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Abstract

Introduction: The collection of dried blood may be linked to certain problems during storage and transportation. The stability of DNA on
supports other than traditional cellulose is not well known. This study aimed to directly compare natural (cellulose) and non-natural (glass fiber)
membrane supports for short-term and long-term storage of dried blood samples under various temperature and sunlight conditions.

Materials and Methods: Dried blood samples on two membrane supports (cellulose and glass fiber) were examined for both short-term and
long-term storage stability across temperatures from —78 °C to +60 °C. The total DNA yield was measured, and the quality of extracted DNA
was verified by PCR of mtDNA D-loop. The color change of dried blood was evaluated using RGB analysis.

Results: 53-68% of total DNA was lost in frozen whole blood or dried blood stored at -20 °C and -78 °C for one year. For dried samples stored
at room temperature on a shelf exposed to sunlight, the greatest total DNA degradation occurred. RGB profile analysis of dried blood showed an
increase in the green component over one year. A brownish or greenish color indicates significant DNA loss. After 1.5 years, PCR for the
mtDNA D-loop was successful for all samples stored at +4 °C or lower.

Conclusions: The glass fiber membrane showed advantages over cellulose regarding DNA yield and storage stability. Sunlight and high
temperatures are key factors to consider when collecting and transporting dried blood samples. The blood's color can serve as an indicator of
possible DNA yield: the darker the blood, the lower the DNA yield.
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Introduction

Nucleic acids stability is a critical issue in epidemiological
and biological investigations, biobanking, biomonitoring and
many other fields.!> The collection of genetic material from
wild or domestic animals in remote areas often poses
challenges related to storage and transportation. In this
context, the collection of biological fluids and tissues in
dried form on an absorbing support (porous membrane
material) offers a convenient solution for sample
transportation, storage, and subsequent analysis using a
variety of methods.®® The Dried Blood Spots (DBS)
technology has numerous advantages over other blood
storage methods, primarily due to the minimal equipment
and time required for sample collection, as well as ease of
processing, storage and shipping®. In addition, the small
sample volume collected makes this method particularly
attractive in cases when it is limited, such as in newborns or
small animals. The use of filter paper allows the collection
of blood without venipuncture, enables rapid drying of
samples and facilitates their compact storage at different

temperatures. This method is widely used in medical
research and diagnostics, and has also found its place in
veterinary and biology.®”?

Biofluids prepared in the form of dried blood spots
(DBS) or dried matrix spots (DMS) are often used for
genetic research and the detection of viral and other
pathogens in human and animal samples.!%'® Positive results
have been reported in isolating animal DNA from dried
blood spots,” milk,'® and other samples!® with successful
genetic analyses performed after several years of storage on
cellulose cards at ambient temperature. Moreover, DNA
samples collected, for instance, during epidemiological
studies, can remain stable on filter paper for many years or
even decades when stored under dry conditions.!” DNA has
been successfully isolated from dried samples stored for 27
years at -20 °C, followed by whole-genome amplification
and analysis of single-nucleotide polymorphisms (SNPs).'?
In some cases, membrane material is pre-treated with
nuclease inhibitors and other preservatives. For example,
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commercial FTA cards (Flinders Technology Association)
contain reagents for cell lysis, protein denaturation, and
nucleic acid protection.

The preservation and quality of samples can be affected
during collection in the field and shipping to a laboratory
due to changes in temperature, humidity, and other
environmental parameters. According to published studies,
in most cases, dried samples of genetic material can be
transported to the laboratory under ambient conditions or
even at elevated temperatures (37 °C) without significant
degradation of DNA or RNA for at least 7 days.® For
example, the shipment of dried spots of tongue and foot
epithelium samples from cattle between Indian cities for 22-
56 days at +21-45 °C and relative humidity 20-100% did not
affect the detection of foot-and-mouth disease virus (RNA)
genome or serotype across all samples.!® However, some
authors noted that humidity is likely the most critical
parameter during the collection and storage of dried samples,
including those intended for genetic studies.? In any case,
dry storage is essential to avoid mold growth and possible
membrane/sample contamination as well as to maintain the
stability of the target analyte or genetic material in the dried
sample. Cellulose being a natural and biodegradable material
is susceptible to mold growth during storage and
transportation due to humidity and temperature changes. In
this regard, the use of bioassay support made of non-natural
materials, such as polymer or glass fibers that are less
susceptible to biodegradation, is promising.® DNA stability
on alternative sampling materials has been the subject of few

studies, and many questions in this area remain unanswered.

The aim of this study was to directly compare natural
(cellulose) and non-natural (glass fiber) membrane supports
for short-term and long-term storage of dried blood samples
under various temperature and sunlight conditions. Special
focus was placed on the RGB-based color assessment of the
dried blood. The factors that limit the long-term storage
stability of whole blood dried on a membrane support as a
source of genetic material from domestic goats (Capra
hircus) were considered in relation to the total DNA yield.
DNA quality was assessed by PCR amplification of mtDNA
D-loop after 1.5 years of storage.

Materials and Methods

Whole Blood Sampling

Whole blood from three domestic goats (Capra hircus) was
collected from the jugular vein as described elsewhere.?!
Blood samples were collected into six EDTA tubes (40-45
ml whole blood per animal) in July 2023. Shortly after
sampling, the whole blood was spotted onto a cellulose
membrane (TE46, Hoefer Scientific Instruments, USA) (100
ul/spot) or applied onto narrow 0.5 x 6 cm strips of glass
fiber membrane (8964, Ahlstrom, Finland) (100 pl/strip)
(Figure 1). The samples were dried for 1-2 hours at ambient
temperature and then put into zip-lock plastic bags with a
desiccant. Additionally, whole blood was aliquoted (100 pl
per 1.5 ml Eppendorf tube) and stored at +4 °C. On the same
day, all samples were transported from the sampling site to
the laboratory (150 km away) and were kept at +4 °C.
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Figure 1. The Drying of Blood Spots (Cellulose) and Strip Samples of Whole Blood at the Collection Site.
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Blood Samples Storage Experiments

On the next day, dried blood samples (on cellulose and glass
fiber membranes) were sorted into tightly closed zip-lock
plastic bags and placed in different storage conditions across
temperatures ranging from —78 °C to +60 °C, as summarized
in Table 1. On this day (day 0), DNA was extracted from
two 100 pl aliquots of whole blood, two dried blood spots
(cellulose), and two dried blood strips (glass fiber) for each

Table 1. Storage Conditions of Liquid and Dried Samples of Whole Blood

of three goats. For DNA extraction, the D-Blood kit based
on silica spin-columns was used (Biolabmix, Russia). At
each control point (seven days, one month, two months,
three months, six months, twelve months) of particular
storage conditions, total DNA extraction was performed
from two aliquots of 100 pl of frozen whole blood, two dried
blood spots (cellulose), and two dried blood strips (glass
fiber) for each of three goats.

Sample Storage temperature Storage time Storage conditions
Liquid -78 °C Twelve months 100 pl/Eppendorf tube (1.5 ml capacity)
samples Control points: seven days,
one month, two months, three
months, six months, twelve
months
-20 °C -«- -«
Dried samples  -78 °C -«- 100 pl/strip, 100 pl/spot (cellulose) in zip-lock
bag with desiccant
-20 °C -«- -«
+4 °C -«= -«=
Ambient temperature (July 2023 — -«- -«
December 2023), varied A) in zip-lock bag in the dark
B) in zip-lock bag, sunlight exposed
C) non-packed, on a shelf, sunlight exposed
+37 °C Seven days -«-
+60 °C 24 hours -«-

Dried blood spots and strip-dried blood samples were
scanned after three and twelve months of storage under
different conditions using the Epson Perfection V700 Photo
scanner (Seiko Epson, Japan). The color intensity in RGB
mode was evaluated with ImageJ software (USA). A color
reflection target for input scanner calibration (EZ Color
Monaco T8.7/2 color target, X-Rite Inc., USA) was used.

DNA Extraction Procedure

DNA from liquid or frozen blood aliquots (100 pl) was
extracted according to the DNA extraction D-blood kit
instructions (Biolabmix, Russia). Dried blood spots (manually
cut into segments) or strip-dried samples (separated into 0.5
x 0.5 cm square pieces with the help of tweezers) were first
eluted into 200 pl of deionized water (20 min incubation
with periodic shaking) and then put in contact with lysis
buffer and proteinase according to the kit instructions. The
DNA elution volume was 100 pl (deionized water). DNA
concentration was assessed using a NanoPhotometer NP60
(Implen GmbH, Germany); sample concentration was the
average of three to four replicate measurements. Extracted
DNA was stored at -20 °C.

Amplification of the mtDNA D-Loop Hypervariable Region
For the amplification of the mtDNA D-loop hypervariable
region, primers CAP-F (5'-CGTGTATGCAAGTACATTA
C-3") and CAP-R (5-CTGATTAGTCATTAGTCCATC-3")
were used.?? The expected amplicon size is 598 bp,
corresponding to positions 15653-16250 in the reference
goat (Capra hircus) mitochondrial genome. PCR conditions

were optimized on a MiniAmp Plus thermal cycler (Thermo
Fisher Scientific, USA) using its Veriflex zones, which
allow for simultaneous amplification at three different
temperatures to determine the optimal primer annealing
temperature. Based on this optimization, 61 °C was selected
as the annealing temperature, which is consistent with
previously reported protocols.”> PCR amplification was
performed using the 5X MasDDTagqMIX-2025 kit (Dialat
Ltd, Russia) containing the thermostable “hot-start” SmarTaq
polymerase. The amplification program was as follows: an
initial denaturation at 94 °C for 10 min; followed by 35
cycles of denaturation at 94 °C for 30 s, annealing at 61 °C
for 30 s, and extension at 72 °C for 30 s; and a final
extension at 72 °C for 5 min.

Electrophoretic Separation Procedure

Electrophoretic separation of the extracted DNA and PCR
products was carried out in a 1% agarose gel with ethidium
bromide (in TBE buffer) at a voltage of 10-12 V/em for 50-
60 minutes using a horizontal electrophoresis chamber. For
electrophoretic analysis, 5 pl of DNA extract or 5 pl of PCR
product and 5 pl of a 1 kb DNA length marker ("DNA
Ladder 1 kb", Evrogen, Moscow) mixed with dye (4X Gel
Loading Dye, Blue, Evrogen, Moscow) were used.

Statistical Analysis

All calculations were performed by Microsoft Excel 2016.
Visualization of the results of the correlation analysis was
performed in scatter plots by integrated regression analysis
tool. Power function was the bestfit trendline for describing
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Figure 2. The Change in Total DNA Concentration Extracted from Frozen Whole Blood over Twelve Months of Storage at Different Temperatures: A)
-78 °C, B) -20 °C. Blue — goat 1, yellow — goat 2, green — goat 3. Values represent mean + SD, n = 2. Dashed lines — trendlines.

the decrease in DNA yield over time. Data was evaluated as
mean £ SD.

Results and Discussion
When liquid blood samples were stored frozen (-20 °C or -
78 °C), a gradual decrease in extracted DNA was observed
in both cases (Figure 2). It is noteworthy that after one
month of storage, the quantity of total DNA decreased by
about 30%: the DNA yield was 68 + 10% and 67 + 21% of
the initial amount on Day 0 for storage at -78 °C and -20 °C,
respectively (n = 6). Subsequently, after twelve months of
storage, the DNA yield was 37 = 11% (n = 6, storage at -78
°C) and 32 + 11% (n = 6, storage at -20 °C) of the initial
amount. The whole blood stored at -20 °C for a period of
twelve months had a darker color than the blood stored at -78
°C (Supplemental Information Figure S1). This demonstrated
that oxidation processes were more active at -20 °C over
time.

The influence of different storage conditions of goats’

dried whole blood samples on total DNA yield was studied
for two membranes that differed in chemical composition
(cellulose and fiberglass) (Table 1). To simulate potential
sampling and storage issues, as well as fluctuations in
temperature and humidity, dried blood samples (on either
fiberglass or cellulose) in a single bag with a desiccant were
subjected to specific temperature regimes. Samples stored at
room temperature were kept either in the dark or exposed to
sunlight. When DNA extraction was required, the bag was
opened and the required dried blood samples were removed.
Subsequently, the bag was resealed and returned to its
original storage conditions. When testing the storage
stability of dried samples, the following patterns were
observed. The short-term storage of dried samples at
elevated temperatures, which simulated the potential mode
of sample delivery to the laboratory (7 days at 37 °C and 24
hours at 60 °C) resulted in a decrease in total DNA for strip-
dried samples stored on fiberglass (Figure 3). Even though
the storage time was shorter, the DNA yield drop was more
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Figure 3. The Change in Total DNA Concentration in A) strip-dried whole blood samples (glass fiber membrane) and B) dried blood spots (cellulose
membrane) stored at elevated temperatures. Blue — goat 1, yellow — goat 2, green — goat 3. Values represent mean + SD, n = 2.

pronounced at higher storage temperatures, as expected: 66
+ 19% at 60 °C compared to 81 + 38% at 37 °C (n = 6).
Temperature is undoubtedly one of the primary factors
affecting DNA stability because high temperatures cause
DNA chain segments to move, which destabilises the
molecule.’* In some cases, high temperature (37 °C) and
humidity can have a significant effect on the recovery of
DNA from dried blood/plasma spots, as shown for HIV-1
investigations.?*?> This fact underscores the need to transport
specimens from the collection site to the laboratory as soon
as possible. In this investigation, the DNA yield from the
cellulose support was half that from an identical amount of
dried blood on a glass fiber (Figure 3; Supplemental
Information Figure S2 & S4), as was shown previously.?!
Consequently, it was difficult to ascertain the variation in
DNA yield from cellulose for different storage modes over
time, as the detected concentrations were close to the limit of
DNA determination by a nanospectrophotometer (1 ng/ul)
(Supplemental Information Figure S2 & S3). Our long-term
storage studies have shown that the most critical factor when
storing dried samples are temperature/humidity fluctuations

when handling samples stored at low temperatures, as well
as exposure to sunlight and air. Similar to frozen blood
samples, for strip-dried blood samples stored at -78 °C, -20
°C or +4 °C for twelve months a gradual decrease in DNA
yield was observed (Figure 4 A, B, & C; Supplemental
Information Figure S4 A, B, & C). All these storage
conditions resulted in a 53-68% reduction in the extracted
DNA. It is noteworthy that dried blood stored under freezing
conditions for twelve months did not show a significant
advantage over storage at +4 °C. DNA yield was 37 + 13%
(n=6) at—78 °C, 37 + 14% (n = 6) at -20 °C, and 32 + 14%
(n = 6) at +4 °C. Therefore, a strip-dried sample could be
stored in a fridge as effectively as in a freezer, which would
save space in high energy-consuming equipment. Room
temperature storage of dried blood led to the fastest
reduction in DNA yield. For example, strip-dried samples
stored on a shelf freely exposed to sunlight and air had their
DNA yield drop to 62 + 32% (n = 6) after seven days and to
21 £5% (n = 6) after one month (Figure 4F).

After one month of storage at room temperature, a
decrease in DNA yield to 44 + 16% (n = 6) and 39 + 10% (n = 6)
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was observed for packed dried blood samples stored in the
dark and in the light, respectively (Figure 4D & E). After six
months of storage, the DNA amount was only 22 + 11% (n =
6) and 27 = 18% (n = 6) of the original (Day 0) value for
these samples (Figure 4D & E). The stability storage
experiment began in July 2023 and continued until October
2023, when central heating was turned on. During this
period, the day and night outside temperatures ranged from
+14 to 31 °C. During the heating season (up to May 2024),
the room temperature was +22-25 °C and the humidity level

was low (around 20-30%). Thus, the ambient temperature
was above £20 °C for most of the storage time. This factor,
in conjunction with UV irradiation, is essential for DNA
damage caused by sunlight'#. In general, for all storage
conditions, a noticeable decrease in DNA yield was
observed after one to three months of storage, including
liquid samples stored frozen (Figure 2 & 4, Supplemental
Information Figure S2-S4). A power function was the best-
fit trendline for describing the decrease in DNA quantity
over time (Figure 4).

Storage Cellulose

Fiber glass

Conditions 3 months storage

12 months storage

3 months storage 12 months storage

-78 °C

-20°C

+4 °C

RT,
package,
dark

|
I

RT,
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|

RT, no
package,
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1RIRINI

Figure 5. The Appearance of Dried Blood Spots and Strip-Dried Samples after Three and Twelve Months of Storage at Different Temperatures and

Sunlight Conditions.

It should also be noted that the color of the dried blood
changed during storage on both cellulose and fiberglass,
which correlates with the amount of DNA extracted (Figure
4 & 5). After three months of storage, a significant visual
color change of dried blood was observed. Specifically,
analysis of the color spectrum of dried blood using the RGB
model showed an increase in the intensity of the blue and

green components, while the signal corresponding to the red
component decreased (Figure 6). The most pronounced
changes were recorded for dried blood spots on cellulose,
likely due to the white color of the membrane material.
Since glass fiberis highly porous and translucent, the
observed color change was less noticeable. Visually, the
spots acquired a brownish and even greenish hue, which appears
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to indicate the occurrence of oxidative processes. To our
knowledge, this is the first study to evaluate the color
change of dried blood using the RGB model in relation to
DNA yield. Reflectance measurements of haemoglobin and
its derivatives at specific wavelengths are used to determine
the hematocrit value from dried blood spots.?® This
technique was later implemented in a fully automated
system based on reflectance analysis.?” It is known that upon
the aging of dried blood spots/stains, hemoglobin oxidizes to
three main derivatives - oxyhemoglobin, methemoglobin,
and hemichrome.?®?° Dried blood spots/stains color indicates
the concentration ratios of hemoglobin and its derivatives,
ranging from red to black. Bloodstain age estimation is a
crucial problem in forensic science, and numerous UV/Vis
spectroscopy methods have been developed to address this
2931 For instance, hyperspectral imaging of a dried
blood spot allows for rapid analysis of its homogeneity and
provides information on the dynamics of the processes
taking place during drying.?® However, the color of dried
blood spots/stains depends not only on the storage time
(exposure to atmospheric oxygen) but also on temperature,
humidity, and sunlight intensity.?’ It was also found that
different surface materials (cotton, glass, polyester) can
influence the spectroscopic results of bloodstains.* Our
investigations on dried blood stored under varying
temperature and sunlight conditions clearly support these
earlier results (Figure 5 & 6). Therefore, the color of a dried
blood spot/stain might be associated with DNA content, as
both are influenced by the same environmental factors that
affect hemoglobin oxidation, which in turn influences DNA
degradation in a dried sample. This is because the color of a
dried blood spot/stain serves as an indicator of changes in
the surrounding conditions.

As for the DNA extraction process, it was noted that the

issue.

release of blood from the samples, which had visibly
changed color, was incomplete (Supplemental Information
Figure S5). For example, strip-dried samples (glass fiber)
stored at room temperature in sunlight (in a bag or unpacked
on a shelf) showed the most pronounced color change
(Figure 6). Incomplete washing of the dried blood from the
membrane was observed for these samples (Supplemental
Information Figure S5). This highlights the importance of
storing samples away from direct sunlight. Conversely,
samples stored at room temperature in the dark showed
complete washing of dried blood from glass fibers
(Supplemental Information Figure S5). For dried blood spots
on cellulose, incomplete sample washing was observed
under all conditions, which is characteristic of cellulose due
to its hollow fibers.?! These observations can indicate lower
DNA vyield during the extraction of such samples. The most
significant factors affecting the appearance of blood spots
and, consequently, the DNA vyield are likely a combination
of sunlight, air, and elevated temperature.

DNA storage and handling can involve different
degradation pathways and molecular mechanisms of
damage, such as oxidation, hydrolysis, and UV- induced
damage.?3? The extracted DNA was stored at -20 °C in 1.5
ml Eppendorf tubes (100 pl per tube) for eleven months.
Periodically, the DNA was thawed, its concentration was
checked, and electrophoretic separation was performed
(Supplemental Information Figure S6). It was observed that
DNA concentrations decreased during storage with a reduction
of 40-50% for some samples (Supplemental Information
Table S1). The decrease was observed after the second
freeze-thaw cycle (two months of storage), but no further
significant reduction in DNA concentration was noted. At
the same time, the results of electrophoretic separation
showed that the total DNA quality was good throughout the
eleven-month storage period (Supplemental Information
Figure S7). Recently, Cordsmeier and Hahn?® showed that
neither mechanical stress, nor pH 6 led to degradation during
repeated freeze-thaw cycles of a 2686 bp long plasmid
DNA. However, degradation of DNA was observed in the
presence of metal ions (Fe?").

The quality of the extracted DNA was sufficient for the
amplification of the mtDNA D-loop (Figure 7). It is worth
noting that PCR amplification from dried blood samples
stored for 1.5 years was successful for all samples stored at
+4 °C and below. However, DNA yield was quite low for
the majority of the dried samples (Supplemental Information
Figure S7). The results demonstrated that amplification of
the mtDNA D-loop for blood stored at room temperature
could be challenging, regardless of sunlight exposure.
However, blood stored on glass fiber had an advantage over
blood stored on cellulose in yielding a PCR product. The
fact is definitely associated with a lower DNA yield from the
cellulose membrane, as reported earlier.?! At the same time,
recent study has demonstrated that the success of direct PCR
from crude DNA is unaffected by the storage of chicken
whole blood, dried blood spots, and feathers at room
temperature up to 5 years.'® This is likely related to the mild
conditions used for DNA extraction by heating samples in a
buffer. Li et al. (2024) found, that relatively large DNA
fragments could still be preserved after almost 15 years of
storage on simple filter paper without chemical protection,
but the overall DNA quality of dried blood spots was much
lower than that of cold-chain stored samples.?

Consequently, the following approach should be recognized
as optimal for the preparation of dried whole blood samples:
the use of a glass fiber membrane, as it provides a higher
DNA yield than cellulose; drying samples away from direct
light; storage in tightly sealed bags with a desiccant at +4 °C
or lower temperatures, and preferably in individual
packaging. When transporting samples from the field to the
laboratory, it is important to avoid overheating to prevent
DNA degradation.
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Temperatures and Sunlight Conditions for 1.5 Years. K+ - positive control, GF — glass fiber membrane, Cell. — cellulose membrane.

Conclusion

The glass fiber membrane was found to have an advantage
in terms of total DNA yield and the storage stability of dried
blood when natural and non-natural membrane supports
were directly compared under various storage conditions.
The influence of sunlight and elevated temperatures on total
DNA concentration highlights the key factors that should be
considered when collecting dried blood samples in the field
and transporting them. Long-term storage of dried blood
spots on two types of membrane supports revealed that the
most rapid reduction in total DNA was caused by temperatures
above ambient and exposure to sunlight. Nevertheless, one
year of storage resulted in a reduction of more than half the
total DNA amount, even in frozen whole blood aliquots.
Furthermore, the bright red color of dried blood can serve as
an indicator of potential DNA yield: the darker the dried
blood, the lower the DNA yield. The semi-quantitative
evaluation of dried blood color change in relation to
potential DNA yield, which can be visualized using specific
color patterns, may be applicable to both scientific investigations
and applied research (e.g. sample collection, preservation,
and storage). Likewise, the preservation of whole blood in
dried form can offer a cost-effective alternative for storing
samples at non-freezing temperatures without compromising
DNA quality.
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