18S
rRNA peak height to the corresponding 28S rRNA peak height.
That measured ratio (28S:18Stest) was then normalized to the
ribosomal RNA ratio measured for the matched unaged −
20 °C sample (28S:18STime Zero) to generate Rn, where Rn =

28S:18Stest/28S:18STime Zero. Strand breaks accumulate more
rapidly on the longer 28S target (5 kb) than for the shorter 18S
target (1.9 kb) as a function of increasing overall strand break
density. Following the assumption of Poisson statistics for calcu-
lating the frequency of strand breakage in nucleic acids [49, 50],
we calculate the strand breakage density X as the natural log of
Rn; the ratio of peak heights of 28S:18S rRNA test sample to
peak heights of 28S:18S rRNA of control unaged − 20 °C sam-
ple as X = [−ln(Rn)]/3.1 (see supplemental information).

Conclusion

Despite the tremendous strides in treatment made in the past
century, cancer is still a confounding disease showing extreme
heterogeneity even within those cancer cells from the same
individual [51]. The aim of precision medicine is to more me-
thodically and systematically find a way to defeat cancer [1,
52]. Creative new approaches drawing on molecular, genomic,
cellular, clinical, lifestyle, environmental, behavioral, and phys-
iological parameters are needed for detecting, measuring, and
analyzing this disease [53•]. The Precision Medicine Initiative
aimed at precisely and rapidly analyzing many more cancer
genomes will bring about a deeper understanding of cancers
fueled by discoveries of molecular diagnostic methods. The
first fruits of precision medicine are already apparent, as a wide
range of nucleic acid and antibody/protein-based drugs have
been optimized for individuals with favorable genetic makeup.
Future of drug discoveries and diagnostics will likely leverage

Table 2 Total RNA extracted from rat liver was diluted to 0.2 μg/μL inGenTegra-RNA combined with water, 10mM citrate buffer at pH 7.0, or 1 mM
EDTA respectively and air-dried as per the manufacturer’s instructions

RNA Buffer in GenTegra-
RNA

Storage Duration Recovery
%

RIN
score

28S:18S Normalized
ratio
BRn^

Strand break per
fragment
B-ln(Rn)^

Strand break per
kb
BX^

Rat
liver

Water − 20 °C 7 months 100 9.3 1.00 1.00 0.00 0.00

Ambient 104 8.2 1.16 1.16 − 0.15 − 0.05
37 °C 105 5.7 0.81 0.81 0.21 0.07

56 °C 104 3.4 0.57 0.57 0.56 0.17

Citrate buffer − 20 °C 7 months 100 9.0 1.16 1.00 0.00 0.00

Ambient 104 8.2 1.16 1.00 0.00 0.00

37 °C 105 5.8 0.95 0.82 0.20 0.06

56 °C 104 3.6 0.64 0.55 0.59 0.18

1 mM EDTA − 20 °C 7 months 100 9.0 1.16 1.00 0.00 0.00

Ambient 104 8.1 1.16 1.00 0.00 0.00

37 °C 105 6.5 1.05 0.91 0.10 0.03

56 °C 104 4.5 0.81 0.70 0.36 0.11

The RNA samples were stored at − 20 °C, Ambient (25°C), 37°C or 56°C for the duration of 7 months. The samples were rehydrated to the original
volume with RNase free water. The % recovery of the samples on hydration, the RIN scores and the strand break per fragment and per kilobase (kb) was
calculated from the Agilent Bioanalyzer output. The RIN score of the RNA is affected due to perhaps an amount of nucleases that surpasses the capacity
of the preservation effects of GenTegra-RNA. Dry state storage for 7 months at 25°C or 7 months at 37°C (equivalent to 1 year, 8 months at ambient) still
gave a RIN of greater than 8.0, but upon heating for 7 months to 56°C (equivalent to 6 years, 2 months at ambient), RIN values dropped to RIN 3.5,
indicative of about 0.2 strand breaks per kilobase
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the twenty-first century connectivity to the masses of patients
via mobile devices to provide real-time monitoring of glucose,
blood pressure, cardiac rhythm, and other biological data.
Genotyping may reveal new genetic variations that confer pro-
tection against specific diseases or unrecognized diversity in
fecal microbiota that might identify patterns that contribute to,
e.g., Parkinson’s disease or to obesity [54, 55].

Living donors contribute tissue samples only if it is a med-
ical necessity. A possible viable source of large quantities of
tissue samples is through postmortem collection of whole or-
gans and tissues from consenting families. This avenue incurs a
whole host of new challenges such as the donation consent
process, recovery of organs and tissues in a limited time frame
postmortem, impact of donation on the donor families, and
steps necessary for creating a postmortem biobank such as
IRB and registries. Carthiers et al. [56•] describe development
of eligibility requirements aligned with scientific needs of the
project and implementation of a successful infrastructure for
biospecimen procurement to support the prospective collection,
annotation and distribution of blood, tissue, and cell lines, and
associated clinical data from postmortem samples. The devel-
opment of donor eligibility criteria is crucial since limited donor
history is available within the timeframe needed for the collec-
tion of potential donor samples as degradation of biomolecules
starts immediately with death.

Biobanks are key infrastructure for research and development.
Located in hospitals, universities, non-profit organizations, and
pharmaceutical companies, biobanks play a crucial role in health
care. Biobanks are cataloged libraries of a wide range of samples
like hair, bone, tissue, sperm, saliva, blood, and purified nucleic
acid (DNAandRNA). Biobanking biospecimens is an expensive
endeavor both in terms of manpower and natural resources used.
For example, a single upright − 80 °C freezer capable of holding
approximately five hundred 96-well freezer boxes consumes as
much energy as a small studio apartment. Approximately twenty
− 80 °C freezers would be needed to store the biospecimen sam-
ples for the million-sample cohort. Besides, the biospecimen
sample needs to be stored for 10 years as per CLIA and CAP
guidelines. Many institutions store samples for longer than a
decade for research, test development, and validation purposes.
With a goal of collecting a million samples for the precision
medicine initiative, storing the samples such as blood at − 80 or
− 196 °C for prolonged period (decades) could easily become
impractical at some point. Consideration needs to be given to
space and energy requirements for such an undertaking. A more
practical approach is to consider dry ambient storage of those
biomolecules that have a commercially available solution for
storage. Ambient storage is economical, environmentally friend-
ly, has a low carbon footprint, and is a practical way of storage
when storage of samples for decades is needed. In addition to
reducing molecular mobility, drying the samples removes water
that can participate in hydrolytic degradation reactions.
Furthermore, storing samples in a dry state at ambient is

independent of environmental factors such as electrical supply,
temperature, and humidity. Although dry storage of nucleic acid
andDBS at ambient is an economical alternative, adoption of this
concept by the research community would be a paradigm shift
from the time-tested method of preservation by cryogenics. This
could be due simply to availability of freezers for storing other
sample types that yet do not have an ambient storage method. A
new technology introduced to the marketplace has a 30-year
adoption cycle, and dry storage is only a couple decades into that
cycle with increasing number of research facilities converting to
ambient storage over time.

Biobanking of human samples has many ramifications that
go beyond the science and technology of their storage. There
are national, state, and even local regulations that must be met
to ensure the protection of individual rights and individual
privacy. Educating donors on the purpose of biospecimen col-
lection and assurance of maintaining the privacy of the donor
has favorable outcome. Perhaps, it is reasonable to consider in
a future review these legal and privacy issues.

Standardization of samples is the key to successful
biobanking. Reliability of samples collected in an ethical
and legal manner with the oversight of the Institutional
Review Board (IRB) or equivalent ethics committee for the
biobanking institutions in their respective countries is crucial
to ensuring reproducibility of results. International Standards
are being established by both the European Union [57] and
International Society of Biological and Environmental
Repositories (ISBER) in the USA [58] to establish standardi-
zation metrics for biobanked samples. ISBER coordinated the
launch of the International Repository Locator (IRL) website
in early 2015. This centralized locator, analogous to a
Brepository directory,^ was created to increase the profile of
individual repositories including ISBER, researchers, funding
bodies, governments, and private industry.
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